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Fibroblast growth factor 9 (FGF-9) is a potent mitogen that controls the proper development of many tissues
and organs. In contrast, aberrant expression of FGF-9 also results in the evolution of many human diseases,
such as cancers and endometriosis. Despite its vital function being reported, the cellular and molecular
mechanisms responsible for the regulation of FGF-9 expression are mostly unknown. We report here that
prostaglandin E2 (PGE2) induces expression of FGF-9, which promotes endometriotic stromal cell prolifera-
tion, through the EP3 receptor-activated protein kinase C� (PKC�) signaling pathway. Activation of PKC�
leads to phosphorylation of ERK1/2, and the transcription factor Elk-1 thereby promotes transcription of
FGF-9. Two Elk-1 cis-binding sites located at nucleotides �1324 to �1329 and �1046 to �1051 of the human
FGF-9 promoter are identified as crucial for mediating PGE2 actions. Collectively, we demonstrate, for the first
time, that PGE2 can directly induce FGF-9 expression via a novel signaling pathway involving EP3, PKC�, and
a member of the ETS domain-containing transcription factor superfamily in primary human endometriotic
stromal cells. Our findings may also provide a molecular framework for considering roles for PGE2 in
FGF-9-related embryonic development and/or human diseases.

Fibroblast growth factor 9 (FGF-9) is an important peptide
growth factor for mediating the proliferation of numerous cell
types to ensure normal organ development. In addition, FGF-9
also plays pivotal roles in the development of human diseases,
such as ovarian endometrioid adenocarcinomas, glioma, pros-
tate cancer, and endometriosis (13, 18, 26, 41, 47). It was
reported that FGF-9 can stimulate the proliferation of epithe-
lial cells derived from ovarian endometrial carcinoma and
prostate cancer (13, 18). Our previous data further demon-
strate that FGF-9 is an estromedin that regulates endometri-
otic stromal cell proliferation and the formation/maintenance
of endometriosis (41, 47). The action of FGF-9 is mediated via
two parallel but additive pathways involving Ras/MEK/extra-
cellular signal-regulated kinase (ERK) and gamma phospho-
lipase C/mTOR/P70 (48). Furthermore, all the studies come to
the exclusive conclusion that FGF-9 is an autocrine/paracrine
peptide growth factor. Interestingly, most reports have focused
on functions of FGF-9, with little or no attention to its regu-
lation during normal or pathological conditions. Therefore, the
molecular mechanism responsible for the regulation of fgf-9
gene activity remains largely unknown.

Prostaglandin E2 (PGE2) is a versatile eicosanoid that regulates
key responses in numerous physiological and pathological pro-
cesses, including ovulation, vessel contraction/relaxation, renal
filtration, gastrointestinal protection, steroidogenesis, angiogene-
sis, tumorigenesis, and immune modulation (11, 17, 27, 42, 45).
The rate-limiting step in PGE2 biosynthesis is regulated by cyclo-

oxygenase (COX), which catalyzes the conversion of arachidonic
acid to PGH2. Two genes that encode different isoforms of COX
were identified in human, the constitutively expressed cox-1 and
the inducible cox-2 (38). Aberrant production of PGE2 by COX-2
overexpression was found to play pivotal roles in many human
diseases, such as colon, prostate, pancreas, gastric, lung, and in-
testinal cancers (3, 10, 22, 29, 34, 44) and endometriosis (27, 42).
One of the most critical actions of PGE2 in a wide variety of
human malignancies is its ability to stimulate cell proliferation. It
is generally accepted that the mitogenic effect of PGE2 is medi-
ated via stimulation of one or more kinds of peptide growth
factors. A perfect example is the stimulation of vascular endothe-
lial growth factor expression, leading to endothelial cell prolifer-
ation in many cancers (16). Surprisingly, whether and how PGE2

induces the expression of other growth factors, thus leading to the
proliferation of non-endothelial cells, remains largely undeter-
mined.

The actions of PGE2 are mediated through binding to its
specific G-protein-coupled receptors, EP1, EP2, EP3, and EP4
(2). Three of these four EP receptors, namely, EP2, EP3, and
EP4, are expressed by human endometriotic and normal en-
dometrial stromal cells (39). Activation of EP2/EP4 results in
the elevation of cellular cyclic AMP and subsequently activates
protein kinase A (PKA). Binding of PGE2 to the EP3 receptor,
on the other hand, activates multiple signaling pathways, in-
cluding the calcium, PKC, phosphatidylinositol 3-kinase
(PI3K), nuclear factor �B, and ERK signaling pathways (2).
Recently, activation of the EP2/EP4 receptor has been linked
to increased �-catenin transcriptional activity via inhibition of
glycogen synthase kinase 3 (4, 12, 36). Although interaction
with the Wnt-�-catenin pathway further increases the already
complex cellular signaling frameworks of PGE2, the specific
EP receptor still plays central roles in mediating PGE2 signal-
ing. Therefore, it is critical to dissect the specific effects medi-
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ated by any given subtype of EP receptor in order to explore its
therapeutic potential.

Endometriosis, one of the most commonly encountered gy-
necological diseases, is the major cause of female infertility
and severely affects the quality of life in highly industrialized
countries. Despite all the effort made in the past 80 years or so,
the cellular and molecular mechanisms responsible for the
development and maintenance of endometriosis are far from
understood. It was reported that estrogen (E2) plays pivotal
roles in the development of endometriosis (9). A high concen-
tration of E2 in the early stage of endometriosis may increase
the chance of retrograded cells surviving the body’s defense
system. As a result, subsequent implantation probability was
enhanced due to an increase in the number of cells present in
the peritoneal cavity. Nonetheless, E2 per se seldom exerts a
growth-promoting effect. Instead, the mitogenic effect of E2 is
usually mediated by some peptide growth factors in an auto-
crine/paracrine manner (7, 8, 14, 31). In addition, recent data
indicate that overproduction of PGE2 due to aberrant expres-
sion of COX-2 in endometriotic tissue and peritoneal macro-
phage may play critical roles in the survival and/or prolifera-
tion of endometriotic cells (28, 42, 49, 50). The fact that
expression of FGF-9 is regulated by estrogen (47) and that
production of estrogen is induced by PGE2 (27, 28, 39, 42)
implies that the mitogenic effect of PGE2 on endometriosis
might be mediated through upregulation of FGF-9 in endo-
metriotic stromal cells. In this study, we aim to examine
whether PGE2 can induce FGF-9 expression and, if so, the
molecular mechanism responsible for upregulation of FGF-9
induced by the activation of a specific EP receptor.

MATERIALS AND METHODS

Chemicals and antibodies. Anti-ERK1/2, anti-PKC�, anti-PKC�, anti-Elk-1,
anti-phospho(p)-Elk-1ser383, and anti-p-ERK1/2(Thr202/Tyr204) were from Cell
Signaling Technologies (Beverly, MA). Anti-�-actin was from Oncogene Re-
search Products (Cambridge, MA), and anti-total PKC� and anti-FGF-9 anti-
bodies were from Santa Cruz Biotechnology (Santa Cruz, CA).

The small interfering RNAs (siRNAs) of PKC�, PKC�, green fluorescent
protein (GFP), and Elk-1 were purchased from Cell Signaling Technologies.
Selective inhibitors for PKC (GF109203), MEK (PD98059), and PI3K (Wort-
mannin) and Ras inhibitor (FTPIII), general receptor tyrosine kinase (RTK)
inhibitor (genistein), PGE2, butaprost, sulprostone, and prostaglandin E1 alcohol
were purchased from Cayman Chemical (Ann Arbor, MI). ONO-AE3-240 (EP3
antagonist) was a kind gift from Ono Pharmaceutical Co. Ltd (Tokyo, Japan).
Selective inhibitors for PKC� (Gö6976), PKA (H89, PKI 14-22 amide), and
MEK (U0126) were purchased from Calbiochem (San Diego, CA). The selective
PKC� inhibitor (rottlerin) was from Santa Cruz Biotechnology.

Tissue collection and stromal-cell purification. Collection of ectopic endo-
metriotic samples and isolation of stromal cells were described previously (41, 42,
47). Endometriosis was graded according to the revised classification of the
American Society of Reproductive Medicine and was histologically confirmed.
Purity of endometriotic stromal cells was determined by means of vimentin
staining and prolactin production as previously described (47). The phenotypic
characteristics of cultured endometriotic stromal cells and the production of
17�-estradiol were reported previously (47). To validate that primary culture
endometriotic stromal cells retain properties similar to those found in vivo, the
expression of progesterone receptor, estrogen receptor alpha (ER�), and ER�
was confirmed by reverse transcription (RT)-PCR and Western blot analysis.
The results demonstrated that both endometrial and endometriotic stromal cells
express progesterone receptor, ER�, and ER� (data not shown), which is con-
sistent with previous reports for endometriotic tissues (23, 25). Taken together,
these data indicate that the primary cultured endometriotic stromal cell is a
relevant model for the investigation of the molecular and cellular mechanisms
responsible for the pathophysiological processes of endometriosis. Human ethics
approval was obtained from the Clinical Research Ethics Committee at The

National Cheng Kung University Medical Center, and informed consents were
obtained from the patients.

Cell culture. Stromal cells were cultured in culture medium consisting of
Dulbecco’s modified Eagle’s medium-Ham’s F-12 medium (DMEM/F12), 10%
fetal bovine serum (FBS), penicillin (100 pg/ml), streptomycin (100 U/ml), and
fungizone (50 pg/ml) in a humidified atmosphere with 5% CO2 at 37°C. The
medium was changed every other day. When the cells reached confluence, they
were subcultured in phenol red-free DMEM/F12 supplemented with 10% FBS
and antibiotics until 70% confluence was reached. After serum starvation for
12 h, the cells were stimulated with PGE2 (0.01 to 100 �M) or vehicle for 0, 4,
8, 12, and 24 h. In a separate experiment, cells were treated with vehicle, 1 �M
PGE2, or 10 �M sulprostone in the presence or absence of different inhibitors in
serum-free, phenol red-free medium for 12 h. For the siRNA experiment, cells
were cultured in a six-well plate and transfected with synthetic PKC�, PKC�,
Elk-1, or control GFP siRNA according to procedures recommended by the
manufacturer (Cell Signaling Technologies). Two sets of siRNA against PKC�,
designated duplex 1 (sense sequence, GAUGAAGGAGGCGCUCAGdTdT)
and duplex 2 (sense sequence, GGCUGAGUUCUGGCUGGACdTdT) were
used in this study. Following transfection, the cells were cultured for another day.
After serum starvation for 12 h, cells were treated with 1 �M PGE2 or 10 �M
sulprostone at various time points. Cells were harvested in Tris-sucrose-EDTA
buffer (10 mM Tris, 250 mM sucrose, and 0.1 mM EDTA, pH 7.4) containing
protease and phosphatase inhibitors (1 mM phenylmethylsulfonyl fluoride, 1
pg/ml aprotinin, 1 pg/ml pepstatin A, 1 mM NaVO3, and 1 mM NaF) and
centrifuged at 600 � g for 30 min at 4°C to remove debris. Protein concentrations
were determined by the Lowry method.

Cell proliferation assay. Endometriotic stromal cells were cultured as de-
scribed above. After serum starvation for 12 h, the cells were cultured in phenol
red-free, serum-free DMEM/F12 and stimulated with PGE2 (1 �M) or vehicle
(ethanol) for 4 h. To avoid the direct mitogenic effect exerted by PGE2, fresh
medium without PGE2 or ethanol was added to replace the old medium and
incubated for another 24 h. The medium was collected and termed PGE2-
conditioned medium (PGE2-CM) or vehicle control-conditioned medium (Veh-
CM), respectively. Conditioned media collected from three batches of cells
purified from different individuals were pooled together for the cell proliferation
assay. Anti-FGF-2 antibodies (1 ng/ml) were added to all conditioned media
because stromal cells can produce FGF-2, which also is a mitogen for stromal
cells (41).

Another four batches of endometriotic stromal cells were cultured on a cham-
ber slide (10,000 cells/chamber), serum starved, and subjected to a cell prolifer-
ation assay. The cells were cultured in phenol red-free, serum-free DMEM/F12
and treated with Veh-CM, PGE2-CM, PGE2-CM plus anti-FGF-9 antibody (10
or 50 ng/ml), or PGE2-CM plus normal mouse serum for 24 h. Media containing
0% and 10% FBS were used as negative and positive controls, respectively. Six
hours before harvest, bromodeoxyuridine (BrdU; 100 �g/ml) was added to the
culture medium. Cells were fixed and stained with anti-BrdU antibody by using
commercial kits (cell proliferation assay kit; Amersham Pharmacia Biotech,
Little Chalfont, United Kingdom) according to the manufacturer’s protocol.
Nine to 12 randomly selected microscopic fields were examined by counting
BrdU-positive cells. At least 500 cells were counted in each treatment group.

Quantification of mRNA concentrations by the standard-curve QC-RT-
PCR methodology. The preparation of native and competitive plasmids for in
vitro transcription of native and competitive RNA was as described previously
(41). Each RNA aliquot was used only once to reduce variation due to
potential degradation of RNA after repeated freezing and thawing. The
detailed procedures for the quantitative competitive (QC)-RT-PCR and
primer sequences were described previously (41). In brief, after RT, fixed
amounts of competitor and RT cDNA products were subjected to 30 cycles of
amplification (30-s denaturation at 95°C, 30-s annealing at 57°C, and 30-s
elongation at 72°C), followed by final elongation at 72°C for 5 min. The PCR
products were resolved on a 5% acrylamide gel, stained with ethidium bro-
mide, and then placed on a UV illuminator equipped with a camera con-
nected to a computer. The gel image was analyzed using AlphaImager soft-
ware (Alpha Innotech Corp., San Leandro, CA).

Plasmids, transfection, and promoter activity assays. The expression plasmids
of dominant-negative mutants ERK1 (pCMV DNERK1-K71R) and ERK2
(pCMV DNERK2-K52R), constructed by replacing Lys with Arg in the ATP-
binding sites to impair the catalytic efficiency of these enzymes, were kindly
provided by Peter E. Shaw (Nottingham University, United Kingdom). The
plasmids containing the catalytic domain of PKC� (pEGFP-N2_CD_PKC�) and
the regulatory domain of PKC� (pEGFP-N2_RD_PKC�) were kindly provided
by Hong-Chen Chen (National Chung-Hsing University, Taiwan, Republic of
China). The upstream region (nucleotides 	1949 to �217) of the human FGF-9
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promoter was cloned to the pGL3-basic vector containing the luciferase reporter
system. Serial deletion and putative Elk-1 binding site mutated constructs were
generated from the pPGL3_FGF-9 plasmid (nucleotides 	1949 to �217) by
using a PCR amplification approach. The following sense primers were used to
mutate Elk-1 sites: 5
-GAGTCGAAGTCGGGGAGAGAGCCTATTCTCTGG
CG-3
 for nucleotides 	1324 to 	1329 and 5
-GTCCATTAAATCAACTCCC
CGATCATCCGACTCTCTCAACTC-3
 for nucleotides 	1046 to 	1051. The
underlined nucleotides indicate the positions of substituted bases. A commercial
plasmid containing the cytomegalovirus-driven Renilla reporter system was pur-
chased from Promega Corp. (Madison, WI). Cells were plated on 24-well plates
for the luciferase/Renilla assays. Plasmids were transfected using lipofectamine
2000 (Invitrogen Life Technologies, Carlsbad, CA). Transfection was followed by
rising and incubation in DMEM/F12 containing 1% charcoal-stripped FBS for
12 h. After the medium was changed, cells were treated with 1 �M PGE2 for
another 12 h in the presence or absence of different inhibitors. Luciferase assays
were performed using the dual luciferase reporter assay system according to the
manufacturer’s instructions (Promega). Each luciferase assay experiment was
performed in triplicate and repeated the number of times indicated in the figure
legends, using different batches of cells.

Electrophoretic mobility shift assay (EMSA). Double-stranded oligonucleo-
tides corresponding to Elk-1 binding sites (dElk-1, nucleotides 	1324 to 	1329;
and pElk-1, nucleotides 	1046 to 	1051) in the human FGF-9 promoter were
synthesized and annealed in 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 25 mM
NaCl, 10 mM MgCl2, and 1 mM dithiothreitol. The positive strand of oligonu-
cleotide probes was labeled with biotin. Unlabeled consensus or mutated Elk-1
probes (50-fold or 20-fold excess) were used as competitors in some experiments.
A total of 10 �g nuclear extract from control, PGE2, or sulprostone-treated
ectopic endometriotic stromal cells was incubated in the presence or absence of
the competitor for 20 min at 10°C, in binding buffer. The DNA/protein com-
plexes were resolved on a 6% nondenaturing acrylamide gel, transferred to a
nylon membrane, and incubated with horseradish peroxidase-conjugated strepta-
vidin, with signals detected according to procedures recommended by the man-
ufacturer (Panomics Inc., Redwood City, CA).

Chromatin immunoprecipitation (ChIP)-PCR assay. The protocol used was as
described before (5, 39) with modifications. In brief, after reversion of the
cross-linking of DNA and protein, the DNA was subjected to PCR amplification
using primers specific for the amplifying regions corresponding to dElk-1 (nu-
cleotides 	1324 to 	1329) and pElk-1 (nucleotides 	1046 to 	1051), respec-
tively. In addition, a downstream primer set that amplifies a PCR product from
nucleotides �262 to �665 of the coding region (5
-AGCCCGGTTTTGTTAA
GTG-3
 and 5
-AGTATCGCCTTCCAGTGTC-3
) was used for testing nonspe-
cific amplification. A seminested PCR approach was employed to increase spec-
ificity. The DNA was subjected to a first round of PCR amplification using the
outer primers (5
-AACTCGCCTTTCGCTTCC-3
 and 5
-CTGGGCATCTTTG
GGTTG-3
 for dElk-1, 5
-GCCGAAGAATGGAAGAGA-3
 and 5
-GGAGG
AAGAAACCCTGAG-3
 for pElk-1) for 18 cycles. The cDNA was then diluted
(1:1,000) with water and subjected to a second round of amplification using
nested primers (5
-GTGGTTTGAGGGCGAGAA-3
 and 5
-CTGGGCATCTT
TGGGTTG-3
 for dElk-1, 5
-GCCGAAGAATGGAAGAGA-3
 and 5
-AGCT
GGCTGGCACATTGA-3
 for pElk-1) for 30 cycles.

Western blot analysis. Whole-cell lysates were boiled in 2� sodium dodecyl
sulfate (SDS) sample buffer (125 mM Tris-HCl, 10% 2-mercaptoethanol, 4%
SDS, 20% glycerol, 0.01% bromophenol blue) and subjected to SDS-polyacryl-
amide gel electrophoresis (PAGE) separation. Proteins were transferred onto a
polyvinylidene difluoride membrane and detected by enhanced chemilumines-
cence (Amersham Life Science) as previously described (5, 39).

Statistical analysis. The data were expressed as means � standard errors of
the means (SEM) and were analyzed by one-way analysis of variance (ANOVA)
using GraphPad Prism 4.02 (GraphPad Software, San Diego, CA). Tukey’s
procedure was used to test for differences between individual treatment groups,
while Dunnett’s test was applied to compare treatment versus control groups
once significance was found by the F test. Two-way ANOVA was used if the
experimental design contained two parameters. P values of �0.05 were consid-
ered statistically significant.

RESULTS

PGE2 induces FGF-9 mRNA expression independent of es-
trogen. To investigate the effects of PGE2 on FGF-9 expres-
sion, primary culture human endometriotic stromal cells were
treated with various doses of PGE2 (0.01 to 100 �M) and

concentrations of mRNA were quantified using quantitative
RT-PCR (see Fig. S1A and B in the supplemental material).
The result demonstrated that PGE2 induced FGF-9 mRNA
expression in dose- and time-dependent manners (Fig. 1A and
B). The expression of FGF-9 mRNA was induced by 0.1, 1, and
10 �M PGE2, whereas higher concentrations of PGE2 failed to
exert such effect. Administration of cells with 1 �M PGE2

enhanced FGF-9 mRNA expression at 8 h; expression reached
a maximum at 12 h and then declined toward the basal level at
24 h after PGE2 treatment. The induction of FGF-9 mRNA by
PGE2 was mirrored by the increase in FGF-9 protein (Fig. 1C).

Since PGE2 is a potent inducer for estrogen production and
the expression of FGF-9 is estrogen dependent, it is reasonable
to hypothesize that the PGE2-induced increase in FGF-9 ex-
pression might be mediated via actions of estrogen. To test this
hypothesis, stromal cells were pretreated with ICI 182,780, an
estrogen receptor antagonist, prior to addition of PGE2, and
levels of FGF-9 mRNA were determined. Our results showed
that pretreatment with ICI 182,780 did not inhibit basal or
PGE2-induced FGF-9 expression (Fig. 1D). Furthermore, a
time course experiment also demonstrated that PGE2-induced
FGF-9 expression (12 h after treatment) (Fig. 1C) precedes

FIG. 1. PGE2 induces FGF9 expression in endometriotic stromal
cells. (A and B) Serum-starved stromal cells were treated with different
doses (0.01 to 100 �M) of PGE2 for 12 h (n  6) or with 1 �M PGE2
for different durations (n  6). Cells were then subjected to mRNA
isolation and FGF-9 transcript quantification by standard-curve QC-
RT-PCR. Due to variations between individuals, data were normalized
to those for the control group for each batch of cells. Data were
analyzed by one-way ANOVA followed by Dunnett’s test. Asterisks
indicate significant differences compared to data for the control group
(no PGE2 in panel A and time zero in panel B). (C) A representative
Western blot shows upregulation of FGF-9 by PGE2. Serum-starved
stromal cells were treated with vehicle or 1 �M PGE2 for 12 h, and
equal amounts of total cell lysates were analyzed by Western blot
analysis. This experiment was repeated six times using different batches
of cells, and the results were similar. (D) Effect of ER antagonist
ICI182,780 (10 �M) on expression of FGF9 mRNA induced by PGE2.
Serum-starved cells were pretreated with or without ER antagonist
ICI182,780 (10 �M) for 30 min followed by administration of vehicle
or 1 �M PGE2, and expression levels of FGF9 mRNA were deter-
mined (n  5). Data were analyzed by two-way ANOVA. Asterisks
indicate significant differences between data for the control and PGE2-
treated groups at P values of �0.05.
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that induced by estrogen (24 h after treatment) (data not
shown). Taken together, our current data provide evidence to
support that PGE2 can stimulate FGF-9 gene expression inde-
pendent of estrogen.

It has been reported that some peptide growth factors, such
as insulin-like growth factor 1 (IGF-1) and epidermal growth
factor (EGF), can transactivate ER� independent of estrogen.
Therefore, it is possible that transactivation of ER by such
peptide hormones might contribute to PGE2-induced FGF-9
expression. To test such possibility, endometriotic stromal cells
were treated with IGF-1 (10 ng/ml), EGF (10 ng/ml), or PGE2

(1 �M) or left untreated for 12 h and levels of FGF-9 mRNA
were quantified. The results showed that neither IGF-1 nor
EGF affected FGF-9 mRNA expression while PGE2 signifi-
cantly induced FGF-9 expression (see Fig. S2A in the supple-
mental material). These data further support that PGE2-in-
duced FGF-9 expression is independent of estrogen or
transactivation of ER by other peptide growth factors.

FGF-9 mediates PGE2-induced endometriotic stromal cell
proliferation. To determine the biological function of FGF-9
expression induced by PGE2 in endometriotic tissue, condi-
tioned media collected from PGE2- or vehicle-treated endo-
metriotic stromal cells were used to stimulate stromal cells.
Proliferation of endometriotic stromal cells was induced five-
fold by PGE2-CM compared to levels for Veh-CM (Fig. 2A
and B). Administration of monoclonal anti-FGF-9 antibody
(10 ng/ml) inhibited more than 70% of the stromal cell prolif-
eration induced by PGE2-CM (Fig. 2B). An increase in anti-
FGF-9 antibody concentration to 50 ng/ml resulted in com-

plete inhibition of PGE2-CM-induced cell proliferation (data
not shown). In contrast, addition of preimmunized mouse se-
rum failed to inhibit PGE2-CM-induced cell proliferation (Fig.
2B), indicating that the inhibitory effect of anti-FGF-9 anti-
body is specific.

PGE2-induced FGF-9 expression is mediated via the EP3
receptor. We previously identified that there are three EP
receptor subtypes (EP2, EP3, and EP4) present in the ectopic
endometriotic stromal cells (39). To determine which EP re-
ceptor subtype is responsible for PGE2-induced FGF-9 mRNA
expression, endometriotic stromal cells were treated with
PGE2 (1 �M), butaprost (EP2 agonist, 10 �M), sulprostone
(EP3 agonist, 10 �M), or PGE1-OH (EP4 agonist, 10 �M) and
expression levels of FGF-9 mRNA were determined. Admin-
istration of PGE2 and sulprostone resulted in a marked in-
crease in FGF-9 mRNA, while butaprost and PGE1-OH failed
to affect FGF-9 expression (Fig. 3A). Consistent with this no-
tion, the EP3 antagonist, ONO-AE3-240 (1 �M), effectively
blocked PGE2- or sulprostone-induced FGF-9 mRNA expres-
sion (Fig. 3B).

To explore the downstream effectors of the EP3 receptor,
selective pharmacological inhibitors were used to block PGE2

action. Pretreatment with inhibitors for PKA (PKI; 25 �M)
and PI3K (Wortmannin; 1 �M) had no effects on FGF-9
mRNA expression (Fig. 3C). In contrast, pretreatment with
selective inhibitors for PKC (GF109203; 5 �M) and MEK
(PD98059; 10 �M) significantly inhibited PGE2-induced
FGF-9 mRNA expression (Fig. 3C). A subsequent experiment
using a Ras inhibitor (FTPIII; 10 �M) showed no inhibitory

FIG. 2. FGF-9 mediates PGE2-induced endometriotic-stromal-cell proliferation. (A) Representative pictures show DNA replication in endo-
metriotic stromal cells. Serum-starved stromal cells were cultured in phenol red-free, serum-free DMEM/F12 and conditioned medium at a 1:1
ratio for 24 h. BrdU (100 �g/ml) was added to culture media 6 h before cells were fixed for BrdU staining. BrdU-positive cells (with red nuclei)
were stained using a cell proliferation assay kit as described in Materials and Methods. Veh-CM, conditioned medium collected from ethanol-
treated cells; PGE2-CM, conditioned medium collected from PGE2-treated cells; �FGF-9 Ab, monoclonal antibody against human FGF-9; mouse
serum, unimmunized mouse serum. Scale bar, 50 �m. (B) FGF-9 mediates PGE2-induced endometriotic-stromal-cell proliferation. Data show
means � SEM for four independent experiments using different batches of cells. For each experiment, at least 500 cells were counted to quantify
BrdU-positive cells. Different letters indicate significant differences at P values of �0.05.
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effect on PGE2-induced FGF9 mRNA expression, indicating
that activation of MEK is not dependent on Ras signaling (see
Fig. S2B in the supplemental material). It has been reported
that actions of PGE2 may be carried out via transactivation of
RTK (30). To test this possibility, cells were pretreated with a
general RTK inhibitor, genistein, to block the activation of
RTKs. Pretreatment with genistein failed to affect PGE2-in-
duced FGF-9 expression (see Fig. S2C in the supplemental
material), suggesting that the effect of PGE2 is not mediated by
transactivation of RTKs.

We next determined whether the effect of PGE2 on FGF-9
expression is regulated at the transcriptional level. The 2.2-kb
5
 flanking region of the human FGF-9 gene (nucleotides
	1949 to �217) was cloned and used for the promoter activity
assay. The result demonstrated that reporter gene expression
was significantly enhanced by PGE2 and sulprostone treatment
(Fig. 3D), indicating that PGE2 induced FGF-9 expression by
increasing its promoter activity. In agreement with the mRNA
data, butaprost did not induce FGF-9 promoter activity. The
promoter activity assay also demonstrated that GF109203 and
PD98059 significantly inhibited PGE2-upregulated reporter
gene expression (Fig. 3D).

PGE2-induced FGF-9 expression is mediated by PKC�.
Since the PKC inhibitor showed a significant inhibitory effect,
we next examined whether PGE2 could activate PKC. By using
a PKC isoform-screening kit, we identified that PKC�, PKC�,
PKC�, PKCε, and PKC�/� were expressed by ectopic endo-
metriotic stromal cells (data not shown). A further study using
pharmacological inhibitors revealed that PKC� and PKC�
might be the two PKC isoforms that mediated PGE2-induced
FGF-9 expression (data not shown). To evaluate whether ac-
tivation of PKC alone was sufficient to induce FGF-9 expres-
sion, cells were treated with different doses (10, 30, and 100
nM) of phorbol myristate acetate (PMA; an activator of clas-
sical and novel PKCs) for 15 and 60 min. Treatment with 30
nM PMA significantly induced FGF-9 expression at 1 and 2 h
but decreased expression at 8 h (Fig. 4A). The inhibitory phe-
nomenon of FGF-9 expression by PMA at 8 h might be due to
long-time exposure to high doses of PMA causing the deple-
tion of endogenous PKC.

We next used an siRNA approach to knock down PKC�
and PKC� and evaluated the expression of FGF-9 induced
by PGE2. Transfection with siPKC� reduced PKC� expres-
sion by about 80% compared to what was found for siGFP-
transfected cells (Fig. 4B). The effect of siPKC� is specific
since level of PKC� is not affected by transfection with
siPKC� (Fig. 4B). Reduced PKC� expression did not affect
PGE2- or sulprostone-induced FGF-9 expression (Fig. 4B).
In contrast, the expression of FGF-9 by PGE2 or sulpros-
tone was completely blocked in cells transfected with
siPKC� (Fig. 4C). siPKC� transfection effectively depleted
endogenous PKC� protein expression by 80% without af-
fecting the expression of PKC� (Fig. 4C). Two sets of
siRNA (duplex 1 and duplex 2) that targeted different re-
gions of PKC� were used, and the results were the same
(Fig. 4C). Therefore, duplex 1 was chosen for subsequent
experiments. These results imply that PKC� plays dominant
roles in PGE2-induced FGF-9 expression while PKC� might
not have a contribution. To further confirm this notion,
forced expression of the catalytic and regulatory subunits of
PKC� was performed and the level of FGF-9 was evaluated.
Cells transfected with the catalytic subunit of PKC� had
marked increases in FGF-9 expression, while those trans-
fected with the regulatory subunit (as controls) showed no
stimulatory effect (Fig. 4D). These data strongly suggest that
the PKC�-dependent signaling pathway is necessary and
sufficient for PGE2-induced FGF-9 expression.

ERK1/2 is activated by PGE2 and is downstream of PKC�.
As shown in Fig. 2, PD98059 effectively inhibited PGE2-in-
duced FGF-9 gene activation and transcript expression. We
thus decided to examine the involvement of the ERK signaling
pathway in the PGE2 action. Since Ras was not involved in
PGE2-induced FGF-9 expression, we hypothesize that phos-
phorylation of ERK may be mediated by PKC. Furthermore,
we have previously demonstrated that ERK1/2 can be phos-
phorylated by PGE2 treatment via EP2-mediated PKA activa-
tion (39). Therefore, sulprostone (the EP3 agonist) was used to
examine the signaling pathway leading to ERK activation. Ad-
ministration of sulprostone considerably induced the phos-
phorylation of ERK1/2, which was diminished by pretreat-
ment with general PKC inhibitor GF109203 (Fig. 5A). The
selective PKC� inhibitor, rottlerin, effectively blocked

FIG. 3. PGE2-induced FGF-9 expression is mediated via the EP3
receptor-dependent signaling pathway. (A) Serum-starved stromal
cells were treated with 1 �M PGE2, 10 �M butaprost (Buta), 10 �M
sulprostone (Sul), or 10 �M PGE1-OH (E1OH) for 12 h. Data show
means � SEM for six independent experiments using different batches
of cells. Asterisks denote significant differences from data for the
control group (P � 0.05). (B) Serum-starved stroma cells were treated
with 1 �M PGE2, 10 �M sulprostone in the presence or absence of
ONO-AE3-240 (selective EP3 antagonist) for 12 h (n  4). Asterisks
indicate significant differences from data for the PGE2- or sulprostone-
treated group (P � 0.05). (C) Serum-starved stromal cells were pre-
incubated for 30 min with 25 �M PKI, 10 �M PD98059 (PD), 5 �M
GF109203 (GF), or 1 �M wortmannin (Wt) and then treated with 1
�M PGE2 for 12 h (n  6). Asterisks indicate significant differences
from data for the PGE2-treated group (P � 0.05). (D) Ectopic endo-
metriotic stromal cells were transfected with the FGF-9 promoter
construct (nucleotides 	1949 to �217) and treated with 1 �M PGE2
for 12 h in the presence or absence of different selective inhibitors, and
then luciferase activity was analyzed. The promoter activities (relative
light units [RLU]) were calculated by dividing firefly signal levels by
Renilla signal levels (n  6). Asterisks indicate significant differences
from data for the control group, while # indicates significance com-
pared to data for the PGE2-treated group (P � 0.05).
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ERK1/2 phosphorylation, while the classical PKC inhibitor,
Gö6976, had no effect, indicating again that PKC� is impor-
tant in carrying PGE2 signaling (Fig. 5A). As mentioned
above, administration of PMA activated classical and novel
PKC, leading to increased FGF-9 expression. Consistent
with this notion, PMA treatment and forced expression of
the catalytic subunit of PKC� induced ERK1/2 phosphory-
lation (Fig. 5B and C). In contrast, silencing PKC� by
siRNA inhibited sulprostone-induced ERK phosphorylation
(Fig. 5D). These results indicated that ERK1/2 is one of the
downstream effectors of PKC�.

Next, we evaluated the role of ERK1/2 in PGE2- or sul-
prostone-induced FGF-9 gene expression by forced expression
of dominant-negative (kinase-dead) ERK1, dominant-negative
ERK2, or both in combination. Transfection of dominant-
negative ERK1 (2 �g) and ERK2 (2 �g) blocked PGE2- and
sulprostone-induced FGF9 mRNA and protein expression, re-
spectively (Fig. 5E and F). The inhibitory effect was further
enhanced by cotransfection with dominant-negative ERK1 and
ERK2 (Fig. 5F). Taken together, these data provide clear
evidence that ERK mediates PGE2-induced FGF-9 expression
and is downstream of PKC�.

Elk-1 is the downstream transcription factor of PKC� in
PGE2-induced FGF-9 expression. So far, we have demon-
strated that PGE2, via binding to the EP3 receptor, activates
PKC� and concomitantly ERK1/2 to induce FGF-9 promoter

activity. We next sought to investigate the molecular mecha-
nisms associated with transcriptional regulation of FGF-9 gene
expression by PGE2. Several deletion constructs containing
different lengths of the FGF-9 5
 flanking region were gener-
ated and used to determine transcription factors that mediate
PGE2-induced FGF-9 promoter activity. Deletion of nucleo-
tides 	1949 to 	1346 of the FGF-9 promoter had no substan-
tial effect on basal and PGE2-induced promoter activities (Fig.
6A). Deletion of nucleotides 	1346 to 	1079 significantly
reduced PGE2-induced FGF-9 promoter activity, while dele-
tion to nucleotide 	886 further reduced the promoter activity
induced by PGE2 (Fig. 6A). The basal and PGE2-induecd
FGF-9 promoter activities were completely abolished when the
construct was deleted to the 	712 base pair (Fig. 6A). These
data indicate that the nucleotide 	886 to 	1346 region was
critical for PGE2-mediated FGF-9 promoter activity. Bioinfor-
matic annotation identified several candidate transcription fac-
tor binding sites within this region. Among them, two potential
Elk-1 binding sites within this region were chosen for further
evaluation since a growing body of reports is indicating that
Elk-1 is a direct target of ERK1/2. We then evaluated the
phosphorylation status of Elk-1 under the influence of PGE2.
Treatment of cells with sulprostone for 15 min substantially
induced the phosphorylation of Elk-1 at serine 383, the most
critical amino acid for activation of Elk-1 (Fig. 6B). Phosphor-
ylation of Elk-1 induced by sulprostone was abolished by treat-

FIG. 4. PKC� is critical for PGE2-induced FGF-9 expression. (A) Serum-starved cells were treated with 30 nM PMA or vehicle for the indicated
times, and expression levels of FGF-9 mRNA were determined by QC-RT-PCR. Data show means � SEM for six independent experiments using
different batches of cells. Asterisks indicate significant differences from data for the control group at each time point. (B) A representative picture
shows the expression of FGF-9 protein after transient transfection with siPKC�. Stromal cells were transiently transfected with siPKC� siRNA or
control siRNA as described in Materials and Methods. After transfection, serum-starved cells were treated with or without 1 �M PGE2 or 10 �M
sulprostone (Sul) for 12 h. Equal amounts of total cell lysates were analyzed by SDS-PAGE and immunoblotted with antibodies against PKC�
(upper panel), PKC� (middle panel), and FGF-9 (lower panel). (C) A representative picture shows the expression of FGF-9 protein after transient
transfection with siPKC�. Stromal cells were transiently transfected with siPKC� duplex 1, siPKC� duplex 2, siPKC� duplex 1 plus duplex 2, or
control siRNA (siGFP) as described in Materials and Methods. After transfection, serum-starved cells were treated with or without 1 �M PGE2
or 10 �M sulprostone for 12 h. Equal amounts of total cell lysates were analyzed by SDS-PAGE and immunoblotted with antibodies against PKC�
(upper panel), PKC� (middle panel), and FGF-9 (lower panel). (D) Stromal cells were transiently transfected with 4 �g or 8 �g of control vector
pEGFP-N2 only (vector), the catalytic subunit of PKC� (CD_PKC�), or the regulatory subunit of PKC� (RD_PKC�) for 12 h. Equal amounts of
cell lysates were analyzed by SDS-PAGE and immunoblotted with anti-FGF-9 or anti-�-actin antibodies, sequentially. These experiments were
repeated four times using different batches of cells, and the results were similar.
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ment with inhibitors of PKC� and MEK but not by treatment
with that of PKC�, which demonstrated that Elk-1 is down-
stream of PKC� and ERK1/2 (Fig. 6B). To test whether ERK
indeed mediates PKC�-induced Elk-1 phosphorylation, activa-
tion of ERK1/2 induced by forced expression of the catalytic
domain of PKC� was blocked by treatment with U0126 and the
phosphorylation status of Elk-1 was determined. The result
demonstrated that treatment with U0126 completely blocked
PKC�-induced Elk-1 phosphorylation and consequently
FGF-9 expression (Fig. 6C). This result provides direct evi-
dence to support the PKC�/ERK/Elk-1 signaling cascade.
Next, we tested the importance of this PKC�/ERK/Elk-1 sig-
naling in PGE2-induced FGF-9 expression. Reduction of
PKC� by siRNA effectively blocked PGE2- and sulprostone-
induced Elk-1 phosphorylation (Fig. 6D). Similar effects were
observed when cells were transiently transfected with domi-
nant-negative ERK1 or ERK2 (Fig. 6E). These data imply that
PGE2-induced FGF-9 expression is likely to be mediated via
the PKC�/ERK/Elk-1 pathway.

To further explore the notion that Elk-1 may mediate PGE2-
induced FGF-9 promoter activity, the expression of Elk-1 was

knocked down by siRNA and the effect of sulprostone on
FGF-9 expression was evaluated. Expression of Elk-1 was re-
duced by 80% in siElk-1-transfected cells compared to that in
siGFP-transfected cells (Fig. 6F). As expected, sulprostone
failed to induce FGF-9 expression in Elk-1-depleted cells (Fig.
6F). Moreover, mutation of the Elk-1 binding element at nu-
cleotides 	1324 to 	1329 inhibited PGE2- and sulprostone-
induced FGF-9 promoter activity while further mutation of
another binding site at nucleotides 	1046 to 	1051 resulted in
the complete loss of PGE2-induced FGF-9 promoter activity
(Fig. 6G).

Lastly, we determined whether Elk-1 indeed binds to the
predicted Elk-1 site at the FGF-9 gene promoter. The results
of the EMSA showed the binding of Elk-1 to the two predicted
Elk-1 elements (Fig. 7A and B). The binding to dElk-1 (nu-
cleotides 	1324 to 	1329) appears to be stronger than that to
pElk-1 (nucleotides 	1046 to 	1051). The binding is specific
since it can be competed away by excess cold probe with se-
quences corresponding to the chicken Elk-1 binding element
and supershifted by anti-phospho-Elk-1 antibody. Although
EMSA data clearly showed the binding of Elk-1 to the

FIG. 5. PGE2-induced FGF-9 expression is mediated by ERK1/2. (A) A representative picture shows the phosphorylation of ERK1/2 after EP3
agonist stimulation. Serum-starved cells were treated with 10 �M sulprostone (Sul) in the presence or absence of different concentrations of
rottlerin, Gö6976, or GF109203 (GF) for 15 min (n  5). Equal amounts of lysates were analyzed by SDS-PAGE and immunoblotted with
antibodies against p-ERK1/2 (upper panel) and total ERK1/2 (lower panel). (B) Serum-starved cells were treated with different doses of PMA (10
to 100 nM) for 15 or 60 min. Equal amounts of lysates were analyzed by SDS-PAGE and immunoblotted with antibodies against p-ERK1/2 and
total ERK1/2. (C) Serum-starved cells were transiently transfected with 4 �g or 8 �g of control vector (vector), the catalytic subunit of PKC�
(CD_PKC�), or the regulatory subunit of PKC� (RD_PKC�), and levels of phosphorylated ERK1/2 and total ERK1/2 were determined as
described above. (D) Serum-starved cells were treated as described in the legend to Fig. 4A. Equal amounts of lysates were analyzed by SDS-PAGE
and immunoblotted with antibodies against p-ERK1/2 and total ERK1/2. (E) Stromal cells were transiently transfected with 2 �g of dominant-
negative ERK1 or ERK2 (DNERK1 or DNERK2, respectively) or control vector and incubated for 48 h. Serum-starved cells were then treated
with 1 �M PGE2 or 10 �M sulprostone (Sul) for another 12 h. Concentrations of FGF-9 transcripts were quantified by standard-curve
QC-RT-PCR (n  5). Asterisks indicate significant differences from data for the PGE2- and sulprostone-treated groups (P � 0.05). (F) Stromal
cells were transiently transfected with control vector (Vector), dominant-negative ERK1 or ERK2 (DNERK1 or DNERK2, respectively), or
dominant-negative ERK1 and ERK2 in combination (DNERK1�DNERK2) as described above. Equal amounts of lysates were analyzed by
SDS-PAGE and immunoblotted with antibodies against FGF-9 (upper panel) and �-actin (lower panel). All the experiments were repeated at least
four times, and the results were similar.
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putative element, they were not able to distinguish the bind-
ing intensities between control and PGE2-treated cells.
Therefore, we performed a ChIP-PCR assay using anti-
phosphorylated Elk-1 antibody to demonstrate the in vivo

binding of Elk-1 to FGF-9 promoter. The ChIP data re-
vealed that Elk-1 physically binds to the two Elk-1 sites and
the binding was significantly enhanced by PGE2 or sulpros-
tone treatment (Fig. 7C). All these data provide direct ev-

FIG. 6. Elk-1 is the downstream effector of PKC� in PGE2-induced FGF-9 expression. (A) Serial deletion constructs of the FGF-9 promoter
were transiently transfected into endometriotic stromal cells and stimulated with or without 1 �M PGE2 for 12 h. The promoter activities (relative
light units [RLU]) were calculated by dividing firefly signal levels by Renilla signal levels. Asterisks denote significant differences between data for
the control and PGE2-treated groups transfected with the same promoter construct (P � 0.05). (B) A representative picture shows that
sulprostone-induced Elk-1 phosphorylation can be abolished by selective PKC� and ERK inhibitors. Serum-starved cells were preincubated for 30
min with 10 �M U0126 (U0), 1 �M Gö6976 (Go), or 0.1 �M rottlerin (Rot) and then treated with 10 �M sulprostone (Sul) for 15 min. Equal
amounts of lysates were analyzed by SDS-PAGE and immunoblotted with antibodies against phospho-Elk-1 and total Elk-1. (C) A representative
picture shows that ERK mediates PKC�-induced Elk-1 phosphorylation and FGF-9 expression. Serum-starved cells were preincubated for 30 min
with or without 10 �M U0126 and transiently transfected with 4 �g of the catalytic domain of PKC� plasmid or empty vector (pEGFP-N2) for 12 h.
Equal amounts of lysates were analyzed by SDS-PAGE and immunoblotted with antibodies as indicated above. (D) Serum-starved stromal cells
were treated as described in the legend to Fig. 4B. Equal amounts of lysates were analyzed by SDS-PAGE and immunoblotted with antibodies
against phospho-Elk-1 and total Elk-1. (E) Stromal cells were transiently transfected with control vector, dominant-negative ERK1 (DNERK1),
dominant-negative ERK2 (DNERK2), or dominant-negative ERK1 and ERK2 in combination and incubated for 48 h. After serum starvation, cells
were treated with 10 �M sulprostone for 15 min. Equal amounts of lysates were analyzed by SDS-PAGE and immunoblotted with antibodies
against phospho-Elk-1 and total Elk-1. (F) Stromal cells were transiently transfected with siElk-1 siRNA or control siRNA as described in
Materials and Methods. After serum starvation, cells were treated with or without 1 �M PGE2 or 10 �M sulprostone for 12 h. Equal amounts of
total cell lysates were analyzed by SDS-PAGE and immunoblotted with antibodies against total Elk-1 (upper panel), FGF-9 (middle panel), and
�-actin (lower panel). (G) Schematic drawing of two constructs of the human FGF-9 promoter (nucleotides 	1346 to �217 and 	1079 to �217)
with annotated Elk-1 binding sites. The wild-type (	1346 and 	1079) and site-mutated (	1346m and 	1079m, respectively) Elk-1 sites are
indicated (left panel). The promoter activities (relative light units [RLU]) were calculated by dividing firefly signal levels by Renilla signal levels
(right panel). Asterisks denote significant differences between data for the wild type and the site-mutated constructs treated with 1 �M PGE2 (P �
0.05). All the experiments were repeated for three to six times with different batches of cells, and the results were similar within each
experiment.
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idence that Elk-1 is indeed the transcription factor that
mediates PGE2-induced FGF-9 gene activity.

DISCUSSION

The importance of PGE2 in promoting cell growth in human
diseases is well established (1, 15, 21, 32, 46). However, the
molecular mechanism remains mostly uncharacterized, as most
reports fail to provide direct evidence to demonstrate the mi-
togenic effect of PGE2. It is generally accepted that induction
of peptide growth factor expression and/or transactivation of
signaling pathways mediated by these growth factors is an
important mechanism responsible for PGE2-induced cell pro-
liferation. Fibroblast growth factor 9 is a potent mitogen for
numerous cell types, including epithelium, stroma, neuronal
cell, and chondrocytes (13, 20, 41, 47), and plays important
roles in the development of human diseases (13, 18, 26, 41, 47).
In this report, we provide compelling evidence that PGE2

directly induces FGF-9 expression and this action is parallel to
its ability to stimulate estrogen biosynthesis. Our findings in-
dicate that transcriptional upregulation of the FGF-9 gene by
PGE2 is mainly mediated via the EP3 receptor-dependent sig-
naling pathway that involves PKC�, ERK1/2, and Elk-1 (Fig.
7D). Induction of FGF-9 by PGE2 results in increasing endo-
metriotic stromal cell proliferation. These findings provide a
functional link between aberrant production of PGE2 due to
COX-2 overexpression and the formation of many human ma-
lignancies.

Although the involvement of PGE2 in the human disease
model has been intensively investigated, it is surprising that
only a few studies have focused on evaluating the induction of
peptide growth factors by PGE2 (6, 16, 33, 40). Moreover, the
mechanisms by which PGE2 exerts its action were not ad-
dressed. In this report, we demonstrate that induction of
FGF-9 by PGE2 is mediated in an EP3 receptor-dependent
manner using several approaches, including the use of selective

FIG. 7. Binding of Elk-1 to the fgf-9 promoter is enhanced after PGE2 treatment. (A and B) Representative EMSA pictures show in vitro
binding of Elk-1 to the two predicted Elk-1 elements in the fgf-9 promoter. Nuclear extract of vehicle, PGE2, or sulprostone-treated stromal cells
was incubated with biotin-labeled probe containing the dElk-1 (A) or pElk-1 (B) element of the fgf-9 gene promoter in the presence or absence
of excess cold probe. Arrows indicate the DNA/protein complex. Anti-phospho-Elk-1 antibody was added to detect the supershift of the
protein/DNA complex (arrowhead). Sul, sulprostone. (C) Chromatin immunoprecipitation assay demonstrates in vivo binding of Elk-1 to the
predicted dElk-1 and pElk-1 sites. Immunoprecipitated DNA using anti-phospho-Elk-1 antibody, control rabbit immunoglobulin G (ChIP), or
genomic DNA (input) was subjected to PCR amplification using primers specific for dElk-1, pElk-1 (promoter), or the downstream coding region
(CDS). (D) A schematic drawing shows the signal transduction pathway mediating PGE2-induced fgf-9 gene transcription. See the text for details.
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EP receptor agonists and antagonists. Previously, we reported
that endometriotic stromal cells express three different EP
receptors, namely, EP2, EP3, and EP4 (39). Herein, we show
that induction of FGF-9 expression by PGE2 can be mimicked
by the selective EP3 agonist and the effect can be blocked by
addition of the EP3 antagonist. On the contrary, treatment of
cells with selective EP2 and EP4 agonists failed to increase
FGF-9 expression within 24 h. Taken together, these data
demonstrate that PGE2-induced FGF-9 gene expression is me-
diated via the EP3 receptor and its downstream signaling path-
ways.

The finding that the EP3 receptor mediates the action of
PGE2 in stimulating FGF-9 expression is intriguing because
EP2 has been known to be the major receptor in mediating
PGE2 actions. We and others had reported that, in endometri-
otic stromal cells, PGE2 induces estrogen biosynthesis via EP2/
EP4 receptor-coupled PKA signaling pathways (28, 39). Since
estrogen also induces the expression of FGF-9, these data
reveal that PGE2 simultaneously activates two distinct path-
ways via binding to different receptor isoforms to exert the
same function. As a result, PGE2 induces FGF-9 expression
with a different time frame. Direct induction of FGF-9 via EP3
receptor signaling pathways is the acute effect of PGE2, while
indirect upregulation of FGF-9 via the EP2 receptor-depen-
dent estrogen action represents a delayed response to PGE2.
Considering that FGF-9 is a survival and mitogenic factor, the
induction of FGF-9 by PGE2 at different time points may have
different functions. Further investigation is needed to dissect
the significance of actions mediated by different EP receptors
in the induction of FGF-9 gene expression.

The downstream signaling of EP3 is the most complicated
one among all EP receptors. It has been reported that activa-
tion of EP3 leads to calcium influx, PKC and PI3K activation,
and PKA inactivation (2). Herein, we conclude that the major
effector downstream of EP3 is the novel PKC named PKC�
based on several lines of evidence. First, the use of a pharma-
cological activator (PMA) and inhibitors (GF109203, Gö6976,
and rottlerin) of PKC suggested that PKC� may play important
roles in PGE2-induced FGF-9 expression (current results and
data not shown). Second, although PKC� was also activated by
PGE2, the use of a classical PKC inhibitor and, more specifi-
cally, the knocking down of PKC� by siRNA failed to block
PGE2-induced FGF-9 expression, suggesting that PKC� is not
involved. Third, selective reduction of PKC� by siRNA was
able to completely inhibit FGF-9 expression induced by PGE2.
Finally, transfection of the catalytic domain but not the regu-
latory domain of PKC� was sufficient to induce FGF-9 expres-
sion, which provides direct evidence to support this notion.

The pathway leading to FGF-9 promoter activation by PGE2

involves a complex series of events that results in the phosphor-
ylation of Elk-1, a member of the ternary complex factor sub-
family of the ETS domain transcription factor (19). Phosphor-
ylated Elk-1 may form a ternary complex with a second
transcription factor, serum response factor, and bind to the
FGF-9 promoter to enhance its transcriptional activity (19).
Two putative Elk-1 binding sites were identified in the FGF-9
promoter region between nucleotides 	886 and 	1346. Our
data reveal that Elk-1 can be phosphorylated by PGE2 and/or
sulprostone via the PKC�/ERK-dependent signaling pathway.
In vitro and in vivo binding of Elk-1 to these two binding

elements within the FGF-9 promoter were demonstrated by
EMSA and ChIP assays, respectively. Furthermore, deletion or
site-directed mutation of these two Elk-1 binding elements
abolished sulprostone-induced FGF-9 promoter activity. These
data clearly support the notion that Elk-1 is the primary tran-
scription factor responsible for the activation of the FGF-9
gene induced by PGE2. To our knowledge, this is the first
report that demonstrates clearly that PGE2 can activate Elk-1
and that FGF-9 is the target gene of this ETS domain-contain-
ing transcription factor. Further study is warranted to unravel
the molecular mechanism of Elk-1-mediated FGF-9 gene ac-
tivation.

It has been reported that Elk-1 is a substrate of ERK and
JNK but not p38MAPK (51, 52). In endometriotic stromal
cells, ERK1/2 and p38MAPK but not JNK were activated by
treatment with PGE2 (Fig. 5; also see Fig. S3 in the supple-
mental material). Therefore, phosphorylation of Elk-1 by
PGE2 is likely to be mediated by PKC�-dependent ERK1/2
activation. Furthermore, we demonstrated that ERK1/2 in-
deed regulates the phosphorylation of Elk-1 by showing that
inhibition of ERK1/2 activation and overexpression of kinase-
dead, dominant-negative forms of ERK1 and ERK2 blocked
sulprostone-induced Elk-1 phosphorylation and concomitantly
FGF-9 expression. More importantly, our data show that de-
pletion of PKC� by siRNA significantly inhibited PGE2- and
sulprostone-induced Elk-1 phosphorylation. Taken together,
these data demonstrate that PGE2 transcriptionally upregu-
lates FGF-9 expression through a signaling cascade that in-
volves the EP3 receptor, PKC�, ERK1/2, and the transcription
factor Elk-1.

It is possible that activation of ERK1/2 by sulprostone is
mediated by the transactivation of receptors for peptide
growth factors, leading to the activation of the canonical Ras-
Raf-MEK-ERK pathway (24, 30, 35). We demonstrated that
this pathway is unlikely by showing that genistein, a generic
RTK inhibitor, and FTPIII, the Ras protein inhibitor, failed to
block PGE2-induced FGF-9 mRNA expression (see Fig. S2 in
the supplemental material). Thus, it is likely, though not di-
rectly tested in this report, that PKC� causes ERK phosphor-
ylation via activation of Raf as has been reported before (43).

In conclusion, emerging clinical and experimental evidence
has demonstrated the pathological roles of PGE2 in the devel-
opment of numerous human diseases, including cancer, though
not much was known about the mechanism. A recent report
indicates that PGE2 activates �-catenin to induce colon cancer
cell proliferation via the EP2-dependent, G-protein-coupled
axin-signaling pathway (4). Here, we demonstrate that PGE2

directly induces FGF-9 expression via activation of the EP3
receptor-coupled signaling pathway in endometriotic stromal
cells. PGE2-induced FGF-9 expression results in the promo-
tion of stromal-cell proliferation, which may play significant
roles in the development of endometriosis. Furthermore, a
similar mechanism might also apply to other human malignan-
cies since FGF-9 is a potent mitogen. Our findings demon-
strate another pathway that PGE2 may use to induce cell
growth in the development of many human diseases and pro-
vide a molecular framework for future considerations in de-
signing new regimens with therapeutic or preventive purposes
against diseases with overexpression of cyclooxygenase.
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