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Summary
The expression of Cyp19, the key gene of estrogen biosynthesis, in granulosa cells (GC) is essential
for follicular growth and coordination of the ovulatory process. The goal of this study was to examine
the effect of PGE2 and PGF2α on Cyp19 expression in undifferentiated and luteinized GC (UGC
and LGC). In UGC, PGE2 increased Cyp19 mRNA and Cyp19 protein levels whereas PGF2α had
no effect. In LGC, PGF2α decreased Cyp19 expression whereas PGE2 had no effect. Gene-reporter
experiments demonstrated that PGE2 increases Cyp19 transcription in UGC. A protein kinase A
inhibitor blocked PGE2-induced increase in Cyp19 promoter activity. PGE2 increased GATA-4
binding to the Cyp19 promoter. Mutation of the GATA binding site resulted in the loss of PGE2
stimulation. This study demonstrates that PGE2 stimulates Cyp19 expression in rat GC and suggests
that GATA-4 may mediate (at least in part) the stimulatory effect of PGE2.
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Introduction
Aromatase is highly expressed in granulosa cells of preovulatory follicles. Aromatase
expression and the consequent increase in estradiol production by granulosa cells are essential
for follicular growth and coordination of the ovulatory process. The follicle-stimulating
hormone (FSH) is the main stimulus for the expression of the aromatase-encoding gene
Cyp19. Studies performed in transgenic mice carrying progressive deletions of the human
Cyp19 proximal promoter demonstrated that as little as 278 bp of this promoter are sufficient
to mediate Cyp19 expression in the ovary (Hinshelwood et al., 2000). The induction of
Cyp19 expression by FSH is mediated by the cyclic AMP (cAMP) pathway (Richards et al.,
2002). A cAMP-response element-like binding site (CLS) and two response elements for the
5A family of nuclear receptors are present in the Cyp19 proximal promoter.Both steroidogenic
factor-1 (SF-1 or NR5A1) and liver receptor homolog-1 (LRH-1 or NR5A2) have been shown
to regulate Cyp19 expression via these nuclear receptor response elements (NRE) (Carlone &
Richards, 1997a, Hinshelwood et al., 2003, Michael et al., 1997). The proximal Cyp19
promoter contains, in addition to CLS and NREs, two binding elements for members of the
GATA family of transcription factors (Jin et al., 2000, Stocco, 2004, Tremblay & Viger,
2001). We have recently reported that only one of these GATA sites is functional and that
GATA-4 binds to this element (Kwintkiewicz et al., 2006, Stocco, 2004).
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In the ovary, PGE2 and PGF2α are key regulators of processes such as ovulation, luteinization,
and luteolysis (Challis, 1997). Expression of cyclooxygenase-2 (COX-2), the rate-limiting step
in prostaglandin synthesis, is induced by the LH surge in granulosa cells of preovulatory
follicles (Sirois et al., 1992). A reduced number of ovulations is observed in animals that either
lack COX-2 (Lim et al., 1997) or that received COX-2 inhibitors (Mikuni et al., 1998). Because
PGE2 administration to COX-2 deficient mice restores the number of ova released, PGE2
appears to be the main COX-2 product involved in ovulation (Davis et al., 1999). PGE2 effects
are mediated by four subtypes of receptors designated: EP1, EP2, EP3 and EP4. Of these
receptors, EP2 and EP4 are expressed in granulosa and luteal cells (Narko et al., 2001, Segi
et al., 2003). The EP2 receptor knockout mice have a severe deficiency in cumulus expansion,
decreased ovulation, and reduced fertilization (Hizaki et al., 1999) suggesting an important
role for PGE2 in the regulation of cumulus granulosa cells. Recent evidence suggests that PGE2
also controls the function of mural granulosa cells. For instance, GDF-9 stimulation of
progesterone production by mouse mural granulosa cells requires PGE2 synthesis (Elvin et
al., 2000). Furthermore, in vivo administration of EP4 agonists induces follicle development
to a degree comparable to that induced by PMSG (El-Nefiawy et al., 2005a, El-Nefiawy et
al., 2005b). Immunohistochemical studies indicate that EP4 receptors localize in cumulus and
mural granulosa cells of secondary and preovulatory follicles but not in primordial or primary
follicles (El-Nefiawy et al., 2005a). The findings that EP4 receptor knockout mice die
perinatally (Nguyen et al., 1997), have precluded in vivo studies to determine the role played
by PGE2/EP4 in the folliculogenesis process in vivo.

Whereas PGE2 is essential for folliculogenesis and ovulation, PGF2α is involved in the
regulation of the corpus luteum, more specifically in the process of luteolysis. In mice, the
absence of PGF2α receptors causes a failure in parturition due to the lack of luteal regression
(Sugimoto et al., 1997). Interestingly, both PGE2 and PGF2α are implicated in the regulation
of Cyp19 expression. We have recently demonstrated that PGF2α decreases Cyp19 expression
in vitro in luteinized granulosa cells as well as in vivo in the corpus luteum of d-19 pregnant
rats (Stocco, 2004). PGE2, in contrast, is thought to be responsible for the augmented
expression of the Cyp19 gene in breast tumor adipose tissue (Zhao et al., 1996b) and in
endometriosis-derived stromal cells (Noble et al., 1997). PGE2 has been shown to stimulate
estradiol production in ovarian cells (Schreiber et al., 1981). The effect of PGE2 on the
expression of the Cyp19 gene in granulosa and luteal cells has not been explored yet. The aim
of this study was to investigate the effects of PGE2 and PGF2α on Cyp19 expression in
undifferentiated and luteinized granulosa cells and to examine the intracellular mechanisms
mediating PGE2 actions.

Materials and Methods
Cells Cultures:

For primary granulosa cell (GC) cultures, female Sprague-Dawley rats were obtained at 23-25
days of age (Charles River Laboratories, Inc., Wilmington, MA) and maintained in accordance
with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The
following protocols were approved by the Yale Animal Resources Center. Undifferentiated
GCs were obtained from rats treated subcutaneously with estradiol (1.5 mg/day) for three days,
whereas luteinized GCs were obtained from rats treated with pregnant mare gonadotropin (15
IU) for 48 hours followed by treatment with hCG (15 IU) for 6 hours. In both cases, ovaries
were trimmed to remove the bursa, fat, and oviducts and incubated for 15-30 min at 37°C in
6 mM EDTA in Dulbecco’s modified Eagle media/Ham’s F-12 media (DMEM/F-12). Ovaries
were then incubated for 5-20 min in 0.6 M sucrose in DMEM/F-12. GCs were expressed by
penetration of follicles with a 30-gauge needle. Cells were plated on laminin-coated 24-well
or 12-well plates at a density of 5x104 cells/dish and 9x104 cells/well, respectively, in DMEM/
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F-12 serum-free medium supplemented with insulin (10 mg/ml), transferrin (5.5 mg/ml),
selenium (5 mg/ml), BSA (0.5 mg/ml), penicillin G (100 units/ml), streptomycin (100 μg/ml),
and Amphotericin B (250 ng/ml). Cells were treated approximately 24 h after plating.

Cloning of the rat cyp19 proximal promoter region:
The promoter region Cyp19 gene was cloned from rat genomic DNA using the following
primers: forward — GCT CGA GCC ACA GAG ATC CTG ACA ACC; reverse prime —
GAA GCT TTG TGG TAT TTT GCC TCA GAA GG. These primers amplify the region
between -1100 to +63 of the aromatase gene, where +1 is the transcription initiation site
(Fitzpatrick & Richards, 1993). Primers were designed based on a published sequence of the
rat aromatase Cyp19 promoter (Young & McPhaul, 1998). No entry for this sequence was
found in Genbank. PCR products were cloned into the pGL3 Basic luciferase report vector
(Promega) by using XhoI and HindIII restriction sites. This construct was named
-1100Cyp19pr-luc. Deletions of the -1100Cyp19pr-luc construct were generated by PCR. The
following constructs were obtained: - 600Cyp19pr-luc, -245Cyp19pr-luc, -150Cyp19pr-luc, and
-70Cyp19pr-luc. All deletions were confirmed by bidirectional sequencing.

Mutagenesis:
The NRE A sequence AAGGTCA (-137/-131) was mutated to AAatTCA and the GATA
binding site TGATAA (-128/-123) was mutated to TtcTAA. Both mutations were performed
using a Quickchange site-directed mutagenesis kit (Stratagene). The 245Cyp19pr-luc plasmid
was used as a template. Mutations were confirmed by sequencing.

RNA isolation and Real-time RT-PCR:
Granulosa cells and luteinized granulosa cells were treated with PGE2, PGF2α or forskolin for
the time period and concentration indicated on each figure. Treatments were terminated by
aspirating medium and rinsing cells with PBS. RNA isolation was performed using Trisol
reagent (Invitrogen) following the manufacturer’s instructions. Total RNA was reverse
transcribed using oligo-dT primers (Invitrogen). Quantification of Cyp19 and L19 mRNA
levels was performed using real time PCR (RT-PCR), as previously described (Cai & Stocco,
2005, Stocco, 2004). The sequences of the PCR primers were as follows: Cyp19: CTG CTG
ATC ATG GGC CTCC and CTC CAC AGG CTC GGG TTG TT; rat L19: CTG AAG GTC
AAA GGG AAT GTG and GGA CAG AGT CTT GAT GA CTC. The ratio between copies
per nanogram of total RNA of Cyp19 and L19 is reported in each figure.

Transient transfection and luciferase assay:
GCs were plated on 12-well plates for transient transfection experiments. Cells were
transfected with luciferase reporter plasmids (200 ng/well) using FuGene 6 transfection reagent
(Roche). Transcription efficiency was normalized by co-transfection of the pCMV-β-
galactosidase expression vector (20 ng/well) (Promega). Lysates were prepared using 100 μl
of passive lysis buffer (Promega). Luciferase activity was determined in 50 μL of lysate/sample
using the Luciferase Reporter Assay (Promega) and a TD 20/20 luminometer (Turner Designs).
β-galactosidase activity was determined in 10 μl of lysate/sample using the β-galactosidase
Assay System (Promega) according to the manufacturer’s protocol. Results are expressed as
relative luciferase units normalized to β-galactosidase activity.

Electrophoresis mobility shift assay:
Nuclear protein extracts were prepared by extracting nuclei with buffer C (0.42 M NaCl, 1.5
mM MgCl2, 0.2 mM EDTA, 1 mM dithiothreitol, 25% (v/v) glycerol, 0.5 mM
phenylmethylsulfonyl fluoride, 2 μg/ml leupeptin, 2 μg/ml pepstatin A, 1 μg/ml aprotinin, pH
7.9).Protein concentration was determined using the BCA assay (Pierce). Complementary
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oligonucleotides spanning the regions: -164 to -143 (CLS), -145 to -125 (NRE B), -128 to -116
(GATA) and -84 to -71 (NRE A) were annealed and end-labeled by T4 kinase and [γ-32P]ATP.
Numbers indicate location in relation to the transcription initiation site +1 (Fitzpatrick &
Richards, 1993). Nuclear extracts (5 μg) were incubated for 20 min at room temperature in
binding buffer (20 mM HEPES, pH 7.6; 60 mM KCl, 0.01 mM ZnSO4, 0.1 mM EDTA, 0.035
mM BSA, 1 mM dithiothreitol, 6% glycerol (v/v)) in the presence of 1 μg of salmon sperm
DNA and 50,000 cpm of radiolabeled double-stranded oligonucleotides. Supershift assays
were performed by adding an anti-GATA-4 antibody (Cruz biotechnology, catalog number
sc-1237) 15 minutes before the addition of labeled probe. Following incubation, protein-DNA
complexes were resolved by electrophoresis in 6% nondenaturing acrylamide gels and 0.5X
TBE buffer at 300 V, 4°C for 2 hours. For quantification of band intensity, appropriate film
exposures were scanned and the density of bands determined with ImageJ (NIH). Results are
expressed as fold increase versus control.

Western blotting:
Undifferentiated granulosa cells were homogenized in ice-cold lysis buffer (10 mM Tris-Cl,
pH 8.0; 150 mM NaCl, 1% Nonidet p-40, 0.5% sodium deoxycholate, 0.1% SDS, 40 μM PMSF,
0.3 μM aprotinin, and 1 μM leupeptin). This was followed by 30-min incubation on ice and
centrifugation at 10,000 x g for 20 min at 4°C. Protein concentration was determined by the
BCA assay (Pierce). Samples were denatured by adding sample 5 x buffer (62.5 mM Tris-
HCL, pH6.8; 2% SDS, 10% glycerol, 0.01% bromophenol blue), followed by boiling for 10
minutes. Thirty micrograms of protein were separated on 10% SDS-PAGE gels in Tris-glycine,
0.1% SDS buffer, and transferred to nitrocellulose paper in 25mM Tris, 192 mM glycine, and
20% methanol buffer at 250 mA for 1.5 h. Blots were incubated for 2 hours at room temperature
in 5% non-fat dry milk in Tris-buffered saline buffer containing Tween-20 (TBS-T), followed
by incubation overnight at 4°C with monoclonal mouse anti human cytochrome p450
aromatase antibody (Serotech, UK) at a 1/4000 dilution. Blots were washed and incubated with
a goat anti mouse IgG (Serotech, UK) conjugated to horseradish peroxidase (1/6000 dilution)
in TBS-T plus 5% milk for 2 hours at room temperature. Protein-antibody complexes were
visualized using Western Blotting Luminol Reagent following the manufacturer’s protocol
(Santa Cruz Biotechnology).

Statistical analysis:
Luciferase activity values and relative Cyp19 mRNA levels showed a normal Gaussian
distribution. Results are expressed as means ± S.E.M., and significances were determined by
using student’s t-test for two group comparison or ANOVA followed by Tukey test for multiple
group comparison. p values < 0.05 were taken as a significant difference.

Results
Effect of PGE2 and PGF2α on Cyp19 expression in undifferentiated granulosa cells

Undifferentiated granulosa cells were treated with PGF2α (1 μM), PGE2 (1 μM) or PGF2α
plus PGE2 for 12 hours. Quantification of Cyp19 and L19 mRNA was performed using a
quantitative RT-PCR method. The ratio between copies per nanogram of Cyp19 and that of
L19 are shown. Treatment with PGF2α had no effect on Cyp19 expression (Figure 1A). In
contrast, PGE2 induced a 60-fold increase in the expression of this gene. The increase of
Cyp19 expression observed in the presence of PGE2 was not affected by cotreatment with
PGF2α.

Over a period of eight hours, treatment of granulosa cells with increasing concentrations of
PGE2 increased Cyp19 mRNA levels in a concentration-dependent manner (Figure 1B).
Treatment with 1 μM of PGE2 significantly increased Cyp19 expression after 6 and 24 hours
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of treatment. Conversely, treatment for 48 hours caused no further increase in Cyp19 expression
(Figure 1C). CYP19 protein was undetectable in non-treated undifferentiated granulosa cells
(Figure 1D, lane 1), whereas this protein was readily detectable in cells treated with PGE2 (1
μM) for 24 hours (Figure 1D, lane 2).

Effect of PGE2 and PGF2α on Cyp19 expression in LG cells
PGF2α inhibits Cyp19 expression in luteinized granulosa cells (Stocco, 2004). Because PGE2
and PGF2α have opposite effects on the regulation of CL physiology (Fitz et al., 1984), the
effect of PGE2 on Cyp19 expression in luteinized granulosa cells was examined. In these cells,
PGE2 had no effect on Cyp19 expression (Figure 2). As expected, PGF2α receptor activation
by PGF2α or cloprostenol, a PGF2α analog, significantly reduced Cyp19 expression in LG
cells. Cyp19 mRNA levels in LG cells cultured in the presence of PGE2 and PGF2α was no
different from the expression levels found in LG cells cultured in the presence of PGF2α alone.

Effect of PGE2 on Cyp19 promoter activity in undifferentiated GC
Next, by studying the effect of PGE2 on the activity of the Cyp19 promoter, we examined
whether changes in Cyp19 mRNA levels are due to an alteration in the transcription rate of the
Cyp19 gene. Undifferentiated granulosa cells were transfected with a luciferase reporter
construct containing the region -1100 bp to +63 bp of the Cyp19 gene. The activity of the
-1100Cyp19pr-luc construct was increased 9- to 10-fold when granulosa cells were cultured in
the presence of 1 μM PGE2 for 8 hours (Figure 3A). Deletion of the aromatase promoter to
-245 did not affect PGE2 induction. A marked decrease in PGE2 stimulation was observed
upon deletion of the promoter region downstream of the -245 bp position (Figure 3A).
Nonetheless, a significant increase in luciferase activity was still observed after PGE2
treatment in cells transfected with the -150Cyp19pr-luc construct. PGE2 had no effect on the
activity of the -70Cyp19pr-luc construct or the empty vector pGL3. Treatment of granulosa
cells with increasing concentrations of PGE2 for 6 hours caused a concentration-dependent
increase in the activity of the -600Cyp19pr-luc reporter construct (Figure 3B) and the -
245Cyp19pr-luc reporter construct (data not shown).

Participation of the cAMP/PKA signaling pathway in the induction of Cyp19 expression by
PGE2

PGE2 type two and four receptors are coupled to Gs-type heterotrimeric guanine nucleotide-
binding protein (G protein), the activation of which leads to increased production of cAMP
(Narumiyaet al., 1999). The participation of the cAMP/PKA pathway in the stimulation of
Cyp19 expression by PGE2 was studied using H89, an inhibitor of PKA. The effect of forskolin,
an activator of the adenylcyclase enzyme, on Cyp19 promoter activity has been extensively
studied (Fitzpatrick & Richards, 1993, Michael et al., 1997). We thought to compare the effect
of forskolin and PGE2 on the activity of the Cyp19 promoter. Undifferentiated granulosa cells
transfected with the -245Cyp19pr-luc promoter construct were treated with increasing
concentrations of H89 (10, 30 and 40 μM) for one hour prior to the addition of PGE2 (1 μM)
to the medium. Cells were harvested 8 hours after initiating PGE2 treatment. As illustrated in
Figure 4A, H89 pretreatment prevented the increase in Cyp19 promoter activity induced by
PGE2 in a concentration-dependent manner.

Cells transfected with the -245Cyp19pr-luc promoter were also treated with increasing
concentrations of forskolin for 8 hours. As expected, direct activation of the adenylate cyclase
enzyme by treatment with foskolin (15 or 30 μM) increased Cyp19 promoter activity in a
concentration-dependent manner. No further increase in Cyp19 promoter activity was observed
when cells were treated with a higher concentration of forskolin (45 μM). Cotreatment of
granulosa cells with forskolin (30 μM) and H89 (10 μM) completely blocked the increase in
luciferase activity observed in the presence of forskolin alone (Figure 4B). The activity of the
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Cyp19 promoter was significantly higher in cells treated with PGE2 (1 μM) than in cells treated
with forskolin (30 μM) (Figure 4B).

Effect of PGE2 on nuclear protein binding to the Cyp19 promoter region
Thus far, our results suggest that PGE2 stimulates Cyp19 expression, at least in part, via the
cAMP/PKA signaling pathway and that the minimal and necessary elements for PGE2
stimulation are located between the -245 bp and -70 bp regions of the Cyp19 promoter. As
mentioned in the introduction, this region contains several elements that are regulated by
cAMP. These elements are: a cAMP-responsive-element-like binding site (CLS), two nuclear
receptor elements (NRE), and a GATA binding site (Figure 5A). Using gel shift assays, the
ability of PGE2 to affect the occupancy of these binding sites was examined. As illustrated in
the left panel of Figure 5A, strong binding was observed when the CLS probe was mixed with
nuclear extracts of either control or PGE2 treated cells. A weak and specific binding was
observed with the NRE B probe. Binding to CLS and NRE B were not affected by PGE2. Little
or no binding to NRE A and GATA was detected in the control groups (Figure 5A right panels).
PGE2 markedly increased binding to these two binding sites. Addition of excess unlabeled
NRE A or GATA probes completely prevented the formation of their respective shifted bands,
whereas 100-x excess of mutated unlabeled probes did not block their formation (data not
shown). When compared to the binding observed in control groups, PGE2 increased protein
binding to the GATA and the NRE A sites 6- and 4-fold respectively (Figure 5B).

Addition of an antibody that recognizes the C-terminal region of the GATA-4 protein
supershifted the complex formed with the GATA probe (Figure 5C). To investigate whether
the NRE A and/or the GATA response elements participate in the stimulation of Cyp19
promoter activity by PGE2, these two regions were mutated separately in the -245Cyp19pr-
luc construct. A double mutant construct was also produced. Mutation of either GATA or NRE
A significantly reduced the basal activity of the -245Cyp19pr-luc promoter construct and
decreased its stimulation by PGE2 (Figure 5D). The same effect was observed when the double
mutant construct was used. PGE2 stimulation was significantly lower (p<0.05) in promoter
constructs carrying a double mutation (mNRE A/mGATA) than in constructs containing a
mutation in the GATA site (mGATA) only. A random mutation of this promoter had no effect
on either the basal or the PGE2-stimulated activity of this promoter (data not shown).

Discussion
The aromatase encoding gene, Cyp19, is highly expressed in granulosa cells of preovulatory
follicles. We show in this report that PGE2 stimulates the expression of this gene and increases
the amount of aromatase protein in rat granulosa cells. The evidence also suggests that this
effect of PGE2 is mediated by activation of the cAMP/PKA pathway and in part by the
transcription factor GATA-4. Activation of EP4 receptors induces follicle development to a
degree comparable to that induced by FSH (El-Nefiawy et al., 2005a, El-Nefiawy et al.,
2005b). Our results support these findings and suggest that PGE2 may also contribute to the
increase in Cyp19 expression that takes place during the differentiation of granulosa cells to
the preovulatory state.

Our promoter deletion analysis showed that in rats the 245-bp region located upstream of the
transcription initiation site (+1) is sufficient to mediate PGE2 stimulation. This finding is in
good agreement with previous reports showing that as little as 278 bp of the human Cyp19
gene are sufficient to mediate its expression in the ovary (Hinshelwood et al., 2000). This
region also mediates the increase in Cyp19 promoter activity induced by forskolin (Fitzpatrick
& Richards, 1993, Michael et al., 1997). A CRE-like site (CLS), two NRE sites (Carlone &
Richards, 1997b, Hinshelwood et al., 2003) and, more recently, a GATA binding site (Jin et
al., 2000, Stocco, 2004, Tremblay & Viger, 2001) have been implicated in the activation of
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the -245/+1 region. Gel shift experiments showed that binding of nuclear proteins to the CLS
element is not affected by PGE2. Although this seems surprising in view of the importance
that this region has on the activity of the Cyp19 promoter, our results agree with those of Carlone
and Richards (Carlone & Richards, 1997a), which clearly show that there are no differences
in CRE binding (CREB) protein binding to CLS between undifferentiated and preovulatory
granulosa cells. However, CLS deletion greatly reduced the stimulation of Cyp19 promoter
activity by PGE2 (present results) or cAMP (Carlone & Richards, 1997a). Phosphorylation of
serine 133 on CREB enhances its transcriptional activity (Johannessen et al., 2004). EP2 and
EP4 receptors activation leads to CREB phosphorylation on serine 133 (Fujino et al., 2005).
Consequently, although no changes in CREB binding were observed, the transcriptional
activity of CREB probably increases after PGE2 treatment.

Our results suggest that in addition to CLS, the NRE and the GATA response element also
participate in the induction of Cyp19 promoter activity by PGE2. Thus, although deletion of
CLS greatly decreased the PGE2-induced Cyp19 promoter activity, the activity of the CLS-
less - 150Cyp19pr-luc construct is stimulated approximately 5-fold by PGE2. Mutation of the
GATA or the NRE binding site present in this region reduces PGE2 stimulation. Moreover,
PGE2 treatment increases protein binding to these sites. Members of the GATA family of
transcription factors are emerging as critical players in mammalian reproductive development
and function. Two members of the GATA family, GATA-4 and GATA-6, are expressed in the
vertebrate ovary. In mice, humans, and pigs, GATA-4 mRNA and protein are abundant in the
granulosa cell layer of all healthy follicles (Gillio-Meina et al., 2003, Heikinheimo et al.,
1997, Laitinen et al., 2000). GATA-4 transactivates the promoters for the murine Mϋllerian
inhibiting substance, aromatase, steroidogenic acute regulatory (StAR) protein, or inhibin-α
genes when cotransfected in a kidney cell line (Tremblay & Viger, 2001). We recently reported
that GATA-4 participates in the induction of Cyp19 expression by FSH in rat granulosa cells
(Kwintkiewicz et al., 2006). PGE2 stimulates binding of GATA-4 to the Cyp19 promoter and
mutation of the GATA binding site prevents the stimulation of Cyp19 promoter activity by this
prostaglandin, suggesting that GATA-4 is also involved in the induction of Cyp19 expression
by PGE2 in granulosa cells.

Whereas only CREB binds to CLS (Fitzpatrick & Richards, 1994), several transcription factors
have the potential to bind to NRE A. SF-1 was the first transcription factor proposed to bind
the NRE site present in the Cyp19 promoter (Lynch et al., 1993). Recently, it was shown that
aromatase co-expresses in the ovary along with LRH-1 (Hinshelwood et al., 2003, Liu et al.,
2003, Mendelson et al., 2005). LRH-1, like aromatase, is selectively expressed in granulosa
cells of rat and mouse ovaries, and contrary to SF-1, it is not present in theca or interstitial cells
(Falender et al., 2003, Hinshelwoodet al., 2003, Mendelson et al., 2005). Transient transfection
experiments have shown that the activity of the aromatase promoter is induced by LRH-1 in
preadipocyte cells (Clyne et al., 2002, Hinshelwood et al., 2003). Whether SF-1 or LRH-1 is
the main factor involved in the induction of aromatase expression in granulosa cells is still
under debate. Independent of which protein binds to the NRE A site, both LRH-1 and SF-1
have been shown to physically interact with GATA-4 to synergistically activate the 3βHSD2
promoter (Martin et al., 2005) and the MIS promoter (Tremblay & Viger, 1999) suggesting
that interactions between GATA-4 and LRH-1/SF-1 may also be important in the regulation
of Cyp19 expression in granulosa cells.

Recently, Hinshelwood et al. described a second NRE, NRE B. The authors demonstrated that
this region is able to bind in vitro transcribed SF-1 or LRH-1 proteins and that this response
element is necessary for the stimulation of the human Cyp19 promoter by forskolin in bovine
granulosa cells (Hinshelwood et al., 2003). We found that this region binds to nuclear proteins;
however, this binding was not affected by PGE2. Further studies are needed to determine the
role of NRE B on Cyp19 expression.
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The effects of forskolin, an activator of adenylate cyclase, on Cyp19 promoter activity have
been studied extensively (Carlone & Richards, 1997b,1997a,Fitzpatrick & Richards,
1994,Orly et al., 1996). As expected, forskolin increased the activity of the Cyp19 promoter;
however, PGE2-stimulated promoter activity was significantly higher than that observed in the
presence of the maximal stimulatory dose of forskolin (30μM). Cotreatment with forskolin and
H89 (10 μM) completely inhibited the forskolin effect. However, this concentration of H89
only partially prevented PGE2 stimulation. Higher concentration of H89 in the medium (40
μM) effectively inhibited the effect of PGE2. The possibility that H89 affects other signaling
pathways cannot be ruled out. H89 inhibits Rho kinases at concentrations that are slightly
higher than those needed to inhibit PKA (Leemhuis et al., 2002). Whether PGE2 activates this
kinase in granulosa cells is unknown. It is also possible that treatment with PGE2 resulted in
stronger PKA activation than treatment with foskolin. However, this is unlikely because
forskolin is a powerful activator of adenylate cyclase (Seamon et al., 1981) and induces high
levels of CREB phosphorylation in granulosa cells (Carlone & Richards, 1997a). These
findings suggest that PGE2 stimulation of the Cyp19 gene may involve other mechanisms
besides activation of PKA.

PGE2 and PGF2α have opposite effects on the regulation of the CL function. Whereas PGE2
increases progesterone production (Vijayakumar & Walters, 1987, Weems et al., 1985),
PGF2α rapidly decreases the luteal secretion of this steroid (Behrman et al., 1976, Behrman
et al., 1979). In undifferentiated granulosa cells, PGE2 increased Cyp19 expression, but
PGF2α had no effect on the expression of this gene. This is not surprising since PGF2α receptor
mRNA is low in theca and granulosa cells but is expressed at high levels in the corpus luteum
(Anderson et al., 2001, Hasumoto et al., 1997). Conversely, although luteinized granulosa cells
express EP receptors (Narko et al., 2001, Segi et al., 2003), PGE2 have no effect on Cyp19
expression in these cells; whereas, PGF2α and cloprostenol, an agonist of the PGF2α receptor,
decrease Cyp19 expression. In luteinized granulosa cells, forskolin has no effect on the
expression of Cyp19 (Gonzalez-Robayna et al., 1999) or on the activity of the aromatase
promoter (Orly et al., 1996). These results illustrate the cell-specific actions of PGE2 and
PGF2α.

Aromatase is expressed in pathophysiological conditions such as breast cancer and
endometriosis. In those tissues, PGE2 increases the expression of aromatase by stimulating the
proximal promoter of the Cyp19 gene (Noble et al., 1997, Zhao et al., 1996a). This study
demonstrates that PGE2 also stimulates aromatase expression in ovarian cells. An ovarian
granulosa-like tumor cell line expresses aromatase (Nishi et al., 2001). Whether PGE2 is
involved in the regulation of the expression of Cyp19 in granulosa cancer cells remains to be
determined.
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Figure 1.
PGE2 increases aromatase mRNA and protein levels in undifferentiated granulosa cells.
A, Undifferentiated granulosa cells where treated with 1 μM PGF2α, PGE2 or both compounds
for 12 hours. B, Treatment of granulosa cells with increasing concentrations of PGE2 for 8
hours. C, Treatment with 1 μM PGE2 for 6, 24 or 48 hours. cyp19 and L19 mRNA levels were
quantified using real time PCR as detailed in materials and methods. Data are expressed as the
ratio between the number of copies per nanogram of total RNA of cyp19 and L19. In A: ***

p< 0.001 when compared to control and PGF2α (ANOVA I - Tukey test). In B and C: columns
with different letters differ significantly (ANOVA I - Tukey test). All graphs represent the
average ± standard error of four to six experiments. D, Western Blot analyses for CYP19 protein
on granulosa cells treated with vehicle (C) or PGE2 (1 μM for 24 hours).
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Figure 2.
PGE2 does not affect cyp19 expression in luteinized granulosa cells. Luteinized granulosa
cells were treated with PGE2 (1 μM), PGF2α (1 μM), PGF2α plus PGE2 (both 1 μM) or
cloprostenol (100 nM) for 8 hours. cyp19 mRNA levels were determined as in figure 1. Bars
represent mean ± SEM of three independent experiments each one performed in
duplicate. *** p<0.001 when compared to vehicle or PGE2 treated cells (ANOVA I - Tukey
test).
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Figure 3.
PGE2 increases cyp19 promoter activity; Effect of 5’ deletions. A, Undifferentiated
granulosa cells were transfected with cyp19 promoter reporter-constructs containing 5′-serial
deletions. Twenty-four hours later, cells were treated with PGE2 (1 μM) or vehicle for 8 hours.
B, Cells were transfected with the -245cyp19pr-luc promoter construct and 24 hours later
treated with either vehicle or increasing concentrations of PGE2 for 8 hours. Transient
expression of the reporter gene was quantified by a standard luciferase bioluminescence assay
and normalized against β-galactosidase. Bars represent mean ± SEM of 3 independent
experiments each one performed in triplicate. *** p<0.001 vs. cells treated with vehicle
(ANOVA I - Tukey test).
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Figure 4.
Participation of protein kinase A on the stimulatory effect of PGE2. Granulosa cells were
transfected with the -245cyp19pr-luc promoter construct and 24 hours later treated with: A,
vehicle or increasing concentration of H89 for one hour prior to treatment with PGE2 (1 μM,
8 hours) or B, vehicle, PGE2, increasing concentrations of forskolin or with 30 μM forskolin
plus H89 10 μM for 8 hours. H89 was also added one hour before addition of PGE2 or forskolin
to the medium. Bars represent mean ± SEM of 3 independent experiments each one performed
in quadruplicate. Columns with different letters differ significantly a-b (p<0.001), a-c (p<0.01),
c-d and a-d (p<0.05).
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Figure 5.
Effect of PGE2 on nuclear protein binding to the proximal promoter of the cyp19 gene.
A, Top: Diagrammatic representation of the proximal promoter region of the rat cyp19 gene
depicting location and transcription factor binding sites. Bottom: Gel shift analysis was
performed using nuclear extract obtained from undifferentiated granulosa cells cultured in the
presence or absence of PGE2 (1 μM) for 8 hours. This experiment was repeated four times
with similar results. B, Densitometric quantification of experiments in A presented as fold
increase versus control (*** p<0.001, One Sample t test). C, Supershifted analysis was
performed by adding to the reaction an antibody against GATA-4. As control, a non-specific
serum (NS) was added. S: bandshift; SS: supershifted bands. These experiments were repeated
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three times with similar results. D, Undifferentiated granulosa cells were transfected with the
-245cyp19pr-LUC or the same construct carrying a mutation on the GATA site (mGATA), on
the NRE A site (mNRE A) or a double mutation (mNRE A/mGATA). Thirty-six hours later,
cells were treated with PGE2 (1 μM) or vehicle for 8 hours. Transient expression of the reporter
gene was quantified by a standard luciferase bioluminescence assay and normalized against
β-galactosidase. Bars represent mean ± SEM of 3 independent experiments each one performed
in triplicate. Columns with different letters differ significantly: a-c (p<0.001), a-b (p<0.05);
all other differences are p<0.01.
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