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Abstract
The high mortality rates associated with ovarian cancer are largely due to a lack of highly
effective treatment options for advanced stage disease; a time when initial diagnosis most
commonly occurs. Recent evidence suggests that the steroid hormone, progesterone, may possess
anti-tumorigenic properties. With the discovery of a new class of membrane-bound progesterone
receptors (mPRs) belonging to the progestin and adipoQ receptor (PAQR) gene family in the
ovary, there are undefined mechanisms by which progesterone may inhibit tumor progression.
Therefore, our goal was to define potential mPR-dependent signaling mechanisms operative in
ovarian cancer cells. We detected abundant mPRα (PAQR7), mPRβ (PAQR8), and mPRγ
(PAQR5), but not classical nuclear PR (A or B isoforms) mRNA expression and mPRα protein
expression in a panel of commonly used ovarian cancer cell lines. In contrast to mPR action in
breast cancer cells, progesterone alone failed to induce changes in cyclic adenosine
monophosphate (cAMP) levels in ovarian cancer cells. However, progesterone enhanced cAMP
production by β1,2-adrenergic receptors and increased isoproterenol-induced transcription from a
cAMP response element (CRE)-driven reporter gene. Independently of β-adrenergic signaling, we
additionally observed activation of both JNK1/2 and p38 MAPK in response to progesterone
alone. This finding was supported by the results of a screen for potential mPR gene targets.
Progesterone induced a significant increase in transcription of the pro-apoptotic marker BAX,
whose activity and expression has been linked to JNK1/2 and p38 signaling. Inhibitors of JNK, but
not p38, blocked progesterone-induced BAX expression. Taken together, these observations
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implicate at least two distinct signaling pathways that may be utilized by mPRs in ovarian cancer
cells that exhibit regulatory genomic changes. These studies on mPR signaling in ovarian cancer
lay the foundation for future work aimed at understanding how progesterone exerts its anti-
tumorigenic effects in the ovary and suggest that pharmacologic activation of mPRs, abundantly
expressed in ovarian cancers, may provide a new treatment option for patients with advanced stage
disease.
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Introduction
Ovarian cancer is the most lethal form of gynecologic malignancy, where US projections for
2009 alone estimated 14,600 ovarian cancer-related deaths compared to 21,550 newly
diagnosed cases [1]. Thus, while ovarian cancer is only the ninth most common cancer
diagnosed in women, it ranks fifth in terms of total cancer-related deaths [1]. Such high
mortality is largely due to the fact that most ovarian cancers (approximately 70%) are
diagnosed at an advanced stage where 5-year survival rates drop to 30% compared to 90%
for women with localized disease [2]. The relative ineffectiveness of current therapy for
advanced disease is complicated by a poor understanding of the etiology and molecular
mechanisms governing ovarian cancer progression [3]. However, clinical observations made
within the past 15 years suggest that the ovarian steroid hormone progesterone may play a
protective role against ovarian cancer occurrence and progression.

Clinical studies have shown that multiparity, twin pregnancy, and pregnancy that occurs
later in life all dramatically increase circulating progesterone levels and reduce a woman’s
lifetime risk of developing ovarian cancer [4–7]. In contrast, the likelihood of developing
ovarian cancer dramatically increases in women with inherent progesterone deficiency and
after menopause when progesterone production decreases [8, 9]. Furthermore, multiple
groups have shown that estrogen-progestin containing oral contraceptives are associated
with a reduced incidence of ovarian cancer, which Rodriguez et al. demonstrate is mainly
due to the effects of the progestin component [10–16]. However, while it is believed that
much of the protective effects of progesterone are mediated by the nuclear progesterone
receptor (n-PR), it is also well known that the expression of these receptors is progressively
lost with increasing degrees of ovarian cancer malignancy [17–20]. Therefore, we focused
our studies on the expression and function of a newly defined class of membrane-bound
progesterone receptors (mPRs) in ovarian cancer cell line models [21].

A membrane progesterone receptor, mPRα (also known as PAQR7), was originally
identified in seatrout ovaries as a novel ~40 kDa seven transmembrane-spanning protein,
and subsequently two other membrane progestin receptors, mPRβ (a.k.a. PAQR8) and mPRγ
(a.k.a. PAQR5), were identified in other species belonging to the larger progestin and
adipoQ receptor (PAQR) gene family [22–24]. The mPRs activate G proteins but are not
members of the G protein-coupled receptor (GPCR) superfamily [23]. Typically, mPRs
couple to the inhibitory G protein, Gαi [24]. Stimulation of mPRs with endogenous
progesterone has shown an ability of mPRs to decrease cyclic adenosine monophosphate
(cAMP) synthesis, which is sensitive to pertussis toxin inhibition, and increase the activity
of mitogen-activated protein kinases (MAPKs) [23, 25]. However, more recent studies have
also linked mPRα to a stimulatory G protein, Golf, responsible for increasing cAMP levels
in sperm cells of the Atlantic croaker [26]. These receptors bind progesterone with high
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affinity (Kd=4.2–7.8 nM) and do not interact with the synthetic progestin R5020 or the n-PR
antagonist RU486 [24]. The mPRs (α, β, and γ) are expressed in mammalian ovaries and
their abundance changes during pregnancy, suggesting they have important roles in ovarian
physiology [22, 27–29]. Originally seen in breast cancer biopsies and cell lines, mPR
expression has also recently been observed in human ovarian cancer specimens originating
from different histologic subtypes [30]. Therefore, the goal of our studies was to define the
impact of progesterone stimulation on mPR signaling in n-PR-null ovarian cancer cell line
models of advanced stage disease.

Materials and Methods
Cell Culture

All cell lines were grown at 37°C under 5% CO2 in water-jacketed incubators (Forma
Scientific, Marietta, OH). MCF-7 cells were kindly provided by Dr. Douglas Yee
(University of Minnesota). 1816-575 cells were kindly provided by Dr. Patricia Kruk
(University of South Florida). HEY, CAOV-3, and ES-2 cells were kindly provided by Dr.
Amy Skubitz (University of Minnesota). OVCAR-3, OVCAR-5, and SKOV-3 cells were
kindly provided by Dr. Sundaram Ramakrishnan (University of Minnesota). TOV-21 G cells
(Cat. No. CRL-11730™) and TOV-112D cells (Cat. No. CRL-11731™) were purchased
from American Type Culture Collection (ATCC®, Manassas, VA). The MCF-7 breast
cancer cell line was maintained in DMEM cell culture media (cellgro®, Manassas, VA;
10-013-CV) supplemented with 5% FBS and 1% penicillin/streptomycin (GIBCO®,
Carlsbad, CA; 15140122). The SKOV-3 ovarian cancer cell line was maintained in DMEM
cell culture media (cellgro®, Manassas, VA; 10-013-CV) supplemented with 10% FBS and
1% penicillin/streptomycin. The ES-2 ovarian cancer cell line was maintained in McCoy’s
5A cell culture media (cellgro®, Manassas, VA; 10-050-CV) supplemented with 15% FBS
and 1% penicillin/streptomycin. The OVCAR-3 ovarian cancer cell line was maintained in
RPMI 1640 cell culture media (GIBCO®, Carlsbad, CA; 11875-093) supplemented with
15% FBS and 1% penicillin/streptomycin. With the exception of the experiments performed
on growing cells in Fig. 1a and b, 24 h prior to all experiments, cells were washed with 1X
PBS and placed in Modified IMEM (GIBCO®, Carlsbad, CA; A10488) supplemented with
1% charcoal-stripped serum (i.e., DCC; Hyclone, Fremont, CA; SH30068.03) in which the
remainder of the experiment was carried out.

Western Blotting
Total protein was extracted from whole cell lysates with a modified RIPA extraction buffer
containing PMSF (1 mM), NaF (5 mM), Na3VO4 (10 mg/mL), β-glycerophosphate (25
mM), β-ME (14.3 mM), aprotonin (11,140 KIU/mL), and one Complete Mini-Protease
Inhibitor Cocktail tablet (Roche, Indianapolis, IN; 1 836 153 001). Protein concentration
was quantified with Bio-Rad Protein Assay (Bio-Rad, Hercules, CA; 500-0001), and protein
was transferred to Immobilon-P™ PVDF membranes (Millipore, Billerica, MA;
IPVH00010) after fractionation by 10% SDS-PAGE (20 µg of total protein for Fig. 1b and
30 µg of total protein for Fig. 3). All Western blots were blocked for 1 h at RT in phosphate-
buffered saline/0.1% Tween-20 (PBS-T) containing 5% dried milk (Sanalac, Middleton,
WI). mPRα Western blots were probed overnight at 4°C in PBS containing 5% milk using
anti-human mPRα primary antibody (kindly provided by Dr. Peter Thomas as previously
described [24, 25]). All other Western blots were probed overnight at 4°C in PBS-T
containing 1% milk using the following primary antibodies: n-PR-A/B Ab-8 (NeoMarkers,
Fremont, CA; MS-298-P), phospho-SAPK/JNK (Thr183/Tyr185; Cell Signaling
Technology, Danvers, MA; 9255), SAPK/JNK (Cell Signaling Technology, Danvers, MA;
9258), phospho-p38 MAPK (Thr180/Tyr182; Cell Signaling Technology, Danvers, MA;
9211), p38 MAPK (Cell Signaling Technology, Danvers, MA; 9212), and Actin (Sigma–
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Aldrich, St. Louis, MO; A 4700). HRP-conjugated goat anti-rabbit (Bio-Rad, Hercules, CA;
170–6515) and rabbit anti-mouse (Bio-Rad, Hercules, CA; 170–6516) secondary antibodies
were used to detect their respective primary antibodies, and immunoreactive proteins were
visualized on radiographic film (Kodak, Rochester, NY) following ECL detection with
Super Signal® West Pico Maximum Sensitivity Substrate (Pierce, Rockford, IL; 34080).

Quantitative PCR
Total RNA was extracted from whole cells using TRIzol® (Invitrogen, Carlsbad, CA;
15596-018) separation and isopropanol precipitation. A 1.0 µg of RNA was reverse
transcribed to cDNA using random hexameric primers, dNTP nucleotides, RNaseOUT™
and SuperScript™ II reverse transcriptase (Invitrogen, Carlsbad, CA; 11904-018) as
described by Invitrogen. Quantitative PCR (qPCR) was performed using Light Cycler®

FastStart DNA Master SYBR Green I (Roche, Indianapolis, IN; 03 515 885 001) on a
Mastercycler ep realplex4 S qPCR platform (eppendorf, Hauppage, NY; 63002 000.601).
Primers (from Integrated DNA Technologies, Coralville, IA) were specific for h-mPRα (5′-
cgctcttctggaagccgtacatctatg-3′ and 5′-cag-caggtgggtccagacattcac-3′), h-mPRβ (5′-
agcctcctacata gatgctgccc-3′ and 5′-ggtgcctggttcacatgttcttca-3′), and h-mPRγ (5′-
cagctgtttcacgtgtgtgtgatcctg-3′ and 5′-gcacagaag tatggctccagctatctgag-3′). qPCR cycling
conditions used for the mPR isoforms were as follows: initial denature at 95°C for 10 min;
40 X’s: denature at 95°C for 10 s, anneal at 55°C for 10 s, and extension at 72°C for: 5 s
(mPR-α), 10 s (mPR-β), and 8 s (mPR-γ). Primers were specific for h-n-PR-A/B (5′-
aaatcattgccaggttttcg-3′ and 5′-tgccacatggtaaggcataa-3′), whose qPCR cycling conditions
were as follows: initial denature at 95°C for 10 min; 40 X’s: denature at 95°C for 10 s,
anneal at 54°C for 10 s, and extension at 72°C for 11s. Primers were specific for h-BAX (5′-
tctgacggcaacttcaactg-3′ and 5′-ttgaggagtctcacccaacc-3′), whose qPCR cycling conditions
were as follows: initial denature at 95°C for 10 min; 35 X’s: denature at 95°C for 10 s,
anneal at 58° C for 10 s, and extension at 72°C for 11 s. All qPCR results were normalized
to expression of the housekeeping genes h-GAPDH (5′-ttgttgccatcaatgaccc-3′ and 5′-
catcgccc cacttgattt-3′) or h-β-actin (5′-tcagaaggattcctatgtgggc-3′ and 5′-
atcttctcgcggttggcctt-3′). Conditions for h-GAPDH qPCR were as follows: initial denature at
95°C for 10 min; 35 X’s: denature at 95°C for 10 s, anneal at 52°C for 10 s, and extension at
72°C for 11s. Conditions for h-β-actin qPCR were as follows: initial denature at 95°C for 10
min; 35 X’s: denature at 95°C for 10 s, anneal at 60°C for 10 s, and extension at 72°C for
11s.

cAMP EIA
SKOV-3 cells were plated at a density of 100,000 cells/100 mm plate and the following day
they were starved for 24 h in 1% DCC (as described earlier). Two days after plating, cells
were treated for 10 min as described in the results section with vehicle control, progesterone
(Calbiochem, Los Angeles, CA; 5341), and/or (−)-isoproterenol hydrochloride (Sigma–
Aldrich, Indianapolis, IN; I 6504). All samples were co-treated at the same time with the
phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX; 1 mM; Sigma–Aldrich, St.
Louis, MO; I 5879). Cells were immediately washed with ice-cold PBS and harvested with 1
mL of 0.1 N HCl. Cellular debris was removed by centrifugation and the remainder of the
cAMP enzyme immunoassay (EIA) was performed according to the manufacturer’s
recommendations (Cayman Chemical, Ann Arbor, MI; 581001). Individual absorbance
readings taken at 405 nm were read in duplicate and converted to cAMP concentrations via
an online Xcel worksheet provided by Cayman Chemical (http://www.caymanchem.com).

Luciferase Assays
ES-2 cells were plated at a density of 100,000 cells/well of a six-well plate. The following
day, cells were cotransfected overnight with 0.9 µg of a cAMP response element (CRE)-
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firefly luciferase reporter construct (kindly provided by Dr. Paul Mermelstein as previously
described [31]) and 0.1 µg of a constitutively active pRL-TK-Renilla luciferase construct
(Promega; E2241) using FuGene HD® transfection reagent (Roche, Indianapolis, IN; 04 709
713 001) according to the manufacturer’s recommendations. The next day, cells were
washed with PBS and starved for 24 h in 1% DCC as previously described. After starvation,
cells were treated for 24 h with vehicle control, progesterone, and/or isoproterenol at which
point they were washed with ice-cold PBS and harvested in 200 µL of 1X passive lysis
buffer (Promega, Madison, WI; E1941). All samples were co-treated at the same time with
IBMX (1 mM). Cellular debris was removed by centrifugation and samples were analyzed
for 10.0 s each by a Monolight™ 3010 luminometer (PharMingen, San Diego, CA) that
injected 80 µL of firefly luciferase substrate followed by 100 µL of Stop-N-Glo® Renilla
luciferase substrate (Promega, Madison, WI; E1960). Progesterone response element (PRE)-
luciferase assays were carried out as described for the CRE-luciferase assays using a
previously described wild-type n-PR-B over-expression construct and PRE-luciferase
reporter construct [32].

qPCR Superarray
SKOV-3 cells were plated at a density of 1,000,000 cells/150 mm plate and allowed to grow
to approximately 75% confluency at which point they were washed with PBS and starved
for 24 h with un-supplemented modified IMEM. Cells were treated for 24 h with vehicle
control or progesterone, washed with ice-cold PBS, and RNA was isolated using TRIzol®

(Invitrogen, Carlsbad, CA; 15596-018) and isopropanol extraction. After isolation, 12.0 µg
of RNA was converted to cDNA as previously described (see qPCR section). Samples were
aliquoted onto the Human Cancer PathwayFinder™, RT2 Profiler™ PCR Array
(SABiosciences™, Frederick, MD; PAHS-033A). qPCR was performed using Light
Cycler® FastStart DNA Master SYBR Green I (Roche, Indianapolis, IN; 03 515 885 001) on
a Mastercycler ep realplex4 S qPCR platform (eppendorf, Hauppage, NY; 63002 000.601).
Gene expression changes were determined by normalizing the value of each target gene in
the progesterone-treated group to its corresponding value from the vehicle control-treated
group using on-line analysis software provided by SABiosciences™ (http://
www.sabiosciences.com/pcr/arrayanalysis.php).

Statistical Analysis
All reported values represent the mean ± the standard deviation (SD). Statistical significance
was determined with 95% confidence (asterisk, p≤0.05) using a Student’s t test for two-
group comparisons and ANOVA followed by Tukey’s post-hoc analysis for between group
comparisons.

Results
mPRs Expressed in Ovarian Cancer Cells May Indirectly Modulate cAMP Levels

Expression of mPRα in humans is limited to the kidney, placenta, testis, and ovary [22].
Membrane-PRα expression has also been observed in human breast and ovarian cancer
specimens and human breast cancer cell lines [30, 33]. Therefore, we measured basal
mRNA expression of each mPR isoform (mPRα/PAQR7, mPRβ/PAQR8, and mPRγ/
PAQR5) in a panel of eight distinct ovarian cancer cell line models and one non-tumorigenic
immortalized ovarian surface epithelial cell line (1816-575) using quantitative PCR (qPCR;
Fig. 1a). We also confirmed the absence of protein or mRNA-encoding nuclear-PR-A and -
B isoforms from all eight ovarian cancer cell lines using n-PR positive MCF-7 breast cancer
cells as a positive control (not shown). Based on these observations, we focused our
attention on two ovarian cancer cell lines demonstrating differences in mPR isoform
transcript levels that were derived from aggressive human tumors of different histologic
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subtypes. SKOV-3 ovarian cancer cells were originally isolated from a metastatic
adenocarcinoma of the ovary and ES-2 ovarian cancer cells were established from a poorly
differentiated ovarian clear cell carcinoma. Using MCF-7 breast cancer cells as a reference
for mPRa expression, we positively identified mPRα protein expression by immunoblot
analysis in SKOV-3 and ES-2 cells (Fig. 1b). Although n-PR-A/B expression appears to be
limited to MCF-7 breast cancer cells relative to the ovarian cancer cell lines in our panel, the
possibility of endogenous n-PR activity was further excluded, as OVCAR-3 (Fig. 1c) and
ES-2 (not shown) ovarian cancer cells failed to elicit a transcriptional response from a PRE-
driven luciferase reporter gene unless cells were also cotransfected with a human PR-B
expression vector. Importantly, these cells also failed to respond to synthetic progestins in
soft-agar and MTT growth assays and mPR mRNA expression did not change in response to
treatment (24 h) of cells with either progesterone or estrogen (not shown).

After confirming abundant mPR isoform expression in the absence of n-PR, we sought to
examine progesterone-mediated signaling events in ovarian cancer cells. Characterization of
mPRα activity in a variety of cell types demonstrated the coupling of mPRα to an inhibitory
G protein (Gαi) [21, 24, 25]. However, in contrast to a progesterone-mediated reduction in
cAMP levels, we observed no significant alterations of intracellular cAMP concentration in
SKOV-3 ovarian cancer cells stimulated with progesterone alone or upon the inclusion of
IBMX to block phosphodiesterase activity (Fig. 2a). One interpretation of this surprising
observation is that in these cells, mPRs are not functionally linked (i.e. at least directly) to
inhibitory or stimulatory G proteins. Signal transduction from the cell surface through the G
protein alpha subunit may be functionally impaired, as observed in MDA-MB-231 breast
cancer cells not overexpressing mPRs [24]. Notably, however, treatment of SKOV-3 cells
with isoproterenol, a well-characterized β1,2-adrenergic receptor agonist resulted in robust
production of cAMP (Fig. 2a).

Stimulation of mPRs in human myometrial cells inhibited isoproterenol-induced cAMP
synthesis [25]. We therefore examined the impact of mPR activation on isoproterenol-
induced β1,2-adrenergic signaling in ovarian cancer cells. SKOV-3 cells were co-treated with
either isoproterenol and vehicle or isoproterenol and progesterone (Fig. 2b). In contrast to
results in human myometrial cells acting through an inhibitory G protein (Gαi) [24],
progesterone significantly enhanced isoproterenol-induced cAMP levels. Similar
augmentation of isoproterenol-induced cAMP levels by progesterone was also observed in
ES-2 ovarian cancer cells (not shown). To test whether mPR-mediated increases in
isoproterenol-induced cAMP synthesis also translate to changes in gene expression, we
transfected ES-2 cells with a cAMP response element (CRE)-driven luciferase reporter
construct. Cells were treated for 24 h with either vehicle, progesterone alone, isoproterenol
alone, or both agents. Just as progesterone alone failed to alter cAMP levels (Fig. 2a),
stimulation of reporter gene-transfected ES-2 cells with progesterone for 24 h failed to elicit
an appreciable transcriptional response as measured by CRE-luciferase expression (Fig. 2c).
However, co-treatment of cells with progesterone and the β1,2-adrenergic agonist,
isoproterenol, led to a significant increase in CRE-luciferase activity relative to
isoproterenol alone (Fig. 2c). In contrast, stimulation of either follicle-stimulating hormone
(FSH) or luteinizing hormone (LH) receptors with their respective ligands failed to augment
isoproterenol-induced cAMP levels (not shown).

mPRs Expressed in Ovarian Cancer Cells Rapidly Activate JNK and p38 MAPKs
In addition to its effects on intracellular cAMP concentrations, progesterone-mediated mPR
activity has been shown to alter other key intracellular signaling pathways [21]. In
particular, progesterone stimulation of mPRs in breast and human myometrial cells caused
an increase in the activity of ERK1/2 and p38, both members of the mitogen-activated
protein kinase (MAPK) family of signaling intermediates [23, 25]. Similar to these findings,
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progesterone-treated SKOV-3 ovarian cancer cells demonstrated a significant increase in
phosphorylation of JNK1/2 and p38 MAPKs, as measured by Western blotting using
phospho-specific antibodies (Fig. 3). JNK1/2 activation occurred in a time- and dose-
dependent manner, where treatment with progesterone concentrations of 100 and 1,000 nM
lead to increased JNK1/2 phosphorylation at both 5 and 15 min. JNK1/2 activity was
sustained for 30 min with the higher dose of progesterone (Fig. 3). Similar to JNK1/2, p38
MAPK was transiently activated by both low and high concentrations of progesterone.
However, p38 phosphorylation increased at 5 and 15 min, but returned to baseline by 30 min
(Fig. 3). Lower concentrations of progesterone (1, 10, and 50 nM) failed to reproducibly
activate these kinases under similar conditions and when cells were co-treated with both
progesterone (1 µM) and isoproterenol (100 nM), there was no further increase in either
JNK1/2 or p38 MAPK activity as measured by phosphorylation (not shown). These results
are consistent with the activation of an alternate mPR signaling pathway (possibly mediated
by the βγ subunits of heterotrimeric G proteins); mPR-mediated increases in MAPK activity
appear to be independent of changes in cAMP signaling.

It is now well documented that JNK1/2 and p38 have the ability to significantly impact gene
expression, often by altering the activation of transcription factor targets or their co-
regulators that act as nuclear substrates for these kinases. To identify gene targets
downstream of mPR signaling, we analyzed progesterone-dependent changes in the
expression level of selected genes commonly associated with cellular transformation and
tumorigenesis (qPCR Superarray; SABiosciences™). cDNA was made using mRNA
isolated from vehicle or progesterone-treated (24 h) SKOV-3 ovarian cancer cells.
Following qPCR reactions, we identified a significant increase in BAX gene expression. Bax
is a prominent member of the pro-apoptotic Bcl-protein family. Validation of BAX as a mPR
gene target demonstrated a significant dose-dependent upregulation of BAX mRNA in
SKOV-3 ovarian cancer cells treated with 50- and 100-nM concentrations of progesterone
but not 10-nM levels (Fig. 4a). To further link BAX regulation to mPR signaling, we tested
the requirement of JNK1/2 and p38 MAPK activities for progesterone-induced upregulation
of BAX mRNA. Cells were again treated with progesterone, but in this set of experiments,
we included small-molecule inhibitors for either JNK1/2 or p38 MAPKs. Notably, BAX
mRNA expression was significantly decreased in SKOV-3 ovarian cancer cells exposed to
both progesterone (100 nM) and the JNK1/2 small-molecule inhibitor SP 600125 (10 µM),
but not the p38 small-molecule inhibitor SB 203580 (2.6 µ M; Fig. 4b). Taken together,
these observations identify a known pro-apoptotic mediator (BAX)-regulated downstream of
mPR signaling by JNK1/2 and distinct from cAMP signaling.

Discussion
Mounting evidence suggests that the ovarian steroid hormone, progesterone, plays both a
protective role in preventing ovarian cancer development and a therapeutic role acting
against further tumor progression. Unfortunately, advanced ovarian tumors lose expression
of the well-characterized classical nuclear progesterone receptors (n-PR-A/B), and are thus
assumed to be entirely resistant to the potential benefits of progesterone’s anti-tumorigenic
effects. However, recent work demonstrating the presence of a newly defined family of
membrane progesterone receptors (mPRs) in human ovarian tumor specimens raises the
possibility that progesterone, acting through this class of novel receptors unrelated to n-PRs,
may continue to limit ovarian cancer progression in tumors of all stages and independently
of n-PR expression.

Notably, mPRs were recently discovered in ovarian cancer tissue samples [30]. Our goal
was to begin defining how these novel GPCR-like steroid hormone receptors might alter
intracellular signaling networks in ovarian cancer cells. We first confirmed robust
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expression of each mPR isoform in normal (non-tumorigenic, immortalized) ovarian surface
epithelial cells and ovarian cancer cell lines that model advanced stage disease (Fig. 1).
Importantly, these cell lines lack n-PR, making them excellent model systems in which to
study mPRs. Based on current literature [24, 25], we assumed mPRs would primarily
negatively regulate intracellular cAMP levels. Surprisingly, our results demonstrated that
mPRs, when stimulated with progesterone alone, do not appreciably alter cAMP
concentrations either positively or negatively in SKOV-3 and ES-2 cells as they do in other
cell types [24]. Instead, however, we found that progesterone-induced mPR activity
enhanced β1,2-adrenergic receptor-mediated increases in cAMP levels (Fig. 2). This may
occur by receptor crosstalk, such as via GPCR heterodimerization of adrenergic receptors
with mPRs [34], although there are currently no reports of mPRs capable of forming
heterodimers with other receptors. Moreover, the formation of adrenergic receptor/mPR
heterodimers is not consistent with the observation that progesterone-induced activation of
MAP kinase is not influenced by isoproterenol. Nonetheless, the observation that mPR
activity increases isoproterenol-induced cAMP levels in ovarian cancer cells suggests a
means for limiting their proliferative potential; increased cAMP levels cause up to a 62%
decrease of cellular proliferation in HEY ovarian cancer cells [35]. Thus, mPR-dependent
augmentation of cAMP levels in ovarian cancer cells could function to limit proliferation in
response to other signals, possibly by increasing the expression of pro-apoptotic markers.
For example, activating transcription factor-3 (ATF-3), a known gene target of the cAMP-
CREB signaling pathway has been shown to be significantly upregulated in progesterone-
treated ovarian cancer cells, and when overexpressed in vitro, causes ovarian cancer cell
apoptosis [36, 37]. These studies were performed prior to the discovery of mPRs in human
ovarian cancer cells [30]. However, the ability of mPRs to augment the natural induction of
cAMP by other hormones provides a rationale to consider adding progesterone to current
therapies for the treatment of advanced stage ovarian cancer.

Based on our work herein (Fig. 3), and previous observations, progesterone-mediated mPR
activity clearly leads to the activation of downstream MAPK family members [25]. In
response to mPR stimulation, we observed activation of JNK1/2 and p38 MAPKs and
genomic changes (i.e., in BAX expression) associated with JNK1/2 signaling. While the
mechanism(s) behind progesterone-dependent JNK1/2 and p38 phosphorylation remains
unknown in ovarian cancer cells, we hypothesize that mPRs may be linked to these
downstream kinases by increasing the activity of apoptosis signal-regulating kinase 1
(ASK1). Previous work has shown that GPCR signaling can directly activate ASK1, which
in turn leads to the phosphorylation of both JNK1/2 and p38 via their upstream kinases,
MKK4/7 and MKK3/6, respectively [38]. Furthermore, each of these kinases may be
physically linked to GPCRs by the β-arrestin family of scaffolding proteins, which have also
been shown to uncouple heterotrimeric G proteins from their cognate GPCRs. This mode of
signal transduction (i.e., uncoupling from G protein effectors) may explain our modest
cAMP results (Fig. 2 and discussed above) [39]. However, it is not yet known whether
similar interactions occur between mPRs and these macromolecules.

Of great interest is the linkage of progesterone/mPR-mediated JNK1/2 activity with BAX
gene expression. BAX is a known pro-apoptotic effector of ovarian cancer cells both in vitro
and in vivo [40]. Prior work has demonstrated that (1) human ovarian cancer tissue samples
possess higher expression levels of BAX mRNA compared to normal tissues, (2) the p53
tumor suppressor protein is a substrate that is phosphorylated and activated by JNK1/2
signaling, and (3) activated p53 directly increases BAX expression, a transcriptional response
often disrupted in cisplatin-resistant ovarian cancer cells [41–43]. Additionally, increased
JNK1/2 and p38 MAPK activities have been shown to induce ovarian cancer cell apoptosis;
these kinases possess the ability to stimulate the activation and translocation of BAX to the
outer mitochondrial membrane leading to cell death via the intrinsic pathway [44, 45].
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Furthermore, in ovarian cancer, JNK1/2 and p38 have been shown to mediate both cisplatin-
and paclitaxel-induced cytotoxicity, which may explain the improved prognosis of ovarian
cancer patients whose tumors demonstrate increased MAPK activity [46–48]. Taken
together, these exciting observations implicate a complete signaling pathway leading to
ovarian cancer cell death that can be induced in part by the input of activated mPRs to pro-
apoptotic MAPK signaling modules; we are currently pursuing this idea.

Over the past decade, numerous in vitro studies have documented the ability of progesterone
to inhibit ovarian cancer cell proliferation and promote ovarian cancer cell death by a variety
of different mechanisms including: p53 upregulation [49], differential regulation of TGF-β
[16], increased FasL expression [50], and enhancing TRAIL-induced cell death [51]. It has
also been shown that exposing ovarian cancer cells to the high levels of progesterone
achieved during pregnancy decreases ovarian cancer cell proliferation, while treating n-PR
negative ovarian cancer cells with progesterone decreases cell survival [52]. Additionally,
patient clinical trials using medroxyprogesterone acetate (MPA) to treat ovarian cancer
demonstrated up to 16 months of disease stabilization and improved the prognosis for
advanced stage ovarian cancer patients also receiving platinum-based chemotherapy [53,
54]. The relative contributions of mPRs and classical nuclear-PRs to these effects remain to
be determined. However, the success of these clinical trials, and prior in vitro studies using
progesterone and progesterone analogues combined with the potentially anti-tumorigenic
mPR-mediated signaling events discussed herein, suggest that high-dose progesterone
therapy (or newly defined mPR agonists) may improve upon current chemotherapeutic
approaches. In sum, the presence of abundant mPR and progesterone-dependent signaling
events in ovarian cancer cells described herein suggest that progesterone-based hormone
therapy, alone or in conjunction with other standard regimens, may provide an effective
strategy for treating advanced stage ovarian cancer.
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Fig. 1.
Ovarian cancer cell lines express membrane progesterone receptor (mPR) mRNA and
protein. a qPCR identified and compared gene expression levels of each mPR isoform (α, β,
and γ) in a panel of ovarian cancer cell lines relative to control MCF-7 breast cancer cells
(mean ± SD, n=3). b Immunoblot analysis defined protein expression of mPRα in the
SKOV-3 and ES-2 ovarian cancer cell lines relative to control MCF-7 breast cancer cells.
SKOV-3 and ES-2 cells do not express nuclear progesterone receptor (n-PR-A or -B) protein.
c OVCAR-3 ovarian cancer cells transiently transfected with a n-PR-specific PRE-luciferase
reporter construct only respond to stimulation with the n-PR specific ligand R5020 (10 nM)
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for 18 h when co-transfected with a n-PR-B overexpression construct (mean ± SD, n=3; NS,
not significant; asterisk, p≤0.05; all firefly luciferase values are individually normalized to
the expression of a Renilla-based luciferase reporter construct serving as an internal control)
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Fig. 2.
Membrane progesterone receptor (mPR) activity enhances β1,2-adrenergic receptor
stimulated cAMP levels and cAMP-mediated transcription. a Stimulating SKOV-3 cells
with progesterone (Prog.; 1 µ M) for 10 min did not alter cAMP levels relative to vehicle
control. Treatment with the β1,2-adrenergic agonist isoproterenol (Iso.; 100 nM) served as a
positive control for the cAMP EIA (mean ± SD, n=4; NS, not significant; asterisk, p≤0.05).
b Co-treating SKOV-3 cells with progesterone (Prog.; 1 µ M) for 10 min significantly
increased cAMP induction by isoproterenol (Iso.; 100 nM; mean ± SD, n=3; asterisk,
p≤0.05). c ES-2 cells transiently transfected with a CRE-luciferase reporter demonstrated a
significant increase in transcription in the presence of isoproterenol (Iso.; 100 nM) but not
progesterone (Prog.; 1 µ M) when compared to vehicle treated cells (mean ± SD, n=6;
asterisk, p≤0.05). CRE-luciferase expression was significantly increased when cells were
treated with progesterone (Prog.; 1 µ M) plus isoproterenol (Iso.; 100 nM) for 24 h versus
cells exposed to isoproterenol alone (mean ± SD, n=6; number sign p≤ 0.05; all firefly
luciferase values are individually normalized to the expression of a Renilla-based luciferase
reporter construct serving as an internal control)
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Fig. 3.
Stimulation of the mPR with progesterone increases JNK1/2 and p38 MAPK activity.
Immunoblot analysis of SKOV-3 cells stimulated with progesterone (100 or 1,000 nM)
demonstrated a time- and dose-dependent increase in phosphorylation of both JNK isoforms
(p-JNK1 and p-JNK2) as well as p38 (p-p38). Total JNK1/2 (t-JNK1 and t-JNK2) and total
p38 (t-p38) expression was unchanged with progesterone treatment
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Fig. 4.
mPR activity in ovarian cancer cells increases BAX gene expression in a JNK1/2-dependent
manner. a SKOV-3 ovarian cancer cells treated for 24 h with progesterone (50 nM and 100
nM) demonstrated a significant increase in BAX gene expression versus vehicle treated cells
but not when compared against each other as determined by quantitative PCR (qPCR)
relative to the GAPDH housekeeping gene (mean ± SD, n=4; NS, not significant; asterisk,
p≤ 0.05). b The JNK1/2 inhibitor SP 600125 (10 µ M), but not the p38 inhibitor SB 203580
(2.6 µ M), significantly decreased BAX gene expression in SKOV-3 ovarian cancer cells
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stimulated with progesterone (100 nM) for 24 h as determined by qPCR relative to the β-
ACTIN housekeeping gene (mean ± SD, n=3; asterisk, p≤0.05)

Charles et al. Page 18

Horm Cancer. Author manuscript; available in PMC 2014 February 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


