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ABSTRACT 

 Ovarian cancer is the leading cause of death from gynecologic malignancy 

in the United States. Mortality rates for ovarian cancer have been unchanged for 

more than 70 years even though surgical and chemotherapeutic strategies have 

become considerably more sophisticated. While a lack of clinical success is 

largely due to a poor etiologic understanding, recent observations suggest that 

the ovarian steroid hormone progesterone may be an endogenous ovarian 

cancer tumor suppressor. Therefore, the goal of our studies was to define 

progesterone receptor action in ovarian cancer and identify the signaling 

mechanisms responsible for its tumor suppressive function. 

 Membrane progesterone receptors (mPRs) represent a newly defined 

class of ~40 kDa GPCR-like progesterone receptors belonging to the adipoQ 

receptor (PAQR) gene family. Never studied in cancerous cells of ovarian 

surface epithelial origin, we identified positive expression of each isoform 

(mPRα/PAQR7, mPRβ/PAQR8, and mPRγ/PAQR5) in a panel of ovarian cancer 

cell lines. Contrary to breast cancer cells, progesterone stimulation of these 

receptors in ovarian cancer cells increased intracellular cAMP levels and cAMP 

response element (CRE) transcriptional activity, but required high, pregnancy 

equivalent levels of progesterone as well as β1,2-adrenergic receptor co-

stimulation. High-dose progesterone exposure also increased phosphorylation of 

the stress-activated JNK1/2 and p38 mitogen activated protein kinases (MAPKs). 

In particular, mPR-mediated p38 activation was responsible for increasing BAX 
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mRNA expression; a pro-apoptotic Bcl family member. These results 

demonstrate that functionally active mPRs are capable of activating signaling 

pathways associated with tumor suppression in ovarian cancer cells. 

 Clinical observations have shown that nuclear progesterone receptor (PR) 

expression is downregulated as ovarian tumors become progressively more 

malignant. Overexpression of PR in the ES-2 ovarian cancer cell line inhibited 

cellular proliferation and increased cell survival. As a result, prolonged ligand 

stimulation caused PR-expressing cells to undergo cellular senescence and exit 

the cell-cycle into G0. Senescent cells expressed significantly higher mRNA 

levels of the cell-cycle inhibitor p21. When the inhibition of PR-induced p21 

expression was removed by stably downregulating STAT3 expression, PR-

mediated senescence occurred more quickly and p21 induction was enhanced 

as cells arrested in the G1 phase of the cell-cycle. However, when increased p21 

expression was prevented, ligand-stimulated PR-expressing cells also exhibited 

a heightened senescence response. These findings, along with the observation 

that ligand-stimulated PR-positive primary human ovarian cancer cells also 

become senescent, support our conclusion that PR-mediated cellular 

senescence is an endogenous ovarian cancer tumor suppressive mechanism. 

 Taken together, these results demonstrate that progesterone receptors 

possess tumor suppressing characteristics in ovarian cancer cells, and warrant 

further investigation into the use of progesterone as an ovarian cancer 

chemopreventive and chemotherapeutic agent.  
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CHAPTER 1 

 

INTRODUCTION 
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1.1 Progesterone Signaling in the Ovary 

 The adult female ovary is covered by a single layer of flat-to-cuboidal 

epithelial cells during embryologic development [1]. During each reproductive 

cycle, ovarian surface epithelial (OSE) cells are responsible for the controlled 

rupture and repair processes prior to and following ovulation, respectively [2]. 

OSE cells promote ovulation by producing proteolytic enzymes and undergoing 

apoptosis in the region adjacent to the pre-ovulatory follicle [3-5]. Following 

ovulation, OSE cells rapidly proliferate during the wound healing process to 

reconstitute a continuous epithelial layer surrounding the ovary [6]. This 

reparative process is regulated by a variety of hormones, growth factors, and 

cytokines commonly found at very high levels in the ovary [7-8]. 

 OSE cells harbor receptors for stimuli that both promote and inhibit cellular 

growth, proliferation, and differentiation. Receptors for gonadotropin peptide 

hormones, including gonadotropin-releasing hormone (GnRH), human chorionic 

gonadotropin (hCG), leutinizing hormone (LH), and follicle-stimulating hormone 

(FSH), have been shown to both stimulate and inhibit OSE cell proliferation [9-

16]. These differences might be explained by variations in hormone 

concentrations or receptor expression levels corresponding to different phases of 

the reproductive cycle [2]. The sex steroids estrogen, progesterone, and 

androgen also have receptors in OSE cells (i.e. ER, PR, and AR) [2]. These 

receptors serve as hormone binding nuclear transcription factors and, with the 

exception of AR, are often downregulated in ovarian cancer cells [2]. In contrast, 

the expression of epidermal growth factor (EGF) family members and their 
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receptors is often progressively increased during the malignant transformation of 

OSE cells [2]. EGF harbors potent mitogenic properties and stimulation of its 

receptors activates a complex network of signaling pathways regulating various 

cellular responses [17-18]. Other stimulatory growth factors in OSE cells include 

basic fibroblast growth factor (bFGF), keratinocyte growth factor (KGF), insulin-

like growth factor I (IGF-I), platelet-derived growth factor (PDGF), and hepatocyte 

growth factor (HGF) [19-23]. This latter growth factor, HGF, is secreted by OSE 

cells themselves and binds its receptor (Met) in a paracrine fashion to regulate 

normal ovarian physiology [2]. However, autocrine HGF-Met signaling may 

contribute to ovarian tumorigenesis by stimulating the proliferation and motility of 

ovarian cancer cells [24-25]. Key members of the TGF-β protein family, 

particularly TGF-β1-3, activin, and inhibin, may counteract malignant progression 

as they have been shown to prevent proliferation and induce apoptosis of OSE 

cells [2,26-27]. Finally, several cytokines (i.e. interleukins-1, -6, and -18, 

macrophage colony-stimulating factor (M-CSF), granulocyte colony-stimulating 

factor (GM-CSF), and tumor necrosis factor-α (TNF-α)) are also produced by 

OSE cells during the ovulatory process [2].  Cytokine expression can be 

regulated by gonadotropins and sex steroids, but their misregulation may cause 

neoplastic transformation [2]. 

 Taken together, there are an extensive number of extracellular signaling 

molecules responsible for controlling OSE cell biology. Additionally, temporally-

specific changes in hormone levels and influence throughout the reproductive 

cycle add another layer of complexity to normal ovarian physiology. Therefore, 
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determining which factors are most important for either promoting or inhibiting 

ovarian carcinogenesis is especially difficult. However, of all the aforementioned 

targets and their respective activities, we found the influence of progesterone on 

ovarian tumorigenesis to be the most striking. In contrast to the pro-proliferative, 

pro-tumorigenic actions of progesterone in the breast [28], several reports have 

suggested that progesterone has an opposite impact in the ovary [2] and that 

progesterone receptors may be ovarian cancer tumor suppressors. 

 

1.2 Progesterone Receptors in the Ovary 

 Progesterone is a steroid hormone produced by ovarian granulosa, thecal, 

and luteal cells in response to gonadotropin (i.e. FSH and LH) stimulation [29]. 

Secreted progesterone regulates the hypothalamic-pituitary axis and causes 

breast and uterine cell proliferation [29]. In the ovary, where localized 

concentrations are highest, progesterone acts to 1.) inhibit continual follicular 

development, 2.) cause granulosa cells to differentiate into luteal cells, and 3.) 

promote further progesterone synthesis by inhibiting luteal cell apoptosis [29]. 

The intraovarian activities regulated by progesterone are controlled by four types 

of progesterone receptors: membrane progesterone receptors (mPRs), serpine 

mRNA-binding protein 1 (SERBP1), progesterone membrane component 1 

(PGRMC1), and nuclear progesterone receptors (PR).  

  

Membrane progesterone receptors 
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 Membrane progesterone receptors (mPRs) were originally identified by 

Zhu et al. in sea trout ovaries [30-31]. These ~40 kDa proteins are seven-

transmembrane spanning proteins belonging to the larger progesterone and 

adipoQ (PAQR) gene family [30-32]. While mPRs activate small G-proteins and 

resemble seven-transmembrane spanning G-protein coupled receptors (GPCR), 

they are not part of this larger GPCR superfamily [33]. mPRs are typically 

coupled to the inhibitory G-protein Gαi, whereby progesterone stimulation 

decreases cAMP synthesis that is sensitive to pertussis toxin inhibition [31]. mPR 

stimulation also causes activating phosphorylations of the mitogen activated 

protein kinases ERK1/2 and JNK1/2 [31,34]. Most recently, however, mPR 

stimulation has been shown to increase cAMP levels in sperm cells of the 

Atlantic croaker by activating the Golf stimulatory G-proetin [35]. 

 Three mPR isoforms have been identified (mPRα/PAQR7, mPRβ/PAQR8, 

and mPRγ/PAQR5) and shown to bind progesterone with high affinity (Kd = 4.2-

7.8 nM) while not interacting with either synthetic progestins (i.e. R5020) or anti-

progestins (i.e. RU486) [32]. Although originally seen in breast cancer cell lines 

and biopsies, all three mPR isoforms are expressed in mammalian ovaries [30]. 

However, mPRα and mPRγ expression increases in the corpus luteum 

throughout pregnancy while mPRβ levels remain unchanged [36]. Interestingly, 

ovarian mPRα and mPRβ expression rapidly decreases just prior to partuition 

[37]. Most recently, however, mPRα, mPRβ, and mPRγ have all been identified 

in human ovarian cancer tissues of all major histologic sub-types [38]. 
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Progesterone receptor membrane component 1 

 Progesterone receptor membrane component 1 (PGRMC1) is also a 

membrane bound progesterone receptor but only possesses a single membrane-

spanning domain [39-40]. Originally cloned from porcine liver, PGRMC1 has both 

high-affinity (Kd = 11 nM) and low-affinity (Kd = 286 nM) progesterone binding 

sites [39-40]. Although not identified in OSE cells, PGRMC1 expression has been 

observed in human granulosa and luteal cells [41]. Interestingly, hCG treatment 

causes granulosa cells to increase PGRMC1 expression and leads to 

redistribution of PGRMC1 from the nucleus to the plasma membrane [29]. 

Limited functional studies have shown that PGRMC1 may be responsible for 

regulating progesterone‟s anti-apoptotic activity in ovarian granulsoa and luteal 

cells [29]. 

 

Serpine mRNA-Binding Protein 1  

 In addition to the effects of PGRMC1, a second membrane progesterone 

receptor, serpine mRNA-binding protein 1 (SERBP1), also antagonizes 

progesterone‟s anti-apoptotic activity in ovarian granulosa cells [42]. SERBP1 is 

expressed in OSE cells, thecal cells, luteal cells, and is increased in granulosa 

cells during follicular development [43]. SERBP1 does not possess a 

transmembrane domain, does not affect progesterone binding, and has not been 

seen to affect signal transduction [43]. However, SERBP1 does form a complex 

with PGRMC1 on the extracellular surface of the plasma membrane where it is 

thought to mediate progesterone‟s anti-apoptotic actions [29,43]. 
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Nuclear Progesterone Receptors 

 Nuclear, non-membrane bound progesterone receptors (PRs) make up 

the final group of progesterone receptors found in the ovary. Although PR 

expression and function is well-characterized in the breast [28], little is known 

about PR in the ovary. Three PR isoforms (PR-A, PR-B, and PR-C), each 

encoded by a single PR gene on chromosome 11 at q22-23, are part of a larger 

steroid hormone receptor family that includes estrogen, androgen, glucocorticoid, 

and mineralocorticoid receptors [28]. PR-B is the full length isoform (116 kDa), 

while N-terminally truncated PR-A (94 kDa) and PR-C (60 kFa) are smaller 

isoforms created by distinct promoter regions [28,44]. PR-A and PR-B are 

characterized as ligand-activated transcription factors possessing distinct 

transcriptional activities that can be modulated by PR-C [45-49]. Stimulation of 

PRs with the ovarian steroid hormone progesterone or synthetic progestins (i.e. 

R5020) cause receptor homo-dimerization, heat shock protein dissociation, 

nuclear translocation, and nuclear retention [28]. Nuclear localized PR 

upregulates target gene transcription by directly binding DNA via progesterone 

response element (PRE) consensus sequences or tethering itself to other DNA-

binding transcription factors is often regulated by additional transcriptional co-

activators or co-repressors [28]. The targeted phosphorylation of specific amino-

acid residues by CDK2, MAPK, and casein kinase II can also control PR 

transcriptional activity, while cross-talk with PKA, PKC, and protein phosphatases 

1 and 2A serve to modulate hormone-dependent transactivation [50-53]. PR can 
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also directly interact with SH3-containing molecules such as Src to cause rapid 

non-genomic effects [54-55]. However, while PR‟s influence on signaling and 

transcription is well studied in breast cancer, very little is known regarding the 

action of PR in ovarian cancer cells.  

 

1.3 Progesterone and Ovarian Cancer 

 Ovarian cancer is the most lethal form of gynecologic malignancy, where 

United States projections for 2009 alone estimated 14,600 ovarian cancer-related 

deaths compared to 21,550 newly diagnosed cases [56]. Thus, while ovarian 

cancer is only the 9th most commonly diagnosed cancer in women, it ranks 5th in 

terms of total cancer-related deaths [56]. Over the past 70 years, ovarian cancer 

mortality rates have been unchanged despite advancements in detection 

methods, surgical techniques, and treatment regimens, even though hormonally-

responsive cancers of the breast and uterus have seen marked improvements in 

long-term patient survival [56]. 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% as compared to 90% for women with 

localized disease [57]. The ineffectiveness of current therapy for advanced 

disease is complicated by a poor understanding of the molecular mechanisms 

governing ovarian cancer progression, and belie the fact that too little is known 

about the origin and biology of ovarian cancer for current treatment strategies to 
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be more effective [58]. However, clinical observations made within the past 15 

years suggest that the ovarian steroid hormone progesterone may protect 

against ovarian cancer occurrence and progression. 

 Clinical findings have shown that multiparity, twin pregnancy, and 

pregnancy occurring later in life dramatically increase circulating progesterone 

levels and reduce a woman‟s lifetime risk of developing ovarian cancer [59-62]. 

These observations are supported by in vitro work demonstrating that ovarian 

cancer cell proliferation is inhibited when cells are exposed to high 

concentrations of progesterone comparable to those achieved during pregnancy 

[11,63]. In contrast, the likelihood of developing ovarian cancer dramatically 

increases when circulating progesterone levels decrease, such as occurs in 

women with inherent progesterone deficiencies and after menopause when 

production and secretion are drastically reduced [11,64]. Furthermore, a genetic 

loss of heterozygosity at the progesterone receptor (PR) gene locus (ch. 

11q23.3-24.3) has been observed in as many as 75% of ovarian cancers and is 

associated with an overall worse patient prognosis [65-68].  

 Perhaps of greatest interest, however, are observations made by multiple 

groups demonstrating that women taking estrogen-progestin containing oral 

contraceptives (OC), for even a brief period, have a significantly decreased 

lifetime risk of developing ovarian cancer compared to women not receiving OCs 

[69-72]. These findings were corroborated by data from 45 epidemiological 

studies of over 100,000 women concluding that: 1.) OC use for 10 years 
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decreased the incidence rate from 1.2 to 0.8 per 100 users, 2.) OC use for 10 

years decreased the mortality rate from 0.7 to 0.5 per 100 users, and 3.) the 

authors estimate that OC use has already prevented 200,000 ovarian cancer 

cases and 100,000 ovarian cancer deaths since their inception [73]. Further 

investigation of this phenomenon by Rodriguez et al., has demonstrated that the 

protective effects of estrogen-progestin containing oral contraceptives is mainly 

due to the progestin component which causes an increase in the apoptosis of 

ovarian surface epithelial cells [26-27]. The pro-apoptotic effects of progesterone 

have also been documented in human ovarian cancer cell lines due to the 

activation of both intrinsic and extrinsic apoptotic signaling mechanisms [74-77].   

 However, to counteract the inhibitory actions of progesterone on ovarian 

cancer cell survival and proliferation, a growing body of evidence has revealed 

an inverse relationship between progesterone receptor (PR) expression and 

malignant transformation. Original studies in the ovary demonstrated that while 

expressed in normal ovarian surface epithelial (OSE) cells, PR mRNA and 

protein levels decrease as ovarian cancer cells become more malignant [78-80]. 

Several studies have since concluded that expression of PR is a favorable 

prognostic indicator, whereby patients with PR positive ovarian tumors exhibit 

increases in progression-free and overall survival compared to PR negative 

counterparts [81-86]. While it is widely believed that progesterone‟s protective 

effects are mediated by nuclear PR, the recent discovery of an unrelated class of 

membrane-bound progesterone receptors (mPRs) in advanced stage ovarian 
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cancer creates additional targets available to progesterone in the face of PR 

downregulation [38]. 

 When taken together, these findings and observations create a strong 

case for defining progesterone-progesterone receptor signaling as an 

endogenous means of inhibiting the malignant transformation of ovarian surface 

epithelial cells and suppressing ovarian cancer progression. However, the 

inherent signaling pathways and mechanisms responsible for mediating 

progesterone‟s tumor suppressive properties at the cellular level are vastly 

understudied and thus poorly understood. Therefore, the goal of our studies was 

three-fold. We first sought to determine the expression profile and signaling 

pathways activated by the newly-defined class of mPRs in advanced-stage 

ovarian cancer cell lines of different origins. We then aimed to define the impact 

PR re-expression and activity would have on ovarian cancer cell biology. Lastly, 

we intended to identify the signaling intermediates responsible for mediating PR-

induced phenotypic changes and characterize them as potential therapeutic 

targets for treating ovarian cancer in humans. 
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CHAPTER 2 

 

SIGNALING EVENTS MEDIATED BY MEMBRANE-

PROGESTERONE RECEPTORS (mPRs)                             

IN OVARIAN CANCER CELLS 
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2.1 Introduction 

 Originally cloned from sea trout ovaries, membrane progesterone receptor 

alpha (mPRα/PAQR7) and two other membrane-bound progestin receptors 

(mPRβ/PAQR8 and mPRγ/PAQR5) are defined as novel ~40 kDA seven-

transmembrane spanning proteins belonging to the larger progesterone and 

adipoQ receptor (PAQR) gene family [30-32]. 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 [32]. Stimulation of mPRs 

with progesterone has shown an ability of mPRs to decrease cAMP synthesis 

which is sensitive to pertussis toxin inhibition and increase the activity of mitogen 

activated protein kinases (MAPKs) [31,34]. 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 [35]. These receptors bind 

progesterone with high affinity (Kd = 4.2-7.8 nM) and do not interact with the 

synthetic progestin R5020 or the n-PR antagonist RU486 [32]. 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 [30,36,87-

88]. Originally seen in breast cancer biopsies and cell lines, mPR expression has 

also recently been observed in human ovarian cancer specimens originating from 

each histologic subtype [38]. Therefore, we focused our studies on this newly 

defined class of membrane-bound progesterone receptors (mPRs) to begin 

defining the impact progesterone-mediated mPR signaling has on ovarian cancer 

cell lines representing advanced stage disease [89]. 
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2.2 Materials and Methods 

Cell culture 

All cell lines were grown at 37ºC 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-21G 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 
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1% penicillin/streptomycin. With the exception of the experiments performed on 

growing cells in Fig. 1A and 1B, 24 hours 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. 

Immunoblotting 

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 1 

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 hour at RT in phosphate-buffered 

saline/0.1% Tween-20 (PBS-T) containing 5% dried milk (Sanalac, Middleton, 

WI). mPR Western blots were probed overnight at 4oC in PBS containing 5% milk 

using anti-human mPR-α, -β, and -γ primary antibodies [32,34]. All other Western 

blots were probed overnight at 4oC 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, 
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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-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 (qPCR) 

Total RNA was extracted from whole cells using TRIzol® (Invitrogen, Carlsbad, 

CA; 15596-018) separation and isopropanol precipitation. 1.0 g of RNA was 

reverse transcribed to cDNA using random hexameric primers, dNTP 

nucleotides, RNaseOUTTM and SuperScriptTM II reverse transcriptase (Invitrogen, 

Carlsbad, CA; 11904-018) as described by Invitrogen. 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-mPR-α (5‟-cgctcttctggaagccgtacatctatg-3‟ and 

5‟-cagcaggtgggtccagacattcac-3‟), h-mPR-β (5‟-agcctcctacatagatgctgccc-3‟ and 

5‟-ggtgcctggttcacatgttcttca-3‟), and h-mPR-γ (5‟-cagctgtttcacgtgtgtgtgatcctg-3‟ 

and 5‟-gcacagaagtatggctccagctatctgag-3‟). qPCR cycling conditions used for the 
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mPR isoforms were as follows: initial denature @ 95oC for 10 min; 40 X‟s: 

denature @ 95oC for 10 s, anneal @ 55oC for 10 s, and extension @ 72oC 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 @ 95oC for 10 min; 40 X‟s: denature 

@ 95oC for 10 s, anneal @ 54oC for 10 s, and extension @ 72oC for 11 s. 

Primers were specific for h-BAX (5‟-tctgacggcaacttcaactg-3‟ and 5‟-

ttgaggagtctcacccaacc-3‟), whose qPCR cycling conditions were as follows: initial 

denature @ 95oC for 10 min; 35 X‟s: denature @ 95oC for 10 s, anneal @ 58oC 

for 10 s, and extension @ 72oC for 11 s. All qPCR results were normalized to 

expression of the housekeeping genes h-GAPDH (5‟-ttgttgccatcaatgaccc-3‟ and 

5‟-catcgccccacttgattt-3‟) or h-β-actin (5‟-tcagaaggattcctatgtgggc-3‟ and 5‟-

atcttctcgcggttggcctt-3‟). Conditions for h-GAPDH qPCR were as follows: initial 

denature @ 95oC for 10 min; 35 X‟s: denature @ 95oC for 10 s, anneal @ 52oC 

for 10 s, and extension at 72oC for 11 s. Conditions for h-β-actin qPCR were as 

follows: initial denature @ 95oC for 10 min; 35 X‟s: denature @ 95oC for 10 s, 

anneal @ 60oC for 10 s, and extension at 72oC for 11 s. 

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 hours 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), 
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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 on-line 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 6-well plate. The 

following day, cells were co-transfected overnight with 0.9 µg of a CRE-firefly 

luciferase reporter construct (kindly provided by Dr. Paul Mermelstein as 

previously described [90]) 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 

hours in 1% DCC as previously described. After starvation, cells were treated for 

24 hours 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 
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time with IBMX (1 mM). Cellular debris was removed by centrifugation and 

samples were analyzed for 10.0 s each by a MonolightTM 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). PRE-luciferase assays were carried out as described for 

the CRE-luciferase assays using a previously described wild-type n-PR-B 

overexpression construct and PRE-luciferase reporter construct [91]. 

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 hours with un-supplemented Modified 

IMEM. Cells were treated for 24 hours 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 
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software provided by SABiosciences™ 

(http://www.sabiosciences.com/pcr/arrayanalysis.php). 

Statistical Analysis 

All reported values represent the mean ± the standard deviation (SD). Statistical 

analyses were performed using a Student‟s t-test where significance was 

determined with 95% confidence (*p ≤ 0.05). 

 

2.3 Results 

mPRs Expressed in Ovarian Cancer Cells Modulate cAMP Levels. 

 Initial characterization of mPRs demonstrated that expression of mPRα in 

humans was limited to the kidney, placenta, testis, and ovary [30]. Since then, 

mPRα expression has also been observed in human breast and ovarian cancer 

specimens and human breast cancer cell lines [38,92]. Therefore, we began our 

studies by measuring the basal mRNA expression levels of each mPR isoform 

(α, β, and γ) 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 (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 (data not 

shown). Based on these observations, we focused our attention on two ovarian 

cancer cell lines demonstrating differences in mPR isoform transcript levels that 



21 
 

were derived from aggressive human tumors of different histologic sub-types. 

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 mPR expression, we positively identified mPRα, 

β, and γ protein expression by immunoblot analysis in SKOV-3 and ES-2 cells 

(Fig. 1b). Interestingly, SKOV-3 cells express lower levels of mPRγ protein 

compared to MCF-7 and ES-2 cells while expressing higher levels of mPRγ 

mRNA (Fig. 1a-b). Although n-PR-A/B expression appears to be limited to the 

MCF-7 breast cancer cell line 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 (unpublished data) ovarian cancer cells failed to 

elicit a transcriptional response from a progesterone response element (PRE)-

driven luciferase reporter gene unless cells were also co-transfected with a 

human PR-B expression vector. Importantly, these cells also failed to respond to 

synthetic progestins in soft-agar and MTT growth assays (not shown). Finally, 

mPR mRNA expression levels did not change in response to treatment (24 hrs) 

of cells with either progesterone or estrogen (data not shown). 

 After confirming abundant mPR isoform expression in the absence of n-

PR, we next sought to examine progesterone-mediated signaling events in 

ovarian cancer cells. Prior characterization of mPRα activity in a variety of cell 

types, including MDA-MB-231 breast cancer cells transfected with mPRα and 

pregnant human myometrial cells, revealed the coupling of mPRα to an inhibitory 
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G protein (Gαi) [32,34,89]. However, in contrast to a progesterone-induced 

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 [32]. 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 has been reported to 

inhibit isoproterenol-induced cAMP synthesis [34]. 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). 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 (data not shown). These results are in contrast to decreases 

observed in human myometrial cells acting through an inhibitory G-protein (Gαi) 

under similar experimental conditions [24]. These findings suggest that mPR 

activity alters β1,2-adrenergic signaling differently in different cell types, thus 

providing context-specific responses to progesterone action. To test whether 
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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 hrs 

with either vehicle, progesterone alone, isoproterenol alone, or both agents. In 

accordance with previous results demonstrating that progesterone alone does 

not alter cAMP levels (Fig. 2a), stimulation of reporter gene-transfected ES-2 

cells with progesterone for 24 hours did not 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). This result was specific to the hormone 

progesterone, as 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 Activate JNK and p38 MAPKs. 

 In addition to its effects on intracellular cAMP concentrations, 

progesterone-mediated mPR activity has also been shown to alter other key 

intracellular signaling pathways [89]. In particular, progesterone stimulation of 

mPRs in breast and human myometrial cells causes an increase in the activity of 

ERK1/2 and p38, both members of the mitogen activated protein kinase (MAPK) 

family of signaling intermediates [31,34]. Therefore, we sought to determine 

whether signaling from mPRs affected the activity of these kinases similarly in 
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SKOV-3 ovarian cancer cells. When stimulated with progesterone, 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 1000 nM lead to increased JNK1/2 phosphorylation at both 5 and 15 

minutes. JNK1/2 activity was sustained for 30 minutes 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 minutes, but returned to baseline by 30 minutes (Fig. 3). 

Lower concentrations of progesterone (1, 10, and 50 nM) failed to reproducibly 

activate these kinases under similar conditions (data not shown). 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 (data not shown). These results are consistent with the 

activation of an alternate mPR signaling pathway (possibly mediated by the βγ 

subunits of hetero-trimeric 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 
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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 hrs) SKOV-3 ovarian cancer cells. 

Following qPCR reactions, we identified a significant increase in BAX gene 

expression (data not shown). Bax is a prominent member of the pro-apoptotic 

Bcl-protein family. In studies to independently validate BAX as a mPR gene 

target, we again observed a significant dose-dependent up-regulation of BAX 

mRNA in SKOV-3 ovarian cancer cells treated with 10-100 nM progesterone 

(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 µM) (Fig. 4b). Taken together, these 

observations identify a known pro-apoptotic mediator (Bax) regulated 

downstream of mPR signaling to JNK1/2 and distinct from cAMP signaling. 

 

2.4 Discussion 

 Mounting evidence suggests that the ovarian steroid hormone 

progesterone plays both a protective role in preventing ovarian cancer 
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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 that are 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 

[38]. 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 expression of each mPR isoform in normal (non-

tumorigenic, immortalized) ovarian surface epithelial cells and ovarian cancer cell 

lines that model advanced stage disease. Importantly, these cell lines lack n-PR, 

making them excellent model systems in which to study mPRs. Based on current 

literature [32,34], 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 [32]. Instead, however, we found that progesterone-induced 

mPR activity enhanced β1,2-adrenergic receptor-mediated increases in cAMP 
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levels and CRE-mediated transcription (Fig. 5a). This may occur by receptor 

crosstalk, including GPCR hetero-dimerization [93] of adrenergic receptors with 

mPRs (Fig. 5a), although there are currently no reports of mPRs forming hetero-

dimers with other receptors. 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 [94]. 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 [95-96]. These studies were performed prior to the discovery of mPRs 

in human ovarian cancer cells [38]. 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, and previous observations, progesterone-

mediated mPR activity clearly leads to the activation of downstream MAPK family 

members [34]. 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 (Fig. 5b). While the mechanism(s) behind progesterone-
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dependent JNK1/2 and p38 phosphorylation remain 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) (Fig. 5b). 

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 [97]. 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 (Fig. 5b). This mode of signal transduction (i.e. uncoupling 

from G-protein effectors) may explain our modest cAMP results (Fig. 2 and 

discussed above) [98]. 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 [99]. 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 [33,100-101]. Additionally, 

increased JNK1/2 and p38 MAPK activities have been shown to induce ovarian 

cancer cell apoptosis; these kinases posses the ability to stimulate the activation 

and translocation of Bax to the outer mitochondrial membrane leading to cell 
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death via the intrinsic pathway [102-103]. 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 [104-106]. 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 [74], differential regulation of TGF-β [26], increased FasL 

expression [76], and enhancing TRAIL-induced cell death [77]. 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 [107]. 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 [108-109]. 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 
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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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Figure 1 Ovarian cancer cell lines express membrane-progesterone 

receptor (mPR) mRNA and protein. A.) Quantitative PCR (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 each 

mPR isoform (α, β, and γ) 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 progesterone 

response element (PRE)-luciferase reporter construct only respond to stimulation 

with the n-PR specific ligand R5020 (10 nM) for 18 hours when co-transfected 

with a n-PR-B overexpression construct (mean ± SD, n = 3, *p ≤ 0.05). (note: all 

firefly luciferase values are individually normalized to the expression of a Renilla-

based luciferase reporter construct serving as an internal control.) 

 

Figure 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 (1 µM) for 10 

minutes did not alter cAMP levels relative to vehicle control. Treatment with the 

β1,2-adrenergic agonist isoproterenol (100 nM) served as a positive control for the 

cAMP EIA (mean ± SD, n = 4, *p ≤ 0.05). B.) Co-treating SKOV-3 cells with 

progesterone (1 µM) for 10 minutes significantly increased cAMP induction by 



32 
 

isoproterenol (100 nM) (mean ± SD, n = 3, *p ≤ 0.05). C.) ES-2 cells transiently 

transfected with a CRE-luciferase reporter demonstrated a significant increase in 

transcription when treated with progesterone (1 µM) and isoproterenol (100 nM) 

for 24 hours compared to cells exposed to isoproterenol alone (mean ± SD, n = 

6, *p ≤ 0.05). (note: all firefly luciferase values are individually normalized to the 

expression of a Renilla-based luciferase reporter construct serving as an internal 

control.) 

 

Figure 3 Stimulation of the membrane-progesterone receptor (mPR) with 

progesterone increases JNK1/2 and p38 MAPK activity. Immunoblot analysis 

of SKOV-3 cells stimulated with progesterone (100 or 1000 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-JNK-1 and t-JNK-2) 

and total p38 (t-p38) expression was unchanged with progesterone treatment. 

 

Figure 4 Membrane-progesterone receptor (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 hours with varying concentrations of 

progesterone demonstrated a significant increase in BAX gene expression as 

determined by quantitative PCR (qPCR) relative to the GAPDH house-keeping 

gene (mean ± SD, n = 4, * p ≤ 0.05). B.) The JNK1/2 inhibitor SP 600125 (10 

µM), but not the p38 inhibitor SB 203580 (2.6 µM), significantly decreased BAX 

gene expression in SKOV-3 ovarian cancer cells stimulated with progesterone 
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(100 nM) for 24 hours as determined by qPCR  relative to the β-ACTIN house-

keeping gene (mean ± SD, n = 3, * p ≤ 0.05). 

 

Figure 5 The membrane-progesterone receptor (mPR) independently 

activates two distinct signaling pathways in the SKOV-3 and ES-2 ovarian 

cancer cell lines. A.) Progesterone (P4)-activated mPR‟s enhance increased 

cyclic AMP (cAMP) concentrations caused by isoproterenol (Iso)-mediated 

activation of β1,2-adrenergic receptors (β1,2-AR). Progesterone augmented cAMP 

levels, potentially occurring via mPR/β1,2-AR heterodimerization, ultimately lead 

to an increase in transcription from a genetic cyclic AMP response element 

(CRE). B.) Progesterone-stimulated mPR‟s activate the JNK1/2 and p38 MAPK‟s 

and increase BAX gene expression. The mPR may activate JNK1/2 and p38 by 

directly stimulating ASK1 via the MAPK-GPCR scaffolding protein β-arrestin. 

Additionally, activated JNK1/2 (inhibited by the small molecule inhibitor SP 

600125 (SP)) may stimulate BAX gene expression via the p53 tumor suppressor 

protein. 

 

2.8 Figures 
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CHAPTER 3 

 

PROGESTERONE RECEPTOR STIMULATION INDUCES 

CELLULAR SENESCENCE OF OVARIAN CANCER 

CELLS IN A p21-ASSOCIATED MANNER 
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3.1 Introduction 

 Nuclear, non-membrane bound progesterone receptors (PRs) belong to a 

larger family of related steroid hormone receptors that includes estrogen, 

androgen, glucocorticoid, and mineralocorticoid receptors [28]. Two PR isoforms 

(full-length PR-B and N-terminally truncated PR-A) have been identified and 

characterized as ligand-activated transcription factors with different 

transcriptional activities on different promoters, while a third (PR-C) modulates 

the other two [45-48,110]. When bound to the ovarian steroid hormone 

progesterone or synthetic versions (i.e. progestins), PRs dimerize, disassociate 

from heat shock proteins (HSPs), and are withheld in the nucleus following their 

translocation [28]. Once inside, PRs upregulate gene transcription by either 

directly binding to specific progesterone response elements (PREs) or tethering 

to other DNA-binding transcription factors [28]. PR transcriptional activity is 

commonly linked to the expression of many cell-cycle regulators including 

members of the cyclin, cyclin-dependent kinase (CDK), and p21/p27 families 

[49]. PR is often associated with survival, cell-cycle progression, and proliferation 

of breast and prostate cancer cells [111-113]. Interestingly, however, a handful of 

reports have suggested that progesterone may inhibit these effects in ovarian 

cancer cells [11,26-27,63,76,114] coinciding with clinical findings defining PR 

expression as a favorable prognostic marker in ovarian cancer [81-86,115]. Of 

particular interest, is the association of PR-B expression with the induction of 

cell-cycle arrest first observed in Ras-transformed NIH3T3 cells [116] and later 

extended to include ovarian cancer cells [117]. Therefore, the goal of our studies 
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was to further investigate the impact of PR expression and action on ovarian 

cancer cell proliferation and to determine the signaling mechanisms responsible 

for PR-mediated cell-cycle control. 

 

3.2 Materials and Methods 

Cell culture 

All cell lines were grown at 37º C under 5% CO2 in water-jacketed incubators 

(Forma Scientific, Marietta, OH). 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-21G cells (Cat. No. CRL-11730™) and TOV-

112D cells (Cat. No. CRL-11731™) were purchased from American Type Culture 

Collection (ATCC®, Manassas, VA). The T47D and T47D-YB breast cancer cell 

lines were maintained in MEM cell culture media (cellgro®, Manassas, VA; 10-

010-CV) supplemented with 5% fetal bovine serum (FBS), 1% 

penicillin/streptomycin (GIBCO®, Carlsbad, CA; 15140122), 1% MEM non-

essential amino acids (cellgro®, Manassas, VA; 25-025-Cl), and 6 ng/mL of 

insulin. Media for T47D-YB cells also contained 200 µg/mL of G418 sulfate 

(Fisher Scientific, Pittsburgh, PA; MT-61-234-RG). The parental 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% 
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penicillin/streptomycin (GIBCO®, Carlsbad, CA; 15140122). With the exception of 

the experiments performed on unstarved and untreated growing cell lines in Fig. 

1, 24 hours prior to all experiments, cells were washed with PBS and placed in 

Modified IMEM (GIBCO®, Carlsbad, CA; A10488) supplemented with either 1% 

or 5% charcoal-stripped FBS (i.e. DCC) (Hyclone, Fremont, CA; SH30068.03). 

Immunoblotting 

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 1 

Complete Mini-Protease Inhibitor Cocktail tablet (Roche, Indianapolis, IN; 1 836 

153 001). Lysates were sonicated with a Microson™ ultrasonic homogenizor for 

10 s (setting 10) (Misonix, Farmingdale, NY; XL2000) and clarified by 10 min of 

centrifugation at 14,000 rpm at 4º C. Protein concentration was quantified by the 

Bradford method (Bio-Rad Protein Assay, Bio-Rad, Hercules, CA; 500-0001) and 

equal protein amounts were transferred to Immobilon-P™ PVDF membranes 

(Millipore, Billerica, MA; IPVH00010) after fractionation by 10% SDS-PAGE. All 

Western blots were blocked for 1 hour at RT in phosphate-buffered saline/0.1% 

Tween-20 (PBS-T) containing 5% dried milk (Sanalac, Middleton, WI). All 

Western blots were probed overnight at 4º C in PBS-T containing 1% dried milk 

using the following primary antibodies: PR-A/B (Ab-8, NeoMarkers, Fremont, CA; 

MS-298-P), full-length and cleaved-PARP (Asp214) (19F4, Cell Signaling 

Technology, Danvers, MA; 9546), p21 (DCS60, Cell Signaling Technology, 
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Danvers, MA; 2946), phospho-STAT3 (Tyr705) (Cell Signaling Technology, 

Danvers, MA; 9131), STAT3 (Cell Signaling Technology, Danvers, MA; 9132), 

and Actin (Sigma-Aldrich®, St. Louis, MO; A4700). 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 (qPCR) 

Total RNA was extracted from cell samples using TRIzol® (Invitrogen, Carlsbad, 

CA; 15596-018) separation and isopropanol precipitation. RNA (1.0 g) was 

reverse transcribed to cDNA according to manufacturer‟s instructions using the 

Transcriptor First Strand cDNA Synthesis Kit (Roche, Indianapolis, IN; 04 897 

030 001). qPCR was performed using Light Cycler® FastStart DNA Master SYBR 

Green I (Roche, Indianapolis, IN; 03 515 885 001) on a Light Cycler® 480 II Real-

Time PCR System (Roche, Indianapolis, IN; 05 015 278 001). Human primers 

(Integrated DNA Technologies, Coralville, IA) were specific for: PR-A/B (5‟-

aaatcattgccaggttttcg-3‟ and 5‟-tgccacatggtaaggcataa-3‟), p14 (5‟-

tgctcacctctggtgccaaag-3‟ and 5‟-tggtcttctaggaagcggctg-3‟), p53 (5‟-

gcgcacagaggaagagaatc-3‟ and 5‟-cctcattcagctctcggaac-3‟), p21 (5‟-

gactctcagggtcgaaaacg-3‟ and 5‟-ggattagggcttcctcttgg-3‟), p27 (5‟-

tgcaaccgacgattcttctactcaa-3‟ and 5‟-caagcagtgatgtatctgataaacaagga-3‟), p16 (5‟-
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gctgcccaacgcaccgaata-3‟ and 5‟-accaccagcgtgtccaggaa-3‟), pRb (5‟-

tgcatggctctcagattcac-3‟ and 5‟-aaggctgaggttgcttgtgt-3‟), HDM2 (5‟-

atctacagggacgccatcga-3‟ and 5‟-tgcctgatacacagtaacttgatatacct-3‟), E2F1 (5‟-

gccctcaaggacgttggtg-3‟ and 5‟-ccgccatccaggaaaaggt-3‟), STAT1 (5‟-

tggtgaaattgcaagagctg-3‟ and 5‟-gttctggtgccagcattttt-3‟), STAT3 (5‟-

tttcacttgggtggagaagg-3‟ and 5‟-tctggccgacaatactttcc-3‟), STAT5A (5‟-

ctgaacaactgctgcgtgat-3‟ and gtggacgatgacaaccacag-3‟), and STAT5B (5‟-

gtgaagccacagatcaagca-3‟ and 5‟-tacgtccattgtgtcctcca-3‟). Target gene qPCR 

values were normalized to expression of the housekeeping genes β-actin (5‟-

tcagaaggattcctatgtgggc-3‟ and 5‟-atcttctcgcggttggcctt-3‟) or GAPDH (5‟-

ttgttgccatcaatgaccc-3‟ and 5‟-catcgccccacttgattt-3‟). 

Stable Cell Line Generation 

All cell lines created herein were generated by transfecting 1 X 105 cells growing 

in 100 mm plates overnight with 2.0 µg of their respective plasmids (see below) 

using FuGene HD® transfection reagent (Roche, Indianapolis, IN; 04 709 713 

001) according to manufacturer‟s instructions. After transfection, all cell lines 

were washed with PBS and immediately placed into their respective selection 

media (see below). When distinct clonal cell colonies became present, they were 

removed with 3 mm cloning discs (Fisher Scientific, Pittsburgh, PA; 378470001) 

soaked in 0.25% trypsin-EDTA (GIBCO®, Carlsbad, CA; 25200-056) and re-

plated into 6-well plates. Selected cell colonies were expanded and screened for 

stable changes in target gene expression (see Results). Control-GFP and PR-B-
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GFP stable cell lines were generated using the parental ES-2 cell line as a model 

system. The human PR-B gene was previously cloned into the pEGFP-N3 vector 

(Clontech Laboratories, Inc., Mountain View, CA; 6080-1) which also served as 

the empty Control-GFP vector [118]. Stably expressing cell colonies were 

selected in and maintained with McCoy‟s 5A cell culture media (cellgro®, 

Manassas, VA; 10-050-CV) supplemented with 15% FBS, 1% 

penicillin/streptomycin (GIBCO®, Carlsbad, CA; 15140122), and 0.5 mg/mL of 

G418 sulfate (Fisher Scientific, Pittsburgh, PA; MT-61-234-RG). Fluorescence-

activated cell sorting (FACS) with a FACSDiva™ cell sorter (BD Biosciences, San 

Jose, CA) was used to purify Control-GFP (1X) and PR-B-GFP (2X‟s) stable cell 

lines by removing any low and non-GFP-expressing cells. Stable shRNA cell 

lines were created by transfecting PR-B-GFP expressing ES-2 cells with lentiviral 

vectors containing target gene shRNA sequences from the Open Biosystems 

Expression Arrest™ TRC Library. shRNA cell colonies were selected in and 

maintained with McCoy‟s 5A cell culture media (cellgro®, Manassas, VA; 10-050-

CV) supplemented with 15% FBS, 1% penicillin/streptomycin (GIBCO®, 

Carlsbad, CA; 15140122), 0.5 mg/mL of G418 sulfate (Fisher Scientific, 

Pittsburgh, PA; MT-61-234-RG), and 0.5 µg/mL of puromycin (Clontech 

Laboratories, Inc., Mountain View, CA; 631305). 1.) Stably expressing control 

shRNA PR-B-GFP cells were created using a pLKO.1 empty vector (Thermo 

Scientific Open Biosystems, Huntsville, AL; RHS4080) containing an 18 bp non-

targeting, non-specific “stuffer sequence”. 2.) Stably expressing STAT3 shRNA 

PR-B-GFP cells were created using a pLKO.1 lentiviral vector targeting STAT3 
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transcript variants 1-3 (Thermo Scientific Open Biosystems, Huntsville, AL; Clone 

I.D. TRCN0000020843). 3.) Stably expressing p21 shRNA PR-B-GFP cells were 

created using a pLKO.1 lentiviral vector targeting p21 transcript variants 1 and 2 

(Thermo Scientific Open Biosystems, Huntsville, AL; Clone I.D. 

TRCN0000010401). 

Luciferase Assays 

All cell lines used herein were plated at a density of 1 X 105 cells/well in 6-well 

plates. The following day, cells were co-transfected overnight using FuGene HD® 

transfection reagent (Roche, Indianapolis, IN; 04 709 713 001) according to 

manufacturer‟s instructions with 0.9 µg of either a PRE-containing [91] or a p21 

promoter-containing [119] firefly luciferase reporter construct and 0.1 µg of a 

constitutively active pRL-TK-Renilla luciferase construct (Promega, Madison, WI; 

E2241).  The next day, cells were washed with PBS and starved for 24 hours in 

1% DCC. After starvation, cells were treated as described (see Results) for the 

indicated times in 1% DCC. After treatment, samples were washed with ice-cold 

PBS and harvested in 200 µL of 1X passive lysis buffer (Promega, Madison, WI; 

E1941). Cellular debris was removed by 10 min of centrifugation at 14,000 rpm at 

4º C. Samples were analyzed for 10.0 s each by a MonolightTM 3010 

luminometer (BD Biosciences, San Jose, CA; 556861) that injected 80 µL of 

firefly-luciferase substrate followed by 100 µL of Stop-N-Glo® Renilla-luciferase 

substrate (Promega, Madison, WI; E1960). 
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Histology and Microscopy 

All brightfield and fluorescent cell images described herein were acquired with an 

Axioplan 2 upright microscope (Zeiss, Thornwood, NY) and captured using a 

SPOT™ camera and SPOT™ imaging software (Diagnostic Instruments, Inc., 

Sterling Heights, MI). Cellular membranes were stained for 15 min at RT with 

Texas Red®-X-conjugated wheat germ agglutinin (1 µg/mL) (Invitrogen, 

Carlsbad, CA; W21405), and all cell nuclei were stained with DAPI containing 

ProLong® Gold antifade reagent (Invitrogen, Carlsbad, CA; P36935). Fixed and 

live cell soft-agar images were acquired with a Leica DM IL inverted microscope 

(Leica Microsystems, Inc., Bannockburn, IL) and captured using a MagnaFire® 

camera and MagnaFire® imaging software (Olympus®, Melville, NY). 

MTT Assays 

All cell lines used herein were plated at a density of 1 X 105 cells/well in 24-well 

plates. The following day, cells were washed with PBS and starved for 24 hours 

in 5% DCC. After starvation, cells were continuously treated as described (see 

Results) for the indicated times in 0.5 mL of 5% DCC. Cell samples did not 

receive treatment replenishment or media re-supplementation during the course 

of the experiment. At each respective timepoint, 60 µL of MTT dye (5 mg/mL) 

(Sigma-Aldrich®, St. Louis, MO; M2128) was added to each sample and allowed 

to incubate at 37º C for 3.0 hours. Media and dye were removed and cell 

samples were resuspended in 500 µL of solubilization solution (95% DMSO, 5% 
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IMEM).  Absorbance measurements from each sample were read in duplicate 

using Ascent Software (Thermo Scientific, Waltham, MA; 50-950-541) on a 

Multiskan Plus Microplate Reader (Thermo Scientific, Waltham, MA; 14-386-27) 

at 570 nm with background subtraction at 650 nm. All timepoint values were 

normalized to absorbance measurements of untreated samples taken at the 

beginning of each experiment (i.e. Day 0). 

Anchorage-independent Growth Assays (i.e. Soft-agar) 

One mL of 0.8% SeaPlaque® GTG® LMP agarose (BioWhittaker, Rockland, ME; 

50110) containing 5% DCC was solidified per well in 6-well plates as the lower 

agarose base. A total of 2 X 104 cells from each cell line were suspended in 

0.48% agarose containing 5% DCC with their respective treatments (see 

Results) and overlaid on the lower agarose base. After 4 weeks of growth at 37º 

C, cell colonies were stained with 0.1% crystal violet for 1 hr at RT and washed 

with PBS. 1,000 randomly chosen cell colonies per well were separated 

according to size (total pixels/colony area) and quantified using Photoshop® 

version 7.0 (Adobe® Systems, Inc., San Jose, CA). 

Senescence Associated-β-galactosidase (SA-β-gal) Activity Assays 

All cell lines used herein were plated at a density of 1 X 104 cells/well on glass 

coverslips in 6-well plates. The following day, cells were washed with PBS and 

starved for 24 hours in 5% DCC. After starvation, cells were continuously treated 

as described (see Results) in 5% DCC for the indicated times. Cell samples did 
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not receive treatment replenishment or media re-supplementation during the 

course of the experiment. At the given timepoints, cells were washed, fixed, and 

stained for SA-β-gal activity according to manufacturer‟s instructions using the 

Senescence β-Galactosidase Staining Kit (Cell Signaling Technology, Danvers, 

MA; 9860). After staining, cell samples were washed two times with PBS and 

mounted onto glass slides for brightfield microscopy. 

Flow Cytometry 

All cell lines used herein were plated at a density of 1 X 104 cells/well in 6-well 

plates. The following day, cells were washed with PBS and starved for 24 hours 

in 5% DCC. After starvation, cells were continuously treated as described (see 

Results) in 5% DCC for the indicated times. Cell samples did not receive 

treatment replenishment or media re-supplementation during the course of the 

experiment. At the given timepoints, cell culture media was collected, PBS 

washings were collected, and cells were harvested by trypsinization and 

centrifugation at 1,000 x g for 4 min at RT. Cells were resuspended in 300 µL of 

PBS containing 10% FBS and fixed by adding 4 mL of ice-cold 80% ethanol 

dropwise while vortexing. Samples were stored overnight at -20º C. Samples 

were washed three times with 5 mL of ice-cold PBS, resuspended in 1 mL of 

PBS containing 1% FBS, and cleared through the cell-strainer cap of a BD 

Falcon™ round bottom tube (BD Biosciences, San Jose, CA; 352235). Cells were 

stained with 2 µg/mL of Hoechst 33342 DNA-specific dye (Invitrogen, Carlsbad, 

CA; H3570) and 0.5 µg/mL of Pyronin Y RNA-specific dye (Sigma-Aldrich®, St. 
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Louis, MO; P9172). FACS analysis performed on a BD™ LSR II Flow Cytometer 

System (BD Biosciences, San Jose, CA) was used for cell-cycle analysis and 

separation of the G0 (Hoescht-low and Pyronin Y-low) and G1 (Hoescht-low and 

Pyronin Y-high) phases of the cell-cycle as previously described [120]. 

Chromatin Immunoprecipitation (ChIP) 

All cell lines used herein were plated at a density of 1 X 106 cells per 150 mm 

plate. The following day, cells were washed with PBS and starved for 24 hours in 

1% DCC. After starvation, cells were treated as described (see Results) for 1.0 hr 

in 1% DCC and cell samples were harvested, fixed, and lysed according to 

manufacturer‟s instructions using the ChIP-IT™ Express Magnetic Chromatin 

Immunoprecipitation Kit (Active Motif®, Carlsbad, CA; 53008). Samples were 

homogenized using a Bioruptor® sonicator (Diagenode, Inc., Sparta, NJ; UCD-

200 TM) operating at 30 s pulse intervals for 30 min at 4º C. ChIP reactions were 

incubated overnight on an end-to-end rotator using 60 µL of isolated chromatin 

and either 2 µg of PR-A/B antibody (Ab-8, NeoMarkers, Fremont, CA; MS-298-P) 

or 0.4 µg of normal mouse IgG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA; 

SC-2025). Samples were washed, eluted, reverse cross-linked, and treated with 

Proteinase K according to manufacturer‟s instructions (Active Motif®, Carlsbad, 

CA; 53008). Standard PCR using a PTC-100® Thermal Cycler (MJ Research, 

Inc., Waltham, MA; PTC-1196) and qPCR using a Light Cycler® 480 II Real-Time 

PCR System (Roche, Indianapolis, IN; 05 015 278 001) were performed on 

isolated chromatin samples using primers spanning the proximal Sp1 sites of the 
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p21 gene promoter from bases -117 to -65 (5‟-ggcactcttgttcccccaggc-3‟ and 5‟-

accatccccttcctcacctg-3‟) [121]. Touchdown PCR and touchdown qPCR cycling 

conditions were as follows: initial denaturation for 10 min @ 95º C; denature for 

20 s @ 95º C, anneal for 20 s @ 66º → 56º C for cycles 1-10 and 56º for cycles 

11-50, and extension at 72º C for 20 s.   

Human Tissue Sampling and PR Immunohistochemistry 

Tissue microarrays (TMA‟s) were constructed as previously described [122] from 

representative tumor areas using a tissue arrayer (Beecher Instruments, Silver 

Spring, MD and Pathology Devices, Westminster, MD). Two cores of 0.6 mm 

diameter were taken from each donor block and transferred to the recipient 

block. 4 µm thick sections were cut and stained within 2 weeks after sectioning. 

Arrays were stained for PR as outlined below: 

 

Marker Supplier Cat# Host Clone Antigen 

Retrieval 

Primary 

incubation 
time 

Dilution Detection 

system 

PR Ventana 790-2223 Rabbit 1E2 Standard 

CC1 

8min with 

heat 

prediluted DABMap 

 

Immunohistochemistry was scored using a subjective assessment of percent 

positive cells in a TMA core where scores of „0‟ = no positive cells, „1‟ = > 0% but 

< 15%, „2‟ = ≥ 15% but < 50%, and „3‟ = ≥ 50%.  Recursive partitioning was used 

to determine the binarisation cutpoint for optimal separation of the five major sub-

types of ovarian carcinoma and resulted in raw scores of „0‟ being considered 

negative (coded as „0‟) and raw scores greater than „0‟ being considered positive 
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(coded as „1‟). Contingency analysis was used to determine if there was 

differential expression of PR across the five major sub-types of ovarian 

carcinoma, and the significance of those differences was determined by the 

Pearson Chi Square (Χ2) statistic. 

Primary Human Ovarian Cancer Cell Isolation 

Cancerous human tissue samples were harvested at the time of surgery and 

immediately placed in 37º C PBS. Tissue samples were dissected into small 

pieces and placed in 6-well plates containing 0.25% trypsin-EDTA (1mM) 

(GIBCO®, Carlsbad, CA; 25200-056) for 3 hours at 37º C. Trypsinization was 

neutralized 1:1 with serum supplemented cell culture media and cells were 

allowed to plate overnight. The following day, partially digested tissue was 

removed and adherent cells were extensively washed with PBS before cell 

culture media was replaced. All tissue samples were typed and graded by in-

house surgical pathologists.   

Statistical Analysis 

All reported values represent the mean ± the standard deviation (SD). Where 

used, fold-change was determined by dividing each individual sample of the 

“treatment” group by the mean of the “control” group. Statistical analyses were 

performed using a Student‟s t-test where significance was determined with 95% 

confidence (p ≤ 0.05). 
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3.3 Results 

 Expression of the progesterone receptor (PR) is often decreased or 

absent in human ovarian cancer tissue samples (see Introduction). Therefore, we 

began our studies by screening a panel of eight distinct and commonly-used 

ovarian cancer cell lines of epithelial origin for PR expression. Regardless of 

histologic sub-type (adenocarcinoma = OVCAR-5, SKOV-3, CAOV-3; clear cell 

carcinoma = ES-2, TOV-21G; papillary adenocarcinoma = OVCAR-3; papillary 

cystadenocarcinoma = HEY; endometrioid carcinoma = TOV-112D), PR protein 

expression was undetectable in every ovarian cancer cell line studied (Fig. 1A). 

Additionally, quantitative-PCR (qPCR) analysis detected only negligible amounts 

of PR mRNA present in these cell lines (Fig. 1B). However, because PR mRNA 

was at least minimally present, the loss of PR expression in these cell lines is 

likely not due to a complete deletion of the PR gene (ch. 11q23.3-24.3) but may 

be the result of a genetic loss of heterozygosity (LOH) as seen in approximately 

75% of ovarian tumors [66-68]. Other possible explanations for reduced PR 

expression include a decreased responsiveness of ovarian cancer cells to 

estrogen-mediated PR transcription [123], hyper-methylation-induced silencing of 

the PR promoter [124], or other unidentified mechanisms (i.e. miRNAs, 

translational control, protein stability) all warranting further investigation 

 In order to investigate the impact PR expression and signaling may have 

on ovarian cancer cell biology, we created a PR expressing ovarian cancer cell 

line. ES-2 clear cell carcinoma cells were chosen as our model system because 
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of their inherently aggressive nature, ease of transfection, rapid growth rate, 

ability to form xenografted tumors, and potential to ultimately re-express PR 

based on their mRNA expression profile (Fig. 1B). ES-2 cells were transfected 

with a GFP-tagged PR-B construct and clonally selected for PR protein 

expression levels comparable to the T47D-YB breast cancer cell line (Fig. 2A). 

Transgenic PR protein functioned appropriately in these cells, as stimulation with 

the more potent, longer lasting synthetic progestin R5020 caused a significant 

increase in transcription from a progesterone response element (PRE) containing 

luciferase reporter construct (Fig. 2B). Increased PRE-mediated transcription 

was specific to PR stimulation, as a second ES-2 cell line stably expressing only 

a GFP construct (Fig. 2A) failed to respond to ligand and the response seen in 

PR expressing cells was inhibited by the competitive PR antagonist RU486 (Fig. 

2B). Finally, PR, a well characterized steroid hormone binding nuclear 

transcription factor, became visually concentrated within the nucleus of cells 

following ligand stimulation (Fig. 2C). Additionally, we also witnessed an increase 

in the overall size of nuclei present within PR expressing cells exposed to R5020 

for as little as 24 hours (Fig. 2C). 

 After establishing a functionally responsive PR expressing model cell line, 

we investigated how PR may affect the growth characteristics of ES-2 ovarian 

cancer cells. Prior studies have shown that progesterone exhibits anti-

proliferative effects on the growth of ovarian cancer cells [74-75,125] particularly 

at higher concentration levels [11,63,126]. However, to avoid activating other 
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unrelated progesterone receptors (i.e. members of the membrane progesterone 

receptor family (mb-PR-α, -β, and –γ) and progesterone receptor membrane 

component-1 (PGRMC1)), that were present in our cells (data not shown) with 

progesterone, cells were stimulated with the PR specific agonist R5020. To study 

how PR impacts cell proliferation over extended periods of time, we used the 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell 

proliferation assay as a readout. Taking measurements at 2-day intervals, we 

observed a significant increase in the number of viable cells present beginning at 

day 8 and continuing through day 12 in PR expressing cells stimulated with 

R5020 versus vehicle-treated cells (Fig. 3A). Interestingly, however, the 

proliferative rate of ligand-stimulated cells was never greater than that of vehicle-

treated cells, rather cells in the R5020 cohort failed to die in a predictable manner 

over a long period of time without media replenishment (Fig. 3A). Furthermore, 

the continued proliferation of ligand-stimulated cells ceased by day 8 of treatment 

as the number of viable cells present through day 12 remained unchanged (Fig. 

3A). These findings suggest that ligand-activated PR does not influence cellular 

proliferation, but instead may be promoting an increase in long-term cell survival 

as the initial increase in the number of R5020-treated cells failed to decrease 

over time like in vehicle-treated cells. Therefore, we investigated whether PR 

influences cell survival using poly (ADP)-ribose polymerase (PARP) cleavage as 

an indicator of apoptotic cell death. Beginning as early as day 4, the amount of 

cleaved-PARP was greater in vehicle-treated samples compared to R5020-

treated samples, thus indicating that PR activation inhibits apoptosis of ES-2 

http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Thiazole
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ovarian cancer cells (Fig. 3B). However, these combined observations indicating 

that PR improves ovarian cancer cell survival are contrary to several previous 

reports demonstrating that the exposure of ovarian cancer cells to progesterone 

leads to an increase in apoptotic cell death [26-27,74-76,127]. 

 The results of our MTT cell proliferation assay indicated that ligand 

activated PR did not affect the proliferative rate of cells grown on a two-

dimensional matrix when growth factor supplementation was limiting (Fig. 3A). 

Therefore, we used a soft-agar based colony formation assay to better 

understand how PR impacts the proliferation of ES-2 ovarian cancer cells in an 

anchorage-independent manner. When grown under these conditions for four 

weeks, R5020 stimulation dramatically inhibited the formation of PR expressing 

cell colonies (Fig. 4A). Additionally, when an equal number of colonies were 

objectively sorted based on size by computer analysis, there were significantly 

more smaller colonies (0-25 pixels) present and significantly fewer large colonies 

(51-75 and 76-100 pixels) present in the ligand-stimulated group of PR 

expressing cells (Fig. 4B). Of great surprise, however, was that even after 4 

weeks of growth, single- and two-celled PR expressing “colonies” were present 

and viable in the R5020 treated cohort (Fig. 4B, inset). 

 Contrary to an overwhelming amount of evidence demonstrating the pro-

survival and pro-proliferative impact of PR on breast cancer cells, we were faced 

with explaining a pro-survival but anti-proliferative phenotype in PR expressing 

ES-2 ovarian cancer cells. However, this seemingly paradoxical scenario where 
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cells exist in a viable and metabolically active but non-proliferative state could 

potentially be explained by the phenomenon of cellular senescence. The exit of 

proliferating cells from the cell-cycle (i.e. into G0) can be separated into a 

quiescent arm, where cells are capable of re-entering the cell-cycle once 

withdrawn growth factors are re-introduced, and a senescent arm that is 

classically defined as a state of permanent cell-cycle arrest [128-129]. Therefore, 

we analyzed whether PR expressing ES-2 ovarian cancer cells were undergoing 

a senescent transition following prolonged ligand stimulation based on three 

phenotypic criteria commonly used to identify cellular senescence. The first and 

most common means of detecting senescence is via senescence associated-β-

galactosidase (SA-β-gal) activity; a lysosomal hydrolase with an optimum activity 

at pH = 6.0 [130-131]. Examining PR expressing cells after 12 days of R5020 

exposure identified the presence of SA-β-gal positive cells (Fig. 5A, panel 2, 

arrowheads). (Note: These findings were confirmed in a second stable PR 

expressing clone not discussed herein). When compared to SA-β-gal negative 

cells present within the same culture (Fig. 5A, panel 2, asterisk), SA-β-gal 

positive cells were larger and more flattened in appearance; morphologic 

changes characteristic of senescent cells (Fig. 5A, panels 3 and 4, arrowheads) 

[132]. We also noticed that many SA-β-gal positive cells contained more than 

one nucleus (data not shown). Finally, in order to objectively quantify the 

percentage of PR expressing cells exiting the cell-cycle into the G0 phase, we 

used flow cytometry to separate cells existing in G0 from the G0/G1 compartment 

[120]. As a result, after 12 days of ligand exposure, we observed a significant 
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increase in the percentage of PR expressing cells exiting the cell-cycle into G0 as 

compared to vehicle-treated cells, while the percentage of cells remaining in the 

G1 phase was significantly decreased (Fig. 5B). 

 Separating the G0 and G1 phases of the cell-cycle by flow cytometry using 

the RNA-specific Pyronin Y stain is based on the transcriptional repression and 

reduced cellular RNA content commonly observed in cells that have exited the 

cell-cycle into G0. In our studies, however, even though the percentage of cells in 

the G1 phase of the cell-cycle was significantly decreased (Fig. 5B), dot plot 

contour analysis revealed a small population of R5020-treated cells present in G1 

that possessed higher cellular RNA levels than vehicle-treated G1 cells (Fig. 5B, 

shaded region). This observation, combined with a decrease in the amount of tri-

methylation at lysine 9 of histone H3 as seen in transcriptionally inactive 

heterochromatic foci (data not shown), suggests that PR-induced senescence is 

perhaps regulated by the increased expression of pro-senescence gene targets. 

 While the variety of mechanisms associated with cellular senescence is 

constantly expanding, there are two main signaling pathways involving cell-cycle 

control that are primarily responsible for regulating senescence induction. These 

two pathways include the p14-HDM2-p53-p21 and p16-CDK-pRb-E2F axes that 

when induced by a host of pro-senescence signaling molecules can 

independently achieve senescence growth arrest (Fig. 6A) [133]. Therefore, 

because known PR gene targets are included in these two pathways, and we 

observed increases in total RNA content present in ligand-stimulated cells (Fig. 
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5B), we explored each individual member of these pathways for changes in 

mRNA expression (Fig. 6B). Of all senescence gene targets analyzed, mRNA 

levels of the potent cell-cycle inhibitor p21 (a.k.a. CIP1, WAF1, CDKN1A) 

exhibited the greatest change in expression with an increase of greater than 50% 

in PR expressing cells exposed to R5020 for 4 days (Fig. 6B). Furthermore, p21 

gene (Fig. 6C) and protein (Fig. 6D) expression were significantly increased after 

only 24 hours of ligand stimulation and were inhibited by the competitive PR 

antagonist RU486 (Fig. 6D). p21 is a well-known cell-cycle inhibitor best 

characterized for its ability to prevent the transition from the G1 phase to the S 

phase by blocking cyclin E-CDK2 activity and to a lesser extent cyclin A-CDK1/2 

and cyclin B1-CDK1 activities [134].  For this reason, increased p21 expression 

and activity have been directly linked to the induction of cellular senescence 

[135-137]. 

 To better understand the time necessary for a majority of cells to achieve 

a state of senescence, we performed a 12 day timecourse examining SA-β-gal 

activity at 4 day intervals (Fig. 7A). Interestingly, the number of PR expressing 

cells that became SA-β-gal positive steadily increased over time with ligand 

stimulation in a manner reflective of the plateau in cellular proliferation seen by 

MTT assay (Fig. 3A). PR expressing cells exposed only to vehicle control 

remained SA-β-gal negative over time indicating that the induction of senescence 

occurs in a ligand-dependent fashion specific to PR expressing cells (Fig. 7A). 

Furthermore, p21 expression was significantly increased throughout our 
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timecourse studies in R5020 treated PR expressing cells at both the 

transcriptional (Fig. 7B) and protein (Fig. 7C) levels. Based on our findings that 

liganded PR promotes cellular senescence and causes a sustained increase in 

expression of the pro-senescence marker p21, we hypothesized that PR-induced 

senescence may occur in a p21-dependent manner. 

 However, before investigating the role of p21 in PR-mediated senescence 

further, we sought to extend our findings to sub-types of ovarian cancer other 

than clear cell carcinomas (i.e. ES-2 cells). Therefore, we similarly generated a 

stably expressing PR positive cell line using OVCAR-3 papillary adenocarcinoma 

cells as a model system (see Fig. 1). We clonally selected stably transfected 

OVCAR-3 cells, which are otherwise PR null, that displayed levels of PR 

expression comparable to our original PR positive ES-2 cell line (Fig. 8A). PR 

positive OVCAR-3 cells were analyzed for increased SA-β-gal activity and the 

development of senescence over a 12 day time period (Fig. 8B). As witnessed in 

our PR expressing ES-2 cells, PR positive OVCAR-3 cells underwent cellular 

senescence after exposure to ligand for 12 days while vehicle-treated cells 

displayed no signs of SA-β-gal activity (Fig. 8B). However, we noticed that 

senescence occurred in a less uniform fashion in ligand-activated PR expressing 

OVCAR-3 cells (Fig. 8B). The uneven distribution of senescent PR positive 

OVCAR-3 cells might be explained by recent descriptions of a senescence-

messaging secretome and the influence senescent cells may have on non-

senescent neighbors [138]. Nevertheless, the fact that cells of another histologic 
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sub-type also senesce supports the possibility that PR-mediated senescence is 

an anti-proliferative mechanism common to all ovarian cancer cells regardless of 

their origin. 

 Previous work in breast cancer cells has shown that PR stimulation 

increases p21 transcription and expression [119,139]. However, PR is also 

known to: 1.) increase the expression of signal transducer and activator of 

transcription (STAT) family members [119], 2.) form associations with STAT3 in 

PR-STAT3 complexes [140], and 3.) cause STAT transcriptional activation [140-

141] which leads to STAT-mediated increases in p21 expression [142]. 

Therefore, to identify the mechanism behind PR-induced p21 expression in 

senescent ovarian cancer cells, we began by screening each STAT family 

member for PR-mediated changes in mRNA expression (Fig. 9A). After 12 days 

of ligand exposure, a time when cellular senescence is achieved in PR 

expressing cells (Fig. 5A and 7A), STAT1 and STAT3 transcription was 

significantly increased while STAT5A and STAT5B mRNA levels were 

unchanged (Fig. 9A). However, the nearly 2.5-fold relative increase in STAT3 

expression was also significantly greater than the 1.6-fold increase in STAT1 

mRNA levels (Fig. 9A). In addition to increasing STAT3 expression, ligand-

activated PR also led to a time-dependent increase in STAT3 activation peaking 

at 24 hours of stimulation (Fig. 9B). Finally, both p21 and STAT3 mRNA levels 

were significantly increased by PR in response to progestin at each 4 day interval 

used to analyze the progression of cellular senescence (Fig. 9C). 
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 Based on the observations that PR increases both p21 and STAT3 

expression while promoting STAT3 phosphorylation, a known regulator of p21 

transcription, we investigated whether increased p21 expression required PR-

induced STAT3 activation. To address this question, we created a stable shRNA-

mediated STAT3 knock-down cell line (STAT3-shRNA) using our PR expressing 

ES-2 ovarian cancer cells as a model system (Fig. 10A). For control purposes, a 

PR positive cell line stably expressing a non-specific, non-targeting shRNA 

sequence was also established (Control-shRNA) (Fig. 10A). Clonal cell lines 

were screened for significant STAT3 downregulation and selected based on PR 

and STAT3 expression consistent with the previously characterized control 

(Control-GFP) and PR (PR-GFP) expressing cell lines (Fig. 10A). A PRE-based 

luciferase reporter assay confirmed that ligand-induced PR transcriptional activity 

was unaltered in these newly generated double transgenic cell lines (Fig. 10B). 

Additional characterization of STAT3 knock-down cells (STAT3-shRNA) 

demonstrated PR nuclear translocation and retention as well as an increase in 

nuclear size after 24 hours of ligand exposure similar to that seen in control PR 

expressing cells (Control-shRNA) (Fig. 10C). 

 Based on reports implicating STAT3 as a positive regulator of p21 

transcription [119,142], we predicted that in the setting of decreased STAT3 

expression PR would be unable to increase p21 expression to a degree 

necessary for inducing cellular senescence. Therefore, when we examined PR 

expressing STAT3 knock-down cells treated with R5020 for 8 days, we were 
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surprised to see that a majority of cells were strongly SA-β-gal positive (Fig. 11A, 

panel 2) while the remaining minority were mildly SA-β-gal positive (Figure. 11A, 

panel 2, asterisk). Progestin-stimulated STAT3 knock-down cells exhibited a 

larger and more flattened morphology as seen before in senescent PR 

expressing cells possessing normal STAT3 levels (Fig. 11A, panels 3 and 4). A 

majority of senescent cells were again also multi-nucleated (data not shown). 

Previous observations demonstrated an increase in the percentage of ligand-

induced PR expressing cells with normal STAT3 levels present in the G0 phase 

of the cell-cycle (Fig. 5B). However, following 12 days of progestin-stimulation, 

we observed a significant decrease in the percentage of STAT3 knock-down 

cells present in the G0 fraction and a significant increase in the percentage of 

these cells in the G1 fraction (Fig. 11B). These seemingly discordant findings are 

explainable by the fact that senescent cells can exist in phases of the cell-cycle 

other than G0 [133]. Therefore, knowing that our senescent cell population was 

more transcriptionally active and resided in G1, we returned our attention to p21 

whose main function is to arrest cells in G1 by preventing S phase transition 

[134]. 

 Surprisingly, when we analyzed p21 mRNA levels in PR expressing 

STAT3 knock-down cells, there was a significant increase in p21 mRNA levels 

after 24 hours of ligand stimulation when compared to control-treated cells (Fig. 

12A). Additionally, we also observed a significant increase of PR-induced p21 

levels in R5020-treated STAT3 knock-down cells (STAT3-shRNA) versus R5020-
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treated control PR positive cells (Control-shRNA) (Fig. 12A). Increased p21 

transcription also translated into upregulated p21 protein expression that was 

again blocked by the competitive PR antagonist RU486 (Fig. 12B). However, in 

order to determine whether the differences in PR-induced p21 mRNA levels 

between cell lines was the result of increased transcription and not differences in 

basal p21 expression from cell line variation, we transfected cells with a 

luciferase reporter construct containing the proximal region of the p21 promoter 

(Fig. 11C). Ligand-induced, PR-mediated transcription of the p21 promoter was 

significantly enhanced in cells exhibiting down-regulated STAT3 expression 

(STAT3-shRNA) when compared to cells possessing normal levels of STAT3 

expression (Control-shRNA) (Fig. 12C). 

 Based on the amplification of PR-induced p21 expression observed in 

STAT3 knock-down cells, we examined whether the development of cellular 

senescence would also be altered. As a result, when STAT3 expression was 

downregulated, SA-β-gal activity revealed a dramatic acceleration in the time 

required for progestin-stimulated PR expressing cells to become senescent (Fig. 

13A). While the number of SA-β-gal positive PR expressing control cells (Control-

shRNA) gradually increased every four days with ligand exposure, a majority of 

PR expressing STAT3 knock-down cells were senescent after only 4 days of 

treatment with R5020 (Fig. 13A). Furthermore, the accelerated rate of 

senescence in STAT3 knock-down cells (STAT3-shRNA) exposed to ligand for 4 

days correlated with a significantly enhanced relative fold-increase in p21 mRNA 
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levels versus control PR expressing cells (Control-shRNA) (Fig. 13B). 

Additionally, after 8 days of ligand stimulation, p21 protein levels were 

upregulated in both PR expressing cell lines (Fig. 13C). However, compared to 

basal p21 protein expression in vehicle-treated cells, progestin-mediated p21 

induction was greater in STAT3 knock-down cells (STAT3-shRNA) (Fig. 13C). 

 Although STAT3 is most commonly seen as a positive regulator of p21 

transcription, our observations suggest that STAT3 negatively regulates PR-

induced p21 transcription, and when downregulated, leads to enhanced cellular 

senescence because of a substantial increase in p21 expression. Therefore, we 

performed chromatin immunoprecipitation (ChIP) assays of the p21 promoter to 

more clearly define the relationship between PR, STAT3, and the control of p21 

transcription. In vehicle-treated PR expressing cells (PR-GFP), we found that 

both PR and STAT3 are tonically associated with the same region of the p21 

promoter previously characterized to contain four Sp1 transcription factor binding 

sites (Fig. 14A) [143]. Secondly, after 1 hour of ligand stimulation, additional PR 

molecules were not recruited to the p21 promoter in PR expressing cells (PR-

GFP) even though STAT3 became disassociated (Fig. 14A). However, the 

recruitment of PR to the p21 promoter was greatly enhanced in PR expressing 

STAT3 knock-down cells (STAT3-shRNA) after 1 hour of ligand exposure (Fig. 

14A). These findings were confirmed visually, as nuclear translocation and 

retention of PR-GFP was more pronounced in STAT3 knock-down cells; these 

cells also displayed a more uniform and less punctuate distribution of PR-GFP 
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throughout the nucleus (Fig. 14B). When normalized to total input DNA levels, 

the amount of PR recruited to the p21 promoter following R5020 exposure was 

unchanged in PR positive cells expressing normal STAT3 levels (Control-

shRNA), while the amount of ligand-activated PR bound to the p21 promoter 

increased greater than 1.5-fold when STAT3 expression was downregulated (Fig. 

14C).  

 Taken together, these findings regarding PR, STAT3, and p21 

transcription have allowed us to develop a working model to explain how PR 

promotes cellular sensescence via STAT3-regulated p21 induction (Fig. 14D). 1.) 

Progesterone can stimulate either PR within the cytoplasm causing its nuclear 

translocation and retention or unliganded PR already present within the nucleus; 

both leading to the binding of PR to the p21 promoter. 2.) STAT3 is tonically 

bound to the same site on the p21 promoter as PR and prevents both additional 

PR recruitment and PR-induced p21 transcription. 3.) Removal of STAT3 from 

the p21 promoter allows for additional PR molecules to be recruited and for PR-

induced p21 transcription to proceed. 4.) When STAT3 expression is 

downregulated, a substantial enhancement of PR-mediated p21 expression 

forces PR expressing cells to more rapidly senesce and arrest in the G1 phase of 

the cell-cycle. 5.) When STAT3 is expressed at normal levels, moderate 

increases in PR-dependent p21 expression cause PR expressing cells to 

gradually undergo cellular senescence by exiting the cell-cycle into G0. 
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 After establishing that ligand stimulation causes PR expressing ovarian 

cancer cells to become senescent while increasing STAT3-regulated p21 

expression, we sought to determine whether this response was dependent upon 

p21 cell-cycle inhibition. Therefore, using PR expressing ES-2 cells, we created a 

shRNA-mediated cell line exhibiting stably downregulated p21 expression. Stable 

knock-down of p21 expression occurred at both the transcriptional (p21 qPCR, 

Fig. 15A) and protein (p21 Western blot, Fig. 15B) levels. However, knowing that 

activated PR increases p21 expression in ES-2 ovarian cancer cells, we 

confirmed that p21 protein levels in our knock-down cells would remain 

downregulated following prolonged ligand stimulation (i.e. 8 days) compared to 

Control-shRNA cells (Fig. 15B). Finally, we analyzed how p21 downregulation 

would impact PR-mediated senescence over time based on SA-β-gal activity. 

Based on our hypothesis and prior findings, we expected to observe absent, 

reduced, or delayed senescence when p21 induction was blocked. Instead, we 

witnessed a reduction in the time required for senescence to occur and a 

dramatic increase in the degree of senescence induction (Fig. 15C). Although 

unexpected, these findings do however demonstrate that ligand-activated PR 

induces ovarian cancer cell senescence in association with or in the absence of 

p21 upregulation. 

 

3.4 Discussion 
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 While progesterone receptor (PR) signaling and action is well 

characterized for breast cancer cells, very little is known about the actions of PR 

in ovarian cancer. The fact that PR expression is commonly lost during ovarian 

cancer development and that patients with PR negative tumors have significantly 

worse outcomes suggests that PR possesses tumor-suppressive properties. 

However, PR signaling and its impact on ovarian cancer tumor cell biology is 

virtually unstudied. Therefore, the goal of our studies was to define PR as an 

ovarian cancer cell tumor suppressor and characterize the signaling mechanisms 

responsible for tumor cell inhibition. The further exploitation of these pathways 

may lead to the discovery and development of novel therapies effective in 

treating both PR positive and PR null ovarian tumors. 

 After successfully establishing multiple stable clones of PR expressing 

ES-2 ovarian cancer cells, we observed significant changes in tumor cell 

behavior. Ligand-activated PR promoted a pro-survival but anti-proliferative 

phenotype in ovarian cancer cells. Interestingly, the phenomenon of cellular 

senescence was able to explain these findings. Cellular senescence, defined as 

a state of permanent cell-cycle arrest, is being increasingly accepted as an 

inherent cellular mechanism for inhibiting oncogenesis [129,133,144-146]. We 

were able to definitively demonstrate that in the presence of ligand, PR 

expressing cells became senescent based on the gradual increase over time in 

senescence-associated β-galactosidase (SA-β-gal) activity, larger and more 

flattened morphologic changes, and increased cell-cycle exit into the G0 phase. 
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However, flow-cytometry cell-cycle analysis, which allowed us to separate the G0 

and G1 phases from the G0/G1 compartment, revealed the presence of ligand-

treated cells with increased cellular RNA content. This obscure finding was a key 

starting point to understanding how PR expressing cells undergo senescence, as 

it suggested that PR regulates the expression of key senescence-associated 

target genes. 

 Screening each member of the two major senescence signaling pathways 

for changes in gene expression led to the identification of p21 as a PR target 

gene in senescent ovarian cancer cells. This observation was significant because 

not only is p21 defined as a major negative regulator of the cell-cycle (via 

CDK1/2 inhibition), but p21 activity has also been linked to promoting cellular 

senescence [135-137]. Previous work in breast cancer cells has shown that PR 

stimulation leads to an increase in p21 gene transcription [119]. Additional 

studies have shown that p21 transcription is also positively regulated by STAT3, 

a member of the STAT family of transcription factors [142]. Therefore, when we 

observed increases of both p21 and STAT3 in senescent ovarian cancer cells 

and increased STAT3 phosphorylation following ligand stimulation, we 

hypothesized that p21 induction via PR was dependent upon STAT3. However, 

when we generated a PR expressing ovarian cancer cell line stably 

downregulating STAT3 expression, we were surprised to find that ligand-induced 

p21 transcription was significantly increased. This finding thus suggested that 

STAT3 acts to inhibit PR-mediated p21 induction. 
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 While STAT3 is widely accepted as a positive regulator of p21 

transcription [119,142], one report characterizes STAT3 as a transcriptional 

repressor of both p53 and p21 in melanoma cells [147]. Furthermore, more 

recent work demonstrates that STAT3 is constitutively active in ovarian cancer 

tissue samples [148]. These observations thus led us to hypothesize that STAT3 

limits the induction of p21 transcription by ligand-activated PR. Chromatin 

immunoprecipitation (ChIP) studies supported our hypothesis, as we observed a 

significant increase in the amount of PR bound to the p21 promoter in STAT3 

knock-down cells when progestin was present. However, additional PR 

molecules were not recruited following ligand stimulation of PR expressing cells 

possessing normal STAT3 levels; a discrepancy that might be explained by the 

presence of discrete PR-containing nuclear bodies. After only one hour of ligand 

stimulation, PR became evenly distributed throughout the nucleus in STAT3 

knock-down cells while a majority of nuclei in PR expressing cells with normal 

STAT3 levels still possessed punctuate PR foci. Therefore, the combination of 

our ChIP and PR localization results with an enhanced p21 expression response 

raises the possibility that STAT3 inhibits PR-mediated p21 transcription by 

sequestering nuclear PR in transcriptionally inactive PR-STAT3 complexes. 

 However, if STAT3 serves to block PR-mediated transcription, why in turn 

does PR cause an increase in STAT3 expression (Fig. 9A) and phosphorylation 

(Fig. 9B)? One possible explanation for this observation is that PR may use 

STAT3 to regulate its own transcriptional activity. When present, STAT3 limits 
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the amount of PR-induced p21 expression causing a gradual development of 

cellular senescence (Fig. 7A). When STAT3 is absent, however, PR 

transcriptional activity is uncontrolled leading to significantly enhanced p21 

induction and accelerated cellular senescence (Fig. 13A).  Therefore, we 

hypothesize that PR regulates its p21 gene dosage effects by directly increasing 

STAT3 transcription [119] and by indirectly activating STAT3 via IL-6 

transcription and secretion (preliminary data not shown).  

 Finally, in an effort to demonstrate that the induction of cellular 

senescence by PR occurs in a p21-dependent manner, we generated a PR 

positive ovarian cancer cell line exhibiting stable downregulation of p21 

expression. According to our hypothesis, in the face of decreased p21 levels, PR 

would be unable to cause ovarian cancer cell senescence. However, as occurred 

with STAT3 downregulation, ligand stimulation of PR expressing p21 knock-down 

cells caused a faster and more complete senescence response. At first glance, 

these results suggest that p21 is not responsible for mediating PR-induced 

senescence. However, a negative result in this scenario does not exclude p21 

from being the primary mediator of PR-induced senescence, because in the 

absence of p21, PR may simply employ other mechanisms to promote cellular 

senescence. For example, PR could alter the expression of other undefined pro-

senescence-associated gene targets, or acquire increased transcriptional activity 

due to unopposed CDK2 phosphorylation [149-150], or activate other known or 

unknown pro-senescence signaling pathways. Therefore, when p21 expression 
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is lost in ovarian cancer, these PR signaling alternatives may represent tumor 

suppressive fail-safe mechanisms which may cause senescence to occur more 

rapidly and thoroughly. 

 Nevertheless, the following observations suggest that PR-induced 

senescence prefers to utilize p21 as the primary mediator of cellular senescence. 

Firstly, of all mediators belonging to the two major senescence signaling 

pathways, p21 demonstrated the greatest change in expression and was 

significantly increased with ligand-activated PR throughout the gradual and 

accelerated progression of cellular senescence. Secondly, enhanced p21 

upregulation (via STAT3 downregulation) caused a more robust senescence 

response. Lastly, PR activation led to cell-cycle exit into G0, cell-cycle arrest in 

G1, and cytokinetic defects in the G2/M transition; all characteristic effects of p21-

mediated cell-cycle control [134,151-152]. Therefore, based on our results, we 

believe that PR-mediated senescence of ES-2 ovarian cancer cells preferentially 

occurs in a p21-dependent manner. 

 In summary, our work has shown that ligand-activated PR inhibits ovarian 

cancer cell proliferation by inducing a state of cellular senescence along with an 

associated increase in p21 expression. We have also found that STAT3 is an 

endogenous inhibitor of PR-mediated p21 transcription in ovarian cancer cells. 

Furthermore, when STAT3 transcriptional repression is removed, p21 induction is 

enhanced and accelerates PR-mediated senescence. This process may 

represent a new paradigm describing the ability of PR to “titrate” its own 
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transcriptional activity and gene dosage effects. Finally, PR stimulation also 

induces accelerated senescence in the absence of p21, thus suggesting that PR 

may be capable of activating multiple pro-senescence mechanisms. Each of 

these observations regarding PR-mediated cellular senescence is unique in its 

own right and has generated additional related lines of research warranting 

further investigation. 
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3.7 Figure Legends 

Figure 1 Progesterone receptor (PR) expression is absent in ovarian cancer 

cell lines. A.) Protein expression of the two PR isoforms (PR-A and PR-B) was 

absent in eight distinct ovarian cancer cell lines as determined by Western blot 

analysis compared to the T47D breast cancer cell line. B.) Quantitative-PCR 

detected insignificant amounts of PR-A and PR-B mRNA expression in a panel of 

eight ovarian cancer cell lines relative to the T47-D breast cancer cell line (all 

values were normalized to beta-actin levels, mean ± SD, n = 3). 

Figure 2 Stable expression of the progesterone receptor (PR) in the ES-2 

ovarian cancer cell line. A.) Western blot analysis demonstrated stable 

expression of GFP-tagged PR-B in ES-2 cells (PR-GFP) as compared to the ES-

2 parental cell line (ES-2), ES-2 cells stably expressing only the GFP tagging 

construct (Control-GFP), and the PR-B expressing T47D-YB breast cancer cell 

line (T47D-YB). B.) Stimulation of PR-GFP expressing ES-2 cells for 48 hours 

with R5020 (10 nM) significantly increased (*) transcription from a transiently 

transfected progesterone response element (PRE) containing luciferase reporter 

construct  which was specifically inhibited (#) by the PR antagonist RU486 (1 uM) 

(all values normalized to constitutive Renilla luciferase expression, mean ± SD, n 

= 4, *,#p ≤ 0.05). C.) Fluorescence microscopy revealed increased nuclear co-
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localization of PR-GFP with DAPI nuclear stain after 24 hours of stimulation with 

R5020 (10 nM) when compared to vehicle-treated PR-GFP and Control-GFP 

cells. All images were acquired at 200X magnification. 

Figure 3 Ligand-stimulated progesterone receptor (PR) increases ES-2 

ovarian cancer cell survival. A.) Continuously stimulating PR-GFP cells with 

R5020 (10 nM) significantly increased the number of cells present at 8, 10, and 

12 days as measured by MTT assay (all values normalized to Day 0 readings, 

mean ± SD, n = 3,  *p ≤ 0.05). B.) Western blot studies of PR-GFP cells revealed 

decreased PARP cleavage levels compared to vehicle treated cells when treated 

over time with R5020 (10 nM). 

Figure 4 Progesterone receptor (PR) activation inhibits ES-2 ovarian cancer 

cell colony formation. A.) PR-GFP expressing cells grown in soft-agar 

demonstrated an overall reduction in colony formation when stimulated with 

R5020 (10 nM) for 4 weeks compared to vehicle-treated and Control-GFP cells. 

B.) Quantifying equal numbers of colonies grown in soft-agar for 4 weeks 

revealed a significant increase (*) in the percentage of small colonies (0-25 

pixels) and a significant decrease (#) in the percentage of larger colonies (51-75 

and 76-100 pixels) relative to vehicle-treated samples (mean ± SD, n = 3 

fields/sample, 102 colonies/field, *,#p ≤ 0.05). Inset: Representative live-colony 

image taken at 100X magnification demonstrating the presence of viable, single- 

and two-celled colonies in 4-week long R5020 (10 nM) treated PR-GFP samples. 



76 
 

Figure 5 Ligand-activated progesterone receptor (PR) promotes cellular 

senescence and cell-cycle exit of ES-2 ovarian cancer cells. A.) Exposure of 

PR-GFP cells to R5020 (10 nM) for 12 days induced cellular senescence as 

indicated by cells (arrowheads) with increased senescence-associated beta-

galactosidase (SA-β-gal) activity, while non-senescent cells (asterisk) remain SA-

β-gal negative.  Senescent PR-GFP cells also develop a characteristically larger, 

more flattened morphology as revealed by TRITC-labeled wheat germ agglutinin 

(WGA-TRITC) cell membrane staining. Nuclei were identified by DAPI 

counterstaining. All images were acquired at 40X magnification. B.) Flow 

cytometric analysis of PR-GFP cells treated with R5020 (10 nM) for 12 days 

revealed a significant increase (*) in the percentage of total cells exiting the cell 

cycle into G0 and a significant decrease (#) in the percentage of total cells 

present in the G1 phase of the cell cycle (mean ± SD, n = 3, ~103 cells/sample, 

*,#p ≤ 0.05). Shaded region in R5020 treated samples highlights cells in the G1 

phase of the cell with increased RNA content. 

Figure 6 Ligand-activated progesterone receptor (PR) induces expression 

of the pro-senescence mediator p21 in ES-2 ovarian cancer cells. A.) 

Diagrammatic representation of the two major signaling pathways and 

intermediates involved with the development of senescence growth arrest (CDK‟s 

= cyclin-dependent kinases) (adapted from [133]). B.) Quantitative-PCR analysis 

of positive and negative senescence regulators in PR-GFP expressing cells 

identified p21 as having the greatest change in mRNA expression when treated 
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with R5020 (10 nM) for 24 hours (all values normalized to GAPDH expression, 

mean ± SD, n = 4). C.) PR-GFP expressing cells transiently transfected with a 

p21 promoter containing luciferase reporter construct demonstrated a significant 

increase in transcription when stimulated with R5020 (10 nM) for 24 hours (all 

values normalized to constitutive Renilla luciferase expression, mean ± SD, n = 

3, *p ≤ 0.05). D.) Western blot analysis of PR-GFP expressing ES-2 cells 

demonstrated an increase in p21 protein expression when stimulated with R5020 

(10 nM) for 24 hours which was inhibited by the PR antagonist RU486 (100 nM). 

Figure 7 Stimulating the progesterone receptor (PR) with ligand induces a 

time-dependent increase in cellular senescence of ES-2 ovarian cancer 

cells while maintaining elevated p21 expression levels. A.) Compared to 

Control-GFP and vehicle-treated cells, the continuous exposure of PR-GFP 

expressing cells to R5020 (10 nM) caused a relative and time-dependent 

increase in cellular senescence as measured by senescence associated β-

galactosidase (SA-β-gal) activity. All images were acquired at 100X 

magnification. B.) Significantly increased p21 mRNA levels in PR-GFP 

expressing cells was maintained for 4 days by R5020 (10 nM) stimulation 

compared to vehicle-treated cells as measured by quantitative-PCR (values 

normalized to GAPDH levels, mean ± SD, n = 3, *p ≤ 0.05). C.) Western blot 

analysis demonstrated that p21 protein levels remained increased for 8 days in 

PR-GFP expressing cells stimulated with R5020 (10 nM) versus Control-GFP 

and vehicle-treated cells. 
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Figure 8 Following prolonged ligand stimulation, stable progesterone 

receptor (PR) expression in the OVCAR-3 ovarian cancer cell line causes 

cellular senescence. A.) Western blot analysis demonstrated stable expression 

of GFP-tagged PR-B in OVCAR-3 cells (OVCAR-3-PR-GFP) as compared to the 

OVCAR-3 parental cell line (OVCAR-3), ES-2 cells stably expressing GFP-

tagged PR-B (PR-GFP), and the PR-B expressing T47D-YB breast cancer cell 

line (T47D-YB). B.) OVCAR-3-PR-GFP cells exposed to R5020 (10 nM) ligand 

for 12 days underwent cellular senescence as measured by increased 

senescence-associated beta-galactosidase (SA-β-gal) activity, while vehicle-

treated cells remained SA-β-gal negative. All images were acquired at 100X 

magnification 

Figure 9 Ligand-activated progesterone receptor (PR) promotes STAT3 

phosphorylation and expression in ES-2 ovarian cancer cells. A.) 

Quantitative-PCR analysis of PR-GFP expressing cells exposed to R5020 (10 

nM) for 12 days identified STAT3 as having a significantly greater relative fold-

change in mRNA levels versus other members of the STAT gene family (values 

normalized to GAPDH levels, mean ± SD, n = 3, *p ≤ 0.05). B.) PR-GFP 

expressing cells stimulated with R5020 (10 nM) demonstrated an increase in 

STAT3 phosphorylation after 24 hours, but not after 6 hours as determined by 

Western blot analysis. C.) Over time, a significant increase in both p21 and 

STAT3 mRNA levels was sustained in PR-GFP cells exposed to R5020 (10 nM) 
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as measured by quantitative-PCR (values normalized to GAPDH levels, mean ± 

SD, n = 3, *p ≤ 0.05).  

Figure 10 The functional characteristics of the progesterone receptor (PR) 

are not altered following stable downregulation of STAT3 expression in ES-

2 ovarian cancer cells. A.) Western blot analysis confirmed stable shRNA-

mediated downregulation of STAT3 protein levels (STAT3-shRNA) in PR-GFP 

expressing ES-2 cells compared to non-PR-expressing cells (Control-GFP) and 

PR-expressing cells with (Control-shRNA) and without (PR-GFP) stable 

expression of a non-targeting shRNA construct. B.) Transient transfection of PR-

GFP, STAT3-shRNA cells with a progesterone response element (PRE) 

containing luciferase reporter construct demonstrated no differences in the 

significantly increased PR transcriptional activity compared to other cell lines 

after stimulation with R5020 (10 nM) for 30 hours (all values normalized to 

constitutive Renilla luciferase expression, mean ± SD, n = 3, *p ≤ 0.05). C.) The 

translocation of PR-GFP into nuclei stained with DAPI following 24 hours of 

R5020 (10 nM) stimulation is unaltered in PR-GFP, STAT3-shRNA expressing 

cells compared to PR-GFP cells stably expressing a non-targeting shRNA 

construct (Control-shRNA). All images were acquired at 200X magnification. 

Figure 11 Stimulating the progesterone receptor (PR) with ligand promotes 

cellular senescence and cell-cycle arrest of ES-2 ovarian cancer cells 

possessing decreased STAT3 expression levels. A.) Exposure of PR-GFP, 

STAT3-shRNA cells to R5020 (10 nM) for 8 days induced cellular senescence as 
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indicated by cells with strongly increased senescence-associated beta-

galactosidase (SA-β-gal) activity, while remaining incompletely senesced cells 

(asterisk) were mildly SA-β-gal positive. Completely senesced PR-GFP, STAT3-

shRNA cells exhibit a characteristically larger, more flattened morphology as 

revealed by TRITC-labeled wheat germ agglutinin (WGA-TRITC) cell membrane 

staining that was exaggerated compared to incompletely senesced cells 

(asterisk). Nuclei were identified by DAPI counterstaining. All images were 

acquired at 400X magnification. B.) Flow cytometric analysis of PR-GFP, STAT3-

shRNA cells treated with R5020 (10 nM) for 12 days revealed a significant 

decrease (*) in the percentage of total cells that exit the cell cycle into G0 and a 

significant increase (#) in the percentage of total cells that move into and become 

fixed in the G1 phase of the cell cycle (mean ± SD, n = 3, ~203 cells/sample, *,#p 

≤ 0.05). 

Figure 12 Increased p21 expression due to progesterone receptor (PR) 

stimulation is enhanced in ES-2 ovarian cancer cells when STAT3 

expression is downregulated. A.) As measured by quantitative-PCR, the 

relative fold-increase of p21 mRNA levels in PR-GFP expressing cells was 

significantly greater after 24 hours of R5020 (10 nM) stimulation in cells 

exhibiting stable downregulation of STAT3 expression (STAT3-shRNA) versus 

cells stably expressing a non-targeting control shRNA construct (Control-shRNA) 

(values normalized to GAPDH levels, mean ± SD, n = 4, *p ≤ 0.05). B.) Western 

blot analysis determined that increased p21 protein expression in PR-GFP cells 
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exhibiting stable downregulation of STAT3 expression (STAT3-shRNA) after 24 

hours of R5020 (10 nM) stimulation was specific to PR as p21 induction was 

blocked in the presence of the PR antagonist RU486 (100 nM). C.) PR-GFP cells 

exhibiting a stable downregulation of STAT3 expression (STAT3-shRNA) and 

transiently transfected with a p21 promoter containing luciferase reporter 

construct exhibited a significant enhancement (◊) of the increased (*) 

transcriptional response to 20 hours of R5020 (10 nM) stimulation (inhibitable (#) 

by the PR antagonist RU486 (100 nM)) compared to PR-GFP cells stably 

expressing a non-targeting control shRNA construct (Control-shRNA) (all values 

normalized to constitutive Renilla luciferase expression, mean ± SD, n = 3, ◊,*,#p 

≤ 0.05). 

Figure 13 When STAT3 expression is downregulated, ligand-activated 

progesterone receptor (PR) enhances the development of cellular 

senescence and further increases elevated p21 expression levels in ES-2 

ovarian cancer cells. A.) Compared to PR-GFP positive cells stably expressing 

a non-targeting control shRNA construct (Control-shRNA), the continuous 

exposure to R5020 (10 nM) of PR-GFP cells demonstrating stable 

downregulation of STAT3 expression caused a relative decrease in the time 

required to undergo cellular  senescence as measured by senescence 

associated β-galactosidase (SA-β-gal) activity. All images were acquired at 100X 

magnification. B.) The relative fold-increase of p21 mRNA levels after 4 days of 

R5020 (10 nM) stimulation was significantly increased in PR-GFP expressing 
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cells with stable downregulation of STAT3 expression (STAT3-shRNA) compared 

to PR-GFP positive cells stably expressing a non-targeting control shRNA 

construct (Control-shRNA) as measured by quantitative-PCR (values normalized 

to GAPDH levels, mean ± SD, n = 3, *p ≤ 0.05). C.) Western blot analysis 

demonstrated that when compared to vehicle-treated cells, the relative increase 

in p21 protein levels caused by 8 days of R5020 (10 nM) stimulation was greater 

in PR-GFP cells stably downregulating STAT3 expression (STAT3-shRNA) 

versus PR-GFP positive cells stably expressing a non-targeting shRNA construct 

(Control-shRNA). 

Figure 14 Decreased STAT3 expression promotes ligand-induced 

localization of the progesterone receptor (PR) to the p21 promoter in ES-2 

ovarian cancer cells. A.) Compared to PR-GFP expressing cells, chromatin 

immunoprecipitation (ChIP) demonstrated a relative increase in the binding of PR 

to the p21 promoter after 1 hour of R5020 (10 nM) stimulation (+) in PR-GFP 

cells stably downregulating STAT3 expression (STAT3-shRNA) (No Ab = IP 

negative control, mIgG = IP specificity control). B.) The nuclear localization of 

PR-GFP after 1 hour of R5020 treatment was greater and more diffuse in PR-

GFP cells stably downregulating STAT3 expression (STAT3-shRNA) as 

compared to PR-GFP cells expressing normal amounts of STAT3 (PR-GFP). C.) 

Following 1 hour of R5020 (10 nM) stimulation, quantitative-PCR analysis 

determined that there was a greater than 1.5-fold increase in the amount of PR 

bound to the p21 promoter in PR-GFP cells stably downregulating STAT3 
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expression (STAT3-shRNA) (values normalized to respective input DNA levels, n 

= 1). D.) Proposed model of progesterone receptor (PR)-mediated cellular 

senescence in ES-2 ovarian cancer cells. 1.) Progesterone (P) activates both 

cytoplasmic PR causing nuclear translocation/retention and PR already present 

within the nucleus. 2.) STAT3 located on the p21 promoter inhibits PR-mediated 

p21 transcription by blocking the binding of additional PRs to the p21 promoter. 

3.) The eventual displacement of STAT3 from the p21 promoter allows for PR-

mediated p21 transcription; a process enhanced by downregulating STAT3 

expression. 4.) When STAT3 expression is reduced, p21 causes cellular 

senescence by arresting cells in the G1 phase of the cell-cycle. 5.) In the 

presence of normal STAT3 expression, increased p21 causes cellular 

senescence by promoting cell-cycle exit into G0.  

Figure 15 Stimulation of the progesterone receptor (PR) with ligand 

accelerates cellular senescence in ES-2 ovarian cancer cells with 

decreased p21 expression levels. A.) Quantitative-PCR analysis confirmed 

that p21 mRNA levels were significantly decreased in PR-GFP positive ES-2 

cells stably expressing a p21 shRNA construct (p21-shRNA) compared to PR-

GFP cells stably expressing a non-targeting control shRNA construct (Control-

shRNA) (values normalized to GAPDH levels, mean ± SD, n = 4, *p ≤ 0.05). B.) 

PR-GFP cells stably expressing a non-targeting shRNA construct (Control-

shRNA) displayed a decrease in basal p21 levels and an upregulation of p21 

protein by Western blot analysis after 8 days of R5020 (10 nM) stimulation, while 
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basal p21 expression was decreased and remained unchanged throughout in 

PR-GFP, p21-shRNA cells (p21-shRNA). C.) Compared to PR-GFP positive cells 

stably expressing a non-targeting control shRNA construct (Control-shRNA), the 

continuous exposure to R5020 (10 nM) of PR-GFP cells exhibiting a stable 

downregulation of p21 expression (p21-shRNA) caused a relative decrease in 

the time required to undergo cellular  senescence as measured by senescence 

associated β-galactosidase (SA-β-gal) activity. All images were acquired at 100X 

magnification. 
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CHAPTER 4 

 

SUMMARY AND CONCLUSIONS 
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4.1 Discussion 

 Between changes in circulating progesterone levels and alterations in 

progesterone receptor (PR) expression, there exists a substantial amount of 

clinical evidence to suggest that progesterone-mediated signaling inhibits ovarian 

carcinogenesis (see Introduction). However, questions regarding the therapeutic 

potential of a progesterone-based strategy for successfully treating ovarian 

cancer patients remain unanswered. While the success of in vitro and in vivo 

studies in support of this concept is encouraging, there have been relatively few 

published clinical trials investigating the efficacy of progesterone as an ovarian 

cancer chemotherapeutic (summarized by Zheng et al. [153]). 

 When progesterone-based therapy (i.e. megestrol acetate (MA) or 

medroxyprogesterone acetate (MPA)) was used to treat ovarian cancer patients 

with refractory or recurrent disease, results combined from 13 trials revealed a 

complete response rate of 2.3%, a partial response rate of 4.9%, and disease 

stabilization in 10.9% [108,154-165]. Additional studies have shown an 

improvement in disease stabilization and patient prognosis for advanced-stage 

cancer when progesterone was combined with either tamoxifen, platinum-based 

agents, or ethinyl estradiol [108-109,166-167]. Finally, when used as a first-line 

approach following surgery or radiation, progesterone-based therapy led to an 

overall response rate of 53.5% [168]. Curiously, in contrast to trials reporting 

moderate or no improvements in clinical course [169-171], this final study was 

one of the only ones to thoroughly analyze and correlate residual PR expression 
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to response rates after prolonged therapy [168]. These authors thus reported that 

PR and estrogen receptor (ER) positive tumors exhibited the greatest incidence 

of tumor regression (68%) [168]. 

 While these clinical trial results make it difficult for any definitive 

conclusions to be made regarding progesterone therapy, there couldn‟t be a 

greater need for the discovery of new and effective treatment strategies. As 

mentioned previously, ovarian cancer mortality rates have not changed in over 

70 years since statistics first started being kept [56]. Furthermore, the 

chemotherapeutic regimen of platinum plus paclitaxel, compounds first 

discovered 45 years ago, remains the gold standard for treating ovarian cancer. 

Even though this combination yields greater than 80% response rates, most 

patients relapse with a median progression-free survival of 18 months [172]. 

Ultimately, patient response rates gradually decrease with each subsequent 

relapse as tumors progress from a platinum-sensitive state to either platinum-

resistant or –refractory disease [173]. These latter two groups of patients 

subsequently receive treatment with other agents such as doxorubicin, 

gemcitabine, topotecan, or etoposide until tumors become completely drug-

resistant [172]. However, the lack of success these compounds display makes 

our observations regarding progesterone-mediated cellular senescence so 

exciting. 

 As the signaling intermediates and pathways have been better defined 

over the past 10 years, it has become increasingly evident that cellular 
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senescence evolved as an inherent tumor-suppressive mechanism 

[129,133,145,174-175]. Cancer progression requires the uncontrolled growth and 

proliferation of malignant cells [176] while senescence exists as a state of 

permanent cell-cycle arrest [133]. Therefore, by definition, cellular senescence is 

inhibitory towards further tumor progression. A senescent state is caused by a 

variety of both intrinsic mechanisms including telomere dysfunction, DNA 

damage, chromatin perturbation, sustained cellular stress, and oncogene-

mediated mitogenic signaling as well as extrinsic mechanisms most notably from 

persistent cytokine (i.e IL-6, IL-8, C/EBPβ, and NF-κB) stimulation [133,177]. 

However, not until recently have there been any reports suggesting that naturally 

produced hormones are capable of inducing senescence arrest [117]. 

 We believe that our observations demonstrating that progesterone 

treatment causes ovarian cancer cells to senesce possesses legitimate 

therapeutic potential. It has been well-documented using transgenic and knock-

out mouse models that cellular senescence is not limited to the in vitro cell 

culture environment [178]. However, recent studies have also identified 

senescent cells in human tumor samples [179-185]. Therefore, to determine the 

translational and therapeutic potential of our in vitro findings, we extended our 

studies to include primary human ovarian cancer cell isolates. To first gain a 

firmer grasp on the often contentious results surrounding ovarian cancer PR 

expression when determined by immunohistochemistry, we established a 

collaboration with Dr. Blake Gilks, Head of the University of British Columbia‟s 
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Ovarian Cancer Research Team (OvCaRe). With their help and expertise, we 

determined the percentage of PR positive tumors from each major histologic sub-

type in a cohort of 504 ovarian cancer tissue samples (Fig. 1A). While 

percentages varied between sub-types, we were encouraged to see that every 

group contained PR positive tumors and that the overall percentage of PR 

positive tumors was 34.5%; a value higher than reported by many studies with 

much smaller sample sizes. As a result, high-dose progesterone therapy, whose 

side effects are no worse than standard chemotherapeutics, may apply to more 

ovarian cancer patients than originally thought. To investigate the potential 

benefit progesterone therapy might have on treating ovarian cancer, we isolated 

PR expressing metastatic ovarian cancer cells from a case of Stage III disease 

(Fig. 1B). As before, we evaluated the ability of PR activity to upregulate p21 

expression in these cells and saw a significant increase in p21 protein levels after 

8 days of stimulation (Fig. 1C). However, of greatest interest was our observation 

that prolonged PR activity caused primary human ovarian cancer cells to 

undergo senescence arrest (Fig. 1D). 

 We believe that the ability of PR to induce a state of permanent cell-cycle 

arrest in PR positive human ovarian cancer cells warrants further investigation as 

a novel chemotherapeutic option. Nevertheless, our studies characterizing the 

signaling mechanisms behind this response have provided additional molecular 

targets that could be manipulated in PR null ovarian cancers. One option would 

be to increase expression of the p21 cell-cycle inhibitor, which other studies have 
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also shown can be upregulated by progesterone in ovarian cancer cells 

[114,186]. Additionally, several clinical studies have revealed an association 

between increased p21 levels and prognostic improvements for ovarian cancer 

patients [187-189]. While in vivo p21 modulators are currently being investigated 

as chemotherapeutic agents [134], other groups are actively investigating 

inhibitors of the p21 targets CDK1 and CDK2 for their anti-tumorigenic properties 

[190]. CDK2 inhibition is an especially attractive target as recent in vitro evidence 

demonstrates that CDK2 can block the activity of cell-cycle inhibitors such as 

p15, p16, p21, and p27 [191]. Lastly, because of our observations describing the 

ability of STAT3 to inhibit PR-mediated p21 transcription, inhibiting the 

constitutive activity of STAT3 in ovarian cancer [148] may be the most effective 

approach. In support of this option are two recent gene array studies that 

identified a positive correlation between the expression of STAT3 gene targets 

with higher grade ovarian carcinomas [192] and discovered STAT3 is a central 

multi-pathway regulator in clear cell carcinoma of the ovary [193]. (Note: The ES-

2 cell line used herein is of clear cell origin.) However, incidental observations 

made in our STAT3 knock-down cell line may have even greater significance. 

 The cell of origin of ovarian cancers has yet to be clearly defined and is a 

major reason why ovarian cancer cannot be cured by chemotherapy alone. Not 

being able to characterize the source of ovarian tumors has hindered the 

development of more effective and more tumor-specific agents. It has been a 

long-held belief that tumorigenesis arises from disorganized repair of ovarian 
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surface epithelial cells damaged by ovulation in a process termed “incessant 

ovulation” [194]. If correct, this theory might explain why ovarian cancer cells of 

epithelial origin senesce when exposed to high concentrations of progesterone 

(i.e. levels achieved and maintained by ovarian corpus luteal cells after 

ovulation). Recently, it has been shown that cellular senescence helps in the 

repair of damaged liver tissue [195] thus suggesting that senescence helps 

wound healing while permanently preventing aberrant cells from proliferating 

[146]. Therefore, is it possible that surface epithelial cells damaged during 

ovulation and wound healing lose PR expression (potentially due to a genetic 

LOH [65]) and are thus refractory to the pro-senescence tumor-suppressive 

influence of progesterone? 

 The scenario involving progesterone and senescence induction appears to 

support the epithelial cell of origin hypothesis. However, arguments made over 

the past decade, based solely on histologic observations, suggest that ovarian 

cancer cells are more similar to carcinomas of Müllerian origin (i.e. fallopian tube, 

endometrial, and endocervical cancers) than epithelial tumors derived from 

mesothelial cells [196-198]. Ironically, each position may be correct in its own 

right when one considers that a major characteristic of all cancer cells is their 

ability to adopt a less differentiated state as occurs with epithelial-to-

mesenchymal (EMT) transition. Taking this into consideration, we were very 

surprised to see that when STAT3 expression was downregulated, ES-2 ovarian 

cancer cells underwent significant morphologic changes and adopted a cuboidal 
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cell phenotype (Fig. 2A) as exists for the single layer of surface epithelial cells 

normally lining the ovary. Even more surprising was that ES-2 STAT3 knock-

down cells instinctively formed single-cell layer thick circular structures in 2-D 

culture (Fig. 2B). Therefore, is it possible that the constitutive expression and 

activity of STAT3 in ovarian cancer cells [148] is responsible for EMT and 

malignant transformation? This concept is supported by very recent studies 

showing that STAT3 downregulation causes differentiation of glioblastoma stem 

cells [199]. Interestingly, such EMT reversal may be augmented by long-term 

progesterone exposure which has been shown to promote ovarian cancer cell re-

differentiation [186]. 

 Of potentially greatest interest, however, are hints throughout the literature 

to suggest that membrane and nuclear progesterone receptors do not operate by 

mutually exclusive means. For example, it has been shown in human myometrial 

cells that both mPRα and mPRβ are capable of potentiating PR-B-mediated 

transcriptional activity of a glucocorticoid response element (GRE) following 

progesterone stimulation [34]. Additionally, as a result of mPR-regulated 

increases in cAMP (see Chapter 2, Figure 2), mPRs may enhance PR action due 

to transactivation caused by increased protein kinase A (PKA) activity as seen in 

breast cancer cells [200]. Lastly, mPRs have the ability to modulate expression of 

the PR transcriptional co-activator steroid receptor co-activator-2 (SRC-2) in 

human myometrial cells [34] which again may also alter PR transactivation and 

transcription. If these scenarios hold true for mPR and PR in ovarian cancer 
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cells, we would predict that cellular senescence may occur even faster and more 

completely with progesterone stimulation due to mPR-augmented PR activity.  

 Ovarian cancer has the highest mortality rate of all gynecologic 

malignancies [56]. While advancements in treatment techniques and strategies 

have improved 5-year survival rates, the overall cure rate remains unchanged at 

30% [201]. As a result, the need for new and more effective chemotherapeutics 

is great, especially because ovarian cancers eventually become drug-resistant 

[173]. We believe that the natural steroid hormone progesterone holds promise 

for limiting ovarian tumorigenesis and controlling tumor progression. Based on 

our results and previous clinical and in vitro observations, we are confident in 

concluding that the progesterone receptor (PR) possesses tumor suppressive 

characteristics in ovarian cancer cells. Therefore, the induction of PR-mediated 

cellular senescence via high-dose progesterone therapy represents a novel and 

highly translatable approach to limiting the uncontrolled proliferation of ovarian 

cancer cells ultimately leading to improvements in overall patient survival. 

4.2 Figure Legends 

Figure 1 The progesterone receptor (PR) is expressed in human ovarian 

cancer tissue and its activity can promote cellular senescence of human 

ovarian cancer isolates. A.) PR expression was positively identified by 

immunohistochemistry (IHC) in human ovarian cancer tissues representing the 

five major cancer sub-types of ovarian surface epithelial (OSE) origin (n = 504). 
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B.) PR mRNA expression was significantly greater in cells from a human isolate 

of serous ovarian cancer than basal PR mRNA expression in the ES-2 ovarian 

cancer cell line as determined by quantitative-PCR analysis (values normalized 

to GAPDH levels, mean ± SD, n = 3, *p ≤ 0.05). C.) Exposure of primary human 

serous ovarian cancer cells to R5020 (10 nM) for 8 days lead to an increase in 

p21 protein expression as measured by Western blot analysis. D.) In the 

presence of R5020 (10 nM) for 10 days, primary serous ovarian cancer cells 

underwent cellular senescence identified by increased senescence-associated β-

galactosidase (SA-β-gal) activity (upper panels) and changes in cellular 

morphology characteristic of cellular senescence (lower panels). All images were 

acquired at 10X magnification. 

Figure 2 Decreased STAT3 expression causes cell morphology and growth 

pattern changes in progesterone receptor (PR) expressing ES-2 ovarian 

cancer cells. A.) PR expressing ES-2 cells growing in culture adopted a more 

cuboidal phenotype when STAT3 expression was stably downregulated (PR-

GFP, STAT3-shRNA) as compared to the squamous and fibroblastic appearance 

of PR-GFP cells with normal STAT3 expression levels (PR-GFP). All images 

were acquired at 200X magnification. B.) Stably downregulating STAT3 

expression caused PR-expressing ES-2 cells (PR-GFP, STAT3-shRNA) to form 

circular structures (asterisks) when growing in culture, while PR-GFP cells with 

normal STAT3 expression levels (PR-GFP) maintained the same growth pattern 
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as parental ES-2 ovarian cancer cells. All images were acquired at 50X 

magnification. 

 

4.3 Figures 
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