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ABSTRACT

Progestins are synthetic compounds designed to mimic the natural hormone progesterone (Prog),
and are widely used in hormone replacement therapy (HRT) and contraception. These compounds
can be divided into four generations, with newer generations increasing in progesterone receptor
(PR) specificity. Although progestins have many therapeutic benefits, a number of undesirable side-
effects, such as increased risk of breast cancer, have been reported. As a result, many
postmenopausal women have sought alternatives for HRT, such as compounded bio-identical
hormones like bio-identical Prog (bProg), claimed not to increase breast cancer risk. Progestins,
Prog and bProg (collectively referred to as progestogens) elicit their biological effects primarily by
binding to the PR, which exists as two predominant isoforms, PR-A and PR-B, with PR-B being the
more transcriptionally active and proliferative isoform in breast cancer. Emerging evidence suggest
that the PR plays an important role in breast cancer development and progression, and that there is
crosstalk between the PR and estrogen receptor (ER)-a, a major etiological factor in breast cancer
biology. Moreover, it has been shown that ER-a is required for PR-B-mediated effects of
medroxyprogesterone acetate (MPA) on activation of gene expression and breast cancer cell
proliferation. The latter raised the questions of whether ER-a is needed for PR-B-mediated effects
of other progestins, and whether the ER[} subtype would also be required. Given that PR-B has both
transactivation and transrepression functions, this study used transactivation and transrepression
transcriptional assays to investigate the PR-B-mediated agonist efficacies and potencies of Prog,
bProg and select progestins from different generations (MPA, norethisterone acetate (NET-A),
levonorgestrel (LNG), gestodene (GES) and drospirenone (DRSP)), and whether these were
modulated by ERa and/or ERp. Furthermore, the effects of the progestogens on breast cancer cell
proliferation were evaluated in the absence and presence of ERa- and ERpB-specific antagonists.
Results showed that progestins mostly displayed similar agonist efficacies and potencies for
transactivation and transrepression via PR-B. The exception was first generation MPA that was less
efficacious for transactivation and least potent for transrepression, and third generation GES that
was more potent for transactivation. This study is the first to show that ERa and ERp differentially
decreased PR-B-mediated agonist efficacies of progestogens for transactivation and transrepression.
However, the ERa-specific antagonist had no effect on progestogen-induced expression of the
endogenous PR-B regulated c-myc gene or repression of the interleukin (IL)-8 gene in the T47D
breast cancer cell line, while the ERB-specific antagonist had no effect on progestogen-induced c-
myc gene expression, and appeared to abolish repression of the I1L-8 gene. Additionally, we showed
that all progestogens, except NET-A and DRSP, displayed similar proliferative efficacies and
potencies for cell proliferation. Interestingly, while the ERa-specific antagonist had no effect on
progestogen-induced cell proliferation, increased cell proliferation by LNG- and GES was enhanced
by the ERp-specific antagonist. Taken together, the results from this study, although having
limitations, emphasizes the complexity of crosstalk between the PR and ER subtypes in breast
cancer. Although the physiological implications of these results have to be evaluated, our findings
may assist us in our understanding of crosstalk between PR-B and the ER subtypes, and how it may
be contributing to progestin-induced breast cancer cell growth.
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OPSOMMING

Progestiene is sintetiese verbindings wat ontwerp is om die funksies van die natuurlike hormoon
progesteroon (Prog) na te boots, en word wéreldwyd in hormoon vervagingsterapie (HVT) en
voorbehoedmiddels gebruik. Hierdie verbindings kan in vier generasies verdeel word, met die
nuwer generasie wat meer spesifiek is vir die progesteroon reseptor (PR). Alhoewel progestiene
baie terapeutiese voordele het, is daar ook verskeie ongewenste newe-effekte, soos verhoogde risiko
van borskanker, geassosieér met hul gebruik. As gevolg hiervan, het baie na-menopousale vrouens
alternatiewe begin soek vir HVT, soos byvoorbeeld die saamgestelde bio-identiese hormone soos
bio-identiese Prog (bProg), wat beweer word om nie die risiko van borskanker te verhoog nie.
Progestiene, Prog and bProg (gesamentlik verwys daarna as progestogene) voer hul biologiese
effekte uit deur hoofsaaklik te bind aan die PR, wat voorkom as twee hoof isoforme, PR-A en PR-
B, met PR-B wat hoér transkripsionele aktiwiteit toon en die meer proliferatiewe isoform in
borskanker is. Onlangse bewyse toon dat die PR ‘n belangrike rol in borskankerontwikkeling en -
bevordering speel, en dat daar ‘n wisselwerking tussen die PR en die estrogeen reseptor (ER)-a, ‘n
groot etiologiese faktor in borskankerbiologie, voorkom. Verder, is daar gevind dat ERa benodig
word vir PR-B-bemiddelde effekte van medroksieprogesteroon asetaat (MPA) op die aktivering van
geentranskripsie en borskanker proliferasie. Die laasgenoemde het gelei tot die vrae of ERa ook
benodig word vir die PR-B-bemiddelde effekte van ander progestiene, en of die ERp subtipe ook
benodig sal word. Gegewe dat PR-B beide transaktivering en transonderdrukking funksies het, is
daar in hierdie studie gebruik gemaak van transaktivering en transonderdrukking
transkripsioneletoetse om die PR-B bemiddelde agonis effektiwiteit en potensie van Prog, bProg en
geselekteerder progestiene van verskillende generasies (MPA, noretisteroon asetaat (NET-A),
levonorgestrel (LNG), gestodeen (GES) en drospirenoon (DRSP)) te bepaal, asook om vas te stel of
die effekte deur ERa en/of ERB gemoduleer word. Verder, is die effekte van die progestogene op
borskanker proliferasie in die afwesigheid en teenwordigheid van ERa- en ERp-spesifieke
antagoniste geévalueer. Resultate het aangedui dat progestiene meestal soortgelyke agonis
effektiwiteit en potensies vir transaktivering en transonderdrukking via PR-B getoon het. Die
uitsonderings was die eerste generasie progestien MPA wat minder effektief vir transaktivering en
minder potent vir transonderdrukking was, en die derde generasie progestien GES wat meer potent
vir transaktivering was. Hierdie studie wys vir die eerste keer dat ERa en ERP die PR-B-
bemiddelde agonis effektiwiteit van die progestogene vir transaktivering en transoderdrukking
differensieel verminder. Nietemin, het die ERa-spesifieke antagonis geen effek op progestogeen-
geinduseerde uitdrukking van die endogene PR-B-gereguleerde c-myc geen, of onderdrukking van
die interleukin (IL)-8 geen in die T47D borskanker sellyn gehad nie, terwyl die ERpB-spesifieke
antagonis geen effek op c-myc geen uidrukking gehad het nie, en wou dit voorkom asof dit die
onderdrukking van die IL-8 geen verhoed. Verder het ons gewys dat alle progestogene, behalwe
NET-A en DRSP, soortgelyke proliferatiewe effektiwiteit en potensies vir selproliferasie getoon
het. Interessant genoeg, terwyl die ERa-spesifieke antagonis geen effek op progestogeen-
geinduseerde selproliferasie gehad het nie, is die LNG- en GES-geinduseerde selproliferasie selfs
verder verhoog deur die ERB-spesifieke antagonis. Ten slotte, alhoewel daar sekere beperkinge is,
beklemtoon die resultate van hierdie studie die kompleksiteit van die wisselwerking tussen PR-B en
die ER subtipes in borskanker. Alhoewel die fisiologiese implikasies van ons resultate nog
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geévalueer moet word, mag ons bevindinge bydra tot die huidige begrip van die wisselwerking
tussen PR-B en die ER subtipes, en hoe dit moontlik kan bydra tot progestien-geinduseerde groei
van borskankerselle.
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CHAPTER 1

LITERATURE REVIEW
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1.1. Introduction

Progestogens refer to compounds that display progestational activity and include the natural
hormone progesterone (Prog) as well as progestins (Sitruk-Ware 2004a; Stanczyk et al. 2013).
Progestins are synthetic compounds that were designed to mimic the effects of Prog (Moore et al.
2012; Stanczyk et al. 2013), and are used clinically as contraceptives, in hormone replacement
therapy (HRT) (Sitruk-Ware 2004a; Sitruk-Ware & Nath 2010; Africander, et al. 2011a), for the
treatment of gynaecological disorders such as endometriosis (Harrison & Barry-Kinsella 2000;
Irahara et al. 2001; Vercellini et al. 2003) and polycystic ovary syndrome (PCOS) (Archer & Chang
2004; Guido et al. 2004; Ehrmann 2005; Harwood et al. 2007; Badawy & Elnashar 2011). It should
be noted that many different progestins have been designed and they are classified into four
consecutive generations (Stanczyk 2003; Sitruk-Ware 2006). Although these progestins have been
shown to have many beneficial effects, several side-effects have been associated with their clinical
use. For example, results from the Women’s Health Initiative (WHI) trial showed that the use of the
first generation progestin medroxyprogesterone acetate (MPA) in HRT by postmenopausal women,
increased the risk of developing coronary heart disease (CHD), stroke and breast cancer (Rossouw
et al. 2002; Chlebowski et al. 2003; Chlebowski et al. 2013a; Chlebowski et al. 2013b), while the
Million Women Study (MWS) showed an association between using progestins such as MPA,
norethisterone acetate (NET-A) and levonorgestrel (LNG) in HRT, and increased risk of breast
cancer (Beral 2003). Similarly, the French E3N cohort study showed that the use of MPA and NET-
A in HRT increased breast cancer risk (Fournier et al. 2005; Fournier et al. 2008). As progestins
differ in structure, and hence their biological activities (Sitruk-Ware 2006; Sitruk-Ware 2005;
Sitruk-Ware & Nath 2010), it is possible that not all progestins will elicit the same side-effect
profile in terms of breast cancer risk. Furthermore, the use of compounded bio-identical hormones
such as bio-identical Prog (bProg) in HRT has gained popularity as it is claimed to be natural and
safer in terms of breast cancer risk (Boothby & Doering 2008; Holtorf 2009; Files et al. 2011).

Considering that breast cancer is the most common cause of cancer death amongst women
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worldwide (Sommer & Fuqua 2001; Platet et al. 2004; Ferlay et al. 2014), it is of utmost

importance to understand the mechanisms whereby hormones used in HRT may or may not

contribute to the development and progression of this disease.

Progestins, like Prog, mainly elicit their biological effects by binding to the progesterone receptor
(PR) (Moore et al. 2012; Stanczyk et al. 2013), which is a member of the steroid receptor family
(Lu et al. 2006; Griekspoor 2007; Africander, et al. 2011a) that exists as two predominant isoforms,
namely PR-A and PR-B (Kastner et al. 1990; Rekawiecki et al. 2011). Although recent evidence
suggests that both the PR isoforms may have critical roles in the pathogenesis of hormone-
responsive breast cancers (Daniel et al. 2011; Diep et al. 2015), the exact role of PR-A and PR-B in
breast cancer development and progression still needs to be elucidated. Furthermore, emerging
evidence suggest that crosstalk between different steroid receptors may be implicated in breast
cancer biology. For example, a recent study by Giulianelli and co-workers (2012) showed that the
estrogen receptor (ER)-a is essential for both PR-A and PR-B mediated effects of MPA on gene
expression and breast cancer cell proliferation (Giulianelli et al. 2012). Considering that ERa is
required for PR-mediated activity of MPA (Giulianelli et al. 2012), the question that arises is
whether ERa is also required for the PR-mediated activity of other progestins. Moreover, as the ER
exists as two subtypes, ERa and ERp, another question that comes to mind is whether ERp is also

needed for PR-mediated effects of progestins.

1.2. Progestogens

1.2.1. Therapeutic applications

1.2.1.1. Prog and bProg

The natural progestogen, Prog, is a sex steroid hormone mainly synthesised in the ovaries of the
female body. Interestingly, Prog is also synthesised de novo from cholesterol in the brain (Tsutsui et
al. 2000; Hu et al. 2010) through a biosynthetic pathway that is similar to the pathway in the ovaries

(Hanukoglu 1992; Wickenheisser et al. 2006). Prog plays a very important role in controlling brain
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functions associated with sexual behaviour and receptivity, as well as in normal female
development and maintenance of reproductive function in the uterus, ovaries and mammary glands
(Graham & Clarke 1997; Conneely & Lydon 2000; Toh et al. 2013; Diep et al. 2015). In the uterus
and ovaries for example, Prog is involved in reproductive processes such as ovulation as well as the
establishment and maintenance of pregnancy (Conneely & Lydon 2000; Graham & Clarke 2002,
Diep et al. 2015). It is noteworthy that Prog also elicits anti-proliferative effects in the uterus, so as
to protect against possible hyperplasia induced by the rise in circulating estrogen levels at the time
of ovulation during the menstrual cycle (Clarke & Sutherland 1990; Lydon et al. 1995; Conneely et
al. 2000; Conneely et al. 2002). In contrast, Prog elicits proliferative effects in the normal mammary
gland, thereby stimulating lobular-alveolar development and expansion to prepare for lactation
(Lydon et al. 1995; Conneely et al. 2000; Graham & Clarke 2002; Diep et al. 2015). The various
physiological effects of Prog in different target tissues are primarily mediated by the PR (Conneely

et al. 2001; Conneely et al. 2003).

Clinically, Prog has been used either in the form of micronized Prog in conventional HRT (de
Lignieres 2002; Fournier et al. 2005; Fournier et al. 2008) or bProg in bio-identical HRT (bHRT)
(Ruiz et al. 2011; White 2015). Micronized Prog refers to Prog which has undergone the process of
micronization whereby the particle size is reduced in order to facilitate increased absorption and
bioavailability (Maxson & Hargrove 1985; Chakmakjian & Zachariah 1987; Kimzey et al. 1991;
Norman et al. 1991; Tavaniotou et al. 2000). It is administered either orally, via intramuscular
injection or vaginally in the form of vaginal creams, suppositories, capsules, pessaries, gels and
rings (Price et al. 1983; Kimzey et al. 1991; Cicinelli et al. 1996; Fanchin et al. 1997; Tavaniotou et
al. 2000; Germond et al. 2002; Sitruk-Ware 2007). bProg is synthesized by chemically modifying
the natural plant product diosgenin (figure 1.1), which can be extracted from plants such as the
Mexican wild yam and soy (Boothby et al. 2004; Boothby & Doering 2008; Files et al. 2011;
Bhavnani & Stanczyk 2012), and is reported to have the same chemical structure as natural Prog

(Boothby et al. 2004; Boothby & Doering 2008; Holtorf 2009; Panay & Fenton 2010; Files et al.
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2011; Bhavnani & Stanczyk 2012; Guidozzi et al. 2014). Thus, although compounding pharmacies

claim that bio-identical hormones such as bProg are natural (Boothby et al. 2004), it is in fact semi-
synthetic (Bhavnani & Stanczyk 2012). Compounded bProg can be administered to women either
orally or vaginally in the form of gels and creams (White 2015). It is noteworthy that a position
statement by the South African Menopause Society in 2014 indicated that the use of compounded
bProg may not be as effective in counteracting the proliferative effects of estrogen on the
endometrium, since bProg produced by compounding pharmacies are not regulated, and thus may
vary in quality and potency (Guidozzi et al. 2014). Furthermore, claims by these pharmacies that
bio-identical hormones are safer than the hormones traditionally used in conventional HRT have not
been substantiated by scientific evidence. Thus, more research is needed to determine the possible

benefits and risks associated with the use of bio-identical hormones such as bProg in HRT.

CH;
CH, ¢=0

o Multiple chemical reactions
3

\ 4

O

Diosgenin

Bio-identical Progesterone (bProg)

Figure 1.1. The plant product diosgenin is converted to bProg (chemical structure identical to that of
natural Prog) by multiple chemical reactions. Adapted from Stanczyk et al. (2003).

1.2.1.2. Progestins

The clinical use of Prog is however restricted due to its rapid metabolism and short half-life
(Speroff & Darney 1996; Fotherby 1996). In contrast, progestins mostly display greater half-lives
than Prog (Moore et al. 2012; Stanczyk et al. 2013) and are used in many therapeutic applications,
most notably for contraception and HRT (Sitruk-Ware 2005a; Sitruk-Ware & Nath 2010;
Africander, et al. 2011a). A number of different progestins have been designed and are classified

according to successive generations. The first two generations are considered the older progestins,
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while the third and fourth generations are regarded as the newer progestins (Sitruk-Ware 2004a;
Sitruk-Ware & Plu-Bureau 2004; Sitruk-Ware 2005a). Although most progestins are structurally
related to either Prog or testosterone, the chemical structures of these compounds differ greatly
from each other and from Prog and testosterone (figure 1.2) (Stanczyk 2003; Sitruk-Ware 2005a;
Sitruk-Ware 2005b; Sitruk-Ware & Nath 2010). Those progestins derived from Prog are referred to
as either 17-hydroxyprogesterone or 19-norprogesterone derivatives, while those derived from
testosterone are referred to as 19-nortestosterone derivatives (Stanczyk 2003; Sitruk-Ware & Nath
2010). The first generation progestin MPA is an example of a 17-hydroxyprogesterone derivative
(Sitruk-Ware & Plu-Bureau 2004), while promegestone (R5020) is an example of a 19-
norprogesterone derivative (Schindler et al. 2003; Stanczyk 2003; Sitruk-Ware 2006). Examples of
19-nortestosterone derivatives include the first generation progestin NET-A or norethisterone
enanthate (NET-EN), the second generation progestin LNG, and the third generation progestin
gestodene (GES). It is important to note that NET-A is used in HRT, while NET-EN is used in
contraception (Schindler et al. 2003; Stanczyk 2003; Sitruk-Ware & Plu-Bureau 2004; Sitruk-Ware
2006), and that both NET-A and NET-EN are prodrugs which are metabolized to the active
metabolite NET (Stanczyk & Roy 1990). The fourth and newest generation of progestins include
drospirenone (DRSP) (Schindler et al. 2003; Stanczyk 2003; Sitruk-Ware & Plu-Bureau 2004;
Sitruk-Ware 2006), which is unique in that it is derived from the anti-mineralocorticoid
spironolactone (Krattenmacher 2000; Elger et al. 2003; Oelkers 2004; Sitruk-Ware 2004a; Sitruk-
Ware 2006; Sitruk-Ware 2005). All of the above-mentioned progestins, except R5020, are used in
both contraception (Lee et al. 1987; Althuis et al. 2003; Li et al. 2012; Wu et al. 2013; Dinger et al.
2014; Beaber et al. 2014; Stanczyk & Archer 2014; Vinogradova et al. 2015) and HRT (Rossouw et
al. 2002; Beral 2003; Fournier et al. 2014; Schindler 2014). Notably, R5020 is used in only HRT
and only in France (de Ligniéres et al. 2002; Fournier et al. 2005; Fournier et al. 2008). However, it

is extensively used as an experimental tool to investigate PR-specific effects (Chwalisz et al. 2006).
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For contraception, progestins are administered to women either alone, or in combination with
estrogens for enhanced cycle control (Sitruk-Ware 2005b; Sitruk-Ware & Nath 2010; Africander, et
al. 2011a). Progestin-only contraceptives can be taken either orally or be administered as an
injection, or in subcutaneous implants, vaginal rings and intrauterine devices, while estrogen-
progestin combined contraceptives are administered either orally or in vaginal rings and
contraceptive patches (Brache et al. 2000; Kahn et al. 2003; Erkkola & Landgren 2005; Sitruk-Ware
2006; Black & Kubba 2008; Nath & Sitruk-Ware 2009; Rakhi & Sumathi 2011; Brache et al. 2013,
Sitruk-Ware et al. 2013; Jacobstein & Polis 2014). Interestingly, progestins are also being
investigated for its possible use in male contraception (Gu et al. 2004; Ilani et al. 2012; Kanakis &
Goulis 2015; Roth et al. 2015; Wang et al. 2016). Several studies have shown that combining
progestins with testosterone suppresses spermatogenesis due to the progestin and testosterone
synergistically suppressing gonadotropin hormone levels (Kamischke, et al. 2000a; Kamischke, et
al. 2000b; Nieschlag et al. 2003; Gu et al. 2004; Amory 2008; Ilani et al. 2012; Costantino et al.
2014; Chao & Page 2016). In terms of HRT, estrogen combined with a progestin is commonly
prescribed to menopausal women with an intact uterus. The estrogen is given to alleviate symptoms
associated with decreasing levels of estrogen (Greendale et al. 1999; Hickey et al. 2005; Africander,
et al. 2011a) such as hot flashes, night sweats and vaginal dryness (Greendale et al. 1999; Hickey et
al. 2005), while a progestin is added to protect against endometrial cancer caused by the
proliferative effects of estrogen on the endometrium (Whitehead et al. 1979; Greendale et al. 1999;
Hickey et al. 2005). HRT regimens are administered either orally, via transdermal patches, gels or

vaginal rings (Nath & Sitruk-Ware 2009; Hickey et al. 2012; Stanczyk et al. 2013).
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Figure 1.2 legend on next page.
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Figure 1.2. Chemical structures of select progestogens. The chemical structures for (A) promegestone
(R5020) and (B) natural progesterone (Prog), as well as the progestins (C) medroxyprogesterone acetate
(MPA), (D) norethisterone (NET), (E) levonorgestrel (LNG), (F) gestodene (GES) and (G) drospirenone
(DRSP) are illustrated. Adapted from Louw-du Toit et al. (2016).

Other therapeutic applications of progestins include treatment of gynaecological disorders such as
dysmenorrhea (painful menstruation), menorrhagia (heavy menstrual bleeding) (Williams &
Creighton 2012), endometriosis (a disease that leads to pelvic pain and infertility) (Harrison &
Barry-Kinsella 2000; Irahara et al. 2001; Vercellini et al. 2003) and PCOS (Archer & Chang 2004;
Guido et al. 2004; Ehrmann 2005; Harwood et al. 2007; Setji & Brown 2007; Badawy & Elnashar
2011). PCOS is a endocrine disorder causing symptoms such as irregular ovulation (oligo-
ovulation) or a complete lack of ovulation (anovulation), elevated levels of androgens and
infertility, as well as complications such as insulin resistance and diabetes (Archer & Chang 2004;
Guido et al. 2004; Ehrmann 2005; Harwood et al. 2007; Setji & Brown 2007; Badawy & Elnashar
2011). Interestingly, high dosages of progestins such as MPA (500 and 1500 mg/day [Blossey et al.
1984]) have also been used for the treatment of breast (Lundgren 1992; Yamashita et al. 1996;
Cardoso et al. 2012; Cardoso et al. 2013) and endometrial cancer (Lentz et al. 1996; Thigpen &
Brady 1999; Kim et al. 2013). Despite the number of beneficial effects associated with the
therapeutic use of progestins, a number of side-effects have been reported for some progestins
(Mostad et al. 2000; Kass-Wolff 2001; Rossouw et al. 2002; Anderson et al. 2003; Cromer et al.
2004; Morrison et al. 2004; Sitruk-Ware 2004b; Sitruk-Ware 2006; Ojule et al. 2010; Morrison et

al. 2010).

1.2.2. Side-effects

To the best of our knowledge, no major side-effects have been reported with the clinical use of Prog
and bProg, while a number of side-effects have been associated with the clinical use of some
progestins. Some of the less severe side-effects include bloating, weight gain, headaches, nausea,
fatigue, depression, insomnia, abdominal pain, reduced libido, vaginal itchiness, breast tenderness,

mood changes, amenorrhea and irregular bleeding (Li et al. 2000; Greydanus et al. 2001; Sitruk-
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Ware 2004b; Erkkola & Landgren 2005; Sitruk-Ware 2006; Ojule et al. 2010; Moore et al. 2012;

Williams & Creighton 2012). More severe side-effects include changes in lipid and lipoprotein
levels in postmenopausal women using progestins like MPA and NET-A in HRT, which in turn
could increase cardiovascular risk (Sitruk-Ware 2000). In addition, progestins such as MPA, NET,
LNG, GES and DRSP used in both contraception and HRT have been shown to increase the risk of
venous thromboembolism (VTE) and stroke in a number of independent studies (Rossouw et al.
2002; Warren 2004; Lidegaard et al. 2012; Manzoli et al. 2012; Sidney et al. 2013; Wu et al. 2013;
Dinger et al. 2014; Vinogradova et al. 2015). Furthermore, several studies have shown that the use
of the injectable contraceptive depot-MPA (DMPA) by adolescent females is associated with
decreased bone mineral density (Kass-Wolff 2001; Cromer et al. 2004; Lara-Torre et al. 2004;
Williams & Creighton 2012), a condition which is reversed when the use of this contraceptive is
discontinued (Cundy et al. 1994). Interestingly, postmenopausal women using combined HRT
formulations containing MPA have been shown to be at an increased risk of dementia (Rossouw et
al. 2002; Warren 2004). Alarmingly, the contraceptive use of MPA has also been shown to
modulate the local immune response in the female genital tract, thereby increasing susceptibility to
genital tract infection such as herpes simplex virus type (HSV)-2 (Mostad et al. 2000), chlamydia
(Morrison et al. 2004), gonorrhoea (Morrison et al. 2004) and human immunodeficiency virus
(HIV)-1 (Morrison et al. 2010). Although MPA can be used for the treatment of breast and
endometrial cancer, evidence in the literature suggests that MPA may in fact be associated with
increased risk of developing breast (Lee et al. 1987; Riis et al. 2002; Rossouw et al. 2002; Beral
2003; Althuis et al. 2003; Stahlberg et al. 2003; Li et al. 2012; Beaber et al. 2014), as well as
ovarian cancer (Anderson et al. 2003). For example, the use of MPA, NET and LNG in
contraception (Lee et al. 1987; Althuis et al. 2003; Li et al. 2012; Beaber et al. 2014) and HRT (Riis
et al. 2002; Rossouw et al. 2002; Beral 2003; Stahlberg et al. 2003) have all been associated with

increased risk of breast cancer.
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Many of the undesirable side-effects observed with the clinical use of progestins are thought to be
due to the cross-reactivity of progestins with steroid receptors other than the PR. For example,
bloating, weight gain, as well as salt and water retention is associated with progestins lacking anti-
mineralocorticoid activity (Li et al. 2000; Greydanus et al. 2001; Elger et al. 2003; Sitruk-Ware
2006; Ojule et al. 2010; Moore et al. 2012; Stanczyk et al. 2013), whereas interference with the
local immune response in the female genital tract and decreased bone mineral density, may be
attributed to the glucocorticoid-like properties of progestins such as MPA (Ishida et al. 2002; Ishida
et al. 2008; Tomasicchio et al. 2013; Louw-du Toit et al. 2014). However, despite the ability of
some progestins to exert off-target biological effects via other steroid receptors, the actions of
progestins via the PR itself have also been implicated in side-effects such as increased risk of breast
cancer. For example, results from a study by Wargon et al. (2014) showed that the stimulatory
effects of MPA on breast tumour growth were mediated by the PR. Details of the PR structure and
general mechanism, as well as the cellular mechanism of action of progestins via the PR, will be

discussed in Section 1.3.

1.3. Structure and general mechanism of the progesterone receptor (PR)

1.3.1. Structure

The PR is a steroid receptor which belongs to the nuclear receptor superfamily, comprising the PR,
androgen receptor (AR), mineralocorticoid receptor (MR), glucocorticoid receptor (GR) and ER
(Lu et al. 2006; Griekspoor 2007). These receptors are ligand-activated transcription factors that
share similar structures and mechanisms of action (Griekspoor 2007; Africander, et al. 2011a). In
females, the PR is expressed in various target tissues including the uterus, ovary, mammary gland,
brain, pituitary gland and the pancreas (Graham & Clarke 1997; Africander, et al. 2011a). The PR,
like other steroid receptors, consists of the following functional domains: a highly variable amino-
terminal domain, a central highly conserved DNA binding domain (DBD), a flexible hinge region
and a carboxy-terminal domain containing a moderately conserved ligand binding domain (LBD)

(figure 1.3) (Kastner et al. 1990; Giangrande et al. 1997; Scarpin et al. 2009; Re¢kawiecki et al.
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2011). The amino-terminal domain contains a ligand-independent activation function (AF)-1
domain which is important for optimal transcriptional activity and is responsible for protein-protein
interactions with transcription factors and co-factors (Giangrande et al. 1997; Rekawiecki et al.
2011). The DBD allows binding of the receptor to target DNA sequences, dimerization of the
receptor and interactions with certain co-factors involved in transcription, while the LBD is
responsible for ligand-binding (Giangrande et al. 1997; Rekawiecki et al. 2011). The LBD contains
a ligand-dependent AF-2 domain, and the LXXLL motif found within this domain is involved in
protein-protein interactions with transcription factors and chaperone proteins (Scarpin et al. 2009;
Rekawiecki et al. 2011; Jacobsen & Horwitz 2012). Moreover, both the DBD and LBD are essential

for nuclear translocation of the steroid receptor-hormone complex (Griekspoor 2007).

i
AF-1 AF-2

I
AF-3 AF-1 AF-2
AF-2

Figure 1.3. A schematic illustration of the structural and functional domains of the PR isoforms. The
PR consists of the following domains: an amino-terminal domain (A/B), the DNA binding domain (DBD;
C), the flexible hinge region (D) and the carboxy-terminal domain containing the ligand binding domain
(LBD; E). PR-A has a truncated version of the A/B domain (lacking AF-3), whilst PR-C has a truncated C
domain and lacks the A/B domain. AF - activation function; IF - inhibitory function. Adapted from
Rekawiecki et al. (2011) and Africander et al. (2011a).

Three distinct PR isoforms exist namely PR-A, PR-B and PR-C (figure 1.3) (Kastner et al. 1990;

Wei & Gonzalez-Aller 1990; Daniel et al. 2011; Rekawiecki et al. 2011), which are transcribed
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from three different promoters of a single gene (Kastner et al. 1990; Wei & Gonzalez-Aller 1990;
Rekawiecki et al. 2011). PR-A is a 94 kDa protein, while PR-B (~110 kDa) is larger as it contains
an additional 164 amino acids at the amino-terminal (Kastner et al. 1990; Giangrande et al. 1997;
Giangrande et al. 2000). An AF-3 domain is found in this amino-terminal region (Kastner et al.
1990; Giangrande et al. 1997; Rekawiecki et al. 2011), which leads to the binding of certain co-
activators to PR-B, but not PR-A (Giangrande et al. 2000; Graham & Clarke 2002; Tung et al.
2006). Furthermore, both PR-A and PR-B contain an inhibitory function (IF) domain in their
amino-terminal domains which have been shown to interact with co-repressors (Giangrande et al.
1997; Rekawiecki et al. 2011; Jacobsen & Horwitz 2012). In contrast to PR-A and PR-B, PR-C is a
small 60 kDa protein that lacks the entire amino-terminal domain as well as a large part of the DBD
(Wei & Gonzalez-Aller 1990; Daniel et al. 2011). PR-C thus cannot bind DNA and is
transcriptionally inactive (Daniel et al. 2011; Rekawiecki et al. 2011; Abdel-Hafiz & Horwitz

2014).

The evidence in the literature suggests that PR-A and PR-B may display differential physiological
functions in different target tissues. For example, PR-B is more proliferative in the breast as it is
mainly involved in mammary gland branching and alveologenesis (Conneely et al. 2003), whereas
PR-A is more proliferative in the uterus as it plays an important role in the development of the
uterus and implantation of the fertilized ovum (Conneely et al. 2001; Mulac-Jericevic & Conneely
2004; Diep et al. 2015). It is well-known that PR-A is a repressor of PR-B activity (Vegeto &
Shahbaz 1993), as well as that of the ER, AR, MR and GR (McDonnell & Goldman 1994;
McDonnell et al. 1994; Kraus et al. 1995; Kraus et al. 1997; Conneely & Lydon 2000). As PR-B
has been reported to be more transcriptionally active than PR-A in the presence of ligand (Kastner
et al. 1990; Edwards et al. 1995; Rekawiecki et al. 2011; Jacobsen & Horwitz 2012), we mainly

focussed on the activity of PR-B in this thesis.
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1.3.2. Mechanisms of action
Unliganded PR-B is evenly distributed between the cytoplasm and the nucleus (Lim et al. 1999; Li
2005; Griekspoor 2007), and is associated with chaperone proteins such as heat shock protein
(hsp)90 and hsp70, p23 and immunophillins (Griekspoor 2007; Re¢kawiecki et al. 2011). In the
presence of ligand, PR-B undergoes a conformational change which ultimately leads to the
dissociation of the multiprotein complex, leading to the activation of signalling pathways through
either non-genomic (Boonyaratanakornkit et al. 2001; Boonyaratanakornkit et al. 2007; Carnevale
et al. 2007; Boonyaratanakornkit et al. 2008; Kariagina et al. 2008) or genomic mechanisms
(Rekawiecki et al. 2011). Non-genomic mechanisms involves rapid signalling pathways and include
a direct interaction of cytoplasmic ligand-bound PR-B with the membrane-associated c-Src tyrosine
kinase (Boonyaratanakornkit et al. 2001; Boonyaratanakornkit et al. 2007; Carnevale et al. 2007,
Boonyaratanakornkit et al. 2008; Kariagina et al. 2008), while genomic mechanisms can take hours
and involves the translocation of ligand-bound PR-B to the nucleus where it regulates gene
expression (Griekspoor 2007; Africander, et al. 2011a; Rekawiecki et al. 2011). It is important to
note that ligand-induced non-genomic mechanisms can also occur via a membrane PR (mPR)

(Thomas et al. 2007; Thomas 2008; Stanczyk et al. 2013)

1.3.2.1. Non-genomic mechanisms

PR-B contains a proline-rich PXXPXR motif in its amino-terminal domain enabling the
cytoplasmic ligand-bound PR-B to directly bind to the Src-homology (SH-3) domain of c-Src
(Boonyaratanakornkit et al. 2001; Carnevale et al. 2007). This results in activation of either the c-
Src/Ras/mitogen-activated protein kinase (MAPK) or phosphatidylinositol 3-kinase (PI3K)/Akt
signalling pathways (Boonyaratanakornkit et al. 2007). Activation of these signalling pathways
ultimately leads to the activation of other transcription factors via phosphorylation events (Saitoh et
al. 2005; Carnevale et al. 2007; Boonyaratanakornkit et al. 2008). For example, the transcription
factors activator protein-1 (AP-1) and nuclear factor kappa B (NFkB) have been shown to be

activated by phosphorylation when the MAPK and PI3K/Akt signalling pathways are activated
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(Faivre et al. 2005; Saitoh et al. 2005). It has been suggested that this mechanism allows PR-B to
activate transcription of genes that do not contain progesterone response elements (PRES) in their

promoter regions, such as the PR-B-mediated upregulation of cyclin D1 by MPA (Saitoh et al.

2005).

Non-genomic mechanisms can also be mediated via binding of a progestogen to an mPR, which has
been shown to be a part of the progestin and adiponectin Q receptor family (PAQR) (Tang et al.
2005; Thomas et al. 2007; Thomas 2008; Dressing et al. 2011). Similarly to a G protein-coupled
receptor (GPCR), the PAQR contains a seven transmembrane domain and can couple and activate
G-proteins (Tang et al. 2005; Thomas et al. 2007; Thomas 2008; Gellersen et al. 2009; Dressing et
al. 2011). Interestingly, phylogenetic analysis has revealed that PAQRs have a different ancestral
origin than GPCRs (Tang et al. 2005; Thomas et al. 2007; Thomas 2008; Dressing et al. 2011).
Following the binding of a PR ligand to mPR and the activation of G-proteins, downstream MAPK
and/or PI3K/Akt signalling pathways are activated, leading to the subsequent phosphorylation and
activation of nuclear proteins, which include other transcription factors (Edwards 2005; Stanczyk et

al. 2013).

1.3.2.2. Genomic mechanisms

Genomic mechanisms of PR-B refers to the transcriptional regulation of target genes either
positively (transactivation) or negatively (transrepression) (Griekspoor 2007; Africander, et al.
2011a; Rekawiecki et al. 2011). The ligand-bound PR-B binds as a dimer to PREs located in the
promoter regions of PR regulated genes (figure 1.5) (Bagchi et al. 1988; Giangrande et al. 1997;
Rekawiecki et al. 2011). Components of the basal transcription machinery and other necessary co-
regulatory proteins such as co-activators as well as chromatin remodelling proteins are subsequently
recruited to the promoters of the target genes (Beato & Klug 2000; Griekspoor 2007; Africander, et
al. 2011a; Rekawiecki et al. 2011). Histones are then acetylated which leads to chromatin

decondensation (McKenna et al. 1999), and the subsequent activation of transcription in a process
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called transactivation (Beato & Klug 2000; Griekspoor 2007; Africander, et al. 2011a; Rekawiecki

etal. 2011).
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Figure 1.4. An illustration of the non-genomic mechanisms of action of progestogens via intracellular
PR-B and the membrane-bound PR (mPR). PR ligands such as Prog or progestins can elicit biological
effects through non-genomic signalling mechanisms by either binding to intracellular PR-B or the mPR. For
the rapid activation of intracellular PR-B, the ligand diffuses across the cell membrane and binds to
cytoplasmic PR-B, followed by the dissociation of heat-shock proteins, immunophillins and other chaperone
proteins from PR-B. The ligand-bound PR-B binds and subsequently activates c-Src, which leads to the
activation of the MAPK and/or PI3K/AKkt signalling pathways. For activation of mPR, the ligand binds to
mPR which in turn activates kinases such as MAPK and/or PI3K/Akt. Finally, these signalling cascades
activate other transcription factors through phosphorylation, and lead to the regulation of genes without a
progesterone response element (PRE) sequence. Adapted from Giulianelli et al. (2012) and Stanczyk et al.
(2013).

PR-B can negatively regulate transcription (Rekawiecki et al. 2011; Abdel-Hafiz & Horwitz 2014)
when the ligand-activated PR-B represses the activity of the transcription factor NFkB (Kalkhoven

et al. 1996; Kobayashi et al. 2010) via an interaction between the PR and the p65-subunit of NF«B.
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Co-repressors and chromatin remodelling proteins are subsequently recruited to the promoter
regions of the target genes (Daniel et al. 2009; Africander et al. 2011a), and transcription is
inhibited as a result of condensed chromatin due to histone deacetylation (McKenna et al. 1999;
Gronemeyer et al. 2004; Rekawiecki et al. 2011). This negative regulation of target gene expression

is referred to as transrepression (figure 1.5) (Kalkhoven et al. 1996).
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Figure 1.5. An illustration of the genomic mechanisms of PR-B. The ligand (e.g. Prog or progestin)
diffuses across the cell membrane and binds to the intracellular PR-B. The receptor undergoes a
conformational change allowing the dissociation of heat-shock proteins, immunophillins and other chaperone
proteins. The activated PR-B then translocates to the nucleus where it either activates transcription of target
genes by binding as a dimer to PRESs (transactivation) or represses transcription of target genes due to the PR
monomer tethering to a DNA-bound transcription factor such as NFkB (transrepression). Adapted from
Africander et al. (2011a).

1.4. The PR, progestins and breast cancer

For many years, the role of the PR in breast cancer was thought to be limited to only a prognostic

marker of ER functionality, while the ER was considered the main etiological factor in the
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development and progression of breast cancer (Horwitz & McGuire 1978; Hefti et al. 2013).
However, recent evidence suggest that the PR itself can directly contribute to the development of
breast cancer by upregulating the expression of genes known to be involved in the development and
progression of breast cancer (Giulianelli et al. 2012; Wargon et al. 2014). Whilst PR-A and PR-B
are present at equimolar concentrations in the normal breast (Mote et al. 2002), PR-A is often
overexpressed in breast cancer (Graham et al. 1995; Bamberger et al. 2000; Ariga et al. 2001; Hopp
et al. 2004). In fact, studies have shown that the ratio of the PR isoforms, PR-A:PR-B, is an
important determinant of breast cancer development and progression (Graham et al. 1995; Mote et
al. 2002; Hopp et al. 2004; Cui 2005). For example, breast tumours expressing high PR-A:PR-B
ratios have been shown to be more aggressive and pose a higher risk of relapse (Hopp et al. 2004).
Although the exact cause for the altered PR-A:PR-B ratio in breast cancer has not been fully
elucidated, it has been suggested that it may be due to an increase in the activity of kinases such as
MAPK in breast cancers (Daniel et al. 2007; Diep et al. 2015). This increased kinase activity leads
to increased phosphorylation of PR-B, which in turn leads to hyperactivation and an increase in the

rate of PR-B protein turnover (Daniel et al. 2011; Diep et al. 2015).

Breast cancer is one of the most commonly diagnosed cancers (Platet et al. 2004), and the most
common cause of cancer death amongst women worldwide (Sommer & Fuqua 2001; Ferlay et al.
2014). Understanding factors which may contribute to the development of this disease, such as the
PR and the activity of ligands binding to the receptor, is therefore essential. Although a number of
studies have started investigating the role of the PR in breast cancer (Hyder et al. 1998; Hyder et al.
2001; Moore et al. 2006; Jacobsen et al. 2003; Mueller et al. 2003; Sartorius et al. 2003; Wu et al.
2004; Liang et al. 2007; Giulianelli et al. 2012; Bellance et al. 2013; Kariagina et al. 2013; Wargon
et al. 2014; Diep et al. 2015), and examined whether PR ligands (progestogens) increase the risk of
developing breast cancer (Rossouw et al. 2002; Beral 2003; Anderson et al. 2004; Li et al. 2012),

results are often contradictory and many questions remain unanswered. In the next section, the
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existing knowledge on the PR and progestogens in breast cancer development and progression will

be reviewed.

1.4.1. Clinical and epidemiological studies

Concerns that progestins increase breast cancer risk were raised by the results of the Women’s
Health Initiative (WHI), a large-scale randomised clinical trial (Rossouw et al. 2002). This study
examined the health benefits and risks associated with the use of HRT, either administered as
conjugated equine estrogen (CEE) alone or as an estrogen-progestin combination (CEE-MPA)
(Rossouw et al. 2002; Anderson et al. 2004). The estrogen-progestin combined HRT treatment
component of the trial was stopped earlier than planned due to an increase in the risk of developing
several adverse conditions such as CHD, stroke, pulmonary embolism and most relevant to this
thesis, invasive breast cancer (Rossouw et al. 2002; Chlebowski et al. 2003; Chlebowski et al.
2013a; Chlebowski et al. 2013b). Notably, the estrogen only trial was stopped two years later due to
an increased risk of stroke, but no significant effect on CHD or breast cancer risk was observed
(Anderson et al. 2004). These results suggest that the MPA component was responsible for the
increased CHD and breast cancer risk in the estrogen-progestin arm of the trial. Evidence from
observational studies also indicate an association between HRT and increased risk of breast cancer
(Ross et al. 2000; Newcomb et al. 2002). For example, results from an observational study two
years prior to the publication of the WHI results showed that the use of CEE alone, as well as the
use of estrogen-progestin HRT (CEE-MPA) was associated with increased risk of breast cancer in
postmenopausal women, with a higher risk associated with the CEE-MPA HRT (Ross et al. 2000).
Similarly, a population-based case-control study by Newcomb et al. (2002) also showed that CEE-
MPA therapy was associated with a greater breast cancer risk in postmenopausal women
(Newcomb et al. 2002). In agreement with the above-mentioned studies, results from the Million
Women Study found that both estrogen only HRT and combined HRT preparations containing
MPA increased the risk of developing breast cancer in long-term HRT users (Beral 2003).

However, this study examined the effects of different types of progestins and estrogens on breast
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cancer incidence and mortality in over one million HRT users, and found that even though
combined estrogen-progestin formulations were associated with a greater breast cancer risk than
estrogen only formulations, there were no significant differences in terms of risk between the
different estrogens or progestins (Beral 2003). The estrogens examined were CEE and ethinyl
estradiol (EE), while the progestins examined were the first generation progestins MPA and NET-
A, as well as the second generation progestin LNG. This higher breast cancer risk associated with
different estrogen-progestin formulations was also observed in the French E3N cohort study
evaluating the risk of breast cancer associated with the use of MPA- and NET-A-containing
combined HRT formulations and estrogen-only HRT formulations in post-menopausal women
(Fournier et al. 2005; Fournier et al. 2008). Interestingly, this same study also showed that estrogen-
progestin combined formulations containing the synthetic progestin R5020, considered to be PR-

specific, significantly increased breast cancer risk (Fournier et al. 2005; Fournier et al. 2008).

Studies have shown that, in contrast to HRT formulations containing the above-mentioned
estrogens and progestins, formulations containing estrogenic compounds such as estradiol (E,) and
CEE in combination with micronized Prog, did not affect breast cancer risk (de Ligniéres et al.
2002; Fournier et al. 2005; Fournier et al. 2008). Similarly, no incidence of breast cancer was
reported with the use of compounded bProg either alone or in combination with E; as part of bio-
identical HRT preparations, (Ruiz et al. 2011). In agreement with this, a recent study on breast
cancer risk in 101 women administered a combined HRT regimen of compounded bProg in
combination with biest (combination of E, and estriol (Es), reported no incidence of breast cancer in
any of the women tested over a four year period (White 2015). Although these results may be
promising, much larger randomised control studies on the use of bProg over longer periods are,
however, needed to definitively prove that the use of bProg in HRT is “safer” than the use of

progestins in terms of breast cancer risk.

Most studies investigating effects of progestins on breast cancer, focus on the association of breast

cancer risk in postmenopausal women using HRT. However, some studies have also investigated
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the association between the contraceptive use of progestins and increased breast cancer risk (Lee et
al. 1987; Althuis et al. 2003; Hunter et al. 2010; Li et al. 2012; Beaber et al. 2014), with the results
often contradictory. For example, two studies have shown that the injectable progestin-only
contraceptive DMPA enhanced breast cancer risk (~2.2 to 2.6-fold) in women aged 20 to 58 (Lee et
al. 1987; Li et al. 2012), while two other studies showed no effect on breast cancer risk (Paul et al.
1989; Shapiro et al. 2000). Interestingly, the use of combined oral contraceptive (COC)
formulations containing either NET or LNG has also been shown to increase breast cancer risk
(Althuis et al. 2003). Similarly, Hunter et al. (2010) reported an increase in breast cancer risk with
the use of triphasic LNG-containing COCs when compared to women not using oral contraception
(Hunter et al. 2010). Triphasic COCs refer to contraceptive formulations that are given in three
stages and each stage contains different concentrations of estrogens and progestins. In contrast to
Althuis et al. (2003), Hunter and co-workers (2010) reported no increase in breast cancer risk with
the use of NET-containing COCs (Hunter et al. 2010). It is noteworthy that a recent population-
based case-control study by Beaber et al. (2014) showed that COC formulations containing either
NET, LNG or DRSP, increased the risk of breast cancer to similar extents (Beaber et al. 2014).
Collectively, these results suggest that the first- (MPA and NET-A), second- (LNG) and fourth
(DRSP) generation progestins all increase the risk of breast cancer. However, considering that a
large number of progestins are available for clinical use and that progestins are structurally different
(Stanczyk 2003; Sitruk-Ware 2004a), it may be possible that not all progestins would cause an

increase in breast cancer risk.

1.4.2. Experimental studies

Various processes are implicated in the development and progression of breast cancer, including
continual proliferation, evasion of apoptosis, sustained angiogenesis as well as migration and
invasion of breast cancer cells (Hanahan & Weinberg 2000; Sledge & Miller 2003; Hanahan &
Weinberg 2011). In the next sections, the effects of progestogens and/or the PR on these processes

will be reviewed.
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1.4.2.1. Proliferation

Proliferation is an important process for cell growth and renewal, maintaining tissue homeostasis
and normal cellular function (Hall & Levison 1990; Sears & Nevins 2002; DeBerardinis et al. 2008;
Hanahan & Weinberg 2011). In normal cells, this process is under tight regulation of the cell cycle
(Vermeulen et al. 2003; DeBerardinis et al. 2008), while this process becomes dysregulated in
cancer allowing the uncontrolled proliferation of cells to continue (Vermeulen et al. 2003; Hanahan
& Weinberg 2011). A number of studies have investigated the effects of progestogens (Horwitz &
Freidenberg 1985; van der Burg et al. 1992; Catherino et al. 1993; Botella et al. 1994; Kalkhoven et
al. 1994; Kramer et al. 2006; Ruan et al. 2012) and the role of the ligand-bound PR (Giulianelli et
al. 2012; Wargon et al. 2014) on breast cancer cell proliferation. Findings from several in vitro
studies investigating the effects of progestins on proliferation of normal and cancerous breast
epithelial cell lines are contradictory, with the effects appearing to be cell line dependent (Horwitz
& Freidenberg 1985; van der Burg et al. 1992; Catherino et al. 1993; Botella et al. 1994; Kalkhoven
et al. 1994; Kramer et al. 2006; Ruan et al. 2012). For example, NET, LNG and GES were shown to
cause proliferation of the human HCC1500 and MCF-7 breast cancer cell lines (van der Burg et al.
1992; Catherino et al. 1993; Kalkhoven et al. 1994; Kramer et al. 2006; Ruan et al. 2012), while
having no effect on the normal human breast epithelial cell line MCF10A (Kramer et al. 2006).
Interestingly, the newer generation progestin, DRSP, also displayed a proliferative effect on the
MCF-7 breast cancer cell line (Ruan et al. 2012). GES has also been shown to have proliferative
effects in the T47D breast cancer cell line, while NET and R5020 have been shown to inhibit
proliferation of the T47D cells (Horwitz & Freidenberg 1985; Botella et al. 1994; Kalkhoven et al.
1994). In contrast to NET, LNG and GES, MPA has been shown to stimulate proliferation of the
normal MCF-10A breast cell line (Kramer et al. 2006), while inhibiting proliferation of the
HCC1500 and T47D breast cancer cell lines (Botella et al. 1994; Kramer et al. 2006), and having no
significant effect on the proliferation of the MCF-7 breast cancer cells (Catherino et al. 1993; Ruan

et al. 2012). Two other studies, however, have shown that MPA stimulates T47D breast cancer cell
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proliferation (Liang et al. 2006), and that the PR antagonist mifepristone (RU486) was able to

inhibit this effect (Giulianelli et al. 2012; Wargon et al. 2014). These authors thus suggested that the
PR mediates the proliferative effect of MPA. However, this result should be carefully interpreted as
RUA486 is not only a PR antagonist, but also an AR and a GR antagonist, both of which are
expressed in T47D cells (Spitz & Bardin 1993; Song et al. 2004). Wargon and co-workers (2014)
provided more convincing data for a role of the PR when showing that MPA-induced T47D breast

cancer cell proliferation is abolished once PR-B expression is silenced (Wargon et al. 2014).

Prog has been shown to have no effect on the growth of normal MCF-10A breast cells, or the
HCC1500 and MCF-7 breast cancer cells (Krdmer et al. 2006; Ruan et al. 2012). In contrast, Wiebe
and co-workers (2000) showed that Prog has an anti-proliferative effect on both the normal MCF-
10A breast cells and the MCF-7 breast cancer cells (Wiebe et al. 2000). Similarly, Prog has also
been shown to inhibit proliferation of MDA-MB-231 breast cancer cells co-transfected with PR-A
and PR-B (Lin et al. 1999), as well as T47D breast cancer cells endogenously expressing both PR-A
and PR-B (Formby & Wiley 1998). Conversely, Liang and co-workers (2006) showed that Prog has
pro-proliferative effects on T47D cells, as well as BT-474 breast cancer cells (Liang et al. 2006). To
the best of our knowledge, the effect of bProg on breast cancer cell proliferation has not been

investigated.

Progestins have been shown to regulate the expression of genes which play important roles in breast
cancer cell proliferation (Wong & Murphy 1991; Moore et al. 1997; Thuneke et al. 2000;
Giulianelli et al. 2012; Wargon et al. 2014). For example, R5020 (Moore et al. 1997) and MPA
(Wong & Murphy 1991; Giulianelli et al. 2012; Wargon et al. 2014) have been shown to upregulate
c-myc mRNA expression in T47D breast cancer cells. The c-myc gene is a marker for proliferation
which has been shown to be overexpressed in breast cancer (Moore et al. 1997). Considering that
the c-myc proto-oncogene contains a PRE sequence in its promoter, it has been suggested that the
upregulation of this gene, at least for R5020, is mediated by the PR binding to PRE (Moore et al.

1997). MPA has also been shown to upregulate the mRNA (Giulianelli et al. 2012; Wargon et al.
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2014) and protein expression of another well-known marker of proliferation, Cyclin D1 in T47D
cells (Thuneke et al. 2000). Interestingly, chromatin immunoprecipitation (ChIP) assays showed
that the PR is recruited to both the c-myc and Cyclin D1 gene promoters upon treatment with MPA,
suggesting that the PR is involved in the MPA-induced upregulation of these genes (Giulianelli et
al. 2012; Wargon et al. 2014). Surprisingly, information on the effects of Prog on c-myc and Cyclin

D1 mRNA expression is not readily available.

1.4.2.2. Apoptosis

Apoptosis, also known as programmed cell death, is a naturally occurring process which plays an
important role in normal cell turnover and the elimination of improperly developed and damaged
cells (Thompson 1995; Elmore 2007). In cancer, however, apoptosis is often evaded (Thompson
1995; Hanahan & Weinberg 2000; Hanahan & Weinberg 2011) To date, a number of studies have
investigated the effects of progestins and the role of the PR on apoptosis. For example, R5020
(Moore et al. 2006) and MPA (Ory et al. 2001; Franke & Vermes 2003) have been shown to display
anti-apoptotic effects on the T47D and MCF-7 cell lines, while MPA has also been shown to inhibit
apoptosis of the H466B breast cancer cell line (Ory et al. 2001). Similarly, NET-A (Franke &
Vermes 2003) and R5020 (Moore et al. 2006) inhibited apoptosis of the MCF-7 and MDA-MB-231
breast cancer cells, respectively. Moreover, Moore et al. (2006) showed that the anti-apoptotic
effect of R5020 in the T47D cell line is at least partly mediated via the PR, as the PR, GR and AR
antagonist, RU486, was able to partially abrogate the R5020-induced effect (Moore et al. 2006). In
contrast to the progestins that all appear to inhibit apoptosis, evidence from the literature regarding
the effects of Prog on cell death is contradictory. For example, Moore and co-workers showed that
100 nM Prog inhibits apoptosis of T47D breast cancer cells (Moore et al. 2006), while other studies
have shown that 10 uM Prog exhibits pro-apoptotic effects in both the T47D (Formby & Wiley
1998; Formby & Wiley 1999) and MCF-7 breast cancer cells (Franke & Vermes 2003), suggesting

concentration-specific effects.
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The process of apoptosis is dependent on a balance between the expression of pro-apoptotic and
anti-apoptotic genes (Ory et al. 2001). Studies investigating the effects of progestins on the
expression of pro-apoptotic and anti-apoptotic genes are limited. Findings from one study showed
that R5020 downregulated the mRNA expression of the pro-apoptotic tumor-suppressor p53 gene in
T47D cells, suggesting that R5020 is anti-apoptotic (Hurd et al. 1995). In contrast, Moore et al.
(2000) showed that R5020 downregulated the expression of the anti-apoptotic bcl-2 gene,
suggesting that R5020 promotes apoptosis (Moore et al. 2000). The first generation progestin, MPA
has been shown to upregulate the mRNA expression of the pro-apoptotic bcl-xS gene and
downregulate bcl-2 mMRNA expression in T47D cells, suggesting that MPA is pro-apoptotic (Ory et
al. 2001). However, this same study also reported that MPA upregulated the mRNA expression of
the anti-apoptotic bcl-xL gene in T47D cells, while having no effect on the mRNA expression of
the pro-apoptotic Bax gene, which suggests that MPA is anti-apoptotic (Ory et al. 2001).
Considering the above results, it is clear that no definitive conclusions can be drawn from the
results of individual apoptosis-related genes, and that future studies should directly compare the

effects of progestins on several both pro-apoptotic and anti-apoptotic genes.

The effects of Prog on apoptosis-related genes have also previously been studied, with most studies
indicating that Prog may be pro-apoptotic as it downregulates bcl-2 mRNA and protein expression
(Formby & Wiley 1998; Moore et al. 2000), downregulates the mRNA expression levels of the
apoptosis inhibitor, survivin (Formby & Wiley 1999), and upregulates p53 mRNA expression
(Formby & Wiley 1998). However, effects may also be anti-apoptotic as at least one study has
shown that Prog upregulates bcl-xL protein expression, while having no effect on Bax protein
expression (Moore et al. 2000). Taken together, the above-mentioned evidence suggests that
progestins promote breast cancer by inhibiting cell death (anti-apoptotic), while Prog can either

promote (pro-apoptotic) or inhibit (anti-apoptotic) programmed cell death.
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1.4.2.3. Migration and invasion
Migration and invasion refers to the process of metastasis whereby cancerous cells from the primary
tumour site spread to other organs in the body via the circulatory blood- and lymphatic systems
(Chambers et al. 2002; Polyak 2007). To date, studies investigating the effects of progestins on
migration and invasion are scarce. The research group of Simoncini has however investigated
effects of MPA and DRSP, and showed that both these progestins increase migration and invasion
of the T47D breast cancer cell line, with the increase by MPA being more pronounced (Fu et al.
2008a). Interestingly, Prog also increased T47D breast cancer cell migration and invasion (Fu et al.
2010; Diaz et al. 2012) to a greater extent than DRSP, but lesser extent than MPA (Fu, et al. 2008a;
Fu, et al. 2008b). In a different study, Kariagina and co-workers showed that R5020 downregulates
the protein expression of the epithelial adhesion protein E-cadherin, a protein, often downregulated
in more invasive breast tumours (Kariagina et al. 2013). This result suggests that R5020 promotes
invasion of T47D breast cancer cells (Kariagina et al. 2013). Interestingly, using T47D breast
cancer cells that have been engineered to silence PR expression (T47D-Y), or express only PR-A
(T47D-YA) or only PR-B (T47D-YB), Kariagina and co-workers (2013) showed that the R5020-
induced downregulation of E-cadherin is mediated via PR-B, suggesting that PR-B, but not PR-A,
promotes R5020-induced breast cancer cell invasion (Kariagina et al. 2013). In contrast, a study by
Bellance et al. (2013) using bi-inducible MDA-MB-231 breast cancer cells showed that PR-A and
PR-B differentially contributed to the R5020-induced increase in breast cancer cell migration and

invasion (Bellance et al. 2013).

1.4.2.4. Angiogenesis

Angiogenesis promotes tumour growth and metastasis by providing tumours with nourishment
through the formation of new blood vessels (Hanahan & Weinberg 2000; Sledge & Miller 2003;
Hsieh et al. 2005; Hanahan & Weinberg 2011). In terms of investigating the effects of progestins on
angiogenesis, most studies have investigated the effects on the mRNA and protein expression levels

of vascular endothelial growth factor (VEGF) (Hyder et al. 1998; Hyder et al. 2001; Wu et al. 2004;
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Mirkin et al. 2005; Liang et al. 2007). VEGF is a very potent angiogenic growth factor (Hanahan &

Weinberg 2000; Hanahan & Weinberg 2011) commonly overexpressed in metastatic breast cancer
(Sledge & Miller 2003; Hsieh et al. 2005). However, these studies have been limited to the first
generation progestins, MPA and NET, and the second generation progestin LNG. For example,
MPA, NET and LNG have previously been shown to increase VEGF mRNA expression in T47D
cells (Hyder et al. 1998; Mirkin et al. 2005), while MPA and NET increased VEGF protein
expression in T47D cells (Hyder et al. 2001) and BT464 breast cancer xenografts (Liang et al.
2010). In contrast to the above results, MPA and NET had no effect on VEGF protein expression in
the MCF-7, MDA-MB-231 or ZR-75 breast cancer cell lines (Hyder et al. 1998). This could
possibly be due to the fact that MCF-7, MDA-MB-231 and ZR-75 cells express little to no

endogenous PR (Hyder et al. 1998).

The effects of Prog on VEGF expression have been extensively studied, and like progestins, Prog
has been shown to increase VEGF mRNA (Hyder et al. 1998; Wu et al. 2004; Mirkin et al. 2005)
and protein (Hyder et al. 2001) expression in T47D cells and BT-474 breast cancer xenografts
(Liang et al. 2010), while having no effect on VEGF protein expression in the MCF-7, MDA-MB-
231 and ZR-75 breast cancer cell lines (Hyder et al. 1998). Two separate studies by Hyder and co-
workers showed that the Prog-, MPA- and NET-induced upregulation of VEGF protein expression
in T47D cells was mediated by the PR (Hyder et al. 1998; Hyder et al. 2001). In another study, Wu
and co-workers (2004) attempted to delineate the role of the individual PR isoforms in the
progestogen-induced upregulation of VEGF protein expression in T47D cells (Wu et al. 2004).
Using T47D-Y, T47D-YA and T47D-YB cells, these authors showed that MPA, NET and Prog
upregulates VEGF protein expression to a greater extent in the T47D-YB cells than in the T47D-
YA cells, while having no significant effect on the T47D-Y cells, suggesting that progestogen-
induced upregulation of VEGF is mainly mediated via PR-B (Wu et al. 2004). Furthermore, it has
been shown that the VEGF gene is under the direct transcriptional regulation of the PR as the gene

promoter contains three functional PRE sequences (Mueller et al. 2003). Taken together, these
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results suggest that progestogens may be acting via PR-B to promote angiogenesis and ultimately

breast cancer growth and metastasis.

1.4.3. Steroid receptor crosstalk in breast cancer

Multiple steroid receptors, in addition to the PR and ERa, have been implicated in the etiology and
pathogenesis of breast cancer. For example, increased expression of ERP and the AR in breast
tumours correlate with good prognosis (Peters et al. 2009; Leygue & Murphy 2013). It is known
that ERp inhibits ERa-mediated breast cancer cell proliferation (Williams et al. 2008), while it has
been shown that the AR inhibits ERa-mediated transcriptional activation (Peters et al. 2009). In
addition, glucocorticoids acting via the GR are known to have anti-proliferative and anti-apoptotic
effects on breast cancer (Abduljabbar et al. 2015; reviewed in McNamara & Sasano 2015), and
have also been shown to inhibit ERa-mediated breast cancer cell proliferation (Karmakar et al.
2013). Moreover, Hopp et al. (2004) have shown that overexpression of PR-A in ER- and PR-
positive breast cancer negatively influences breast cancer treatment with the selective ER modulator
tamoxifen, by causing tamoxifen resistance (Hopp et al. 2004). PR-A has in fact been shown to
repress the activity of PR-B (Conzen 2008), as well as that of the ER, AR, MR and GR (Vegeto &

Shahbaz 1993; Wen et al. 1994; McDonnell & Goldman 1994; McDonnell et al. 1994).

Daniel and co-workers showed that in the absence of ligand, PR-B, ERa and the scaffolding protein
proline-, glutamate- and leucine-rich protein 1 (PELP1) form transcriptional complexes at the
promoter sequences of certain ER target genes, enhancing the responsiveness of MCF-7 breast
cancer cells to E, thus resulting in a more aggressive breast cancer phenotype (Daniel et al. 2015).
In another study it was shown that in the presence of Prog, the PR inhibits breast tumour growth by
associating with ERa and thereby altering the recruitment of ERa to the chromatin, which
ultimately changes the transcriptional activity of ERa and activates a gene expression programme
that favours a good prognosis (Mohammed et al. 2015). All of the above clearly indicates the
complexity of crosstalk between steroid receptors in breast cancer. Interestingly, multiple steroid

receptors have been implicated in the mechanism whereby MPA increases breast cancer. For
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example, MPA has been shown to mediate its breast cancer promoting effects via the PR (Hyder et
al. 1998; Hyder et al. 2001; Fu, et al. 2008a; Wargon et al. 2014) and the AR (Ochnik 2012). An
example of steroid receptor crosstalk which is of particular importance for the present study is the
reported crosstalk between the PR and ERa. Giulianelli et al. (2012) showed that ERa is required
for MPA-induced gene regulation and breast cancer cell proliferation mediated by PR-B (Giulianelli

et al. 2012).

1.5. Conclusion

The available clinical, epidemiological and experimental studies on progestins and breast cancer
indicate an association between the use of progestins in HRT and increased risk of developing
breast cancer, with the majority of research focussing on the first generation progestin MPA. A few
studies have, however, examined the effects of the first generation progestin NET, and second
generation progestin LNG, while only one or two have investigated newer generation progestins
like GES and DRSP. Considering that a number of different progestins are available for clinical use,
and that small changes in their structure can lead to different biological effects, it is possible that not
all progestins would increase the risk of breast cancer. Furthermore, due to concerns that the use of
progestins in HRT is associated with an increased risk of breast cancer, the compounded bio-
identical hormone, bProg, is sometimes used as an alternate, “safer” hormone therapy. Considering
that progestins and bProg are PR ligands, and that the PR plays an important role in breast cancer
development and progression, it is crucial to understand how the actions of the compounds via the
PR, specifically the most active isoform PR-B, may be differentially affecting breast cancer risk.
Studies directly comparing the activity of progestins from different generations via PR-B in the
same model system are lacking. Interestingly, emerging evidence shows that the activity of MPA
via PR-B requires the presence of ERa (Giulianelli et al. 2012). As the ER exists as two subtypes,
ERa and ERp, a question that arises is whether ER is also required for PR-B mediated effects of
MPA, and/or other progestins. Understanding the mechanisms whereby progestins may or may not

contribute to the development of breast cancer could better inform decisions in terms of the choice
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of progestin for therapeutic use or the development of new therapies for the treatment of breast

cancer.

1.6. Hypothesis and aims

It is evident that increased risk of breast cancer is associated with the clinical use of some
progestins. Whether this risk is applicable to all progestins is not clear. Surprisingly, the role of
the PR in mediating the effects of progestins, and the subsequent effects on breast cancer is not
well studied. The primary hypothesis of this study was that selected progestins from the
different generations would display differential transcriptional activities and proliferative effects
via PR-B, while no difference would be observed between Prog and bProg. Furthermore,
knowing that Giulianelli et al. (2012) has shown that ERa is required for MPA-induced breast
cancer cell proliferation, and that ERo is known to be pro-proliferative, while ERp is anti-
proliferative, it was hypothesised that ERa, but not ERB, would be required for progestin-

induced gene regulation and breast cancer cell proliferation via PR-B.

The aims of this study were as follows:

To compare PR-B mediated activation and repression of transcription by Prog, bProg and
selected progestins from different generations on (i) synthetic PRE- and NF«kB-containing
promoters in the COS-1 cell line and (ii) endogenous PRE- and NFkB-containing genes in the
T47D breast cancer cell line. Furthermore, the relative agonist efficacies and potencies of the
progestogens on synthetic PRE- and NF«B-containing promoters via PR-B were also compared

with each other.

To determine whether ERa and/or ER is required for PR-B mediated activation and repression
by Prog, bProg and selected progestins, in the COS-1 cell line and T47D breast cancer cell line,

respectively.
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To compare the agonist efficacies and potencies of Prog, bProg and selected progestins from

different generations for proliferation of the T47D breast cancer cell line.

To determine whether ERa and/or ERp is required for Prog, bProg and/or progestin-induced

proliferation of the T47D breast cancer cell line.
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2.1. Test compounds

The progestogens used in this study are listed in Table 2.1. R5020 was obtained from PerkinElmer
Life and Analytical Science, South Africa, while bProg was a kind gift from the Compounding
Pharmacy of South Africa, Johannesburg. All other progestogens were purchased from Sigma-
Aldrich, South Africa. The ERa selective antagonist methyl-piperidino-pyrazole dihydrochloride
hydrate (MMP) and the ERP selective antagonist 2-phenyl-3-(4-hydroxyphenyl)-5,7-
bis(trifluoromethyl)-pyrazolo[1,5-alpha]pyrimidine (PHTPP) were purchased from Whitehead
Scientific, South Africa and Sigma-Aldrich, South Africa, respectively. The inflammatory cytokine,
tumor necrosis factor-alpha (TNFa) was obtained from PeproTech, USA and used at a final
concentration of 0.02 pg/ml for realtime quantitative PCR (qPCR) and 0.002 pg/ml for promoter-
reporter assays. The lower concentration of TNFa for promoter-reporter assays has previously been
optimised in the Africander laboratory (Meghan Perkins, PhD student). All test compound stock
solutions were prepared in 100% ethanol (EtOH) and stored at -20°C. These compounds were
diluted 1000X in serum-free culturing medium, so that the final concentration of EtOH was 0.1%

(v/v). Thus, 0.1% (v/v) EtOH served as a vehicle control in all experiments.

Table 2.1 Test compounds used in this study.

Compound Classification
Progesterone (Prog) Natural progestogen
Bio-identical progesterone (bProg) Semi-synthetic
Progestins Synthetic

PR-selective agonist widely used as an

Promegestone (R5020) experimental tool

Medroxyprogesterone acetate (MPA) o

Norethisterone acetate (NET-A) .

Levonorgestrel (LNG) 2" Generation
Gestodene (GES) 31

Drospirenone (DRSP) 4t
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2.2. Cell culture

The PR- and ER-positive T47D human breast cancer epithelial cell line was a kind gift from
Prof. Igbal Parker (University of Cape Town, South Africa) and was maintained in Roswell Park
Memorial Institute (RPMI) 1640 medium (Sigma-Aldrich, South Africa) supplemented with 10%
(v/v) fetal calf serum (FCS) (The Scientific Group, South Africa), 10 mM HEPES (Sigma-Aldrich,
South Africa), 100 IU/ml penicillin and 100 pg/ml streptomycin (Gibco-BRL Life Technologies,
United Kingdom). The COS-1 monkey kidney cell line was obtained from the American Type
Culture Collection (ATCC, USA) and maintained in phenol-red Dulbecco’s Modified Eagle’s
Medium (DMEM) (Sigma-Aldrich, South Africa) supplemented with 10% (v/v) FCS, 100 1U/ml
penicillin and 100 pg/ml streptomycin. All cell lines were maintained in 75 cm? culture flasks
(Greiner Bio-One International, Austria) at 37°C, in an atmosphere of 90% humidity and 5% CO..
Cell lines were regularly tested for mycoplasma infections using Hoechst stain (Freshney 1987),

and only mycoplasma negative cells were used in experiments.

2.3. Plasmids

The pMT-hPR-B plasmid expressing human PR-B (previously described by Cairns et al. 1993), was
a kind gift from Prof. Sam Okret (Karolinska Institute, Sweden), whereas the plasmids expressing
the human ERa (pSG5-ERa) and ERB (pSG5-ERp) (Flouriot et al. 2000) were obtained from Prof.
Frank Gannon (European Molecular Biology Laboratory, Germany). The pTAT-2xPRE-E1b-
luciferase promoter-reporter plasmid, which is driven by the E1b promoter and contains two copies
of the rat tyrosine aminotransferase (TAT)-PRE (previously described by Sui et al. 1999), was a
kind gift from Prof. G. Jenster (Erasmus University of Rotterdam, Netherlands), while the 5xNF«B-
luciferase promoter-reporter plasmid containing five copies of the NFkB binding site upstream of
the luciferase reporter gene was purchased from Strategene (Houston, Texas, USA). The pGL2-
basic vector, purchased from Promega (Madison, USA), was used as a filler plasmid to ensure that

the total amount of transfected DNA remained constant in all experiments.
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2.4. Plasmid DNA preparation

Calcium chloride competent DH50 Escherichia coli (E. coli) cells were transformed with the
respective expression vectors mentioned in Section 2.3 using the heat shock method (Cohen et al.
1972). The transformed E. coli cells were grown overnight on Luria Bertani (LB) agar (Sigma-
Aldrich, South Africa) (Addendum A) plates containing ampicillin (Sigma-Aldrich, South Africa)
at a final concentration of 50 pg/ml. All the plasmids used in this study contained an ampicillin
resistance gene. A single colony was selected, inoculated into 25 ml LB medium (Sigma-Aldrich,
South Africa) containing ampicillin (50 pug/ml) and grown at 37°C for 6 hours. Two hundred and
fifty microliters of the starter culture was transferred to 250 ml LB medium containing ampicillin
(50 pg/ml), and grown for 12-16 hours at 37°C. The cultures were then centrifuged at 6 000 x g for
10 minutes at 4°C in order to collect the bacterial cells. Once the supernatant was discarded, the
plasmid DNA was isolated and purified from the E. coli cells using the Macherey-Nagel
Nucleobond® Xtra Maxi kit according to the manufacturer’s instructions. Briefly, the pellets were
resuspended in 12 ml resuspension buffer containing RNase A. The cells were then lysed by adding
12 ml lysis buffer, inverting the tube 5 times and incubating the suspension for 5 minutes at room
temperature. Following incubation, the lysing process was stopped by adding 12 ml neutralization
buffer and inverting the solution 15 times. The plasmid DNA was purified by using the
Nucleobond® Xtra Maxi column with an inserted filter. Prior to applying the lysate, the filter as
well as the column was first equilibrated by applying 25 ml equilibration buffer. The lysate was
applied to the filter in order to remove all cell debris before the eluate was passed through the
column. Thereafter, 15 ml equilibration buffer was applied to the filter and the eluate was once
again passed through the Nucleobond® column. The filter was discarded and the column washed
with 25 ml wash buffer, prior to the addition of 15 ml elution buffer. The eluate containing the
plasmid DNA was collected in a 50 ml centrifuge tube and 10.5 ml isopropanol (room temperature)
was added. To precipitate the DNA, the solution was vortexed and subsequently centrifuged at

15 000 x g for 30 minutes at 4°C. The supernatant was discarded and the DNA pellet was washed
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with 5 ml 70% (v/v) EtOH, followed by centrifugation at 15000 x g for 5 minutes at room

temperature. The DNA pellet was allowed to dry at room temperature before resuspension in 1 ml
nuclease-free water. The DNA concentration was determined on a NanoDrop 1000 (Thermo Fisher
Scientific, South Africa) using the 260 nm/280 nm ratio, and the size and integrity of the plasmid

DNA was analysed by restriction enzyme digests and agarose gel electrophoresis.

2.5. Promoter-reporter assays

For both transactivation and transrepression assays, the COS-1 cell line was maintained as
described in Section 2.2 and seeded into 10 cm dishes (Whitehead Scientific, South Africa) at a cell
density of 2 x 10° cells. Twenty-four hours later the cells were washed with pre-warmed sterile
phosphate buffered saline (PBS) (Sigma-Aldrich, South Africa) and 10 ml phenol red-free DMEM
supplemented with 10% (v/v) charcoal-stripped FCS (CS-FCS), 100 1U/ml penicillin and 100 pg/ml

streptomycin (hereafter referred to as supplemented phenol red-free DMEM) was added.

For transactivation assays: Using the X-tremeGENE HP DNA transfection reagent as per the
manufacturer’s instructions, the COS-1 cells were transiently transfected with 0.9 pg of the pMT-
hPR-B expression vector and 9 pg of the pTAT-2xPRE-E1b-luciferase promoter-reporter construct,
in the presence of either 0.9 ug pSG5-hERa, pSG5-hERp or pGL2-basic (filler plasmid). The latter
ensured a constant amount of total DNA (10.8 pg/10 cm dish) in all experimental conditions.
Following a 24 hour period, the cells were replated into 96-well cell culture plates (Whitehead
Scientific, South Africa) at a cell density of 1 x 10 cells per well in supplemented phenol red-free
DMEM. The next day, the cells were washed with pre-warmed PBS and treated for 24 hours with
either 0.1% (v/v) EtOH (vehicle control) or increasing concentrations of R5020, Prog, bProg, MPA,
NET-A, LNG, GES and DRSP (hereafter referred to as the test compounds) in unsupplemented
phenol red-free DMEM. The cells were then washed with PBS, lysed by adding 25 pl passive lysis
buffer (Addendum A) and stored at -20°C. The cell lysates were thawed and 5 pl lysate was used to
determine the luciferase activity using the Promega Luciferase Assay System (Promega, Madison,

USA) and a Veritas™ microplate luminometer (Whitehead Scientific, South Africa). To normalise



Stellenbosch University https://scholar.sun.ac.za

37

the luciferase activity, the protein concentration (mg/ml) of each lysate was determined using the
Bradford protein determination method (Bradford, 1976). Normalising results in this manner for
bulk transfections, followed by replating into a number of wells, is a widely accepted method
(Visser et al. 2013). Expression of the steroid receptors were further validated by western blotting.
When comparing transactivation activity of the test compounds via PR-B, results are expressed as
relative luciferase activity with 1 uM R5020 set as 100%, and all other test compounds set relative
to this. Results for PR-B in the absence and presence of ERa or ERp are expressed as fold induction

with 0.1% (v/v) EtOH for PR-B alone set as 1, and all other responses set relative to this.

For transrepression assays: The COS-1 cells were transiently transfected with 1.5 pg of the pMT-
hPR-B expression vector and 3 pg of the 5xNF«B-luciferase promoter-reporter construct, in the
presence of either 1.5 ng pSG5-hERa, pSG5-hERB or pGL2-basic, using the X-tremeGENE HP
DNA transfection reagent according to the manufacturer’s instructions. The pGL2-basic filler
plasmid was transfected to ensure a constant amount of total DNA (6 png/10 cm dish) in all
experimental conditions. The next day, the cells were replated into 96-well cell culture plates at a
cell density of 1 x 10* cells per well in supplemented phenol red-free DMEM. Following a 24 hour
period, the cells were washed with pre-warmed PBS and incubated for 24 hours with
unsupplemented phenol red-free DMEM containing (i) 0.1% (v/v) EtOH in the absence or presence
of 0.002 pg/ml TNFa or (ii) 0.002 ug/ml TNFa in the presence of increasing concentrations of the
test compounds. Cells were washed with PBS, lysed and the cell lysates analysed as described for
transactivation. The luciferase values obtained for all samples were normalised to the protein
concentration (mg/ml) for each sample. TNFa-induction was plotted relative to 0.1% (v/v) EtOH
alone set as 1. TNFa-induction was set as 100%, and the repression by each test compound was set

relative to this.

2.6. Western blot analysis

COS-1 cells were maintained and transfected as described in Sections 2.2 and 2.5, respectively, and

seeded into 12-well cell culture plates at a cell density of 1 x 10° cells per well. Positive controls
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were prepared by transiently transfecting cells with 250 ng of the expression vector for the
appropriate steroid receptor, while untransfected COS-1 cells were used as a negative control. Cells
were grown until confluency was reached, washed with PBS and subsequently lysed in 80 ul 2x
Laemmli buffer (Addendum A). In order to denature the proteins, cell lysates were boiled at 97°C
for 10 minutes before separation on a 10% SDS-polyacrylamide gel at 200 V for 45 minutes using
1x SDS-PAGE running buffer (Addendum A). The PageRuler™ Prestained Protein Ladder
(Thermo Fisher Scientific, South Africa) was used to determine protein sizes. After electrophoresis,
the proteins were transferred to Hybond-ECL nitrocellulose membranes (Amersham Biosciences,
South Africa) by electroblotting at 180 mA for 90 minutes using ice-cold 1x transfer buffer
(Addendum A). Membranes were subsequently blocked for 90 minutes using 10% (w/v) fat-free
milk powder prepared in 1x TRIS buffered saline (TBS) containing 0.1% (v/v) Tween 20 (Sigma-
Aldrich, South Africa) (TBST) (Addendum A). Following incubation, membranes were rinsed
using 1x TBST and subsequently probed with primary antibodies specific to PR-A/B (NCL-L-PGR-
312, Leica Biosystems, United Kingdom), ERB (ab92306, Abcam), ERa (sc-543, Santa Cruz
Biotechnology Inc., Europe), GR (sc-8992), MR (sc-11412), AR (sc-7305) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (sc-47724) for 16 hours at 4°C. GAPDH expression was used
as a loading control. The antibody dilutions used during this study are indicated in Table 2.2.
Following one 15 minute and three 5 minute washes using 1x TBST, membranes were incubated
with either the goat anti-rabbit (sc-2030) or goat anti-mouse (sc-2005) horseradish peroxidase
(HRP)-conjugated secondary antibody (Santa Cruz Biotechnology Inc., Europe) (see Table 2.2) for
90 minutes at room temperature. The membranes were washed as above and the proteins visualized
using Clarity™ Western ECL substrate (Bio-Rad, South Africa) and the Thermo Fisher Scientific

MyECL™ Imager (Separations, South Africa).
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Table 2.2 Dilutions of primary and secondary antibodies used for western blotting. ;

Primary Antibody Dilution Secondary Antibody Dilution
PR-A/B 1:1 000 Goat-anti-mouse 1:2 000

ERa 1:1 000 Goat-anti-rabbit 1:1 000

ERB 1:500 Goat-anti-rabbit 1:1 000

AR 1:1 000 Goat-anti-mouse 1:5000

MR 1:1 000 Goat-anti-rabbit 1:4 000

GR 1:6 000 Goat-anti-rabbit 1:4 000

GAPDH 1:4 000 Goat-anti-mouse 1:6 000

2.7. RNA isolation

The human T47D breast cancer cell line was maintained as described in Section 2.2 and seeded into
12-well cell culture plates (Whitehead Scientific, South Africa) at a cell density of 1 x 10° cells per
well. After the cells had settled, cells were washed with pre-warmed sterile PBS before the addition
of supplemented phenol red-free DMEM and incubation for 24 hours. Cells were treated with
unsupplemented phenol red-free DMEM containing either (i) 0.1% (v/v) EtOH or 1 nM of the test
compounds (transactivation) or (ii) 0.1% (v/v) EtOH alone in the absence or presence of 0.02 pug/mi
TNFa or (iii) 0.02 pg/ml TNFa in the presence of 1 nM of the test compounds (transrepression), in
the absence and presence of 10 UM receptor-selective antagonists. Following incubation for 24
hours (transactivation) or 6 hours (transrepression), the cells were lysed by adding 400 pl
TriReagent® (Sigma-Aldrich, South Africa) to each well. The lysates were transferred to 1.5 ml

microcentrifuge tubes and 80 pl chloroform was added. The samples were vortexed for 15 seconds,
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incubated for 2-3 minutes at room temperature, and then centrifuged at 12 000 x g for 15 minutes at
4°C. The centrifugation step separated the samples into three distinct phases namely, a clear
aqueous phase at the top containing RNA, a middle phase containing DNA and a bottom pink phase
containing protein. The top phase containing the RNA was transferred to clean 1.5 ml
microcentrifuge tubes and an equal volume of ice-cold isopropanol was added. Samples were
subsequently vortexed, incubated for 15 minutes at room temperature and centrifuged at 12 000 x g
for 10 minutes at 4°C. The supernatant was discarded and the RNA pellets were washed with 500 pl
75% (v/v) EtOH in diethyl pyrocarbonate (DEPC) treated water. The samples were vortexed for 1
minute and subsequently centrifuged at 7 500 x g for 15 minutes at 4°C. The supernatant was
discarded and the RNA pellets were allowed to air dry on ice for 5-10 minutes. Each RNA pellet
was subsequently dissolved in 15 pl DEPC treated water. The purity of the RNA was determined by
calculating the concentrations from the absorbances at 260 and 280 nm using a NanoDrop1000
(Thermo Scientific, Wilmington, USA) and the RNA concentrations were subsequently calculated,
while the integrity of the RNA was assessed by the presence of intact 28S and 18S ribosomal RNA
bands on a 1% (w/v) denaturing formaldehyde agarose gel. A representative gel is shown in

Addendum B (Figure B1). All RNA samples were subsequently stored at -80°C.

2.8. cDNA synthesis

cDNA was synthesised by reverse transcribing the total RNA extracted from the T47D breast
cancer cells using the Promega ImProm-I11 reverse transcription system as per the manufacturer’s
instructions (Anatech, South Africa). Briefly, 0.5 pg total RNA and 0.25 pl oligo(dT)1s primer (at a
final concentration of 25 ng/ul) were added into a thin-walled PCR tube. This was followed by the
addition of nuclease-free water to a final volume of 2.5 pl. The mixture was incubated at 70°C for 5
minutes to denature the RNA and was subsequently placed on ice. Following incubation on ice for 5
minutes, the rest of the components needed for the reverse transcription reaction were added in the
following order: nuclease-free water to a final volume of 7.5 pl per sample, 2 pl Im-Prom-Il 5 x

reaction buffer, 0.6 pul MgCl; (at a final concentration of 1.5 mM), 0.5 pl deoxynucleotide (dNTP)
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mix with a final concentration of 0.5 nM for each nucleotide, 0.25 pl recombinant RNasin
ribonuclease inhibitor (10 U per reaction), and 0.5 pl ImProm-I1I reverse transcriptase (80 U per
reaction). For the reverse transcription reaction to take place the samples were incubated for 5
minutes at 25°C to allow annealing of the primers, followed by incubation for 1 hour at 42°C for
extension. Finally, samples were incubated for a further 15 minutes at 70°C in order to inactivate

the Im-Prom-II reverse transcriptase enzyme. All cDNA samples were stored at -20°C.

2.9. Realtime quantitative PCR (qPCR)

Realtime gPCR was performed using the Roche LightCycler® 96 in order to determine the relative
MRNA expression levels of c-myc, interleukin (IL)-8 and GAPDH. The latter gene was used as an
internal control (reference gene) since the Africander laboratory has previously shown that its
expression is not regulated by the test compounds (personal communication). The details of the
primers used for amplification are summarized in Table 2.3. Reagents from the LightCycler® 480
SYBR Green | Master kit (Roche Applied Science, South Africa) were used, and the reaction
mixture in each well of the PCR plate was as follows: forward and reverse primers (final
concentration of 0.5 puM each), 5 ul SYBR Green |, PCR-grade water to a final volume of 9 ul, and
1 ul of either cDNA or PCR-grade water (negative control). Once all the samples were prepared,
the Roche FastStart Taq polymerase was activated by incubating the samples at 95°C for 10
minutes. The subsequent PCR amplification consisted of three steps: a denaturation step at 95°C for
10 seconds, a 10 second annealing step at the appropriate temperature indicated in Table 2.3, and an
elongation step of 10 seconds at 72°C. The PCR cycle was repeated 45 times. Melting curve
analysis (Addendum B: Figure B3) and agarose gel electrophoresis (Addendum B: Figure B4) were
performed to confirm the presence of a single amplicon and the amplicon size, respectively. The
primer efficiencies (Table 2.3) and relative transcript levels were determined as previously

described by Pfaffl et al. (2001). Further details on the gPCR method can be found in Addendum B.



Stellenbosch University https://scholar.sun.ac.za

42
Table 2.3 Details of primer sets used in this study.
. o Length of Annealing Primer
Gene Primers (5’ - 3°) Strand amplicon (bp) | temperature (°C) Efficiency Reference
GACGCGGGGAGGCTATTCTG Forward .
Dieudonne et al.
c-myc 236 62 191 (2006)
GACTCGTAGAAATACGGCTGCACCGAGTC | Reverse
TGCCAAGGAGTGCTAAAG Forward
Wolf et al.
IL-8 197 56 2.02 (2002)
CTCCACAACCCTCTGCAC Reverse
TGAACGGGAAGCTCACTGG Forward Ishibashi et al
GAPDH 307 59 1.89 (2003) '
TCCACCACCCTGTTGCTGTA Reverse
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2.10. Cell proliferation assays

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay is a colorimetric
assay based on the principle that mitochondrial succinate dehydrogenase reduces soluble yellow
MTT to form insoluble purple formazan crystals. These crystals are then dissolved, followed by
spectrophotometric analysis. The absorbance values are a measure of the number of viable cells
present since the soluble MTT can only be reduced to an insoluble formazan precipitate by
metabolically active cells (Mosmann 1983). The human T47D breast cancer cell line was
maintained as described in Section 2.2 and seeded into 96-well cell culture plates at a cell density of
1 x 10* cells per well. On day two, the cells were washed with sterile pre-warmed PBS before the
addition of supplemented phenol red-free DMEM. The following day the cells were treated with
either 0.1% (v/v) EtOH, or increasing concentrations of the test compounds. Alternatively, cells
were treated with 1 nM test compound in the absence and presence of 10 UM receptor-selective
antagonists and incubated for 72 hours. Four hours before the incubation period lapsed, the assay
medium was replaced with 150 pl unsupplemented phenol red-free DMEM and 50 pl 5 mg/ml
MTT solution (Addendum A) (Sigma-Aldrich, South Africa). Plates were returned to the incubator
for the remaining 4 hours, followed by the aspiration of the medium and the addition of 200 pl
dimethyl sulfoxide (DMSO) (Merck, South Africa) (solubilising agent) to each well. The formazan
crystals were dissolved by pipetting up and down and the plates were subsequently covered in foil
and placed on an orbital shaker at room temperature for 5 minutes. The absorbances were
subsequently measured at 550 nm using a BioTek® Power Wave 340 microplate spectrophotometer
(Analytical and Diagnostic Products, South Africa). Proliferation is shown as fold induction relative

to 0.1% (v/v) EtOH (vehicle control) set as 1.

2.11. Data manipulation

Data manipulations, graphical presentations and statistical analysis were performed using GraphPad

Prism® version 5 (GraphPad Software, Inc., San Diego, CA). Non-linear regression and the
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unpaired t-test (two-tailed) were used for statistical analysis of all data with the exception of MTT

assays. For MTT assays, either non-linear regression one-way ANOVA column analysis with the
Newman-Keuls (compares all pairs of columns) post-test, or two-way ANOVA analysis of variance
with Bonferroni (compares all pairs of columns) post-test, was used. Statistical significance are
indicated by *, ** or *** to indicate p<0.05, p<0.01 or p<0.001, respectively, while non-
statistically significant results (p>0.05) are indicated by ns. Furthermore, the letters a, b, c, d are
also used to indicate statistically significant differences, with values that differ significantly from
each other being assigned different letters. The error bars represent the standard error of the mean
(SEM) of two to three independent experiments, except for realtime gPCR for which only a single

experiment was performed in duplicate.
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3.1. Most progestins display similar relative agonist efficacies and potencies to

each other for transactivation via PR-B on a synthetic PRE-containing promoter

The relative agonist efficacies (maximal response a ligand can elicit) and potencies (ECso.
concentration of ligand that induces half the maximal response) of all the progestogens for
transactivation via PR-B on a synthetic PRE were compared to each other. The COS-1 monkey
kidney cell line was transiently transfected with the pMT-hPR-B expression vector, a PRE driven
promoter-reporter construct containing two copies of a PRE site linked to the luciferase reporter
gene, and the pGL2-basic empty vector to a total amount of 10.8 ug DNA (previously optimised in
the Africander laboratory). The cells were subsequently treated with either 0.1% (v/v) EtOH
(vehicle control) or increasing concentrations of R5020, Prog, bProg, MPA, NET-A LNG, GES or
DRSP (hereafter referred to as either progestogens or test compounds) for 24 hours. R5020 is a
well-known PR-selective agonist often used as a positive control when investigating effects via the
PR (Giannoukos et al., 2001; Shatnawi et al., 2007). The results are graphically presented in figure
3.1A and 3.1B, while the values for the relative agonist efficacies and potencies of the test
compounds for transactivation via PR-B are summarised in Table 3.1. The natural progestogen Prog
as well as the semi-synthetic, bio-identical progestogen bProg, exhibited similar efficacies to each
other, but significantly lower efficacies than R5020 (figure 3.1A; Table 3.1). Interestingly, Prog
displayed a similar agonist potency to that of R5020, while bProg was significantly more potent
than both R5020 (p<0.01) and Prog (p<0.001). NET-A, LNG, GES and DRSP all displayed similar
efficacies to each other and R5020 (figure 3.1B; Table 3.1). Surprisingly, however, MPA displayed
a much lower maximal response than R5020. In terms of potency, GES displayed a similar potency
to R5020, and although MPA, NET-A, LNG and DRSP appeared to be less potent than R5020,
these differences were not statistically significant. When comparing the progestins to natural Prog,
the results in Table 3.1 show that MPA displayed a similar efficacy to Prog, while NET-A was
more efficacious than Prog. Although not statistically significant, LNG, GES and DRSP appeared

to display greater maximal responses than Prog. Interestingly, MPA, NET-A and LNG displayed
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similar potencies to that of Prog, while DRSP was less potent and GES was more potent than Prog.

The efficacies and potencies of the progestins were also compared to that of bProg, and results
show that MPA displayed a similar efficacy to that of bProg, while NET-A displayed a greater
maximal response than bProg (figure 3.1A and 3.1B; Table 3.1). Although not statistically
significant, LNG, GES and DRSP appeared to be more efficacious than bProg. Surprisingly, all the

progestins investigated in this study were less potent than bProg.

3.2. Neither ERa nor ER is required for progestogen-induced transactivation

via PR-B on a synthetic PRE-containing promoter

In a recent study, Giulianelli et al. (2012) reported that ERa is required for the PR-B mediated
effects of MPA. This raised the question of whether ERa is also needed for the transcriptional
activation of PR-B by other progestogens. We thus transiently transfected COS-1 cells with the
pPMT-hPR-B expression vector and the pTAT-2xPRE-E1b-luciferase promoter-reporter construct, in
the absence (pGL2-basic empty vector) and presence of the pSG5-hERo expression vector,
followed by the treatment of the cells with 0.1% (v/v) EtOH or increasing concentrations of MPA
for 24 hours. The results in figure 3.2 show that ERa had no effect on the relative maximal response
or agonist potency of MPA via PR-B, suggesting that ERa is not required for MPA-induced PR-B-
mediated gene expression in our system. Considering that two distinct ER subtypes with vastly
different functions exist (Deroo & Korach 2006; Hartman et al. 2009), we also determined the
effects of ERP on the PR-B-mediated relative agonist efficacies and potencies of MPA for
transactivation. COS-1 cells were thus transfected as before, except that the pSG5-hER rather than
the pSG5-hERa expression vector was transfected. Following treatment with 0.1% (v/v) EtOH or
increasing concentrations of MPA for 24 hours, the results showed that the presence of ERf
significantly decreased the maximal response of MPA via PR-B (p<0.05), however, statistical

significance could not be obtained when comparing the maximal responses for MPA via PR-B in
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the presence of ERa versus ERPB. Although it appears that the relative agonist potency of MPA

decrease in the presence of ER, this difference was not statistically significant (figure 3.2).
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Figure 3.1. (A) Prog and bProg display similar agonist efficacies, but not potencies for transactivation
via PR-B. The COS-1 cell line was transiently transfected with 900 ng of the pMT-hPR-B expression vector,
9 000 ng of the pTAT-PRE-E1b-luciferase promoter-reporter construct and 900 ng of the pGL2-basic empty
vector. Cells were incubated with 0.1% EtOH or increasing concentrations of R5020 (¢), Prog (e) or
bProg (o) for 24 hours. (B) LNG, GES and DRSP appear to display greater maximal responses than
Prog via PR-B, while MPA appears to be less efficacious than Prog. COS-1 cells were transiently
transfected as above and incubated with 0.1% EtOH or increasing concentrations of R5020 (#), Prog (e),
MPA (A), NET-A (m), LNG (V), GES (0) or DRSP (*) for 24 hours. For both (A) and (B) induction is
shown as relative luciferase activity expressed as percentage, with 10° M R5020 set as 100% and all other
test compounds set relative to this. Result shown is the average of at least two independent experiments, with
each condition performed in triplicate (= SEM).
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Table 3.1. Relative agonist efficacies (maximal response (MAX) in %) and potencies (expressed as

ECsoin M) of the test compounds for transactivation via PR-B.?

Test compounds Classification MAX (%) = SEM ECso (M) £ SEM
R5020 PR-selective agonist 100.0 + 0.0 6.97 x 10 +2.90
Prog Natural progestogen 43.80 +10.13 1.36 x 10™° + 0.28
Semi-synthetic 12
bProg (bio-identical) 37.09 +8.44 2.65x107°+1.17
MPA 25.37 £ 9.86 451 %101 +2.18
1% Generation
progestin
NET-A 93.57 + 3.92 2.96 x 1010 +1.27
nd H
LNG 2" Generation 86.29 + 27.94 2.45 x 10 + 1.15
progestin
rd H
GES 3" Generation 98.07 + 28.76 361 x 10+ 1.55
progestin
th -
DRSP 4" Generation 68.61 + 26.83 1.36 x 10° + 0.77
progestin

®Data shown in figure 3.1A and 3.1B were analysed to obtain the relative maximal response (MAX) + SEM

and ECs, = SEM values for each test compound. MAX values are expressed as a percentage relative to 10°
M R5020 = 100% and statistical analysis of these values indicated that R5020 vs. Prog and bProg (p<0.05);
Prog vs. bProg (p>0.05); R5020 vs. MPA (p<0.01); R5020 vs. NET-A, LNG, GES and DRSP (p>0.05); Prog
vs. NET-A (p<0.05); Prog vs. MPA, LNG, GES and DRSP (p>0.05); MPA vs. NET-A (p<0.05); NET-A vs.
LNG, GES and DRSP (p>0.05); MPA vs. LNG vs. GES vs. DRSP (p>0.05); bProg vs. NET-A (p<0.05);
bProg vs. MPA, LNG, GES and DRSP (p>0.05). Statistical analysis of ECs, values indicated that R5020 vs.
Prog (p>0.05); R5020 vs. bProg (p<0.01); Prog vs. bProg (P<0.001); R5020 vs. MPA, NET-A, LNG, GES
and DRSP (p>0.05); Prog vs. GES and DRSP (p<0.05); Prog vs. MPA, NET-A and LNG (p>0.05); GES vs.
MPA, NET-A and DRSP (p<0.05); MPA vs. NET-A vs. LNG vs. DRSP (p>0.05); LNG vs. GES (p>0.05);
bProg vs. MPA, NET-A and DRSP (p<0.001); bProg vs. LNG (p<0.01); bProg vs. GES (p<0.05).

Having shown that ERB, but not ERa, can modulate the PR-B-mediated effects of MPA for
transactivation, and considering that it is known that MPA does not to bind to the ER (Teulings et
al. 1980), we postulated that the decrease in the PR-B-mediated effects of MPA in the presence of

ERp, and not in the presence of ERa, may be due to ERp, but not ERo, downregulating PR-B
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protein expression levels. Using western blot analysis we thus determined the effects of the ER

subtypes on the protein levels of PR-B overexpressed in COS-1. Surprisingly, results in figure 3.3A
and 3.3B showed that, in the absence of ligand, both ERa and ER significantly downregulated PR-
B protein expression levels (~65.8% (p<0.001) and ~58.5% (p<0.01), respectively). Notably, co-
expression of PR-B and either ERa or ERP did not affect the protein expression of either ERa
(figure 3.3C) or ERp (figure 3.3D). Next, we determined whether the decrease in PR-B protein
expression levels observed in the absence of the progestogens and presence of the ER subtypes
correlated with the effects of the ER subtypes on basal PR-B-mediated transcriptional activity.
Interestingly, results in figure 3.3F showed that in the absence of ligand, ERB decreased (p<0.001)
the basal level of transcription of PR-B on a simple synthetic PRE-containing promoter (figure
3.3E) which may be explained by the observed decrease in PR-B protein levels (figure 3.3B).
Surprisingly, however, despite the decrease in PR-B protein levels observed in the presence of ERa

(figure 3.3B), ERa increased (p<0.001) the basal level of transcription of PR-B (figure 3.3F).
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Figure 3.2. ERa has no effect on the PR-B-mediated agonist maximal response or potency of MPA,
while ERp significantly decreases the maximal response of MPA and appears to decrease the potency.
COS-1 cells were transiently transfected with 900 ng of the pMT-hPR-B expression vector and 9 000 ng of
the pTAT-PRE-Elb-luciferase promoter-reporter construct, in the absence (900 ng pGL2-basic) and
presence of 900 ng of either the pSG5-hERa or pSG5-hERP expression vector. The cells were subsequently
incubated with increasing concentrations of MPA for 24 hours. Induction is shown as relative luciferase
activity with PR-B in the presence of 0.1% EtOH set as 1, and all other responses set relative to this. Result
shown is the average of at least two independent experiments, with each condition performed in triplicate (+
SEM). Data were analysed to obtain the relative maximal response (MAX) + SEM and ECs, = SEM values
for MPA via PR-B or PR-B in the presence of ERa (PR-B + ERa) or ERB (PR-B + ERp), respectively. MAX
of MPA via PR-B alone was set as 100%, and the MAX of MPA via PR-B in the presence of ERa or ER}
calculated relative to this. Statistical analysis of the MAX values indicated the following: PR-B vs. PR-B +
ERa (p>0.05); and PR-B vs. PR-B + ERP (p<0.05). Statistical analysis of the ECs, values indicated that PR-
B vs. PR-B + ERa and PR-B vs. PR-B + ERf (p>0.05).

Knowing that the ER and PR are co-expressed in ~70% of all breast cancers (Lange 2008), and that
women not only use MPA, but also other progestins for HRT and contraception, we next
determined whether ERa and/or ERP could modulate the relative agonist efficacies and potencies of
the selected progestins investigated in this study. COS-1 cells transfected with PR-B in the absence
and presence of ERa or ER[, were treated with increasing concentrations of R5020, Prog, bProg,
NET-A, LNG, GES and DRSP for 24 hours (figure 3.4A-G). In contrast to the effects observed for
MPA, the presence of ERa significantly decreased the efficacies of all the other progestogens
tested. Interestingly, the presence of ERa caused a decrease in the relative agonist potency of Prog,
whilst having no statistically significant effects on the potencies of any of the other progestogens.
The results in figure 3.4A-G showed that ERp, like ERa, decreased the maximal responses of
R5020, Prog, bProg, NET-A, LNG, GES and DRSP. However, ER had no significant effect on the
relative agonist potencies of any of the test compounds. Taken together, the results show that
neither ERa, nor ER, is required for progestogen-induced transactivation via PR-B, but that ER]
can in fact decrease the maximal responses of all the progestogens, while ERa decreases the

maximal response of all progestogens except MPA.
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Figure 3.3. ERp decreases the basal transactivational activity of PR-B possibly by reducing the

expression levels of PR-B, while ERa increases PR-B-mediated basal transactivational activity but
decreases PR-B expression levels. COS-1 cells were transiently transfected with either 900 ng of the pGL2-
basic empty vector (only A and E) or 900 ng pMT-hPR-B and 9 000 ng of the pTAT-PRE-E1b-luciferase
promoter-reporter construct, in the absence (900 ng pGL2-basic) or presence of 900 ng of either the pSG5-
hERa or pSG5-hERp expression vector. The cells were incubated with 0.1% EtOH for 24 hours. (A) Whole
cell extracts were prepared and protein lysates were subsequently analysed by western blotting with primary
antibodies specific to PR-A/B, ERa, ER and GAPDH. A representative blot is shown. (B-D). Quantification
of western blots from two independent experiments using the Thermo Scientific My Image Analysis
software is shown. (E) The basal transcriptional activity of PR-B is expressed relative to the response with
the empty vector (pGL2-basic) set as 1. (F) The effects of ERa and ERp on the basal transcriptional activity
of PR-B are expressed as percentage relative luciferase activity, with the response of PR-B alone (from E)
set as 100%, and all other conditions set relative to this. The result shown is the average of at least two
independent experiments with each condition performed in triplicate (+ SEM).

3.3.  Progestogen-induced upregulation of the c-myc gene in the human T47D
breast cancer cell line is not modulated in the presence of ERa or ERp

antagonists

Next, we investigated whether the ER subtypes could modulate the progestogen-induced regulation
of an endogenous PRE-containing gene, c-myc. The human T47D breast cancer cell line was used
as model system and the western blot in figure 3.5A confirms previous reports that T47D cells
endogenously express both PR isoforms (Horwitz et al., 1978; Poutanen et al., 1992; Vienonen et
al., 2001) and both ER subtypes (Horwitz et al. 1978; Keydar et al. 1979). A time-course study was
performed to evaluate optimal c-myc mRNA expression in the presence of MPA. Considering that
Giulianelli et al. (2012) measured c-myc mRNA expression in the presence of 10 nM MPA, we
incubated T47D cells with either 0.1% (v/v) EtOH or 10 nM MPA for 15 min, 30 min, 1 hour, 3
hours, 6 hours, 12 hours and 24 hours. RNA isolation, cDNA synthesis and qPCR were
subsequently performed and results show maximal MPA-induced mRNA expression at 24 hours

(figure 3.5B).
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Figure 3.4. ERo and ERP decrease the PR-B-mediated efficacies of all progestogens tested, while the
relative agonist potency of only Prog is decreased by ERa. COS-1 cells were transiently transfected with
900 ng of the pMT-hPR-B expression vector and 9 000 ng of the pTAT-PRE-E1b-luciferase promoter-
reporter construct, in the absence (900 ng pGL2-basic) and presence of 900 ng of either the pSG5-hERa, or
pSG5-hERP expression vector. The cells were subsequently incubated with increasing concentrations of
(A) R5020 (#), (B) Prog (e), (C) bProg (o), (D) NET-A (m), (E) LNG (V¥), (F) GES (0) and (G) DRSP (*)
for 24 hours. Induction is shown as relative luciferase activity with PR-B in the presence of 0.1% EtOH set
as 1, and all other responses set relative to this. Result shown is the average of at least two independent
experiments, with each condition performed in triplicate (+ SEM). Data were analysed to obtain the relative
maximal response (MAX) = SEM and ECs, £ SEM values for PR-B or PR-B in the presence of ERa (PR-B
+ ERa) or ERP (PR-B + ERp), respectively. MAX of each test compound via PR-B alone was set as 100%,
and the MAX of each test compound via PR-B in the presence of ERa or ERpP calculated relative to this.
Statistical analysis of the MAX values indicated the following: PR-B vs. PR-B + ERa: R5020, Prog and
NET-A (p<0.001); bProg, LNG and DRSP (p<0.01); GES (p<0.05); and PR-B vs. PR-B + ERp: Prog, NET-
A and LNG (p<0.001); R5020, bProg and GES (p<0.01); DRSP (p<0.05). Statistical analysis of the ECs,
values indicated the following: PR-B vs. PR-B + ERa: Prog (p<0.05); R5020, bProg, NET-A, LNG, GES
and DRSP (p>0.05); and PR-B vs. PR-B + ERB: R5020, Prog, bProg, NET-A, LNG, GES, DRSP (p>0.05).

TA7D cells were next treated for 24 hours with either 0.1% (v/v) EtOH or 1 nM of the progestogens,
in the absence and presence of 10 uM of the ERa- or ERB-specific antagonists, MPP (Sun et al.
2002) and PHTPP (Aguirre et al. 2010), respectively. The concentration of 1 nM progestogen was
chosen as the serum concentrations of at least three progestins, MPA, NET and DRSP, in
contraceptive users have previously been reported to be in the nanomolar range (reviewed in
Africander, et al. 2011a; Blode et al. 2012; Ito et al. 2016). We did not include bProg in these
experiments as we showed that Prog and bProg displayed similar PR-B-mediated effects at 1 nM on
a simple synthetic PRE-containing promoter (figure 3.1A). Figure 3.6A shows that all the
progestogens, except R5020, upregulated the mRNA expression of the c-myc gene. Although
inductions of more than 100-fold were observed, statistical analysis indicated that c-myc gene

expression was not significantly upregulated by any of the progestogens.

Next we set out to determine whether the ERa- or ERB-specific antagonists MPP and PHTPP,
respectively, could modulate progestogen-induced c-myc mRNA expression. Notably, R5020 was
excluded from any further analysis as no induction was obtained with this ligand. In addition,
results for LNG in the presence of the ER antagonists are not shown as these samples could not be

detected. Results in figure 3.6B and 3.6C show that both MPP and PHTPP appeared to increase c-
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myc mRNA expression. Furthermore, neither MPP nor PHTPP had a significant effect on Prog-,

MPA-, NET-A-, GES- and DRSP-induced c-myc mRNA expression (figure 3.6B and 3.6C).
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Figure 3.5. (A) Both PR isoforms and ER subtypes are expressed in the T47D breast cancer cell line.
Whole cell extracts were prepared from the T47D cell line. Untransfected COS-1 cells were used as the
negative control (-ve), while COS-1 cells transfected with expression vectors for PR-A, PR-B, ERa or ERf}
respectively, were used as positive controls (+ve). Protein lysates were analysed by western blotting with
primary antibodies specific to PR-A/B, ERa, ERp and GAPDH. A representative blot is shown. (B) Time-
course analysis showing optimal MPA-induced c-myc mRNA expression at 24 hours. T47D cells were
treated with either 0.1% EtOH (vehicle control) or 10 nM MPA for 15 min, 30 min, 1 hour, 3 hours, 6 hours,
12 hours and 24 hours. Total RNA was isolated and reverse transcribed. Relative c-myc mRNA expression
was measured by realtime gPCR analysis and normalised to GAPDH mRNA expression. Results are
expressed as a ratio of c-myc/GAPDH expression with 0.1% EtOH set as 1. The result shown is from a
single experiment.
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Figure 3.6. MPP and PHTPP do not influence the upregulation of c-myc mRNA expression in response
to the progestogens. T47D breast cancer cells were incubated for 24 hours with either 0.1% EtOH (vehicle
control) or 1 nM of each of the test compounds in the (A) absence and (B and C) presence of the receptor
specific antagonists for (B) ERoa (MPP) or (C) ERB (PHTPP). Total RNA was isolated and reverse
transcribed. Relative c-myc mRNA expression was measured by realtime gPCR and normalised to GAPDH

MRNA expression. Results are expressed as a ratio of c-myc/GAPDH expression with 0.1% EtOH set as 1.
The result shown is from a single experiment performed in duplicate.

3.4. Progestogens display similar relative agonist efficacies for transrepression

via PR-B, while appearing to display differential agonist potencies

The PR regulates gene expression by either increasing (transactivation) or decreasing
(transrepression) transcription of target genes (Griekspoor 2007; Kalkhoven et al. 1996; Kobayashi
et al. 2010). Having shown that progestins mostly display similar progestogenic activity for
transactivation via PR-B, we next evaluated the progestogenic properties for PR-B-mediated
transrepression. The COS-1 cell line was transiently transfected with the pMT-hPR-B expression
vector, a luciferase reporter plasmid linked downstream to five copies of a NFkB site (5xNF«kB-
luciferase) and the pGL2-basic empty vector to a total amount of 6 ug DNA (previously optimised
in the Africander laboratory). The cells were subsequently incubated with 0.1% (v/v) EtOH in the
absence and presence of 2.0 ng/ml TNFa, or 2.0 ng/ml TNFa in the presence of increasing
concentrations of the test compounds for 24 hours. As shown in figure 3.7A, treatment with TNFa
resulted in a 12-fold induction on the synthetic 5xNFxB promoter-reporter construct. The results in
figure 3.7B and Table 3.2 clearly show that Prog and bProg display similar agonist efficacies to
each other and the PR-selective agonist R5020 for transrepression via PR-B. Furthermore, bProg
was shown to be equally potent to R5020 at repressing the TNFa-induced response. Although it
appeared that Prog was less potent than both R5020 and bProg, this difference was surprisingly not
statistically significant. Results in 3.7C showed similar maximal repression of the TNFa-induced
response by MPA, NET-A, LNG GES, and DRSP and that the percentage repression observed by
the progestins was not significantly different from R5020, Prog and bProg (figure 3.7B; Table 3.2).

In terms of relative agonist potencies, R5020, bProg, NET-A, LNG, GES and DRSP were equally
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potent to each other and Prog, while MPA was significantly less potent than all these progestogens

with the exception of Prog.

3.5. Both ER subtypes can modulate the PR-B-mediated transrepressive

activities of some progestogens

Having shown that all the progestogens displayed similar maximal repression on the NFxB
promoter-reporter construct via PR-B, whilst appearing to display differential agonist potencies, and
that the ER subtypes significantly decreased the PR-B-mediated maximal responses of most
progestogens for transactivation, we next evaluated whether ERa and/or ERB could modulate the
PR-B-mediated relative agonist efficacies and potencies of the test compounds for transrepression.
The COS-1 cell line was transiently transfected with the pMT-hPR-B cDNA expression vector and
the 5xNF«B-luciferase promoter-reporter construct, in the absence (pGL2-basic empty vector) and
presence of an expression vector for either pSG5-hERo or pSGS-hERPB. The cells were

subsequently treated as in Section 3.4.

Results showed that the presence of ERa did not significantly affect the relative agonist efficacies
of Prog (figure 3.8C), bProg (figure 3.8D), MPA (figure 3.8B) and NET-A (figure 3.8E) for
transrepression via PR-B, while completely abolishing the PR-B-mediated transrepressive activities
of R5020 (figure 3.8A) and the newer generation progestins, LNG (figure 3.8F), GES (figure 3.8G)
and DRSP (figure 3.8H). Furthermore, although it appeared as though the PR-B-mediated relative
agonist potencies of bProg (figure 3.8D) and NET-A (figure 3.8E) on the NFxB-containing
promoter-reporter construct increased in the presence of ERa, only the increased potencies of Prog

(figure 3.8C) and MPA (figure 3.8B) were significantly different (p<0.05).
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Figure 3.7. Transrepression activity of Prog, bProg and select progestins from different generations
via PR-B. COS-1 cells were transiently transfected with 1 500 ng of the pMT-hPR-B expression vector, 3
000 ng of the SxNFkB-luciferase promoter-reporter construct and 1 500 ng of the pGL2-basic empty vector.
Cells were treated with (A) 0.1% EtOH in the absence and presence of 2.0 ng/ml TNFa, or (B) 2.0 ng/ml
TNFa in the presence of increasing concentrations of R5020 (#), Prog (e) and bProg (o), or (C) 2.0 ng/ml
TNFa in the presence of increasing concentrations of R5020 (#), Prog (e), MPA (A), NET-A (m), LNG
(V), GES (0) and DRSP (*) for 24 hours. (A) TNFa induction was plotted relative to 0.1% EtOH alone set
as 1. (B and C) TNFa-induction in (A) was set as 100%, and the repression by each test compound was set
relative to this. The result shown is the average of at least two independent experiments with each condition
performed in triplicate (+ SEM).

Table 3.2. Relative agonist efficacies (maximal repression (MAX) in %) and potencies (expressed as
ECsin M) of the test compounds for transrepression via PR-B.”

Test compounds Classification MAX (%) £ SEM ECso (M) £ SEM
R5020 PR-selective agonist 100.00 £ 0.0 1.64 x 102 + 0.81
Prog Natural progestogen 101.60 £ 2.10 5.39 x 1070 + 4.69
bProg ?g:g'lggmrg;;’ 84.81 + 16.43 2.65x 1072+ 2,62
MPA 99.85 + 15.45 3.63x10°+3.20
1% Generation
progestin
NET-A 103.70 + 11.39 1.33x 10" +1.28
2" Generation 1
LNG orogestin 115.70 + 7.73 2.18 x 102 +0.72
rd -
GES 3~ Generation 105.80 + 17.15 262 x 1012 +1.29
progestin
th .
DRSP 4" Generation 75.67 + 12.52 511 x 109+ 5.08
progestin

®Data depicted in figure 3.7B and 3.7C were analysed and the relative maximal repression (MAX) + SEM and

ECs, + SEM values were obtained. MAX values for all test compounds are expressed as a percentage of the
R5020 response (set as 100% repression). Statistical analysis of the MAX values indicated R5020 vs. Prog
vs. bProg vs. MPA vs. NET-A vs. LNG vs. GES vs. DRSP (p>0.05). Statistical analysis of the ECs, values
indicated that R5020 vs. Prog vs. bProg vs. NET-A vs. LNG vs. GES vs. DRSP (p>0.05); R5020 vs. MPA
(p<0.05); Prog vs. bProg, MPA, NET-A, LNG, GES, DRSP (p>0.05); MPA vs. LNG and GES (p<0.05);
MPA vs. NET-A vs. DRSP (p>0.05); NET-A vs. LNG vs. GES vs. DRSP (p>0.05); bProg vs. MPA
(p<0.05); bProg vs. NET-A, LNG, GES and DRSP (p>0.05).
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Considering that R5020, LNG, GES and DRSP were unable to repress the TNFa-induced response
on the synthetic NFkB-containing promoter in the presence of ERa, relative agonist efficacies and
potencies could not be determined for these compounds. In contrast to ERa, ERB had no significant
effect on the relative efficacies of any of the progestogens investigated in this study, while
significantly increasing the potencies of Prog and MPA. Although ERp also appeared to increase

the potencies of R5020, NET-A and DRSP, it was surprisingly not statistically significant.

3.6. ERp, but not ERa, appears to modulate Prog-, MPA-, NET-A-, LNG-,

GES- and DRSP-induced repression of 1L-8 gene expression

Having shown that ERa, but not ERB, modulates the PR-B-mediated transrepressive efficacies of
R5020, LNG, GES and DRSP on a simple synthetic NFxB-containing promoter, whilst the
potencies of Prog and MPA were shown to be significantly increased in the presence of both ER
subtypes, we were interested in investigating whether the ER subtypes could also modulate the
progestogenic properties for transrepression on an endogenous NF«kB-containing promoter. First,
we determined the optimal time for TNFa-induced expression of the endogenous IL-8 gene in the
human T47D breast cancer cell line. Cells were incubated with 0.1% (v/v) EtOH in the absence and
presence of 20.0 ng/ml TNFa for 30 min, 2 hours, 6 hours and 24 hours. It should be noted that the
concentration of TNFa used for realtime qPCR is higher than that used in the promoter-reporter
assays as this concentration has previously been reported to significantly induce the expression of
endogenous cytokine genes (Africander, et al. 2011b; Verhoog et al. 2011; Louw-du Toit et al.
2014). Results in figure 3.9 showed that TNFa upregulated IL-8 mRNA expression at 30 min, 6

hours and 24 hours, with optimal induction observed at 6 hours (23.3-fold).
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Figure 3.8. ERa, but not ERB, abolishes the agonist efficacies and potencies of R5020, LNG, GES and
DRSP for transrepression via PR-B. COS-1 cells were transiently transfected with 1 500 ng of the pMT-
hPR-B expression vector and 3 000 ng of the SxNF«B-luciferase promoter-reporter construct, in the absence
(1 500 ng pGL2-basic) and presence of 1 500 ng of either the pSG5-hERa or pSG5-hERp expression vector.
Cells were treated with 0.1% EtOH in the absence and presence of 2.0 ng/ml TNFa, or (B) 2.0 ng/ml TNFa
in the presence of increasing concentrations of (A) R5020 (#), (B) MPA (A), (C) Prog (e), (D) bProg (o),
(E) NET-A (m), (F) LNG (V¥), (G) GES (¢) and (H) DRSP (*) for 24 hours. TNFa-induction (from figure
3.7A) was set as 100%, and the repression by each test compound was set relative to this. The result shown is
the average of at least two independent experiments with each condition performed in triplicate (£ SEM).
Relative maximal repression (MAX) + SEM and ECs, £ SEM values were obtained. MAX values indicated
in the tables for all test compounds are expressed as a percentage, with the maximal repression obtained for
each test compound via PR-B set as 100%, and maximal repression for PR-B in the presence of either ERa
or ERP set relative to this. ND denotes that the value could not be determined using non-linear regression
and sigmoidal dose response analysis. Statistical analysis of the MAX values indicated the following: PR-B
vs. PR-B + ERa: Prog, bProg, MPA and NET-A (p>0.05), and PR-B vs. PR-B + ERB: R5020, Prog, bProg,
MPA, NET-A, LNG, GES and DRSP (p>0.05). Statistical analysis of the ECs, values indicated the
following: PR-B vs. PR-B + ERa: Prog and MPA (p<0.05); bProg and NET-A (p>0.05), and PR-B vs. PR-B
+ ER: Prog (p<0.05); MPA (p<0.01); R5020, bProg, NET-A, LNG, GES and DRSP (p>0.05).

25- @l EtOH

8 EtOH + TNFa
20+
15+

:1)

Ratio IL-8/GAPDH expression
(EtOH

Figure 3.9. Optimal TNFa-induced expression of the endogenous IL-8 gene in the T47D cell line occurs
at 6 hours. T47D cells were incubated with either 0.1% EtOH (vehicle control) or stimulated with 20.0
ng/ml TNFa for 30 min, 2 hours, 6 hours and 24 hours. Total RNA was isolated and reverse transcribed.
Relative IL-8 mRNA expression was measured by realtime gPCR and normalised to GAPDH mRNA
expression. Results are expressed as a ratio of 1L-8/GAPDH expression with 0.1% EtOH set as 1. The result
shown is from a single experiment.
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To compare the effects of the progestogens on IL-8 mRNA expression in the human T47D cell line,
and to determine how these effects may be modulated by either ERa or ERp, cells were
subsequently treated for 6 hours with 0.1% (v/v) EtOH in the absence and presence of 20.0 ng/ml
TNFa, or 20.0 ng/ml TNFa and 1 nM of the progestogens, in the absence and presence of 10 uM of
the ERa- and ERp-selective antagonists, MPP and PHTPP, respectively. Results in figure 3.10A
showed a ~26-fold increase in IL-8 mRNA expression in the presence of TNFa. As shown in figure
3.10B, Prog, NET-A, LNG, GES and DRSP significantly repressed TNFa-induced IL-8 gene
expression. Even though MPA appeared to repress TNFa-induced IL-8 gene expression to a lesser
extent than the other progestogens, this difference was not statistically significant and probably due

to large experimental error.

We next determined whether the ERa- and/or ERP-specific antagonists could modulate the
progestogen-induced repression of I1L-8 gene expression. Results in figure 3.10C show that the
ERa-specific antagonist (MPP) had no significant effect on the progestogen-induced repression of
IL-8 mRNA expression. Although we could not obtain statistical significance in this single
experiment, the ERB-specific antagonist (PHTPP) appeared to completely abolish repression of IL-
8 gene expression by all progestogens, except R5020 (figure 3.10D). Surprisingly, MPP
significantly repressed TNFa-induced IL-8 gene expression (figure 3.10C), while PHTPP did not

affect the expression (figure 3.10D).
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Figure 3.10. The ERa-specific antagonist, MPP, has no effect on progestogen-induced repression of IL-
8 gene expression, while it appears to abolished by the ERB-specific antagonist, PHTPP. T47D breast
cancer cells were incubated with (A) 0.1% EtOH (vehicle control) in the absence and presence of 20.0 ng/ml
TNFa, or (B) 20.0 ng/ml TNFa in the absence and presence of 1 nM of each test compound or (B) in the
presence of the (C) ERa-specific antagonist MPP, and (D) ERB-specific antagonist PHTPP for 6 hours. Total
RNA was isolated and reverse transcribed. Relative IL-8 mRNA expression was measured by realtime qPCR
analysis and normalised to GAPDH mRNA expression. Results are expressed as a ratio of 1L-8/GAPDH

expression with (A) 0.1% EtOH set as 1 or (B, C and D) TNFa induction in (A) set as 100% and the
repression by each test compound in the absence and presence of MPP or PHTPP set relative to this.

3.7. R5020, MPA, LNG and GES are the most potent agonists for proliferation

of theT47D breast cancer cell line

Having shown that all progestogens can activate and repress gene expression in the presence of
overexpressed PR-B, and knowing that both transactivation and transrepression of genes contribute
to the phenotype of cell proliferation (Moore et al. 1997; Kalkhoven et al. 1996), we next wanted to
compare the relative agonist efficacies and potencies of the different progestogens for proliferation
via PR-B. However, we were unable to optimise proliferation assays in the PR- and ER-negative
MDA-MB-231 breast cancer cell line (Horwitz et al. 1978; Leo et al. 2004) transfected with the
pMT-hPR-B expression vector. We thus evaluated the proliferative effects of the progestogens in
the T47D breast cancer cell line endogenously expressing the PR isoforms and ER subtypes using
the MTT assay. The cells were treated with either 0.1% (v/v) EtOH or increasing concentrations of
the test compounds for 72 hours. Results in figure 3.11A, 3.11B and Table 3.3 show that Prog,
bProg, MPA, LNG, GES and DRSP displayed similar proliferative efficacies to each other and the
PR-specific agonist, R5020. While NET-A appeared to be more efficacious than all the other
progestogens, statistically significant differences could only be determined for NET-A vs. bProg
and NET-A vs. DRSP. In terms of potencies, Prog and bProg displayed similar potencies to each
other, but were significantly less potent than R5020 (figure 3.11A). Results also indicated that
MPA, LNG and GES displayed similar potencies to each other and to R5020, while NET-A and
DRSP were less potent than R5020, MPA, LNG and GES. Furthermore, MPA and GES were

significantly more potent than bProg but not Prog. Although NET-A was more efficacious than
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DRSP, these two progestins displayed similar potencies to each other. In summary, all the
progestogens investigated in this study, except NET-A and DRSP, displayed similar proliferative

efficacies and potencies.
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Figure 3.11. (A) Prog and bProg display similar proliferative efficacies and potencies to each other.
T47D breast cancer cells were incubated with either 0.1% EtOH or increasing concentrations of
R5020 (+), Prog (e) or bProg (o) for 72 hours. (B) All progestogens, except NET-A and DRSP, display
similar proliferative maximal responses and relative agonist potencies. T47D breast cancer cells were
incubated with either 0.1% EtOH or increasing concentrations of R5020 (¢), Prog (e), MPA (A), NET-A
(m), LNG (V¥), GES (¢) or DRSP (*) for 72 hours. (A and B) Four hours before the 72 hour incubation
period lapsed, MTT solution was added and the cells incubated for a further 4 hours. Absorbances were
measured at 550 nm and proliferation is shown as fold induction with 0.1% EtOH set as 1. The result shown
is the average of at least two independent experiments with each condition performed in triplicate (+ SEM).
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Table 3.3. Relative efficacies (maximal response (MAX) in %) and potencies (expressed as ECsyin M)
of the test compounds for proliferation.®

Ligand Classification MAX (%) + SEM ECso (M) £ SEM
R5020 PR-selective agonist 100.00 + 0.0 1.10 x 10 +0.11
Prog Natural progestogen 95.09 + 0.59 3.00 x 10" + 1.63

Semi-synthetic

5.93 x 10° +3.10
bProg (bio-identical) 90.41 +1.39

MPA 99.87 + 0.93 3.71x 10 £ 2,50
1% Generation
progestin
NET-A 112.3 + 3.84 3.95x 10° £ 2.57
2" Generation _
LNG progestin 97.23 +5.80 8.07x 10 +1.21
3" Generation _
GES progestin 102.6 + 5.56 3.09 x 10™ +0.86
4™ Generation ]
DRSP progestin 89.60 + 2.45 1.15x 10° + 0.43

‘Data shown in figure 3.11A and 3.11B were analysed to obtain relative maximal response (MAX) + SEM
and ECs, + SEM values for each of the test compounds. MAX values are expressed as a percentage relative
to 10° M R5020 = 100% and statistical analysis of the MAX values indicated that R5020 vs. Prog vs. bProg
vs. MPA vs. LNG vs. GES vs. DRSP (p>0.05); NET-A vs. Prog, MPA, LNG and GES (p>0.05); NET-A vs.
bProg and DRSP (p<0.05). Statistical analysis of the ECs values indicated that R5020 vs. MPA vs. LNG vs.
GES (p>0.05); R5020 vs. Prog (p<0.05); R5020 vs. bProg and DRSP (p<0.01); R5020 vs. NET-A
(p<0.001); Prog vs. bProg, MPA, NET-A, LNG, GES and DRSP (p>0.05); MPA vs. NET-A (p<0.01); MPA
vs. DRSP (p<0.05); NET-A vs. GES (p<0.001); NET-A vs. LNG (p<0.01); NET-A vs. DRSP (p>0.05);
LNG vs. DRSP (p<0.05); GES vs. DRSP (p<0.01); bProg vs. NET-A, LNG and DRSP (p>0.05); bProg vs.
MPA and GES (p<0.05).

3.8. ERo- and ERp-specific antagonists do not modulate progestogen-induced

proliferation of the T47D breast cancer cells

Having shown that neither the ERa-specific antagonist (MPP) nor the ERp-specific antagonist

(PHTPP) modulated the progestogen-induced upregulation of c-myc gene expression, while the




Stellenbosch University https://scholar.sun.ac.za

72
progestogen-induced downregulation of IL-8 gene expression appears to completely reversed by
PHTPP, but not MPP, we next investigated whether the ER specific antagonists could modulate the
progestogen-induced proliferation of the T47D breast cancer cell line. T47D cells were thus treated
with 0.1% (v/v) EtOH or 1 nM test compound in the absence and presence of 10 uM MPP or
PHTPP, and cell proliferation quantified using the MTT assay. As shown in figure 3.12A and 3.12B
all the progestogens could induce proliferation of the T47D breast cancer cells at 1 nM, albeit to
different extents. Furthermore, although the result in figure 3.12A show that cell proliferation
induced by the progestogens was increased in the presence of MPP, this is probably not an increase
in progestogen-induced proliferation, but rather due to the fact that MPP itself increases
proliferation. In contrast, PHTPP itself had no effect on proliferation and increased LNG- and GES-

induced breast cancer cell proliferation (figure 3.12B).
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Figure 3.12. The ERa-specific antagonist, MPP, has no effect on progestogen-induced breast cancer
cell proliferation, while LNG- and GES-induced breast cancer cell proliferation is significantly
increased by the ERpB-specific antagonist, PHTPP. T47D breast cancer cells were incubated with (A and
B) 0.1% EtOH (vehicle control) or 1 nM of the test compounds in the absence and presence of 10 uM of the
receptor specific antagonists for (A) ERa (MPP) or (B) ERB (PHTPP) for 72 hours. (A and B) Four hours
before the 72 hour incubation period lapsed, MTT solution was added and the cells were incubated for a
further 4 hours. Absorbances were measured at 550 nm and proliferation is shown as fold induction with
0.1% EtOH set as 1. The result shown is the average of at least two independent experiments with each
condition performed in triplicate.
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CHAPTER 4

DISCUSSION AND CONCLUSION
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4.1. Introduction

A wide variety of progestins are extensively used in various therapeutic applications, including
HRT (Whitehead et al. 1979; Greendale et al. 1999; Hickey et al. 2005) and contraception (Sitruk-
Ware 2005a; Sitruk-Ware & Nath 2010; Africander, et al. 2011a). Progestins can be classified into
four consecutive generations (Sitruk-Ware 2004a), with the first two generations often referred to as
the older progestins, while the third and fourth generations are considered the newer progestins
(Sitruk-Ware 2004a; Sitruk-Ware & Plu-Bureau 2004). These newer progestins were designed to be
more specific for the PR (Sitruk-Ware 2004a) and more closely mimic the biological effects of Prog
(Sitruk-Ware 2006). Evidence from several clinical trials, population-based case control studies and
experimental studies suggest an association between the use of some of the older generation
progestins like MPA, NET-A and LNG, and increased risk of developing breast cancer (Lee et al.
1987; Kalkhoven et al. 1994; Ross et al. 2000; Newcomb et al. 2002; Rossouw et al. 2002; Althuis
et al. 2003; Beral 2003; Hunter et al. 2010; Li et al. 2012; Giulianelli et al. 2012; Ruan et al. 2012;
Beaber et al. 2014; Wargon et al. 2014). This has however led to the misconception that all
progestins increase breast cancer risk, whilst in reality there has been a lack of research
investigating the association between breast cancer and the use of newer generation progestins. The
concerns of increased breast cancer risk have however resulted in women searching for safer HRT
alternatives. The use of compounded bio-identical HRT has thus gained popularity amongst women
as compounded bio-identical hormones such as bProg, have been claimed to be “safer” than the
synthetic hormones used in conventional HRT (Boothby et al. 2004; Boothby & Doering 2008;
Holtorf 2009; Panay & Fenton 2010; Files et al. 2011). However, these claims have not been

substantiated by scientific evidence.

Progestins, natural Prog and bProg (progestogens) exert their biological effects by binding to PRs
(Conneely et al. 2001; Conneely et al. 2003), namely PR-A and PR-B (Kastner et al. 1990), with
PR-B being the more transcriptionally active isoform in the presence of ligand and the more

proliferative PR isoform in breast cancer (Conneely et al. 2003; Diep et al. 2015). Surprisingly,
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even though progestins are PR ligands, comparative agonist efficacy and potency values for
progestins for transactivation and transrepression via PR-B is lacking. Furthermore, emerging
evidence suggests that crosstalk between PR and ERa signalling pathways plays an important role
in breast cancer, and may be a potential mechanism whereby MPA increases breast cancer risk.
This thus raised the question of whether ERa is required for PR-B-mediated gene regulation and
breast cancer cell proliferation induced by other progestogens. Given that the ER exists as two
subtypes, ERa and ERP, a further question was whether ERB would also be needed for
progestogen-induced gene regulation via PR-B. In the light of the above, in Chapter 3 we thus
pharmacologically characterised the progestogens in terms of their efficacies and potencies for
transactivation and transrepression via PR-B on synthetic promoters containing PRE and NFxB
binding sites, respectively, while also evaluating the progestogen-induced transactivation and
transrepression of endogenous PRE- and NFkB-containing promoters. We also determined the
efficacies and potencies of the progestogens for proliferation of the T47D breast cancer cell line.
Subsequently, we investigated whether ERa and/or ERJ modulates progestogen-induced gene

regulation and cell proliferation.

4.2. Most progestogens are agonists for transactivation on both a synthetic and

endogenous PRE-containing promoter

In the first part of this thesis (Section 3.1), we aimed to compare the relative agonist efficacy and
potency (ECsp) values of select progestogens for transactivation via PR-B on a synthetic PRE-
containing promoter (figure 3.1; Table 3.1). PR-B was overexpressed in COS-1 cells as these cells
express negligible amounts of endogenous steroid receptors (Africander et al. 2014), which allowed
the accurate determination of the transcriptional activity of the test compounds via PR-B. Although
a number of studies have examined the relative agonist efficacies and potencies of progestogens via
the PR, these studies often do not distinguish between PR-isoforms or they examine activities in

cell lines that also express other steroid receptors to which these ligands may bind (Markiewicz &
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Gurpide 1994; Bray et al. 2005). Our study is thus the first to directly compare the relative agonist
efficacy and potency values of the progestogens for transactivation via PR-B within the same model
system. When comparing the relative efficacy values of Prog, bProg and select progestins from
different generations to the PR-specific agonist R5020 (positive control), we were able to
characterize the agonist properties of the progestogens. Agonists that display similar, lower or
higher maximal responses than the positive control, are referred to as full-, partial or supra-agonists,
respectively (Africander, et al. 2011a). We show that NET-A, LNG, and GES are full PR-B
agonists, which is in agreement with a previous study showing full agonist activity for these
progestins in the HelLa cervical carcinoma cell line transfected with PR-B and the PRE-Elb-
chloramphenicol acetyltransferase (CAT) reporter construct (Garcia-Becerra et al. 2004). However,
in contrast to our findings that Prog and MPA are partial PR-B agonists, Markiewicz and co-
workers (1994) have previously reported full agonist activity for Prog and MPA in T47D cells
(Markiewicz & Gurpide 1994). It is not surprising that the results differ between these two systems,
as the T47D cell line endogenously expresses equimolar concentrations of PR-B and PR-A
(Horwitz et al. 1978; Keydar et al. 1979; Wargon et al. 2014), and it is likely that these
progestogens are eliciting their transcriptional effects via both PR-B and PR-A. Considering that the
newer generation progestins were designed to be more PR specific (Sitruk-Ware 2004a), it was
surprising that GES and DRSP displayed similar relative agonist efficacies to NET-A and LNG.
Furthermore, our results also indicate that the two first generation progestins, NET-A and MPA,
differ in their maximal responses, suggesting that progestins from the same generation will not

necessarily elicit the same effects.

In terms of the relative agonist potencies (ECsp) of the progestogens via PR-B our results showed
that there was no significant difference between Prog, R5020, the first (MPA and NET-A) and the
second (LNG) generation progestins, while the third generation progestin GES was shown to be
more potent than Prog and the fourth generation progestin DRSP less potent (figure 3.1; Table 3.1).

The ECs value of 0.036 nM determined for GES in the present study is similar to the ECso value of
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0.018 nM reported by Garcia-Becerra and co-workers (2004) in the HeLa cervical carcinoma cell
line transfected with PR-B and the PRE-E1b-chloramphenicol acetyltransferase (CAT) reporter
construct (Garcia-Becerra et al. 2004). Furthermore, the ECsy value of 0.45 nM obtained for MPA
in our study is in line with that reported by Sasagawa et al. (2008) showing an ECs value of 0.1 nM
for MPA in COS-1 cells transfected with PR-B and the PRE2-tk-luciferase reporter (Sasagawa et al.

2008).

We next determined whether the progestogens display similar transactivation activities on the
endogenous c-myc gene which contains a functional PRE sequence in its promoter region (Moore et
al. 1997), in the T47D breast cancer cell line (figure 3.6A). This cell line was chosen as an in vitro
model system as it endogenously expresses high levels of the PR isoforms, and is often used to
study the activity of the PR in breast cancer (Keydar et al. 1979; Wargon et al. 2014). The c-myc
gene was used as it is overexpressed in many different forms of cancers including breast cancer,
while the c-myc protein has been shown to regulate a number of genes involved in cellular
processes such as proliferation, apoptosis, differentiation and cell growth (Liao & Dickson 2000).
Moreover, c-myc gene expression has previously been shown to be upregulated by the first
generation progestin MPA (Giulianelli et al. 2012; Wargon et al. 2014). Surprisingly, the results in
figure 3.6A show that the PR-specific agonist R5020 had no effect on the mRNA expression of c-
myc. In contrast to our results, Moore and co-workers (1997) have previously shown that c-myc
MRNA expression is upregulated (1.9-fold) by 1 nM R5020 in T47D cells (Moore et al. 1997).
However, it should be noted that the results in figure 3.6 are representative of a single experiment
performed in duplicate, and thus the discrepancy between our result for R5020 and that of Moore et
al. (1997) may simply be ascribed to experimental error on our part. We also showed that Prog,
MPA, NET-A, LNG, GES and DRSP all appeared to upregulate c-myc mRNA expression (figure
3.6A). Our results for MPA showing upregulation of c-myc mRNA expression, although not
statistically significant, is in agreement with results from three previous studies performed in T47D

cells (Wong & Murphy 1991; Giulianelli et al. 2012; Wargon et al. 2014). Considering that
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overexpression of the c-myc gene is associated with increased breast cancer cell proliferation, our
results showing increased expression of the c-myc gene and increased cell proliferation in the
presence of all the progestogens, except R5020, may suggest that these progestogens promote breast

cancer via a mechanism involving PR-B.

4.3. Both ER subtypes decreased the PR-B-mediated maximal responses of all
the progestogens, except MPA, on a synthetic PRE-containing promoter, while
ER subtype-specific antagonists have no effect on progestogen-induced

transactivation of an endogenous PRE-containing promoter

Giulianelli and co-workers (2012) showed that ERa is required for the PR-B-mediated effects of
MPA on gene regulation in the MDA-MB-231 breast cancer cell line (Giulianelli et al. 2012), but
did not investigate the requirement of ERa for any other progestins, or whether ER, may also be
required. Having shown that all progestogens investigated in this study are agonist for
transactivation via PR-B on a synthetic PRE-containing promoter and that the progestogens
upregulated the mRNA expression of the endogenous PRE-containing gene, we next determined
whether the ER subtypes could modulate the progestogen-induced effects. First, we investigated
whether effects observed by Giulianelli et al. (2012) could be mimicked in our model system and
results in figure 3.2 show that it could not, as we found that ERa is not required for the MPA-
induced transcriptional activation via PR-B on a synthetic PRE-containing promoter. This
discrepancy could possibly be attributed to the use of different cell lines and/or promoter reporter
constructs as we transiently transfected COS-1 cells with PR-B, ERa and the pTAT-2XPRE-E1b-
luciferase promoter-reporter construct, while Giulianelli and co-workers used MDA-MB-231 breast
cancer cells stably transfected with PR-B, and transiently transfected with ERa as well as a
(PRE)2pGL3p promoter-reporter construct (Giulianelli et al. 2012). Furthermore, considering that
the MDA-MB-231 breast cancer cell line, unlike the COS-1 cell line, endogenously express both

GR (Horwitz et al. 1978) and MR (Leo et al. 2004), and that MPA has previously been shown to
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bind to both these receptors (Koubovec et al. 2005; Africander et al. 2013), it is possible that the
GR and/or MR may have contributed to the difference observed between our result and that of
Giulianelli et al. (2012). Two other factors which may also have contributed to the difference
between the two studies, could be that the PR-B and ERa protein expression levels vary between
these two in vitro model systems, or that the transcriptional activity is influenced by co-factors
which are differentially expressed in different cell lines. Furthermore, we show for the first time
that ERp decreased the PR-B-mediated maximal response of MPA (figure 3.2). The exact reason
for the difference in the effect of ERa and ER on the relative maximal response of MPA via PR-B
is not clear. We speculated that the significant decrease in the maximal responses of MPA in the
presence of ERp, but not ERa, may be due to ERp affecting the expression levels of PR-B. Indeed,
our results showed that ERp significantly downregulates PR-B protein levels (figure 3.3A and
3.3B), while simultaneously decreasing basal PR-B-mediated transcriptional activity (figure 3.3F)
in COS-1 cells co-expressing PR-B and ERP. However, to our surprise, ERa also downregulated
the protein expression levels of PR-B (figure 3.3A and 3.3B), and even more unexpected, this
decrease in the PR-B protein levels was associated with an increase in the basal PR-B-mediated
transcriptional activity (figure 3.3F). This does however not explain our results in figure 3.2
indicating that ERa had no effect on the PR-B-mediated maximal response of MPA. Considering
that MPA is associated with an increased risk of breast cancer, this result suggests that ER may

protect against MPA-induced breast cancer when co-expressed with PR-B.

The exact mechanism whereby unliganded ERa downregulates PR-B protein expression whilst also
increasing basal PR-B-mediated transcriptional activation is unclear, however some speculations
can be made. PR-B has previously been shown to be activated in the absence of ligand when Ser400
is phosphorylated by cyclin-dependent protein kinase 2 (CDK2). Considering that increased CDK2
activity can stimulate PR-B downregulation (Pierson-mullany & Lange 2004), we hypothesize that
ERa may elevate CDK2 activity, which would lead to the downregulation of PR-B, but also

increased phosphorylation, and hence activity, of PR-B. To the best of our knowledge, this is the
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first study to show that ERo upregulates, while ERB downregulates, the basal transcriptional
activity of PR-B on a synthetic PRE-containing promoter. Considering that unliganded PR-B can be
activated through a non-genomic signalling mechanism (Pierson-Mullany et al. 2003; Pierson-
mullany & Lange 2004) and can subsequently activate the expression of PR-regulated genes that
play a role in cell proliferation (Sartorius et al. 2003; Giulianelli et al. 2012; Wargon et al. 2014),
our results suggest that ERa may promote PR-positive breast cancer while ERf} may protect against
it.

We continued investigating the effects of the ERs on PR-B-mediated agonist efficacies and
potencies of select progestins from different generations, natural Prog and bProg for transactivation.
In contrast to the results for MPA, our results showed that ERa significantly lowered the PR-B-
mediated maximal response of R5020, Prog, bProg, NET-A, LNG, GES and DRSP on a synthetic
PRE-containing promoter, while also decreasing the relative agonist potency of Prog (figure 3.4A-
G). We also show for the first time that ERB decreased the PR-B-mediated maximal response of all
the progestogens investigated in this study, including MPA, while having no significant effect on
the relative agonist potencies of any of the progestogens (figure 3.4A-G). Understanding why ERf
would modulate the maximal response of all progestogens, including MPA, while ERa decreased
the maximal response of all progestogens except MPA is not straightforward. Considering that
structurally different progestogens can lead to slightly different ligand-receptor conformations
(Wagner et al. 1996, Rekawiecki et al. 2011; Hapgood et al. 2014), it may be possible that ERp can
interact with the MPA-bound conformation of PR-B, while ERa cannot. As mentioned earlier for
MPA, a limitation of this study was that the effects of the ER subtypes on PR-B protein expression
was not investigated in the presence of any of the progestogens investigated in the present study.
We next determined whether the ERa-specific antagonist MPP and/or the ERB-specific antagonist
PHTPP, could modulate progestogen-induced upregulation of the c-myc gene. Results showed that
neither MPP (figure 3.6B) nor PHTPP (figure 3.6C) had any effect on progestogen-induced c-myc

mRNA expression, suggesting that neither ERa nor ERB could modulate the progestogen-induced
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upregulation of the c-myc gene. A major limitation of our study was that we did not use the ER
antagonist ICI 182 780. This antagonist acts by binding to the ER subtypes and leading to the
subsequent degradation of the ER subtypes (Alarid et al. 1999; Long & Nephew 2006), while MPP
and PHTPP exert their effects by binding to ERa and ER, respectively, and preventing the ER
subtypes from activating transcription whilst having no effect on ER protein levels (Hartman et al.
2009; Chan et al. 2014). Thus, ERa and ERp are still present in our model system making it
difficult to ascertain whether the individual ER subtypes would modulate the progestogen-induced

effects.

In summary, our results indicating that neither ERa nor ERp is required for progestogen-induced
transcriptional activation on a synthetic PRE-containing promoter, and that both MPP and PHTPP
do not modulate the effects of the progestogens on the endogenous PRE-containing c-myc gene,
refuted our hypothesis that ERa, but not ERB, would be required for progestogen-induced gene
regulation. In fact, we showed that the PR-B-mediated maximal response of all progestogens,
except MPA, was decreased by the expression of ERa, whereas ERP decreased the maximal

response of all the progestogens on the synthetic PRE-containing promoter-reporter construct.

4.4. All progestogens are agonists for transrepression on both synthetic and

endogenous NFkB-containing promoters

Apart from the transactivation mechanism whereby the PR can positively regulate gene expression
by directly binding to PREs, the PR can also negatively regulate gene expression by repressing the
activity of the transcription factor NFkB (Kalkhoven et al. 1996; Kobayashi et al. 2010). NFxB
plays an integral role in the inflammatory response and cell proliferation by regulating the
expression of pro-inflammatory genes (Ben-Neriah & Karin 2011; Niu et al. 2012). An increase in
pro-inflammatory gene expression leads to inflammation, and while acute inflammation is
considered beneficial in that it is a natural mechanism used by the body to fight infection (Ben-

Neriah & Karin 2011), continual expression of high levels of pro-inflammatory genes could lead to
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chronic inflammation. Chronic inflammation has been shown to be a major etiologic factor in
promoting breast cancer development and progression, as it contributes to proliferation,
angiogenesis, metastasis and reduces responsiveness to cancer treatments (Colotta et al. 2009; Culig
2011; Niu et al. 2012). We investigated the potential PR-mediated anti-inflammatory effects of the
progestogens, by determining the potential of the progestogens to repress TNFa-induced
transcription. Specifically, the transrepressive properties of the progestogens via overexpressed PR-
B were investigated on a synthetic NFkB-containing promoter in COS-1 cells, while transrepressive
properties were also investigated on an endogenous NFxB-containing promoter in T47D cells
endogenously expressing both PR isoforms. This study is the first to directly compare the relative
agonist efficacies and potencies for transrepression of R5020, Prog, bProg and select progestins
from different generations via PR-B. While all progestogens displayed similar relative maximal
repression to each other and Prog, differences were observed between the potencies of the first

(MPA), second (LNG) and third (GES) generation progestins (figure 3.7B and 3.7C; Table 3.2).

To investigate the potential of the progestogens to repress TNFa-induced transcriptional activation
on an endogenous NFkB-containing promoter, we determined the effects of the different
progestogens on the expression of the endogenous IL-8 gene in the T47D breast cancer cell line.
The IL-8 gene was selected as it contains a NF«xB binding site in its promoter (Roebuck 1999) and
has been shown to promote angiogenesis in various different forms of cancer which in turn may
increase the risk of metastasis (Xie 2001; Benoy et al. 2004; Lin et al. 2004). Furthermore, patients
with metastatic breast cancers have also been shown to express elevated IL-8 serum levels (Xie
2001; Benoy et al. 2004). Results from the current study showed that 1 nM R5020 significantly
downregulates TNFa-induced IL-8 gene expression, which is consistent with the findings of a study
by Kobayashi and co-workers (2010) showing that 10 nM R5020 downregulated IL-1B-induced IL-
8 gene expression in T47D cells engineered to express either PR-A or PR-B alone (Kobayashi et al.
2010). Interestingly, all progestogens except MPA significantly repressed TNFa-induced IL-8

mMRNA expression (figure 3.11B). However, it should be noted that these results, like those for c-
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myc mRNA expression (figure 3.6A), were from a single experiment, and thus no definitive

conclusions can be drawn at this time.

Taken together, our results show for the first time that all the progestogens investigated in this study
are full PR-B-agonists for transrepression, and the progestins display differential transrepressive
potencies on a synthetic NFxB-containing promoter via PR-B. Although the progestogens could
also repress gene expression on the endogenous NF«kB-containing promoter of the IL-8 gene, we
did not establish which PR isoform is involved in the progestogen-induced effects on endogenous

IL-8 gene expression, and can therefore not specifically pinpoint the effects to PR-B.

45. Both ERa and ERP modulate progestogen-induced transcriptional
repression on a synthetic NFkB-containing promoter, while the ERpB-specific
antagonist PHTPP appeared to modulate progestogen-induced repression on the

endogenous NFkB-containing IL-8 gene promoter

Having shown that all progestogens repress TNFa-induced transcriptional activation on a synthetic
NFkB-containing promoter via PR-B, we next investigated whether ERa and/or ERp could
influence the progestogen-induced transcriptional repression. Interestingly, we showed that ERa
prevented the ability of the PR-specific agonist R5020, as well as the second (LNG), third (GES)
and fourth (DRSP) generation progestins to repress gene expression via PR-B, while both ERa and
ERpP modulated the PR-B-mediated agonist potencies of the natural progestogen Prog and the first
generation progestin MPA (figure 3.9). These results suggest that ERa may promote inflammation-
induced breast cancer by inhibiting the PR-B-mediated anti-inflammatory effects of R5020, LNG,
GES and DRSP. In trying to understand the mechanism whereby ERa abolishes the transrepressive
effects of some, but not all progestogens, it can be speculated that R5020, LNG, GES and DRSP
induce a conformational change in PR-B which allows ERa to interact with the progestogen-bound

PR-B, thereby preventing PR-B from interacting with NFxB and subsequently preventing PR-B-
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mediated transrepression. Alternatively, considering that ERa can also interact with NFkB (Ray et

al. 1997), ERa may be competing with the progestogen-bound PR-B for binding to NFxB.

Our next aim was to determine whether the ERa-specific antagonist MPP, and the ERB-specific
antagonist PHTPP, could modulate progestogen-induced transrepression on the endogenous NF«B-
containing IL-8 gene. We showed that the R5020-, LNG-, GES- and DRSP-induced repression of
IL-8 gene expression is not modulated in the presence of the ERa antagonist MPP (figure 3.10C).
However, it should be noted that MPP itself significantly downregulated the TNFa-induced 1L-8
MRNA expression. Considering that the IL-8 gene contains NFkB and AP-1 binding sites in its
promoter (Roebuck 1999), and that the ER subtypes has also been shown to interact with the DNA-
bound NF«xB transcription factor to negatively regulate gene transcription (Ray et al. 1997), it is
possible that the antagonist bound-ERa may form a complex with the PR at the NF«B cis-elements
upon addition of the progestogens, where it then modulates expression of the IL-8 gene. Results in
figure 3.10D showed that PHTPP alone had no significant effect on TNFa-induced transcriptional
activation of the IL-8 gene, while the antagonist-bound ERf can modulate progestogen-induced
repression of the IL-8 gene (figure 3.10D). However, as mentioned before, no definitive
conclusions can be drawn from the endogenous IL-8 gene expression data as this is the result of a

single experiment which needs to be repeated.

4.6. Progestogen-induced breast cancer cell proliferation is not modulated by

the ER subtypes

The transcriptional regulation of several genes, whether it is via a transactivation (Nass & Dickson
1997), transrepression (Badache & Hynes 2001) or non-genomic mechanism (Saitoh et al. 2005),
have been shown to contribute to cellular processes such as proliferation. Numerous in vitro studies
have investigated whether progestins can lead to breast cancer cell proliferation (Horwitz &
Freidenberg 1985; van der Burg et al. 1992; Botella et al. 1994; Kalkhoven et al. 1994; Catherino et

al. 1993; Kramer et al. 2006; Ruan et al. 2012), with the results often contradictory. Furthermore,
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the majority of these studies did not directly compare the proliferative effects of progestins from
different generations. To the best of our knowledge, our study is thus the first to directly compare
the proliferative efficacies and potencies of select progestins from different generations to each
other and natural Prog in the T47D breast cancer cell line. Results from colorimetric MTT assays
showed that all progestogens, with the exception of NET-A and DRSP, displayed similar
proliferative efficacies and potencies (figure 3.11; Table 3.3). These results are in agreement with a
previous study showing that NET, LNG and GES stimulate cell proliferation of the HCC1500
(Kramer et al. 2006) breast cancer cell line at concentrations of 10- and 100-fold more than used in
our study. Additionally, 10 nM GES and MPA has previously been shown to increase cell
proliferation in the MCF-7 (Catherino et al. 1993) and T47D (Giulianelli et al. 2012; Wargon et al.

2014) breast cancer cell lines.

We also investigated whether the ERa-specific and ERp-specific antagonists could modulate
progestogen-induced T47D breast cancer cell proliferation, and showed that the ERa-specific
antagonist had no effect on progestogen-induced proliferation of the T47D breast cancer cells
(figure 3.12A), while the ERpB-specific antagonist significantly increased LNG- and GES-induced
T47D breast cancer cell proliferation (figure 3.12B). The latter result suggests that the ERf} may

play a protective role in LNG- and GES-induced T47D breast cancer cell proliferation.

In summary, considering that the progestogens appear to upregulate expression of the proliferation-
related c-myc gene which is often overexpressed in cancer, while exhibiting anti-inflammatory
effects by repressing the expression of the pro-inflammatory cytokine, IL-8 which is often
upregulated in breast cancer, the progestogens appear to be exerting their proliferative effects via
the transactivation function of the PR. In addition to the fact that the results on c-myc and IL-8 gene
expression is from a single experiment, it is however important to note that the regulation of a large
number of genes, and not only individual genes, are involved in the regulation of cellular processes

such as proliferation.
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4.7. Future work

The present study has a number of shortcomings which should be addressed in future studies. The
major limitation was that only a single realtime gPCR experiment was performed to investigate the
effects of the different progestogens on the expression of the endogenous c-myc and IL-8 genes,
and that the requirement of the ER was not investigated using the ER antagonist ICI 182 780. Thus,
future studies should include at least two repeats of these experiments, in the absence and presence
of ICI 182 780, so as to confirm the effects of the progestogens on these genes, while also
evaluating the contribution of the ERs. However, ICI 182 780 will not discriminate between the ER
subtypes, thus we suggest that the individual role of ERa and ERp should also be addressed using
siRNA technology to silence the expression of the specific ER subtype. Furthermore, as the T47D
cells express both PR isoforms, siRNA technology could also be performed to investigate the roles
of PR-B and PR-A in mediating the effects of the progestogens on gene expression and breast

cancer cell proliferation.

In terms of understanding the mechanism whereby ERa and ERp decreased the maximal responses
of the progestogens via PR-B on a synthetic PRE-containing promoter, we suggest that future
research should be devoted towards investigating whether the ER subtypes form a complex with
PR-B and whether this PR-B/ER complex co-localises to the PRE cis-element of the c-myc
promoter. To determine whether a protein-protein interaction occurs between PR-B and ERa or
ERPB, co-immunoprecipitation assays (Co-IP) could be performed, while chromatin
immunoprecipitation (ChIP) assays could be used to evaluate whether the PR-B/ER complex
occupies the PRE cis-element in the promoter of the c-myc gene. Similarly experiments can be
performed to delineate the mechanism whereby ERa abolishes the ability of some progestogens to
transrepress the TNFa-induced activity on the synthetic NFkB-containing promoter. Lastly, as we
speculated that ERa downregulates PR-B protein expression while simultaneously increasing the

basal transcriptional activity of PR-B by a mechanism involving an increase in the activity of
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CDKZ2, this should be evaluated by performing an enzymatic assay to determine CDK2 activity and

western blot analysis using primary antibodies to detect PR-B phosphorylation at Ser400.



Stellenbosch University https://scholar.sun.ac.za

89

REFERENCES

Abdel-Hafiz, H.A. & Horwitz, K.B. 2014. Post-translational modifications of the progesterone
receptors. The Journal of steroid biochemistry and molecular biology. 140:80-9.

Abduljabbar, R., Negm, O.H., Lai, C.-F., Jerjees, D.A., Al-Kaabi, M., Hamed, M.R., Tighe, P.J.,
Buluwela, L., et al. 2015. Clinical and biological significance of glucocorticoid receptor (GR)
expression in breast cancer. Breast Cancer Res Treat. 150:335-346.

Africander, D., Verhoog, N. & Hapgood, J.P. 2011a. Molecular mechanisms of steroid receptor-
mediated actions by synthetic progestins used in HRT and contraception. Steroids. 76(7):636—652.

Africander, D., Louw, R., Verhoog, N., Noeth, D. & Hapgood, J.P. 2011b. Differential regulation of
endogenous pro-inflammatory cytokine genes by medroxyprogesterone acetate and norethisterone
acetate in cell lines of the female genital tract. Contraception. 84(4):423-35.

Africander, D., Louw, R. & Hapgood, J.P. 2013. Investigating the anti-mineralocorticoid properties
of synthetic progestins used in hormone therapy. Biochemical and Biophysical Research
Communications. 433(3):305-310.

Africander, D.J., Storbeck, K.-H. & Hapgood, J.P. 2014. A comparative study of the androgenic
properties of progesterone and the progestins, medroxyprogesterone acetate (MPA) and
norethisterone acetate (NET-A). The Journal of steroid biochemistry and molecular biology.
143:404-415.

Aguirre, C., Jayaraman, A., Pike, C. & Baudry, M. 2010. Progesterone inhibits estrogen-mediated
neuroprotection against excitotoxicity by down-regulating estrogen receptor-p. Journal of
Neurochemistry. 115(5):1277-1287.

Alarid, E.T., Bakopoulos, N. & Solodin, N. 1999. Proteasome-mediated proteolysis of estrogen
receptor: a novel component in autologous down-regulation. Molecular Endocrinology. 13(0888—
8809 (Print)):1522-1534.

Althuis, M.D., Brogan, D.R., Coates, R.J., Daling, J.R., Gammon, M.D., Malone, K.E., Schoenberg,
J.B. & Brinton, L. a. 2003. Hormonal content and potency of oral contraceptives and breast cancer
risk among young women. British journal of cancer. 88:50-57.

Amory, J.K. 2008. Progress and prospects in male hormonal contraception. Curr Opin Endocrinol
Diabetes Obes. 15(3):255-260.

Anderson, G.L., Judd, H.L., Kaunitz, A.M., Barad, D.H., Beresford, S.A., Pettinger, M., Liu, J.,
McNeeley, S.G., et al. 2003. Effects of estrogen plus progestin on gynecologic cancers and

associated diagnostic procedures: the Women’s Health Initiative randomized trial. Jama.
290(13):1739-1748.

Anderson, G.L., Limacher, M., Assaf, A.R., Bassford, T., Beresford, S.A., Black, H., Bonds, D.,
Brunner, R., et al. 2004. Effects of conjugated equine estrogen in postmenopausal women with
hysterectomy: The Women’s Health Initiative randomized controlled trial. Jama. 291(14):1701—
1712.



Stellenbosch University https://scholar.sun.ac.za

90

Archer, J.S. & Chang, R.J. 2004. Hirsutism and acne in polycystic ovary syndrome. Best practice &
research. Clinical obstetrics & gynaecology. 18(5):737-54.

Ariga, N., Suzuki, T., Moriya, T., Kimura, M., Inoue, T., Ohuchi, N. & Sasano, H. 2001.
Progesterone receptor A and B isoforms in the human breast and its disorders. Cancer Science.
92(3):302-308.

Arya, M., Shergill, 1.S., Williamson, M., Gommersall, L., Arya, N. & Patel, H.R.H. 2005. Basic
principles of real-time quantitative PCR. Expert Review of Molecular Diagnostics. 5(2):1-11.

Badache, a. & Hynes, N.E. 2001. Interleukin 6 inhibits proliferation and, in cooperation with an
epidermal growth factor receptor autocrine loop, increases migration of T47D breast cancer cells.
Cancer Research. 61(1):383-391.

Badawy, A. & Elnashar, A. 2011. Treatment options for polycystic ovary syndrome. International
Jjournal of women'’s health. 3:25-35.

Bagchi, M.K., Elliston, J.F., Tsai, S.Y., Edwards, D.P., Tsai, M. & O’Malley, B. 1988. Steroid
hormone-dependent interaction of human progesterone receptor with its target enhancer element.
Molecular endocrinology. 2(12):1221-1229.

Bamberger, A.M., Bamberger, C.M., Gellersen, B. & Schulte, H.M. 1996. Modulation of AP-1
activity by the human progesterone receptor in endometrial adenocarcinoma cells. Proceedings of
the National Academy of Sciences of the United States of America. 93(12):6169-6174.

Bamberger, A.M., Milde-Langosch, K., Schulte, H.M. & Loning, T. 2000. Progesterone receptor
isoforms, PR-B and PR-A, in breast cancer: correlations with clinicopathologic tumor parameters
and expression of AP-1 factors. Hormone research. 54(1):32-37.

Beaber, E.F., Malone, K.E., Tang, M.-T.C., Barlow, W.E., Porter, P.L., Daling, J.R. & Li, C.I.
2014. Oral Contraceptives and Breast Cancer Risk Overall and by Molecular Subtype Among
Young Women. Cancer Epidemiology Biomarkers & Prevention. 23(5):755-764.

Beato, M. & Klug, J. 2000. Steroid hormone receptors: an update. Human Reproduction Update.
6(3):225-236.

Bellance, C., Khan, J. a, Meduri, G., Guiochon-Mantel, A., Lombes, M. & Loosfelt, H. 2013.
Progesterone receptor isoforms PRA and PRB differentially contribute to breast cancer cell
migration through interaction with focal adhesion kinase complexes. Molecular biology of the cell.
24(9):1363-1374.

Ben-Neriah, Y. & Karin, M. 2011. Inflammation meets cancer, with NF-xB as the matchmaker.
Nature immunology. 12(8):715-723.

Benoy, I.H., Salgado, R., Van Dam, P., Geboers, K., Van Marck, E., Scharpé, S., Vermeulen, P.B.
& Dirix, L.Y. 2004. Increased serum interleukin-8 in patients with early and metastatic breast
cancer correlates with early dissemination and survival. Clinical Cancer Research. 10:7157-7162.

Beral, V. 2003. Breast cancer and hormone-replacement therapy in the Million Women Study.
Lancet. 362:419-427.

Bhavnani, B.R. & Stanczyk, F.Z. 2012. Misconception and concerns about bioidentical hormones
used for custom-compounded hormone therapy. Journal of Clinical Endocrinology and
Metabolism. 97(3):756-759.



Stellenbosch University https://scholar.sun.ac.za

91

Black, K.I. & Kubba, A. 2008. Non-oral contraception. Obstetrics, Gynaecology & Reproductive
Medicine. 18(12):324-329.

Blode, H., Kowal, K., Roth, K. & Reif, S. 2012. Pharmacokinetics of drospirenone and
ethinylestradiol in Caucasian and Japanese women. The European journal of contraception &
reproductive health care : the official journal of the European Society of Contraception. 17:284—
297.

Blossey, H.C., Wander, H.E., Koebberling, J. & Nagel, G.A. 1984. Pharrnacokinetic and
pharrnacodynarnic basis for the treatment of metastatic breast cancer with high-dose
medroxyprogesterone acetate. Cancer. 54(51):1208-1215.

Boonyaratanakornkit, V., Scott, M.P., Ribon, V., Sherman, L., Anderson, S.M., Maller, J.L., Miller,
W.T. & Edwards, D.P. 2001. Progesterone receptor contains a proline-rich motif that directly
interacts with SH3 domains and activates c-Src family tyrosine kinases. Molecular Cell. 8(2):269—
280.

Boonyaratanakornkit, V., McGowan, E., Sherman, L., Mancini, M. a, Cheskis, B.J. & Edwards,
D.P. 2007. The role of extranuclear signaling actions of progesterone receptor in mediating
progesterone regulation of gene expression and the cell cycle. Molecular Endocrinology.
21(2):359-75.

Boonyaratanakornkit, V., Bi, Y., Rudd, M. & Edwards, D.P. 2008. The role and mechanism of
progesterone receptor activation of extra-nuclear signaling pathways in regulating gene
transcription and cell cycle progression. Steroids. 73(9-10):922-928.

Boothby, L. a & Doering, P.L. 2008. Bioidentical hormone therapy: a panacea that lacks supportive
evidence. Current opinion in obstetrics & gynecology. 20(4):400-7.

Boothby, L.A., Doering, P.L. & Kipersztok, S. 2004. Bioidentical hormone therapy: a review.
Menopause. 11(3):356-367.

Botella, J., Duranti, E., Duc, I., Cognet, A.M., Delansorne, R. & Paris, J. 1994. Inhibition by
nomegestrol acetate and other synthetic progestins on proliferation and progesterone receptor
content of T47D human breast cancer cells. The Journal of steroid biochemistry and molecular
biology. 50(1/2):41-47.

Brache, V., Alvarez-Sanchez, F., Faundes, a, Jackanicz, T., Mishell, D.R. & Lahteenmaki, P. 2000.
Progestin-only contraceptive rings. Steroids. 65(10-11):687-91.

Brache, V., Payan, L.J. & Faundes, A. 2013. Current status of contraceptive vaginal rings.
Contraception. 87(3):264-272.

Bray, J.D., Jelinsky, S., Ghatge, R., Bray, J.A., Tunkey, C., Saraf, K., Jacobsen, B.M., Richer, J.K.,
et al. 2005. Quantitative analysis of gene regulation by seven clinically relevant progestins suggests
a highly similar mechanism of action through progesterone receptors in T47D breast cancer cells.
The Journal of steroid biochemistry and molecular biology. 97(4):328-41.

van der Burg, B., Kalkhoven, E., Isbriicker, L. & De Laat, S.W. 1992. Effects of progestins on the
proliferation of estrogen-dependent human breast cancer cells under growth factor-defined
conditions. The Journal of steroid biochemistry and molecular biology. 42(5):457-465.



Stellenbosch University https://scholar.sun.ac.za

92

Cairns, C., Cairns, W. & Okret, S. 1993. Inhibition of gene expression by steroid hormone receptors
via a negative glucocorticoid response element: evidence for the involvement of DNA-binding and
agonistic effects of the antiglucocorticoid/antiprogestin RU486. DNA and cell biology. 12(8):695—
702.

Cardoso, F., Harbeck, N., Fallowfield, L., Kyriakides, S. & Senkus, E. 2012. Locally recurrent or
metastatic breast cancer: ESMO clinical practice guidelines for diagnosis, treatment and follow-up.
Annals of Oncology. 23(Supplementary 7):11-19.

Cardoso, F., Bischoff, J., Brain, E., Zotano, A.G., Luck, H.J., Tjan-Heijnen, V.C., Tanner, M. &
Aapro, M. 2013. A review of the treatment of endocrine responsive metastatic breast cancer in
postmenopausal women. Cancer Treatment Reviews. 39(5):457—-465.

Carnevale, R.P., Proietti, C.J., Salatino, M., Urtreger, A., Peluffo, G., Edwards, D.P.,
Boonyaratanakornkit, V., Eduardo, H., et al. 2007. Progestin effects on breast cancer cell
proliferation, proteases activation, and in vivo development of metastatic phenotype all depend on
progesterone receptor capacity to activate cytoplasmic signaling pathways. Molecular
Endocrinology. 21(6):1335-58.

Catherino, W.H., Jeng, M.H. & Jordan, V.C. 1993. Norgestrel and gestodene stimulate breast
cancer cell growth through an oestrogen receptor mediated mechanism. British journal of cancer.
67(5):945-952.

Chakmakjian, Z. & Zachariah, N. 1987. Bioavailability of progesterone with different modes of
administration. The Journal of Reproductive Medicine. 32(6):443-448.

Chambers, A.F., Groom, A.C. & MacDonald, I.C. 2002. Dissemination and growth of cancer cells
in metastatic sites. Nature. 2:563-572.

Chan, K.K.-L., Leung, T.H.-Y., Chan, D.W., Wei, N., Lau, G.T.-Y., Liu, S.S., Siu, MK.-Y. &
Ngan, H.Y.-S. 2014. Targeting estrogen receptor subtypes (ERa and ERP) with selective ER
modulators in ovarian cancer. The Journal of endocrinology. 221(2):325-336.

Chao, J.H. & Page, S.T. 2016. The current state of male hormonal contraception. Pharmacology
and Therapeutics. 163:109-117.

Chlebowski, R.T., Hendrix, S.L., Langer, R.D., Stefanick, M.L., Gass, M., Lane, D., Rodabough,
R.J., Gilligan, M.A., et al. 2003. Influence of estrogen plus progestin on breast cancer and
mammography in healthy postmenopausal women: The Women * s Health Initiative randomized
trial. The Journal of the American Medical Association. 289(24):3243-3253.

Chlebowski, R.T., Anderson, G.L., Gass, M., Lane, D.S., Aragaki, A.K., Kuller, L.H., Manson,
J.E., Stefanick, M.L., et al. 2013. Estrogen plus progestin and breast cancer incidence and mortality
in postmenopausal women. The Journal of the American Medical Association. 304(15):1684—-1692.

Chlebowski, R.T., Manson, J.E., Anderson, G.L., Cauley, J.A., Aragaki, A.K., Stefanick, M.L.,
Lane, D.S., Johnson, K.C., et al. 2013. Estrogen plus progestin and breast cancer incidence and
mortality in the Women’s Health Initiative observational study. Journal of the National Cancer
Institute. 105(8):526-535.

Chwalisz, K., Garg, R., Brenner, R., Slayden, O., Winkel, C. & Elger, W. 2006. Role of nonhuman
primate models in the discovery and clinical development of selective progesterone receptor
modulators (SPRMs). Reproductive biology and endocrinology. 4:S8-S19.



Stellenbosch University https://scholar.sun.ac.za

93

Cicinelli, E., Borraccino, V., Petruzzi, D., Mazzotta, N., Cerundolo, M.L. & Schénauer, L.M. 1996.
Pharmacokinetics and endometrial effects of the vaginal administration of micronized progesterone
in an oil-based solution to postmenopausal women. Fertility and Sterility. 65(4):860-862.

Clarke, C. & Sutherland, R. 1990. Progestin regulation of cellular proliferation. Endocrine Reviews.
11(2):301.

Colotta, F., Allavena, P., Sica, A., Garlanda, C. & Mantovani, A. 2009. Cancer-related
inflammation, the seventh hallmark of cancer: links to genetic instability. Carcinogenesis.
30(7):1073-1081.

Conneely, O.M. & Lydon, J.P. 2000. Progesterone receptors in reproduction: Functional impact of
the A and B isoforms. Steroids. 65:571-577.

Conneely, O.M., Lydon, J.P., De Mayo, F., Bert, W. & Malley, O. 2000. Reproductive functions of
the progesterone receptor. Journal of the Society for Gynecologic Investigation. 7(1):S25-S32.

Conneely, O.M., Mulac-Jericevic, B., Lydon, J.P. & De Mayo, F.J. 2001. Reproductive functions of
the progesterone receptor isoforms: lessons from knock-out mice. Molecular and cellular
endocrinology. 179(1-2):97-103.

Conneely, O.M., Mulac-Jericevic, B., DeMayo, F., Lydon, J.P. & O’Malley, B.W. 2002.
Reproductive functions of progesterone receptors. Recent progress in hormone research.
57(July):339-355.

Conneely, O.M., Mulac-Jericevic, B. & Lydon, J.P. 2003. Progesterone-dependent regulation of
female reproductive activity by two distinct progesterone receptor isoforms. Steroids. 68(10—
13):771-778.

Conneely, O.M., Jericevic, B.M. & Lydon, J.P. 2003. Progesterone receptors in mammary gland
development and tumorigenesis. Journal of Mammary Gland Biology and Neoplasia. 8(2):205-214.

Conzen, S.D. 2008. Minireview: nuclear receptors and breast cancer. Molecular endocrinology
(Baltimore, Md.). 22(10):2215-2228.

Costantino, A., Gava, G., Berra, M. & Meriggiola Maria, C. 2014. Advances in male hormonal
contraception. The Indian journal of medical research. 140(Suppl 1):S58-S62.

Cromer, B. a., Stager, M., Bonny, A., Lazebnik, R., Rome, E., Ziegler, J. & Debanne, S.M. 2004.
Depot medroxyprogesterone acetate, oral contraceptives and bone mineral density in a cohort of
adolescent girls. Journal of Adolescent Health. 35:434-441.

Cui, X. 2005. Biology of Progesterone Receptor Loss in Breast Cancer and Its Implications for
Endocrine Therapy. Journal of Clinical Oncology. 23(30):7721-7735.

Culig, Z. 2011. Cytokine disbalance in common human cancers. Biochimica et biophysica acta.
1813(2):308-14.

Cundy, T., Cornish, J., Evans, M.C., Roberts, H. & Reid, I.R. 1994. Recovery ofbone density in
medroxyprogesterone acetate. BM.J : British Medical Journal. 308:247—248.

Daniel, A.R., Faivre, EJ. & Lange, C.A. 2007. Phosphorylation-dependent antagonism of
sumoylation derepresses progesterone receptor action in breast cancer cells. Molecular
Endocrinology. 21(12):2890-2906.



Stellenbosch University https://scholar.sun.ac.za

94

Daniel, A.R., Hagan, C.R. & Lange, C. a. 2011. Progesterone receptor action: defining a role in
breast cancer. Expert Rev. Endocrinol. Metab. 6(3):359-369.

Daniel, A.R., Gaviglio, A.L., Knutson, T.P., Ostrander, J.H., D’Assoro, A.B., Ravindranathan, P.,
Peng, Y., Raj, G. V., et al. 2015. Progesterone receptor-B enhances estrogen responsiveness of
breast cancer cells via scaffolding PELP1- and estrogen receptor-containing transcription
complexes. Oncogene. 34:506-515.

DeBerardinis, R.J., Lum, J.J., Hatzivassiliou, G. & Thompson, C.B. 2008. The biology of cancer :
Metabolic reprogramming fuels cell growth and proliferation. Cell. 7:11-20.

Deroo, B.J. & Korach, K.S. 2006. Estrogen receptors and human disease. J.Clin.Invest. 116(3):561—
570.

Diaz, J., Aranda, E., Henriquez, S., Quezada, M., Espinoza, E., Bravo, M.L., Oliva, B., Lange, S., et
al. 2012. Progesterone promotes focal adhesion formation and migration in breast cancer cells
through induction of protease-activated receptor-1. Journal of Endocrinology. 214(2):165-175.

Diep, C.H., Daniel, A., Mauro, L., Knutson, T. & Lange, C. 2015. Progesterone action in breast,
uterine, and ovarian cancers. Journal of molecular endocrinology. 54(2):R31-R53.

Dinger, J., Bardenheuer, K. & Heinemann, K. 2014. Cardiovascular and general safety of a 24-day
regimen of drospirenone-containing combined oral contraceptives: Final results from the
International Active Surveillance Study of Women Taking Oral Contraceptives. Contraception.
89(4):253-263.

Dressing, G.E., Goldberg, J.E., Charles, N.J., Schwertfeger, K.L. & Lange, C.A. 2011. Membrane
progesterone receptor expression in mammalian tissues; a review of regulation and physiological
implications. Steroids. 76(1-2):11-17.

Edwards, D.P. 2005. Regulation of Signal Transduction Pathways By Estrogen and Progesterone.
Annual Review of Physiology. 67(1):333-335.

Edwards, D.P., Altmann, M., DeMarzo, a, Zhang, Y., Weigel, N.L. & Beck, C. a. 1995.
Progesterone receptor and the mechanism of action of progesterone antagonists. The Journal of
steroid biochemistry and molecular biology. 53(1):449-458.

Ehrmann, D.A. 2005. Polycystic ovary syndrome. The New England Journal of Medicine.
352(12):1223-1236.

Elger, W., Beier, S., Pollow, K., Garfield, R., Shi, S.Q. & Hillisch, A. 2003. Conception and
pharmacodynamic profile of drospirenone. Steroids. 68:891-905.

Elmore, S. 2007. Apoptosis: a review of programmed cell death. Toxicologic pathology. 35(4):495—
516.

Erkkola, R. & Landgren, B.-M. 2005. Role of progestins in contraception. Acta obstetricia et
gynecologica Scandinavica. 84(3):207-216.

Faivre, E., Skildum, A., Pierson-Mullany, L. & Lange, C.A. 2005. Integration of progesterone
receptor mediated rapid signaling and nuclear actions in breast cancer cell models: role of mitogen-
activated protein kinases and cell cycle regulators. Steroids. 70(5-7):418-26.



Stellenbosch University https://scholar.sun.ac.za

95

Fanchin, R., De Ziegler, D., Bergeron, C., Righini, C., Torrisi, C. & Frydman, R. 1997.
Transvaginal adminstration of progesterone. Obstetrics & Gynecology. 90(3):396-401.

Ferlay, J., Soerjomataram, I., Dikshit, R., Eser, S., Mathers, C., Rebelo, M., Parkin, D.M., Forman,
D., et al. 2014. Cancer incidence and mortality worldwide: Sources, methods and major patterns in
GLOBOCAN 2012. International Journal of Cancer. 136(5):E359-E386.

Files, J.A., Ko, M.G. & Pruthi, S. 2011. Bioidentical Hormone Therapy. Mayo Clinic Proceedings.
86(7):673-680.

Flouriot, G., Brand, H., Denger, S., Metivier, R., Kos, M., Reid, G., Sonntag-Buck, V. & Gannon,
F. 2000. Identification of a new isoform of the human estrogen receptor-alpha (hER-alpha) that is
encoded by distinct transcripts and that is able to repress hER-alpha activation function 1. The
EMBO journal. 19(17):4688-4700.

Formby, B. & Wiley, T.S. 1998. Progesterone inhibits growth and induces apoptosis in breast
cancer cells: inverse effects on Bcl-2 and p53. Annals of Clinical and Lboratory Science.
28(6):360-3609.

Formby, B. & Wiley, T.S. 1999. Bcl-2, survivin and variant CD44 v7-v10 are downregulated and
p53 is upregulated in breast cancer cells by progesterone : Inhibition of cell growth and induction of
apoptosis. Molecular and Cellular Biochemistry. 202:53-61.

Fotherby, K. 1996. Bioavailability of orally administered sex steroids used in oral contraception and
hormone replacement therapy. Contraception. 54(2):59-69.

Fournier, A., Berrino, F., Riboli, E., Avenel, V. & Clavel-Chapelon, F. 2005. Breast cancer risk in
relation to different types of hormone replacement therapy in the E3N-EPIC cohort. International
Journal of Cancer. 114:448-454.

Fournier, A., Berrino, F. & Clavel-Chapelon, F. 2008. Unequal risks for breast cancer associated
with different hormone replacement therapies: Results from the E3N cohort study. Breast Cancer
Research and Treatment. 107(1):103-111.

Fournier, A., Mesrine, S., Dossus, L., Boutron-Ruault, M.C., Clavel-Chapelon, F. & Chabbert-
Buffet, N. 2014. Risk of breast cancer after stopping menopausal hormone therapy in the E3N
cohort. Breast Cancer Research and Treatment. 145(2):535-543.

Fraga, D., Meulia, T. & Fenster, S. 2008. Real-Time PCR. In Current Protocols Essential
Laboratory Techniques. 10.3.1-10.3.34.

Franke, H.R. & Vermes, |. 2003. Differential effects of progestogens on breast cancer cell lines.
Maturitas. 46(S1):S55-S58.

Freshney, R. 1987. Culture of Animal Cells: A Manual of Basic Technique, Fourth ed, Wiley-Liss,
New York.

Fu, X., Giretti, M.S., Goglia, L., Flamini, M.I., Sanchez, A.M., Baldacci, C., Garibaldi, S., Sitruk-
Ware, R., et al. 2008a. Comparative actions of progesterone, medroxyprogesterone acetate,
drospirenone and nestorone on breast cancer cell migration and invasion. BMC cancer. 8:166.

Fu, X., Giretti, M.S., Baldacci, C., Garibaldi, S., Flamini, M., Matias, A., Gadducci, A., Genazzani,
A.R., et al. 2008b. Extra-nuclear signaling of progesterone receptor to breast cancer cell movement
and invasion through the actin cytoskeleton. PLoS ONE. 3(7):1-14.



Stellenbosch University https://scholar.sun.ac.za

96

Fu, X.D., Goglia, L., Sanchez, A.M., Flamini, M., Giretti, M.S., Tosi, V., Genazzani, AR. &
Simoncini, T. 2010. Progesterone receptor enhances breast cancer cell motility and invasion via
extranuclear activation of focal adhesion kinase. Endocrine-Related Cancer. 17(2):431-443.

Garcia-Becerra, R., Cooney, A.J., Borja-Cacho, E., Lemus, A.E., Pérez-Palacios, G. & Larrea, F.
2004. Comparative evaluation of androgen and progesterone receptor transcription selectivity
indices of 19-nortestosterone-derived progestins. The Journal of steroid biochemistry and
molecular biology. 91(1-2):21-7.

Gellersen, B., Fernandes, M.S. & Brosens, J.J. 2009. Non-genomic progesterone actions in female
reproduction. Human Reproduction Update. 15(1):119-138.

Germond, M., Capelli, P., Bruno, G., Vesnaver, S., Senn, A., Rouge, N. & Biollaz, J. 2002.
Comparison of the efficacy and safety of two formulations of micronized progesterone (Ellios and
Utrogestan) used as luteal phase support after in vitro fertilization. Fertility and Sterility.
77(2):313-317.

Giangrande, P.H., Pollio, G. & McDonnell, D.P. 1997. Mapping and characterization of the
functional domains responsible for the differential activity of the A and B isoforms of the human
progesterone receptor. The Journal of Biological Chemistry. 272:32889-32900.

Giangrande, P.H., Kimbrel, E.A., Edwards, D.P. & McDonnell, D.P. 2000. The opposing
transcriptional activities of the two isoforms of the human progesterone receptor are due to
differential cofactor binding. Molecular and cellular biology. 20(9):3102-15.

Giulianelli, S., Vaque, J.P., Soldati, R., Wargon, V., Vanzulli, S.I., Martins, R., Zeitlin, E.,
Molinolo, A.A., et al. 2012. Estrogen Receptor Alpha Mediates Progestin-Induced Mammary
Tumor Growth by Interacting with Progesterone Receptors at the Cyclin D1/MYC Promoters.
Cancer Research. 72(9):2416-2427.

Graham, J. & Clarke, C. 1997. Physiological Action of Progesterone in Target Tissues. Endocrine
reviews. 18(4):502-519.

Graham, J.D. & Clarke, C.L. 2002. Progesterone receptors — animal models and cell signaling in
breast cancer Expression and transcriptional activity of progesterone receptor A and progesterone
receptor B in mammalian cells. Breast Cancer Research. 4(5):187-190.

Graham, J.D., Yeates, C., Balleine, R.L., Harvey, S.S., Milliken, J.S., Bilous, A.M. & Clarke, C.L.
1995. Characterization of Progesterone Receptor A and B Expression in Human Breast Cancer.
Cancer Research. 55(21):5063-5068.

Greendale, G.A., Lee, N.P. & Arriola, E.R. 1999. The menopause. Lancet. 353(9152):571-580.

Greydanus, D.E., Patel, D.R. & Rimsza, M.E. 2001. Contraception in the Adolesecnt: An Update.
Pediatrics.107(3):562-573.

Griekspoor. 2007. Visualizing the action of steroid hormone receptors in living cells. Nuclear
Receptor Signaling. 4:1-9.

Gronemeyer, H., Gustafsson, J.-A. & Laudet, V. 2004. Principles for modulation of the nuclear
receptor superfamily. Nature reviews. Drug discovery. 3(11):950-964.



Stellenbosch University https://scholar.sun.ac.za

97

Gu, Y.-Q., Tong, J.-S., Ma, D.-Z., Wang, X.-H., Yuan, D., Tang, W.-H. & Bremner, W.J. 2004.
Male hormonal contraception: effects of injections of testosterone undecanoate and depot
medroxyprogesterone acetate at eight-week intervals in chinese men. The Journal of Clinical
Endocrinology & Metabolism. 89(5):2254-2262.

Guido, M., Romualdi, D., Giuliani, M., Suriano, R., Selvaggi, L., Apa, R. & Lanzone, a. 2004.
Drospirenone for the treatment of hirsute women with polycystic ovary syndrome: a clinical,
endocrinological, metabolic pilot study. The Journal of clinical endocrinology and metabolism.
89(6):2817-23.

Guidozzi, F., Alperstein, A., Bagratee, J.S., Dalmeyer, P., Davey, M., De Villiers, T.J.,
Hirschowitz, S., Kopenhager, T., et al. 2014. South African Menopause Society revised consensus
position statement on menopausal hormone therapy, 2014. South African Medical Journal.
104(8):537.

Hall, P.A. & Levison, D.A. 1990. Review : Assessment of cell proliferation in histological material.
Journal of Clinical Pathology. 43:184-192.

Hanahan, D. & Weinberg, R. 2000. The hallmarks of cancer. Cell. 100(1):57-70.

Hanahan, D. & Weinberg, R.A. 2011. Hallmarks of cancer: the next generation. Cell. 144(5):646—
74.

Hanukoglu, 1. 1992. Steroidogenic enzymes: structure, function, and role in regulation of steroid
hormone biosynthesis. The Journal of steroid biochemistry and molecular biology. 43(8):779-804.

Hapgood, J.P., Africander, D., Louw, R., Ray, R.M. & Rohwer, J.M. 2014. Potency of progestogens
used in hormonal therapy: Toward understanding differential actions. The Journal of steroid
biochemistry and molecular biology. 142:39-47.

Harrison, R.F. & Barry-Kinsella, C. 2000. Efficacy of medroxyprogesterone treatment in infertile
women with endometriosis: a prospective, randomized, placebo-controlled study. Fertility and
Sterility. 74(1):24-30.

Hartman, J., Strom, A. & Gustafsson, J.A. 2009. Estrogen receptor beta in breast cancer-Diagnostic
and therapeutic implications. Steroids. 74:635-641.

Harwood, K., Vuguin, P. & DiMartino-Nardi, J. 2007. Current approaches to the diagnosis and
treatment of polycystic ovarian syndrome in youth. Hormone research. 68(5):209-17.

Hefti, M.M., Hu, R., Knoblauch, N.W., Collins, L.C., Haibe-Kains, B., Tamimi, R.M. & Beck,
A.H. 2013. Estrogen receptor negative/progesterone receptor positive breast cancer is not a
reproducible subtype. Breast cancer research : BCR. 15(4):R68.

Hickey, M., Davis, S.R. & Sturdee, D.W. 2005. Treatment of menopausal symptoms: What shall
we do now? Lancet. 366(9483):409—421.

Hickey, M., Elliott, J. & Davison, S.L. 2012. Hormone replacement therapy. BM.J : British Medical
Journal. 344:e763-e768.

Holtorf, K. 2009. The Bioidentical Hormone Debate: Are Bioidentical Hormones (Estradiol, Estriol,
and Progesterone) Safer or More Efficacious than Commonly Used Synthetic Versions in Hormone
Replacement Therapy? Postgraduate Medicine. 121(1):73-85.



Stellenbosch University https://scholar.sun.ac.za

98

Hopp, T. a, Weiss, H.L., Hilsenbeck, S.G., Cui, Y., Allred, D.C., Horwitz, K.B. & Fuqua, S. a W.
2004. Breast Cancer Patients with Progesterone Receptor PR-A-Rich Tumors Have Poorer Disease-
Free Survival Rates. Clinical Cancer Research. 10(8):2751-2760.

Horwitz, K.B. & Freidenberg, G.R. 1985. Growth inhibition and increase of insulin receptors in
antiestrogen-resistant T47D(co) human breast cancer cells by progestins: Implications for endocrine
therapies. Cancer Res. 45(1):167-173.

Horwitz, K.B. & McGuire, W.L. 1978. Estrogen control of progesterone receptor in human breast
cancer. The Journal of BioogicalChemistry. 253:2223-2228.

Horwitz, K.B., Zava, D.T., Thilagar, A.K., Jensen, E.M. & Mcguire, W.L. 1978. Steroid Receptor
Analyses of Nine Human Breast Cancer Cell Lines. Cancer Research. 38(8):2434-2437.

Hsieh, F.-C., Cheng, G. & Lin, J. 2005. Evaluation of potential Stat3-regulated genes in human
breast cancer. Biochemical and biophysical research communications. 335(2):292-299.

Hu, J., Zhang, Z., Shen, W.-J. & Azhar, S. 2010. Cellular cholesterol delivery, intracellular
processing and utilization for biosynthesis of steroid hormones. Nutrition & metabolism. 7(1):47.

Hunter, D.J., Colditz, G.A., Hankinson, S.E., Malspeis, S., Spiegelman, D., Chen, W., Stampfer,
M.J. & Willett, W.C. 2010. Oral contraceptive use and breast cancer: a prospective study of young
women. Cancer Epidemiol Biomarkers Prev. 19(10):2496-2502.

Hurd, C., Khattree, N., Alban, P., Nag, K., Jhanwar, S.C., Dinda, S. & Moudgil, V.K. 1995.
Hormonal regulation of the p53 tumor suppressor protein in T47D human breast carcinoma Cell
Line. The Journal of Biological Chemistry. 270(48):28507—28510.

Hyder, S.M., Murthy, L., Stancel, G.M. & Stance, G.M. 1998. Progestin Regulation of Vascular
Endothelial Growth Factor in Human Breast Cancer Cells Advances in Brief Progestin Regulation
of Vascular Endothelial Growth Factor in Human Breast Cancer Cells. Cancer Research. 58:392—
395.

Hyder, S.M., Chiappetta, C. & Stancel, G.M. 2001. Pharmacological and endogenous progestins
induce vascular endothelial growth factor expression in human breast cancer cells. International
Journal of Cancer. 92(4):469-473.

llani, N., Roth, M.Y., Amory, J.K., Swerdloff, R.S., Dart, C., Page, S.T., Bremner, W.J., Sitruk-
Ware, R, et al. 2012. A new combination of testosterone and nestorone transdermal gels for male
hormonal contraception. Journal of Clinical Endocrinology and Metabolism. 97(10):3476-3486.

Irahara, M., Uemura, H., Tasui, T., Kinoshita, H., Yamada, M., Tezuka, M., Kiyokawa, M.,
Kamada, M., et al. 2001. Efficacy of every-other-day administration of conjugated equine estrogen
and medroxyprogensterone acetate on gonadotropin-releasing hormone agonists treatment in
women with endometriosis. Gynecologic and Obstetric Investigation. 52(4):217-222.

Ishida, Y., Ishida, Y. & Heersche, J.N.M. 2002. Pharmacologic doses of medroxyprogesterone may
cause bone loss through glucocorticoid activity: An hypothesis. Osteoporosis International.
13(8):601-605.

Ishida, Y., Mine, T. & Taguchi, T. 2008. Effect of progestins with different glucocorticoid activity
on bone metabolism. Clinical Endocrinology. 68(3):423-428.



Stellenbosch University https://scholar.sun.ac.za

99

Ito, F., Mori, T., Takaoka, O., Tanaka, Y., Koshiba, A., Tatsumi, H., Iwasa, K. & Kitawaki, J. 2016.
Effects of drospirenone on adhesion molecule expression and monocyte adherence in human
endothelial cells. European journal of obstetrics, gynecology, and reproductive biology. 201:113-
117.

Jacobsen, B.M. & Horwitz, K.B. 2012. Progesterone receptors, their isoforms and progesterone
regulated transcription. Molecular and Cellular Endocrinology. 357(1-2):18-29.

Jacobsen, B.M., Richer, J.K., Sartorius, C.A. & Horwitz, K.B. 2003. Expression Profiling of
Human Breast Cancers and Gene Regulation by Progesterone Receptors. Journal of mammary
gland biology and neoplasia. 8(3):257-268.

Jacobstein, R. & Polis, C.B. 2014. Progestin-only contraception: Injectables and implants. Best
Practice and Research: Clinical Obstetrics and Gynaecology. 28(6):795-806.

Kahn, H.S., Curtis, K.M. & Marchbanks, P. a. 2003. Effects of injectable or implantable progestin-
only contraceptives on insulin-glucose metabolism and diabetes risk. Diabetes care. 26(1):216-25.

Kalkhoven, E., Kwakkenbos-Isbricker, L., De Laat, S.W., Van Der Saag, P.T. & Van Der Burg,
B.D. 1994. Synthetic progestins induce proliferation of breast tumor cell lines via the progesterone
or estrogen receptor. Molecular and Cellular Endocrinology. 102(1-2):45-52.

Kalkhoven, E., Wissink, S., Saag, P.T. Van Der & Burg, B. Van Der. 1996. Negative Interaction
between the RelA (p65) Subunit of NFkB and the Progesterone Receptor. Biochemistry.
271(11):6217-6224.

Kamischke, A., Diebécker, J. & Nieschlag, E. 2000. Potential of norethisterone enanthate for male
contraception: pharmacokinetics and suppression of pituitary and gonadal function. Clinical
Endocrinology. 53:351-358.

Kamischke, A., Venherm, S., Ploger, D., von Eckardstein, S. & Nieschlag, E. 2000. Intramuscular
testosterone undecanoate and norethisterone enanthate in a clinical trial for male contraception. The
Journal of clinical endocrinology and metabolism. 86(1):303-309.

Kanakis, G.A. & Goulis, D.D. 2015. Male contraception : a clinically-oriented review. Hormones.
14(4):598-614.

Kariagina, A., Aupperlee, M.D. & Haslam, S.Z. 2008. Progesterone receptor isoform functions in
normal breast development and breast cancer. Critical reviews in eukaryotic gene expression.
18(1):11-33.

Kariagina, A., Xie, J., Langohr, .M., Opreanu, R.C., Basson, M.D. & Haslam, S.Z. 2013.
Progesterone decreases levels of the adhesion protein E-cadherin and promotes invasiveness of
steroid receptor positive breast cancers. Hormones and Cancer. 4(6):371-380.

Karmakar, S., Jin, Y. & Nagaich, A.K. 2013. Interaction of glucocorticoid receptor (GR) with
estrogen receptor (ER) a and activator protein 1 (AP1) in dexamethasone-mediated interference of
ERa activity. The Journal of Biological Chemistry. 288(33):24020-34.

Kass-Wolff, J.H. 2001. Bone loss in adolescents using Depo-Provera. Journal for Specialists in
Pediatric Nursing. 6(1):21-31.



Stellenbosch University https://scholar.sun.ac.za

100

Kastner, P., Krust, a, Turcotte, B., Stropp, U., Tora, L., Gronemeyer, H. & Chambon, P. 1990. Two
distinct estrogen-regulated promoters generate transcripts encoding the two functionally different
human progesterone receptor forms A and B. The EMBO journal. 9(5):1603-1614.

Keydar, 1., Aviv, R., Hospital, T.H. & Aviv, T. 1979. Establishment and Characterization of Cell
Line of Human Breast Carcinoma Origin. European Journal of Cancer. 15:659-670.

Kim, JJ., Kurita, T. & Bulun, S.E. 2013. Progesterone Action in Endometrial Cancer,
Endometriosis, Uterine Fibroids, and Breast Cancer. Endocrine Reviews. 34(1):130-162.

Kimzey, L., Gumowski, J., Merriam, G., Grimes, G. & Nelson, L. 1991. Absorption of micronized
progesterone from a nonliquefying vaginal cream. Fertility and Sterility. 56(5):995-996.

Kobayashi, S., Stice, J.P., Kazmin, D., Wittmann, B.M., Kimbrel, E. aA, Edwards, D.P., Chang, C.-
Y. & McDonnell, D.P. 2010. Mechanisms of progesterone receptor inhibition of inflammatory
responses in cellular models of breast cancer. Molecular endocrinology. 24(12):2292—302.

Koubovec, D., Ronacher, K., Stubsrud, E., Louw, A. & Hapgood, J.P. 2005. Synthetic progestins
used in HRT have different glucocorticoid agonist properties. Molecular and Cellular
Endocrinology. 242(1-2):23-32.

Kramer, E. a, Seeger, H., Kramer, B., Wallwiener, D. & Mueck, A.O. 2006. The effect of
progesterone, testosterone and synthetic progestogens on growth factor- and estradiol-treated
human cancerous and benign breast cells. European journal of obstetrics, gynecology, and
reproductive biology. 129(1):77-83.

Krattenmacher, R. 2000. Drospirenone: Pharmacology and pharmacokinetics of a unique
progestogen. Contraception. 62(1):29-38.

Kraus, W.L., Weis, K.E. & Katzenellenbogen, B.S. 1995. Inhibitory cross-talk between steroid
hormone receptors: differential targeting of estrogen receptor in the repression of its transcriptional
activity by agonist- and antagonist-occupied progestin receptors. Molecular and cellular biology.
15(4):1847-1857.

Kraus, W.L., Weis, K.E. & Katzenellenbogen, B.S. 1997. Determinants for the repression of
estrogen receptor transcriptional activity by ligand-occupied progestin receptors. The Journal of
steroid biochemistry and molecular biology. 63(4-6):175-188.

Krebs, S., Fischaleck, M. & Blum, H. 2009. A simple and loss-free method to remove TRIzol
contaminations from minute RNA samples. Analytical Biochemistry. 387(1):136-138.

Lange, C.A. 2008. Challenges to defining a role for progesterone in breast cancer. Steroids. 73(9—
10):914-21.

Lara-Torre, E., Edwards, C.P., Perlman, S. & Hertweck, S.P. 2004. Bone mineral density in
adolescent females using depot medroxyprogesterone acetate. Journal of Pediatric and Adolescent
Gynecology. 17:17-21.

Lee, N.C., Rosero-Bixby, L., Oberle, M.W., Grimaldo, C., Whatley, A.S. & Rovira, E.Z. 1987. A
case-control study of breast cancer and hormonal contraception in Costa Rica. Journal of the
National Cancer Institute. 79(6):1247-1254.



Stellenbosch University https://scholar.sun.ac.za

101

Lekanne Deprez, R.H., Fijnvandraat, A.C., Ruijter, J.M. & Moorman, A.F.M. 2002. Sensitivity and
accuracy of quantitative real-time polymerase chain reaction using SYBR green | depends on
cDNA synthesis conditions. Analytical Biochemistry. 307(1):63—-69.

Lentz, S., Brady, M. & Major, F. 1996. High-dose megestrol acetate in advanced or recurrent
endometrial carcinoma: a Gynecologic Oncology Group Study. Journal of Clinical Oncology.
14(2):357-361.

Leo, J.C.L., Guo, C.,, Woon, C.T., Aw, SEE. & Lin, V.C.L. 2004. Glucocorticoid and
Mineralocorticoid Cross-Talk with Progesterone Receptor to Induce Focal Adhesion and Growth
Inhibition in Breast Cancer Cells. Endocrinology. 145(3):1314-1321.

Leygue, E. & Murphy, L.C. 2013. A bi-faceted role of estrogen receptor beta in breast cancer.
Endocrine-Related Cancer. 20(3):R127-R139.

Li, H. 2005. Effect of initial subcellular localization of progesterone receptor on import kinetics and
transcriptional activity. Molecular pharmaceutics. 2(6):509-518.

Li, C., Samsioe, G., Wilaman, K., Lidfelt, J., Nerbrand, C., Agardh, C.D. & Schersten, B. 2000.
Effects of norethisterone acetate addition to estradiol in long term HRT. Maturitas. 36(2):139-152.

Li, C.1., Beaber, E.F., Chen Tang, M.T., Porter, P.L., Daling, J.R. & Malone, K.E. 2012. Effect of
Depo-Medroxyprogesterone Acetate on Breast Cancer Risk among Women 20 to 44 Years of Age.
Cancer Research. 72(8):2028-2035.

Liang, Y., Brekken, R.A. & Hyder, S.M. 2006. Vascular endothelial growth factor induces
proliferation of breast cancer cells and inhibits the anti-proliferative activity of anti-hormones.
Endocrine-Related Cancer. 13(3):905-919.

Liang, Y., Besch-Williford, C., Brekken, R.A. & Hyder, S.M. 2007. Progestin-dependent
progression of human breast tumor xenografts: a novel model for evaluating antitumor therapeutics.
Cancer Research. 67(20):9929-9936.

Liang, Y., Benakanakere, 1., Besch-Williford, C., Hyder, R.S., Ellersieck, M.R. & Hyder, S.M.
2010. Synthetic progestins induce growth and metastasis of BT-474 buman breast cancer xenografts
in nude mice. Menopause. 17(5):1040-1047.

Liao, D.J. & Dickson, R.B. 2000. c- Myc in breast cancer. Endocrine-related cancer. 7(3):143-164.

Lidegaard, @., Lokkegaard, E., Jensen, A., Skovlund, C. & Keiding, N. 2012. Thrombotic stroke
and myocardial infarction with hormonal contraception. The New England Journal of Medicine.
366(24):2257-2266.

de Lignieres, B. 2002. Effects of progestogens on the postmenopausal breast. Climacteric.
5(3):229-235.

de Ligniéres, B., de Vathaire, F., Fournier, S., Urbinelli, R., Allaert, F., Le, M.G. & Kuttenn, F.
2002. Combined hormone replacement therapy and risk of breast cancer in a French cohort study of
3175 women. Climacteric. 5(4):332-340.

Lim, C.S., Baumann, C.T., Htun, H., Xian, W., Irie, M., Smith, C.L. & Hager, G.L. 1999.
Differential localization and activity of the A- and B-forms of the human progesterone receptor
using green fluorescent protein chimeras. Molecular endocrinology (Baltimore, Md.). 13(3):366-75.



Stellenbosch University https://scholar.sun.ac.za

102

Lin, V.C., Ng, E.H., Aw, S.E., Tan, M.G., Ng, E.H., Chan, V.S. & Ho, G.H. 1999. Progestins
Inhibit the Growth of MDA-MB-231 Cells Transfected with Progesterone Receptor Complementary
DNA. Clinical Cancer Research. 5:395-403.

Lin, Y., Huang, R., Chen, L., Li, S., Shi, Q., Jordan, C. & Huang, R.P. 2004. Identification of
interleukin-8 as estrogen receptor-regulated factor involved in breast cancer invasion and
angiogenesis by protein arrays. International Journal of Cancer. 109:507-515.

Long, X. & Nephew, K.P. 2006. Fulvestrant (ICI 182,780)-dependent interacting proteins mediate
immobilization and degradation of estrogen receptor-alpha. The Journal of Biological Chemistry.
281(14):9607-9615.

Louw-du Toit, R., Hapgood, J.P. & Africander, D. 2014. Medroxyprogesterone Acetate
Differentially Regulates Interleukin (IL)-12 and IL-10 in a Human Ectocervical Epithelial Cell Line
in a Glucocorticoid Receptor (GR)-dependent Manner. The Journal of Biological Chemistry.
289(45):31136-49.

Lu, N.Z., Wardell, S.E., Burnstein, K.L., Defranco, D., Fuller, P.J., Giguere, V., Hochberg, R.B.,
McKay, L., et al. 2006. The pharmacology and classification of the nuclear receptor superfamily:
Glucocorticoid, mineralocorticoid, progesterone, and androgen receptors. The Journal of Biological
Chemistry. 58(4):782—797.

Lundgren, S. 1992. Progestins in breast cancer treatment. A review. Acta oncologica (Stockholm,
Sweden). 31(7):709-722.

Lydon, J.P., De Mayo, F.J., Funk, C.R., Mani, S.K., Hughes, a. R., Montgomery, C. a., Shyamala,
G., Conneely, O.M., et al. 1995. Mice lacking progesterone receptor exhibit pleiotropic
reproductive abnormalities. Genes and Development. 9(18):2266-2278.

Manzoli, L., Vito, C. De, Marzuillo, C., Boccia, A. & Villari, P. 2012. Oral contraceptives and
venous thromboembolism. Drug safety. 35(3):191-205.

Markiewicz, L. & Gurpide, E. 1994. Estrogenic and progestagenic activities coexisting in steroidal
drugs: quantitative evaluation by in vitro bioassays with human cells. J Steroid Biochem Mol Biol.
48(1):89-94.

Maxson, W. & Hargrove, J. 1985. Bioavailability of oral micronized progesterone. Fertility and
Sterility. 44(5):622-626.

McDonnell, D.P. & Goldman, M.E. 1994. RU486 Exerts Antiestrogenic Activities through a Novel
Progesterone Receptor A Form-mediated Mechanism. The Journal of Biological Chemistry.
269(16):11945-11949.

McDonnell, D.P., Shahbaz, M.M., Vegeto, E. & Goldman, M.E. 1994. The human progesterone
receptor A-form functions as a transcriptional modulator of mineralocorticoid receptor
transcriptional activity. The Journal of steroid biochemistry and molecular biology. 48(5-6):425—
32.

McKenna, N.J., Lanz, R.B. & O’Malley, B.W. 1999. Nuclear receptor coregulators: cellular and
molecular biology. Endocrine Reviews. 20(3):321-344.

McNamara, K.M. & Sasano, H. 2015. Beyond the C18 frontier: Androgen and glucocorticoid
metabolism in breast cancer tissues The role of non-typical steroid hormones in breast cancer
development and progression. Steroids. 103:115-122.



Stellenbosch University https://scholar.sun.ac.za

103

Mirkin, S., Wong, B.C. & Archer, D.F. 2005. Effect of 17-beta-estradiol, progesterone, synthetic
progestins , tibolone , and tibolone metabolites on vascular endothelial growth factor mRNA in
breast cancer cells. Fertility and Sterility. 84(2):485-491.

Mohammed, H., Russell, LLA., Stark, R., Rueda, O.M., Hickey, T.E., Tarulli, G.A., Serandour,
A.AA., Birrell, S.N., et al. 2015. Progesterone receptor modulates ERa action in breast cancer.
Nature. 523(7560):313-317.

Moore, M.R., Zhou, J., Blankenship, K.A., Jeannine, S., Edwards, P. & Gentry, R.N. 1997. A
sequence in the 5” flanking region confers progestin responsiveness on the human c-myc gene. The
Journal of steroid biochemistry and molecular biology. 62(4):243-252.

Moore, M.R., Conover, J.L. & Franks, K.M. 2000. Progestin effects on long-term growth, death,
and Bcl-xL in breast cancer cells. Biochemical and biophysical research communications.
277(3):650-4.

Moore, M.R., Spence, J.B., Kiningham, K.K. & Dillon, J.L. 2006. Progestin inhibition of cell death
in human breast cancer cell lines. The Journal of steroid biochemistry and molecular biology. 98(4—
5):218-27.

Moore, N.L., Hickey, T.E., Butler, L.M. & Tilley, W.D. 2012. Multiple nuclear receptor signaling
pathways mediate the actions of synthetic progestins in target cells. Molecular and cellular
endocrinology. 357(1-2):60-70.

Morrison, C.S., Bright, P., Wong, E.L., Kwok, C., Yacobson, I., Gaydos, C., Tucker, H.T. &
Blumenthal, P.D. 2004. Hormonal Contraceptive Use, Cervical Ectopy, and the Acquisition of
Cervical Infections. Sexual Transmitted Diseases. 31(9):561-567.

Morrison, C.S., Chen, P.L., Kwok, C., Richardson, B.A., Chipato, T., Mugerwa, R., Byamugisha,
J., Padian, N., et al. 2010. Hormonal contraception and HIV acquisition: reanalysis using marginal
structural modeling. 24(11):1778-1781.

Mosmann, T. 1983. Rapid colorimetric assay for cellular growth and survival: Application to
proliferation and cytotoxicity assays. Journal of Immunological Methods. 65(1-2):55-63.

Mostad, S.B., Kreiss, J.K., Ryncarz, A.J., Mandaliya, K., Chohan, B., Ndinya-Achola, J., Bwayo,
J.J. & Corey, L. 2000. Cervical shedding of herpes simplex virus in human immunodeficiency
virus-infected women: effects of hormonal contraception, pregnancy, and vitamin A deficiency.
Journal of Infectious Diseases. 181(1):58-63.

Mote, P. a, Bartow, S., Tran, N. & Clarke, C.L. 2002. Loss of co-ordinate expression of
progesterone receptors A and B is an early event in breast carcinogenesis. Breast cancer research
and treatment. 72(2):163-72.

Mueller, M.D., Vigne, J.L., Pritts, E. a, Chao, V., Dreher, E. & Taylor, R.N. 2003. Progestins
activate vascular endothelial growth factor gene transcription in endometrial adenocarcinoma cells.
Fertility and sterility. 79(2):386-92.

Mulac-Jericevic, B. & Conneely, O.M. 2004. Reproductive tissue selective actions of progesterone
receptors. Reproduction. 128(2):139-146.

Nass, S.J. & Dickson, R.B. 1997. Defining a role for c-Myc in breast tumorigenesis. Breast Cancer
Research and Treatment. 44:1-22.



Stellenbosch University https://scholar.sun.ac.za

104

Nath, A. & Sitruk-Ware, R. 2009. Parenteral administration of progestins for hormonal replacement
therapy. Eur J Contracept Reprod Health Care. 14(2):88-96.

Newcomb, P. a, Titus-Ernstoff, L., Egan, K.M., Trentham-Dietz, A., Baron, J. a, Storer, B.E.,
Willett, W.C. & Stampfer, M.J. 2002. Postmenopausal estrogen and progestin use in relation to
breast cancer risk. Cancer Epidemiology and Prevention Biomarkers. 11(7):593-600.

Nieschlag, E., Zitzmann, M. & Kamischke, A. 2003. Use of progestins in male contraception.
Steroids. 68(10-13):965-972.

Niu, J., Shi, Y., Tan, G., Yang, C.H., Fan, M., Pfeffer, L.M. & Wu, Z.H. 2012. DNA damage
induces NF-kB-dependent MicroRNA-21 up-regulation and promotes breast cancer cell invasion.
The Journal of Biological Chemistry. 287(26):21783-21795.

Norman, T., Morse, C. & Dennerstein, L. 1991. Comparative bioavailability of orally and vaginally
administered progesterone. Fertility and Sterility. 56(6):1034-1039.

Ochnik, A.M. 2012. The Molecular Actions of Medroxyprogesterone Acetate on Androgen
Receptor Signalling and the Promotion of Breast Cancer.

Oelkers, W. 2004. Drospirenone, a progestogen with antimineralocorticoid properties: a short
review. Molecular and cellular endocrinology. 217(1-2):255-61.

Ojule, J.D., Oriji, V.K. & Okongwu, C. 2010. A five year review of the complications of
progestogen only injectable contraceptive at the University of Port-Harcourt Teaching Hospital.
Niger J Med. 19(1):87-95.

Ory, K., Lebeau, J., Levalois, C., Bishay, K., Fouchet, P., Allemand, 1., Therwath, A. & Chevillard,
S. 2001. Apoptosis inhibition mediated by medroxyprogesterone acetate treatment of breast cancer
cell lines. Breast Cancer Research and Treatment. 68(3):187-198.

Panay, N. & Fenton, A. 2010. Bioidentical hormones: what is all the hype about? Climacteric.
13(1):1-3.

Paul, C., Skegg, D.C. & Spears, G.F. 1989. Depot medroxyprogesterone (Depo-Provera) and risk of
breast cancer. British Medical Journal. 299:759-762.

Peters, A.A., Buchanan, G., Ricciardelli, C., Bianco-Miotto, T., Centenera, M.M., Harris, J.M.,
Jindal, S., Segara, D., et al. 2009. Androgen Receptor Inhibits Estrogen Receptor-a Activity and Is
Prognostic in Breast Cancer. Cancer Research. 69(15):6131-6140.

Pfaffl, M.W. 2001. A new mathematical model for relative quantification in real-time RT-PCR.
Nucleic acids research. 29(9):e45.

Pierson-mullany, L.K. & Lange, C.A. 2004. Phosphorylation of progesterone receptor serine 400
mediates ligand-independent transcriptional activity in response to activation of cyclin-dependent
protein kinase 2. Molecular and Cellular Biology. 24(24):10542—-10557.

Pierson-Mullany, L.K., Skildum, A., Faivre, E. & Lange, C.A. 2003. Cross-talk between growth
factor and progesterone receptor signaling pathways: implications for breast cancer cell growth.
Breast disease. 18:21-31.



Stellenbosch University https://scholar.sun.ac.za

105

Platet, N., Cathiard, A.M., Gleizes, M. & Garcia, M. 2004. Estrogens and their receptors in breast
cancer progression: a dual role in cancer proliferation and invasion. Critical reviews in
oncology/hematology. 51(1):55-67.

Polyak, K. 2007. Breast cancer: origins and evolution. The Journal of Clinical Investigation.
117(11):3155-3163.

Price, J.H., Ismail, H., Gorwill, R.H. & Sarda, I.R. 1983. Effect of the suppository base on
progesterone delivery from the vagina. Fertility and Sterility. 39(4):490-493.

Rakhi, J. & Sumathi, M. 2011. Contraceptive methods: Needs, options and utilization. Journal of
Obstetrics and Gynecology of India. 61(6):626-634.

Ray, P., Ghosh, S.K., Zhang, D.-H. & Ray, A. 1997. Repression of interleukin-6 gene expression by
17p-estradiol: FEBS Letters. 409(1):79-85.

Rekawiecki, R., Kowalik, M.K. & Kotwica, J. 2011. Nuclear progesterone receptor isoforms and
their functions in the female reproductive tract. Polish Journal of Veterinary Sciences. 14(1):149—
158.

Riis, B.J., Lehmann, H.-J. & Christiansen, C. 2002. Norethisterone acetate in combination with
estrogen: Effects on the skeleton and other organs. American Journal of Obstetrics and Gynecology.
187(4):1101-1116.

Ririe, K.M., Rasmussen, R.P. & Wittwer, C.T. 1997. Product differentiation by analysis of DNA
melting curves during the polymerase chain reaction. Analytical Biochemistry. 245(1):154-160.

Roebuck, K. 1999. Regulation of interleukin-8 gene expression. Journal of interferon & cytokine
research. 19(5):429-438.

Ross, R.K., Paganini-Hill, A., Wan, P.C. & Pike, M.C. 2000. Effect of hormone replacement
therapy on breast cancer risk: Estrogen versus estrogen plus progestin. Journal of the National
Cancer Institute. 92(4):328-332.

Rossouw, J.E., Anderson, G.L., Prentice, R.L., LaCroix, A.Z., Kooperberg, C., Stefanick, M.L.,
Jackson, R.D., Beresford, S.A., et al. 2002. Risks and benefits of estrogen plus progestin in healthy
postmenopausal women: principle results from the Women’s Health Initiative randomised
controlled trial. JAMA : the journal of the American Medical Association. 288(3):321-333.

Roth, M.Y., Page, S.T. & Bremner, W.J. 2015. Male hormonal contraception: Looking back and
moving forward. Andrology. 4(1):4-12.

Ruan, X., Neubauer, H., Yang, Y., Schneck, H., Schultz, S., Fehm, T., Cahill, M.A., Seeger, H., et
al. 2012. Progestogens and membrane-initiated effects on the proliferation of human breast cancer
cells. Climacteric. 15(5):467-472.

Ruiz, A.D., Daniels, K.R., Barner, J.C., Carson, JJ. & Frei, C.R. 2011. Effectiveness of
compounded bioidentical hormone replacement therapy: an observational cohort study. BMC
Women's Health. 11(1):27-36.

Saitoh, M., Ohmichi, M., Takahashi, K., Kawagoe, J., Ohta, T., Doshida, M., Takahashi, T.,
Igarashi, H., et al. 2005. Medroxyprogesterone acetate induces cell proliferation through up-
regulation of cyclin D1 expression via phosphatidylinositol 3-kinase/Akt/nuclear factor-kappaB
cascade in human breast cancer cells. Endocrinology. 146(11):4917-25.



Stellenbosch University https://scholar.sun.ac.za

106

Sambrook, J., Fritsch, E. & Maniatis, T. 1989. Molecular Cloning: A Laboratory Manual. New
York: Cold Spring Harbor Laboratory Press.

Sartorius, C.A., Shen, T. & Horwitz, K.B. 2003. Progesterone receptors A and B differentially
affect the growth of estrogen-dependent human breast tumor xenografts. Breast Cancer Res Treat.
79(3):287-299.

Sasagawa, S., Shimizu, Y., Kami, H., Takeuchi, T., Mita, S., Imada, K., Kato, S. & Mizuguchi, K.
2008. Dienogest is a selective progesterone receptor agonist in transactivation analysis with potent
oral endometrial activity due to its efficient pharmacokinetic profile. Steroids. 73(2):222-31.

Scarpin, K.M., Graham, J.D., Mote, P. a & Clarke, C.L. 2009. Progesterone action in human
tissues: regulation by progesterone receptor (PR) isoform expression, nuclear positioning and
coregulator expression. Nuclear receptor signaling. 7:e009.

Schindler, A.E., Campagnoli, C., Druckmann, R., Huber, J., Pasqualini, J.R., Schweppe, KW. &
Thijssen, J.H.. 2003. Classification and pharmacology of progestins. Maturitas. 46:7-16.

Schindler, A.E. 2014. The “newer” progestogens and postmenopausal hormone therapy (HRT). The
Journal of steroid biochemistry and molecular biology. 142:48-51.

Sears, R.C. & Nevins, J.R. 2002. Signalling networks that link cell proliferation and cell fate. The
Journal of Biological Chemistry. 277(14):11617-11620.

Setji, T.L. & Brown, AJ. 2007. Polycystic Ovary Syndrome: Diagnosis and Treatment. The
American Journal of Medicine. 120(2):128-132.

Shapiro, S., Rosenberg, L., Hoffman, M., Truter, H., Cooper, D., Rao, S., Dent, D., Gudgeon, A., et
al. 2000. Risk of breast cancer in relation to the use of injectable progestogen contraceptives and
combined estrogen/progestogen contraceptives. American journal of epidemiology. 151(4):396—
403.

Sidney, S., Cheetham, T., Connell, F., Ouellet-Hellstrom, R., Graham, D., Davis, D., Sorel, M.,
Quesenberry, C., et al. 2013. Recent combined hormonal contraceptives (CHCs) and the risk of
thromboembolism and other cardiovascular events in new users. Contraception. 87:93-100.

Sitruk-Ware, R. 2000. Progestins and cardiovascular risk markers. Steroids. 65:651-658.

Sitruk-Ware, R. & Plu-Bureau, G. 2004. Exogenous progestagens and the human breast. Maturitas.
49(1):58-66.

Sitruk-Ware, R. 2004a. New progestogens: A review of their effects in perimenopausal and
postmenopausal women. Drugs & Aging. 21(13):865-883.

Sitruk-Ware, R. 2004b. Pharmacological profile of progestins. Maturitas. 47(4):277-283.

Sitruk-Ware, R. 2005. Pharmacology of different progestogens: the special case of drospirenone.
Climacteric. 8 Suppl 3(Suppl 3):4-12.

Sitruk-Ware, R. 2006. New progestagens for contraceptive use. Human Reproduction Update.
12(2):169-178.

Sitruk-Ware, R. 2007. Routes of delivery for progesterone and progestins. Maturitas. 57(1):77-80.



Stellenbosch University https://scholar.sun.ac.za

107

Sitruk-Ware, R. & Nath, A. 2010. The use of newer progestins for contraception. Contraception.
82(5):410-417.

Sitruk-Ware, R., Nath, A. & Mishell, D.R. 2013. Contraception technology: Past, present and
future. Contraception. 87(3):319-330.

Sledge, G.W. & Miller, K.D. 2003. Exploiting the hallmarks of cancer: The future conquest of
breast cancer. European Journal of Cancer. 39(12):1668-1675.

Sommer, S. & Fuqua, S.A.. 2001. Estrogen receptor and breast cancer. Seminars in Cancer Biology.
11(5):339-352.

Song, L.-N., Coghlan, M. & Gelmann, E.P. 2004. Antiandrogen effects of mifepristone on
coactivator and corepressor interactions with the androgen receptor. Molecular Endocrinology.
18(1):70-85.

Speroff, L. & Darney, P. 1996. Injectable Contraception. In A Clinical Guide for Contraception.
2nd Editio ed. Baltimore, MD: Williams & Wilkins.

Spitz, .M. & Bardin, C.W. 1993. Mifepristone (RU 486) - A modulator of progestin and
glucocorticoid action. The New England Journal of Medicine. 329(6):404-412.

Stahlberg, C., Pederson, A.T., Lynge, E. & Ottesen, B. 2003. Hormone replacement therapy and
risk of breast cancer: the role of progestins. Acta obstetricia et gynecologica Scandinavica.
82(7):335-344.

Stanczyk, F.Z. & Roy, S. 1990. Metabolism of levonorgestrel, norethindrone, and structurally
related contraceptive steroids. Contraception. 42(1):67-96.

Stanczyk, F.Z. 2003. All progestins are not created equal. Steroids. 68:879-890.

Stanczyk, F.Z. & Archer, D.F. 2014. Gestodene: a review of its pharmacology, potency and
tolerability in combined contraceptive preparations. Contraception. 89(4):242-52.

Stanczyk, F.Z., Hapgood, J.P., Winer, S. & Mishell, D.R. 2013. Progestogens Used in
Postmenopausal Hormone Therapy: Differences in Their Pharmacological Properties, Intracellular
Actions, and Clinical Effects. Endocrine reviews. 34(2):171-208.

Sui, X., Bramlett, K.S., Jorge, M.C., Swanson, D.A., von, E. & Jenster, G. 1999. Specific androgen
receptor activation by an artificial coactivator. The Journal of Biological Chemistry. 274(14):9449—
9454,

Sun, J., Huang, Y.R., Harrington, W.R., Sheng, S., Katzenellenbogen, J. a & Katzenellenbogen,
B.S. 2002. Antagonists selective for estrogen receptor alpha. Endocrinology. 143(3):941-947.

Tang, Y.T., Hu, T., Arterburn, M., Boyle, B., Bright, J.M., Emtage, P.C. & Funk, W.D. 2005.
PAQR proteins: A novel membrane receptor family defined by an ancient 7-transmembrane pass
motif. Journal of Molecular Evolution. 61(3):372-380.

Tavaniotou, a, Smitz, J., Bourgain, C. & Devroey, P. 2000. Comparison between different routes of
progesterone administration as luteal phase support in infertility treatments. Human reproduction
update. 6(2):139-148.



Stellenbosch University https://scholar.sun.ac.za

108

Teulings, F.A.G., Gilse, H.A. Van, Henkelman, M.S. & Portengen, H. 1980. Estrogen, Androgen,
Glucocorticoid, and Progesterone Receptors in Progestin-induced Regression of Human Breast
Cancer. Cancer Research. 40:2557-2561.

Thigpen, J. & Brady, M. 1999. Oral medroxyprogesterone acetate in the treatment of advanced or
recurrent endometrial carcinoma: a dose-response study by the Gynecologic Oncology Group.
Journal of Clinical Oncology. 17(6):1736-1736.

Thomas, P., Pang, Y., Dong, J., Groenen, P., Kelder, J., De Vlieg, J., Zhu, Y. & Tubbs, C. 2007.
Steroid and G protein binding characteristics of the seatrout and human progestin membrane
receptor alpha subtypes and their evolutionary origins. Endocrinology. 148(2):705-718.

Thomas, P. 2008. Characteristics of membrane progestin receptor alpha (mPRa) and progesterone
membrane receptor component one (PGMRC1) and their roles in mediating rapid progestin actions.
Frontiers in Neuroendocrinology. 29(2):292-312.

Thompson, C.B. 1995. Apoptosis in the Pathogenesis and Treatment of Disease. Science.
267:1456-1462.

Thuneke, 1., Schulte, H.M. & Bamberger, A.M. 2000. Biphasic effect of medroxyprogesterone-
acetate (MPA) treatment on proliferation and cyclin D1 gene transcription in T47D breast cancer
cells. Breast Cancer Res Treat. 63(3):0-243.

Toh, M.F., Sohn, J., Chen, S.N., Yao, P., Bolton, J.L. & Burdette, J.E. 2013. Biological
characterization of non-steroidal progestins from botanicals used for women’s health. Steroids.
77(7):765-773.

Tomasicchio, M., Avenant, C., Du Toit, A., Ray, R.M. & Hapgood, J.P. 2013. The progestin-only
contraceptive medroxyprogesterone acetate, but not norethisterone acetate, enhances HIV-1 Vpr-
mediated apoptosis in human CD4+ T cells through the glucocorticoid receptor. PloS one.
8(5):62895.

Tsutsui, K., Ukena, K., Usui, M., Sakamoto, H. & Takase, M. 2000. Novel brain function:
Biosynthesis and actions of neurosteroids in neurons. Neuroscience Research. 36(4):261-273.

Tung, L., Abdel-Hafiz, H., Shen, T., Harvell, D.M.E., Nitao, L.K., Richer, J.K., Sartorius, C. a,
Takimoto, G.S., et al. 2006. Progesterone receptors (PR)-B and -A regulate transcription by
different mechanisms: AF-3 exerts regulatory control over coactivator binding to PR-B. Molecular
endocrinology (Baltimore, Md.). 20(11):2656—70.

Vegeto, E. & Shahbaz, M. 1993. Human progesterone receptor A form is a cell-and promoter-
specific repressor of human progesterone receptor B function. Molecular endocrinology.
7(10):1244-1255.

Vercellini, P., Fedele, L., Pietropaolo, G., Frontino, G., Somigliana, E. & Crosignani, P.G. 2003.
Progestogens for endometriosis: Forward to the past. Human Reproduction Update. 9(4):387-396.

Verhoog, N.J.D., Du Toit, A., Avenant, C. & Hapgood, J.P. 2011. Glucocorticoid-independent
repression of tumor necrosis factor (TNF) a-stimulated Interleukin (IL)-6 expression by the
glucocorticoid receptor: A potential mechanism for protection against an excessive inflammatory
response. The Journal of Biological Chemistry. 286(22):19297-19310.

Vermeulen, K., Bockstaele, D.R. Van & Berneman, Z.N. 2003. The cell cycle: a review of
regulation , deregulation and therapeutic targets in cancer. Cell Proliferation. 36(3):131-149.



Stellenbosch University https://scholar.sun.ac.za

109

Vinogradova, Y., Coupland, C. & Hippisley-Cox, J. 2015. Use of combined oral contraceptives and
risk of venous thromboembolism: nested case-control studies using the QResearch and CPRD
databases. BM.J : British Medical Journal. 350:h2135.

Visser, K., Morimer, M. & Louw, A. 2013. Cyclopia extracts act as ERo antagonists and ERf
agonists, in vitro and in vivo. PlosOne. 8(11): e79223.

Wagner, B.L., Pollio, G., Leonhardt, S., Wani, M.C., Lee, D.Y., Imhof, M.O., Edwards, D.P., Cook,
C.E., et al. 1996. 16 alpha-substituted analogs of the antiprogestin RU486 induce a unique
conformation in the human progesterone receptor resulting in mixed agonist activity. Proceedings
of the National Academy of Sciences of the United States of America. 93(16):8739-8744.

Wang, C., Festin, M.P.R. & Swerdloff, R.S. 2016. Male Hormonal Contraception: Where Are We
Now? Current Obstetrics and Gynecology Reports. 5(1):38-47.

Wargon, V., Riggio, M., Giulianelli, S., Sequeira, G.R., Rojas, P., May, M., Polo, M.L., Gorostiaga,
M. a, et al. 2014. Progestin and antiprogestin responsiveness in breast cancer is driven by the
PRA/PRB ratio via AIB1 or SMRT recruitment to the CCND1 and MYC promoters. International
Journal of Cancer. 136:2680-2692.

Warren, M.P. 2004. A comparative review of the risks and benefits of hormone replacement therapy
regimens. American journal of obstetrics and gynecology. 190(4):1141-1167.

Wei, L. & Gonzalez-Aller, C. 1990. 5'-Heterogeneity in human progesterone receptor transcripts
predicts a new amino-terminal truncated “C”-receptor and unique A-receptor messages. Molecular
endocrinology. 4(12):1833-1840.

Wen, D.X., Xu, Y.F., Mais, D.E., Goldman, M.E. & Mcdonnell, D.P. 1994. The A and B isoforms
of the human progesterone receptor operate through distinct signaling pathways within target cells.
Molecular and Cellular Biology. 14(12):8356-8364.

White, M.D. 2015. Bio-identical hormones utilized for treating menopausal symptoms : Are they
safe ? California State University (Masters thesis).

Whitehead, M.I., King, R.J., McQueen, J. & Campbell, S. 1979. Endometrial histology and
biochemistry in climacteric women during oestrogen and oestrogen/progestogen therapy. Journal of
the Royal Society of Medicine. 72(5):322-7.

Wickenheisser, J.K., Nelson-DeGrave, V.L. & McAllister, J.M. 2006. Human ovarian theca cells in
culture. Trends in endocrinology and metabolism: TEM. 17(2):65-71.

Wiebe, J.P., Muzia, D., Hu, J., Szwajcer, D., Hill, S.A. & Seachrist, J.L. 2000. The 4-Pregnene and
5 alpha-Pregnane Progesterone Metabolites Formed in Nontumorous and Tumorous Breast Tissue
Have Opposite Effects on Breast Cell Proliferation and Adhesion. Cancer Research. 60:936-943.

Williams, C.E. & Creighton, S.M. 2012. Menstrual disorders in adolescents: review of current
practice. Hormone research in padiatrics. 78(3):135-43.

Williams, C., Edvardsson, K., Lewandowski, S., Stro, A. & Gustafsson, J.-A. 2008. A genome-wide
study of the repressive effects of estrogen receptor beta on estrogen receptor alpha signaling in
breast cancer cells. Oncogene. 27:1019-1032.

Wong, M.L. & Medrano, J.F. 2005. Real-time PCR for mRNA quantitation. BioTechniques.
39(1):75-85.



Stellenbosch University https://scholar.sun.ac.za

110

Wong, M.S. & Murphy, L.C. 1991. Differential regulation of c-myc by progestins and antiestrogens
in T-47D human breast cancer cells. The Journal steroid biochemistry and molecular biology.
39(1):39-44.

Wu, C., Grandi, S., Abenhaim, H., Joseph, L. & Eisenberg, M. 2013. Drospirenone-containing oral
contraceptive pills and the risk of venous and arterial thrombosis: a systematic review. BJOG: An
International Journal of Obstetrics and Gynaecology. 120(7):801-811.

Wu, J., Richer, J., Horwitz, K.B. & Hyder, S.M. 2004. Progestin-dependent induction of vascular
endothelial growth factor in human breast cancer cells: Preferential regulation by progesterone
receptor B. Cancer Research. 64:2238-2244.

Xie, K. 2001. Interleukin-8 and human cancer biology. Cytokine & growth factor reviews.
12(4):375-391.

Yamashita, J., Hideshima, T., Shirakusa, T. & Ogawa, M. 1996. Medroxyprogesterone acetate
treatment reduces serum interleukin-6 levels in patients with metastatic breast carcinoma. Cancer.
78(11):2346-52.



Stellenbosch University https://scholar.sun.ac.za

111

ADDENDUM A

BUFFERS AND SOLUTIONS
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1. Media

Luria Bertani (LB) medium

10 g NaCl

10 g Tryptone

5 g yeast extract

Adjust to final volume of 1 L using reverse osmosis (RO) water.

Sterilize by autoclaving and store at room temperature.

LB Agar plates
LB medium
15 g/L bacterial agar

Ampicillin (final concentration 50 pg/ml)

2. Cell lysis

10X Tris-phosphate-EDTA (TPE) buffer
108 g Tris (hydroxymethyl) aminomethane
15.5 ml 85% phosphoric acid

40 ml 0.5 M EDTA (pH 8.0)

Adjust to final volume of 1 L using RO water.

Sterilize by autoclaving and store at room temperature.

Passive Lysis Buffer
0.5 ml Triton X-100
25 ml Glycerol

7 ml 1X TPE buffer
720 ul 0.5 M EDTA

Adjust to final volume of 250 ml using RO water and store at 4°C.

3. Electrophoresis and western blotting solutions

10% (w/v) Sodium dodecyl sulphate (SDS)
Dissolve 10 g SDS in 100 ml RO water at 68°C.

Store at room temperature.
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2X Laemmli buffer

1 ml 1M Tris-HCI (pH 6.8)

5 ml 10% (w/v) SDS

2 ml Glycerol

500 ul B-mercaptoethanol

0.01 g bromophenol blue

Adjust to final volume of 25 ml with RO water and store at -20°C.

10X SDS-polyacrylamide gel electrophoresis (SDS-PAGE) running buffer
20 g SDS

60.6 g Tris

288.2 g glycine

Adjust to final volume of 2 L using RO water and store at room temperature.

1X Transfer buffer
6.06 g Tris

28.83 g glycine

200 ml methanol

Adjust to final volume of 2 L using RO water and store at 4°C.

10X Tris buffered saline (TBS) (pH 7.5)

Dissolve 60.5 g Tris and 87.6 g NaCl in 800 ml RO water.
Adjust the pH to 7.5

Adjust to final volume of 1 L using RO water and store at 4°C.

TBS-Tween (TBST)
100 ml 10X TBS buffer
1 ml Tween 20

Adjust to final volume of 1 L using RO water and store at 4°C.

50X Tris-acetate-EDTA (TAE) buffer

Dissolve 242.2 g Tris in 700 ml RO water.

Add 57.1 ml glacial acetic acid and 100 ml 0.5 M EDTA (pH 8.2).

Adjust to final volume of 1 L using RO water and store at room temperature.
The buffer is used for preparing and performing agarose gel electrophoresis.
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10X Morpholinopropanesulfonic acid (MOPS) running buffer

Dissolve 83.71 g MOPS in 800 ml DEPC-treated H,0.

Add 33.4 ml 3 M NaOAc and 20 ml 0.5 M EDTA RNase-free stock solutions.
Adjust pHto 7.0

Adjust to final volume of 1 L using DEPC-treated H,0.

Sterilize by autoclaving and store in a dark place at 4°C.

The buffer is mainly used for the electrophoresis of denaturing formaldehyde agarose gels.

Formaldehyde RNA loading buffer (2x):

0.071 g bromophenol blue

1 ml Glycerol

1.5 ml 10X MOPS

2.6 ml formaldehyde

7.3 ml formamide

Adjust to final volume of 15 ml using DEPC-treated H,O.
Prepare 1 ml aliquots and store at -20°C.

Add 2.5 ul ethidium bromide to each 1 ml aliquot before use.
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The buffer is used for preparation of RNA samples for denaturing formaldehyde agarose gel

electrophoresis.

4. Cell proliferation assay

MTT Solution (5 mg/ml)
Dissolve 5 mg MTT in 1 ml sterile PBS.
Filter sterilize.
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ADDENDUM B

REALTIME QUATITATIVE
POLYMERASE CHAIN

REACTION (gqPCR)
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Introduction

Realtime gPCR is a powerful technique in which the amplification of DNA can be monitored in
realtime (Arya et al. 2005). This is in contrast to conventional PCR where the amplified product can
only be seen when the PCR is completed. In gPCR, the amplified DNA is labelled with fluorescent
dyes such as SYBR Green, which binds to the minor groove of double stranded DNA (Lekanne
Deprez et al. 2002). It is thus possible to monitor the amplified DNA in realtime by measuring
fluorescence throughout the PCR process. The amount of fluorescence detected during
amplification is directly proportional to the amount of amplified DNA (Arya et al. 2005). The cycle

number at which fluorescence is first observed is called the quantification cycle (Cg) (Pfaffl 2001).

The current study used qPCR to detect and quantify changes in gene expression upon treatment
with the test compounds. Before qPCR analysis could be performed it was important to isolate
intact RNA that was of a high quality as RNA of poor quality can negatively influence the
subsequent gPCR results. RNA purity was evaluated by measuring the optical density (OD) of the
RNA, followed by agarose gel electrophoresis on a denaturing formaldehyde agarose gel to assess
the quality of the RNA. An OD 260/280 ratio of 1.9 or greater is indicates pure RNA (Sambrook et
al. 1989), while two clear 28S and 18S RNA bands, with the 28S band being approximately twice
the intensity of the 18S band, indicates intact RNA (Krebs et al. 2009). A representative 1%

denaturing formaldehyde agarose gel showing intact RNA is shown in Figure B1.

28S

18S

Figure B1. A representative 1% denaturing formaldehyde agarose gel indicating intact RNA. T47D
breast cancer cells were treated with 0.1% (v/v) EtOH (Lane 1 and 3) or 10 nM MPA (Lane 2 and 4). Total
RNA was isolated as described in Chapter 2 Section 2.7 and 1 ug RNA was loaded onto the agarose gel. The
RNA was visualised by ethidium bromide staining.
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The intact total RNA isolated from the T47D cells was used to synthesize cDNA as described in
Chapter 2 Section 2.8 and subsequently realtime gPCR was performed as described in Section 2.9
of Chapter 2. Considering that PCR efficiency is dependent on the efficiencies of the primer sets,
we first determined the primer efficiencies of the c-myc, IL-8 and GAPDH primer pairs. In theory,
PCR efficiency is assumed to be two as the amount of DNA present in a sample should double with
each PCR cycle (Pfaffl 2001; Wong & Medrano 2005). However, this is not always the case since
the efficiency of each reaction is dependent on the efficiency of the primer set (Wong & Medrano
2005), which may vary. Therefore, the efficiency of the respective primer pairs for c-myc, IL-8 and

GAPDH was determined before calculating the relative expression of these genes.

Determining primer pair efficiency

To determine the amplification efficiency of each of the primer sets used in this study, a dilution
series of a single cDNA sample was prepared to generate a standard curve and each dilution was
analysed in triplicate. A no template control was also included in order to confirm that no
contamination or primer self-amplification was present. A standard curve (Figure B2) was
generated with the C, values for each dilution plotted against log cDNA concentration. Using the
following equation (Pfaffl, 2001), the slope obtained from the standard curve was used to calculate

the exponential amplification value (E, primer efficiency) of each primer set:
E= 10[—1/slope] (1)

The primer efficiencies reported for the c-myc, IL-8 and GAPDH primer pairs are the averages of
two independent experiments. The efficiencies of the primer sets used in this study can be found in

Table 2.3 in Chapter 2.
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Figure B2. Representative standard curves generated for the (A) c-myc, (B) IL-8 and (C) GAPDH

genes, respectively. The standard curves were obtained by plotting the cycle number (C,) relative to log
cDNA concentration.

Melting curve analysis

Each PCR product has a unique melting temperature which is dependent on the nucleotide content
and the size of the amplicon (Ririe et al. 1997). A single melting peak per sample confirms the
presence of only one PCR amplified product. If more than one peak occurs, it indicates the presence
of primer-dimers or other non-specific products (Ririe et al. 1997; Fraga et al. 2008). Considering
that SYBR Green binds to double stranded DNA, and that the total fluorescence measured using
SYBR Green is the sum of the fluorescence from all double stranded DNA products formed during
the PCR reaction, it is important to ensure that the fluorescence measured is from a single product.
A melting curve analysis was performed by varying the temperature between 65°C and 95°C, while
gradually increasing the temperature by 2.2°C for each step and continuously measuring the
fluorescence. Using the LightCycler® software, a melting curve was generated by plotting the
negative derivative of fluorescence over temperature (-dF/dT) versus temperature (°C) (Figure B3).
The melting temperatures for the c-myc, IL-8 and GAPDH primers were determined to be 86.5°C,
81.1°C and 88.0°C, respectively. Apart from performing melting curve analysis to ensure that a
single product was amplified, agarose gel electrophoresis was performed to confirm amplicon size.

Representative agarose gels are shown in Figure B4.
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Figure B3. Melting curves generated for realtime gPCR products. The melting curves were generated for
(A) c-myc, (B) IL-8 and (C) GAPDH using the LightCycler® 96 software. The negative controls containing
no template are represented by the grey curves.
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Figure B4. Representative agarose gels indicating the realtime gPCR end products of (A) c-myc, (B)
IL-8 and (C) GAPDH. The products were subjected to electrophoresis on a 2% agarose gel and visualised

using the Nancy-520 (Sigma-Aldrich, South Africa) nucleic acid stain. M: GeneRuler 100 bp DNA Ladder
(Thermo Scientific, USA); Lane 1: no template control; Lane 2: sample treated with 1 nM R5020.

Determining the relative expression levels of the genes of interest

Having shown that a single amplicon of the correct size was amplified for all three genes, the
relative expression levels (R) of the target genes, c-myc and IL-8, were determined by using the
mathematical model for relative quantification described by Pfaffl (2001) in equation 2, and
expressed as a relative ratio of target gene expression relative to the expression levels of the

reference gene.

(E )ACq target (control - sample)
target gene

R= ACQ ;oference (control - sample) (2)

(Ereference gene )

The R value is dependent on the primer efficiency (as calculated using equation 1) and the change
in quantification cycle (ACg). The AC, can be determined by subtracting the Cq value of the sample
treated with the test compound from the C, value of the EtOH-treated (vehicle control) sample. AR
value of one indicates no difference between the treated and untreated samples, while a R value of
more than one indicates upregulation of the target gene and less than one indicate inhibition of the

target gene (Pfaffl 2001).





