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ABSTRACT 

Sex hormones form the gonads and stress hormones from the adrenals are responsible for 

maintaining sexual development and regulating cellular responses to stress, respectively. It is 

becoming evident that endocrine signalling networks do not exist in isolation. Instead they are 

integrated, allowing the cell to respond to multiple signals from the environment. However, most 

studies addressing the effects of hypothalamic pituitary gonadal (HPG) and hypothalamic pituitary 

adrenal (HPA) hormonal feedback to the pituitary have been limited to the isolated actions of 

individual hormones. In this study we focus on the interplay of adrenal and gonadal hormone 

feedback regulating target receptor mRNA and protein expression in a pituitary gonadoptrope cell 

line, and discuss how crosstalk signalling may contribute to differential gene expression. The 

transcriptional effects of progesterone (P4), and estrogen (E2) from the gonads, and cortisol from 

the adrenals, and gonadotropin-releasing hormone (GnRH) from the hypothalamus, are mediated by 

the progesterone receptor (PR), estrogen receptor (ER), glucocorticoid receptor (GR) and 

gonadotropin-releasing hormone receptor (GnRHR), respectively. Therefore, the aim of this study 

was to investigate the effect of P4, E2, the synthetic GR agonist dexamethasone (Dex), and 

gonadotropin-releasing hormone (GnRH), on ER, PR, GR and GnRHR levels in gonadotrope cells. 

Combinations of some hormones were also used in an attempt to simulate the interplay of signalling 

events present under physiological conditions. The LβT2 mouse pituitary precursor gonadotrope cell 

line was used as a model system. Cells were initially characterised for basal steroid receptor (SR) 

mRNA and protein expression using conventional PCR and western blot techniques. Results show 

expression of ERα, PR (A+B) and GRα mRNA, and GRα protein. PR (A+B) protein expression was not 

detected using western blot techniques, while no conclusive results were obtained for ERα protein 

expression. Reporter assays reveal GR-mediated transactivation in response to agonist treatment, 

but no PR- or ER-mediated transactivation in response to agonist. Quantitative real-time PCR 

analysis provided strong evidence that receptor mRNA is ligand-dependently regulated in response 

to Dex, P4 and GnRH. Specifically, Dex was shown to regulate GnRHR, ERα and GRα mRNA levels; P4 

was shown to regulate ERα and GRα mRNA levels; and GnRH treatment was shown regulate GnRHR, 

ERα, PR (A+B) and GRα mRNA levels in the LβT2 cell line. Combination treatments of Dex + GnRH 

appeared to act additively in regulating GnRHR and GRα mRNA. E2 priming appeared to modulate 

the Dex responsiveness on target GnRHR, ERα and GRα genes, suggesting cross talk between the ER 

and GR signalling pathways. Furthermore, both E2 and GnRH priming were shown to modulate 

hormone response element (HRE)-reporter gene activity. Finally ligand-dependent effects of Dex and 

GnRH on GRα mRNA levels appeared to be consistent with changes in GRα protein levels. 

Interestingly GnRHR expression was shown to be highly up-regulated (9.5 fold) in response to Dex 
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and GnRH, suggesting GnRHR signalling is greatly influenced by HPA and HPG crosstalk. Furthermore, 

ER and GR expression were shown to be down-regulated in response to GnRH, Dex and P4, 

suggesting that hypothalamic, adrenal and gonadal feedback, respectively, all play an important role 

on relative LβT2 steroid receptor levels. Whether these hormonal effects are also exhibited in vivo in 

primary gonadotrope cells remains to be determined. Although no mechanisms were established; 

the study does lay a platform for further research into novel HPG and HPA crosstalk mechanisms 

regulating endogenous GnRHR, ER, PR and GR mRNA and protein levels. 
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HYPOTHESES & STRATEGIES 

The central hypothesis of this study is that hormone-specific receptor (GnRHR, ER, PR, and GR) 

mRNA and protein levels are regulated in response to hormone treatments in the LβT2 cell line. 

To assess this hypothesis, a number of aims were formulated and strategies were explored. 

a) HORMONE TREATMENTS INFLUENCE GnRHR mRNA EXPRESSION IN 

THE LβT2 CELL LINE 

i) Effects of Dex and GnRH on GRE-mediated transcription 

A previous study performed by Kotitschke et al., (2009) has shown that Dex, GnRH and combinations 

thereof increase the transcriptional activity on a GRE promoter in the LβT2 cell line. Therefore, it is 

necessary to reproduce this published result in the current cell line before exploring novel signalling 

pathways.  

This was tested by examining the effect of saturating Dex and GnRH (100 nM) and combination 

treatments thereof on GR-mediated transactivation on a TAT-GRE-luc reporter construct in the LβT2 

cell line. Assuming the hypothesis, a ligand-dependent trend in GRE-reporter activity will be 

observed with hormone treatments. 

ii) Effects of Dex and GnRH on endogenous GnRHR expression in the LβT2 cell 

line 

Further results obtained by Kotitschke et al., (2009) have shown that the effects of Dex and GnRH on 

GRE-luc reporter activity are also observed on endogenous GnRHR mRNA expression in the LβT2 cell 

line. Therefore, to determine whether the cell line is responding according to the literature, this 

result needed to be reproduced in the hands of the current author. 

This was tested using real-time PCR and GnRHR-specific primer pairs to examine ligand-induced 

effects on endogenous GnRHR mRNA expression levels in the LβT2 cell line. Assuming the 

hypothesis, expression of endogenous GnRHR mRNA, relative to vehicle, will follow a reproducible 

ligand-dependent trend, in relation to treatment with Dex, GnRH and combinations thereof 

(Kotitschke et al., 2009).  
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iii) Effects of E2 and P4 signalling on endogenous GnRHR expression in the LβT2 

cell line 

Considering the outcome of (ii), the LβT2 cell line was to be used to further explore novel signalling 

pathways regulating GnRHR mRNA levels. 

E2 and P4 signalling has been shown to regulate a number of gonadotrope responses via the HPG 

signalling axis (Ng et al., 2009; Sleiter et al., 2009). Furthermore, recent publications further support 

GnRHR and PR/ER crosstalk-signalling (An et al., 2009; Chen et al., 2009) in regulating target gene 

expression in LβT2 cells. Therefore, it was hypothesised that ER- and PR-mediated signalling 

pathways would regulate GnRHR mRNA expression levels.  

To assess this hypothesis, a similar approach was used as described in (ii). Relative expression levels 

of GnRHR mRNA in response to treatment with E2 (0.2 nM) and P4 (100 nM) and subsequent 

combinations thereof was investigated with real-time PCR.  

b) SR- AND GnRHR-MEDIATED SIGNALLING INFLUENCES ERα, PR (A+B) 

AND GRα EXPRESSION AND FUNCTION IN THE LβT2 CELL LINE 

i) SR- and GnRHR-mediated signalling influences ERα mRNA and protein 

expression levels  

According to the literature ERα mRNA is down-regulated in reproductive tissues including breast 

cancer (Alexander et al., 1990) and uterus cells (Hsueh et al., 1990) in response to P4 treatments. 

These effects may be due to the presence of an AP-1 site (Tang et al., 1997) and a half-PRE site 

(Amicis et al., 2009) in the ERα promoter. Furthermore ligand-dependent responses on ERα 

expression levels have been shown to be mediated by the PR (Amicis et al., 2009). 

Therefore, the hypothesis is that ERα mRNA and protein levels are regulated in response to 

treatment with Dex, P4, GnRH, E2 and combinations thereof in the LβT2 cell line. 

The strategy to test this hypothesis was to use real-time PCR and ERα-specific primer pairs to 

investigate the transcriptional effects of ligand treatment on endogenous ERα mRNA expression. 

Protein levels were assessed by using Western blotting and an ERα-specific antibody. Unless 
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otherwise stated, the ligands Dex, P4, E2 (0.2 nM) and GnRH and combinations thereof were used at 

saturating concentrations of 100 nM.  

Assuming the hypothesis is true, a reproducible and ligand-dependent trend was anticipated with 

varying ERα mRNA and protein levels in the LβT2 cell line.  

ii) SR- and GnRHR-mediated signalling influences PR (A+B) mRNA and protein 

expression levels  

Studies have shown the PR-B and PR-A promoters are up-regulated in response to E2, even though 

no consensus palindromic estrogen response element (ERE) can be found in their respective 

promoters (Kastner et al., 1990). In primary pituitary gonadotrope cells, PR mRNA expression is 

found to be up-regulated in response to prolonged treatments with 0.2 nM E2 (Turgeon and Waring, 

2006). Furthermore, in rat pituitary cells PR mRNA is up-regulated in response to E2, and down-

regulated in response to progesterone (Turgeon and Waring, 2000). 

Therefore the hypothesis is that PR (A+B) mRNA and protein levels are regulated in response to 

treatment with Dex, P4, GnRH, E2 and combinations thereof in the LβT2 cell line. 

The strategy to test this hypothesis was to use real-time PCR and PR-(A+B)-specific primer pairs to 

study the transcriptional effects of ligand treatment on endogenous PR-B mRNA expression. Protein 

levels were assessed by western blotting with PR-B-specific antibodies.  

Assuming the hypothesis is true, a reproducible and ligand-dependent trend will be observed in 

response to differential PR-B mRNA and protein expression levels in the LβT2 cell line.  

iii) SR- and GnRHR-mediated signalling influences GRα mRNA and protein 

expression levels  

In the literature GR mRNA and protein is down-regulated in response to glucocorticoids (Burnstein et 

al., 1990; De Silva et al., 1993). These transcriptional effects may be mediated by a half-GRE or a cis-

element resembling an NF-κB site in the GRα promoter region (Breslin et al., 2001) 

Therefore the hypothesis is that GRα mRNA and protein levels are regulated in response to 

treatment with Dex, P4, GnRH, E2 and combinations thereof in the LβT2 cell line. 
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The strategy to test this hypothesis was to use real-time PCR and GRα-specific primer pairs to 

examine the transcriptional effects of ligand treatment on endogenous GRα mRNA expression. 

Protein levels were assessed by using western blotting and a GRα-specific antibody.  

Assuming the hypothesis is true, a reproducible and ligand-dependent trend will be observed with 

regard to varying GRα mRNA and protein levels in the LβT2 cell line.  

c) THE EFFECT OF LIGAND-INDUCED RESPONSES ON HRE-luc EXPRESSION 

IN THE LβT2 CELL LINE. 

A central question of this part of the study was to assess whether ligand-activated ER, PR and GR are 

functionally active and can regulate promoter activity in the LβT2 cell line.  

This was tested by measuring SR-specific agonist transactivation on an HRE-luc-reporter construct. 

The functionality of SRs was assessed by monitoring HRE-luc activity in response to SR-specific 

agonist treatments, at saturating concentrations (100 nM). Differences in relative HRE-reporter 

activity between vehicle and treated LβT2 cells will confirm the hypothesis that ligand-activated SRs 

can modify HRE-reporter activity in LβT2 cells. Assuming the null hypothesis, no differences in HRE-

reporter activity would be seen for ligand pre-treatments relative to control, suggesting ligand 

treatments do not modulate HRE-reporter activity. 
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CHAPTER 1 

LITERATURE REVIEW 

 

1.1  Hypothalamic pituitary signalling 

The hypothalamus is a small region of the brain that is responsible for integrating both 

nervous and endocrine signalling systems. It interprets signals from the nervous system to 

regulate the pituitary. The pituitary gland controls the majority of several endocrine organs 

in the human body. This interaction between the hypothalamus, pituitary and other 

endocrine glands is known as the hypothalamic-pituitary-endocrine axis, which controls all 

endocrine activity. 

The pituitary gland consists of two components, the posterior and the anterior pituitary. The 

posterior pituitary originates from neural tissue, containing neural axons from the 

hypothalamus. The anterior pituitary comprises of glandular cells, consisting of a 

heterogeneous mixture of cell types, each specialised in synthesising and secreting key 

peptide hormones involved in endocrine signalling (Figure 1.1).  
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Figure 1.1 (A-C): The anatomy of the hypothalamus and pituitary. A: Representations of the cellular 

make up of the anterior and posterior pituitary. B: Schematic representation of the capillary network 

responsible for mediating the transportation of posterior pituitary hormones into the blood 

circulation. C: Schematic representation of the portal system mediating the transportation of 

hypothalamic hormones to their designated cell targets in the anterior pituitary [adapted from 

Purves (2004)]. 

 

1.1.1  Gonadotropes and gonadotrope cell lines 

1.1.1.1 Cell types of the anterior pituitary 

The anterior pituitary consists of a heterogenous population of differentiated endocrine 

cell-types, each responsible for the production of different hormones and the control of 

different endocrine signalling axes. The corticotropes differentiate first during pituitary 

development (Horn et al., 1992) and produce a precursor peptide, pro-opiomelancortin 

(POMC), which is cleaved into several products including adrenocorticotrophin hormone 
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(ACTH), endorphin and enkephalin. Other cell types that differentiate later are the 

thyrotropes, which secrete thyroid-stimulating hormone (TSH), somatotropes, responsible 

for growth hormone production, lactotropes, which produce prolactin (PRL), and the 

gonadotropes, which produce the gonadotropin luteinizing hormone (LH) and follicle-

stimulating hormone (FSH) (Horn et al., 1992).  

1.1.1.2 Gonadotrope cell lines 

Within the anterior pituitary, gonadotropes make up 6-15% of the total cell population 

(Hyde et al., 1982; Ibrahim et al., 1986). In the past, experiments investigating the function 

of the gonadotrope’s in reproduction have been performed in vivo or in primary pituitary 

cultures. However, the heterogeneity of the anterior pituitary cell population limits the 

interpretation of results derived from these studies. Furthermore, primary pituitary cells 

cannot be maintained in continuous culture, creating practical problems for experimental 

design. Therefore it was necessary to engineer immortalised pituitary cell lines, specifically 

gonadotrope cell-types, to use as model systems for the investigation of gonadotrope 

endocrine signalling. As a result, Dr. P. Mellon developed the αT3-1 and LβT2 cell lines and 

characterised them. 

Numerous studies assessing GnRHR, gonadotropin signalling and gene expression have been 

carried out in the αT3-1 (Duval et al., 1997a; Duval et al., 1997b; White et al., 1998; Norwitz 

et al., 2002) and the LβT2 cell lines (Thackray et al., 2009; An et al., 2009; Chen et al., 2009; 

Kotitschke et al., 2009).  All these studies have been shown to hold physiological relevance 

in interpreting molecular mechanisms of gene expression and regulation. 

1.1.1.3 The αT3-1 cell line 

The αT3-1 clonal cell line was created by targeted tumourigenesis in transgenic mice, using 

the promoter of the human glycoprotein hormone α-subunit (α-GSU) gene (Windle et al., 

1990). These cells represent precursor gonadotrope cells retaining some gonadotrope 

functions, including the expression of functional gonadotropin-releasing hormone receptor 

(GnRHR) and GnRHR-mediated responsiveness to gonadotropin-releasing hormone (GnRH) 

treatments. Additionally, they express several activin receptor subunits, as well as the β-

subunits, but not the α-subunit of inhibin (Fernandez-Vazquez et al., 1996). These cells also 
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express, synthesise and secrete the gonadotropin hormone α-subunit, but they do not 

express either of the gonadotropin hormone-specific β-subunits, LHβ and FSHβ (Windle et 

al., 1990). 

1.1.1.4 The LβT2 cell line 

Like the αT3-1 cells, the LβT2 cell line was generated by targeted tumourigenesis. However, 

in this instance the rat LHβ promoter was used, generating a clonal cell line representing a 

more mature and differentiated gonadotrope cell (Turgeon et al., 1996). These cells express 

functional GnRHR, the gonadotrophin hormone α-subunit and β-subunits LHβ and FSHβ 

(Turgeon et al., 1996; Pernasetti et al., 2001) and have been reported to express functional 

steroid receptors including the progesterone receptor (PR), estrogen receptor (ER) and 

glucocorticoid receptor (GR) (An et al., 2009; Chen et al., 2009; Kotitschke et al., 2009). In 

addition, this cell line also expresses activin and activin receptors, as well as inhibin and 

follistatin, therefore displaying all the hallmarks of fully differentiated gonadotrope cells 

(Pernasetti et al., 2001). 

1.1.2  The hypothalamic-pituitary-gonadol axis (HPG) 

The mammalian HPG axis controls reproduction, including sexual development, puberty, 

gametogenesis, pregnancy and menopause.  The axis is governed by the pulsatile secretion 

and binding of the hypothalamic decapeptide gonadotropin-releasing hormone (GnRH) to 

the gonadotrope cell surface (Figure 1.2) (Levine and Ramirez, 1982). It activates the GnRH 

Receptor (GnRHR), a 328 amino acid G-protein coupled receptor, essential for maintaining 

serum gonadotropins (Burns and Matzuk, 2002). This is achieved through regulating the 

synthesis and release of the two heterodimeric glycoproteins gonadotropin hormones 

luteinizing hormone (LH) and follicle stimulating hormone (FSH).  Changes in the amplitude 

and frequency of GnRH pulses have differential effects on the rate on gonadotropin 

synthesis, resulting in differential secretion patterns of the gonadotropins, thereby 

regulating downstream hypothalamic pituitary gonadol signalling (Shupnik, 1996). 

The gonadotropin hormones are composed of a common α subunit and specific β subunits, 

namely luteinizing hormone β (LHβ) and follicle stimulating hormone β (FSHβ) (Gharib et al., 

1990; Clayton & Catt, 1981; Pierce & Parsons, 1981). Absence of GnRH input to the pituitary 
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inhibits both gondadotropin hormone production and gonadal function in mammals (Mason 

et al., 1986). Naturally occurring mutations in the GnRHR gene, resulting in GnRH resistance, 

have been found in patients with hypogonadotropic hypogoandism (HHG) (de Roux and 

Milgrom, 2001). Symptoms of HHG include delayed onset of puberty, absence of secondary 

sexual characteristics or low sex hormone levels (Seminara et al., 1998; Millar et al., 2004). 

Furthermore clinical studies have shown that the pulsitile administration of GnRH is able to 

induce ovulation and restore fertility in HHG woman (Seminara et al., 2000). These studies 

highlight the importance of GnRHR-mediated signalling with regards to the regulation of 

reproduction, and reveal why GnRHR agonists and antagonists are widely used in the clinical 

treatment of infertility and hormone dependent diseases (Neill, 2002). 

The pulsitile release of both LH and FSH is central to endocrine signalling (Figure 2), and 

regulation of follicular development, ovulation and steroidgenesis in females, and 

spermatogensis, testicular growth and steroidogenesis in males (Burns and Matzuk, 2002). 

Both are secreted into the blood stream from the pituitary and bind to their respective G-

protein coupled receptors, FSH receptor (FSHR) and LH receptor (LHR), present in gonadal 

cells (Kumar et al.,, 1997).  
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Figure 1.2: The HPG signalling axis. A model representing the major regulatory hormones and 

endocrine organs involved in HPG signalling. Arrows indicate the points of regulation mediated by 

hormones along the HPG axis. Arrows indicated positive (+) or negative (-) feedback effects of 

hormones. Abbreviations GnRH, LH and FSH are Gonadotropin-releasing hormone, Leuteinizing 

hormone and follicle stimulating hormone, respectively [figure adapted from Fernandes (2007)] 

 

Gonadotrophins regulate the production of steroids by inducing the expression of gonadal 

steroidogenic enzymes responsible for the synthesis of various steroid hormones including 

testosterone, progesterone and estrogen (Burns and Matzuk, 2002). These steroid 

hormones then feedback on the hypothalamus and pituitary, in turn regulating GnRH, LH 

and FSH expression and secretion  (Figure 2) (Ng et al., 2009; Sleiter et al., 2009; Burns & 
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Matzuk, 2002). This negative feedback is evidence for a complex signalling network that 

integrates and regulates HPG signalling.  

Furthermore, the role of hormones and steroid receptors (SRs) in mediating negative 

feedback signalling is supported in transgenic mice studies, where alterations in SR activity 

or steroid biosynthesis result in problems with sexual function.  Estrogen Receptor α (ERα) 

knockout mice exhibit female infertility that is associated with ovarian cyst formation 

(Schomberg et al., 1999), as disruption of estrogen (E2) feedback signalling results in 

continuous gonadotropin subunit mRNA expression at the level of the pituitary (Scully et al., 

1997) and elevated LH levels in serum (Couse and Korach, 1999; Hess et al., 1997). 

Additional studies on transgenic mice with abrogated E2 production reveal a female 

phenotype resembling that of ERα knockout mice, where high LH and FSH serum levels lead 

to infertility through ovarian cyst formation and inhibition of follicular development (Fisher 

et al., 1998). The male phenotypes exhibit infertile characteristics brought about through an 

arrest in early spermatogenisis, germ cell apotosis, Leydig cell hyperplasia and high LH levels 

(Robertson et al., 1999).  

1.1.3  The hypothalamic pituitary adrenal axis (HPA) 

The mammalian HPA axis is activated in response to stress, and regulates the synthesis of 

the endogenous glucocorticoid cortisol, secreted from the adrenal cortex. During a time of 

inflammation, lymphocytes/macrophages are activated. This leads to the production of 

inflammatory cytokines, including tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-

1β). These cytokines induce the expression of pro-opiomelanicortin (POMC), the pre-cursor 

of corticotrophin-releasing hormone (CRH). CRH from the hypothalamus induces the 

synthesis and secretion of adrenocorticotropic-releasing hormone (ACTH) in corticotrope 

cells in the anterior pituitary. ACTH enters into the blood circulation system, and stimulates 

the adrenal cortex, resulting in the synthesis and secretion of glucocorticoids (Figure 1.3) 

(Smoak and Cidlowski, 2004). Glucocorticoids are anti-inflammatory hormones which affect 

various cell types including the hypothalamus, corticotropes, gonadotropes, T-cells, 

macrophages, eosinophils, neutrophils, mast cells, endothelial and epithelial cells 

(Kotitschke et al., 2009; Smoak and Cidlowski, 2004). 
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Figure 1.3: The HPA signalling axis. A model representing the major regulatory hormones and 

endocrine organs involved in HPA signalling. Arrows indicate the points of regulation mediated by 

hormones along the HPG axis. Arrows indicated positive (+) or negative (-) feedback effects of 

hormones. Abbreviations CRH, POMC and ACTH are corticotropin-releasing hormone, pro-

opiomelanicortin and adrenocorticotropic hormone, respectively [figure adapted from Boetticher 

(2008)]. 

 

Glucocorticoids exert their anti-inflammatory effects through interrupting pro-inflammatory 

gene expression, cytokine-mediated signalling pathways and promoting apoptosis in certain 

immune cell types (Smoak and Cidlowski, 2004). Glucocorticoids are internally regulated 

through a negative feedback signalling mechanism (Figure 1.3) (Newton, 2000).  
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1.1.4  HPG-HPA cross-talk 

In times of stress, the sympathetic nervous system and HPA signalling allows an organism to 

mobilize all of the body’s resourses. Crosstalk signalling between HPG and HPA endocrine 

signalling pathways has been shown to modulate GnRH expression in the hypothalamus 

(Ferin, 1999; Berga et al., 1989; Chandran et al., 1994; Dubey and Plant, 1985), and has been 

associated with a reduction in LH secretion from the anterior pituitary (Figure 1.4) (Berga et 

al., 1989; Baldwin et al., 1991). 

 

Figure 1.4: HPA/HPG crosstalk. A model representing the major regulatory hormones and endocrine 

organs involved in HPG-HPA crosstalk signalling. Arrows indicate the points of regulation mediated 

by hormones along HPG and HPG axes. Arrows indicated positive (+) or negative (-) feedback effects 

of hormones [figure adapted from Fernandes (2007)]. 
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HPG and HPA crosstalk has also shown to positively influence GnRHR expression levels in 

mouse gonadotrope models, through mechanisms mediated by the GR and GnRHR (Figure 

1.4) (Kotitschke et al., 2009). These results presented by Kotitschke et al, reveal a molecular 

insight into how endocrine signalling within the body is functionally integrated to regulate 

hypothalamic pituitary endocrine signalling. Therefore, factors including metabolism, stress 

and immune function can influence HPG signalling through receptor crosstalk (Navratil et 

al., 2009; Kotitschke et al., 2009), supporting the concept that all hypothalamic-pituitary 

signalling axes are functionally integrated and bi-directionally regulated to maintain 

homeostasis (Da Silva et al., 1993).   
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 1.2  G-protein coupled receptor family 

G-protein coupled receptors (GPCR) form the largest group of membrane receptors involved 

in membrane signalling events, and encode for the largest gene family in most mammals 

(Flower,  1999).  These cell surface receptors are able to detect a wide array of extracellular 

stimuli; including peptide and non-peptide neurotransmitters, steroid hormones, growth 

factors, lipids, ions, odorant molecules and light (Marrinissen and Gutkind, 2001). They 

mediate signal transduction though G-protein interaction and downstream effector protein 

activation (Marrinissen and Gutkind, 2001). 

1.2.1  GPCR protein structure 

GPCRs share a common central domain comprised of 7-transmembrane α-helices, 

connected by 3 extracellular and 3 intracellular loops.  The carboxy (C)-terminal is 

intracellular and the amino (N)-terminal is extracellular (Bockaert & Pin, 1999). These 

domains contribute to the specific properties of ligand recognition, receptor activation, G-

protein binding and intracellular signal transduction (Kakar et al., 1993). 

1.2.2  Rapid G-protein-mediated signalling 

GPCR-mediated signal transduction is not dependent on a single biochemical pathway, but 

rather the integration of an intricate network of rapid intracellular signalling pathways. 

Signals are mediated through heteromeric G-proteins, consisting of a Gα-subunit tightly 

bound with GDP, and associated with Gβγ-subunits. Depending on the class of G-protein 

coupled to the GPCR, a wide variety of effecter proteins and signalling cascades may be 

activated in response to a signalling event (Figure 1.5) (Marrinissen and Gutkind, 2001; 

Nerves et al., 2002).  

In response to agonist binding, GPCRs undergo a conformational change that allows the 

exchange of GDP for GTP on the Gα subunit (Figure 1.5). Upon GTP binding, the Gα subunit 

dissociates from the GPCR and the Gβγ dimer (Marinissen and Gutkind, 2001). Here the GTP 

bound Gα, and Gβγ subunits can activate many downstream effecter proteins and 

subsequent intracellular signalling cascades to regulate diverse biological functions (Ostrom 
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et al., 2002). Both α and βγ subunits are responsible for the ligand-induced, GPCR-mediated 

signal transduction. 

More than 20 Gα subunits are known, and can be divided into four main classes depending 

on the type of effecter proteins and signalling pathways activated, and include Gαs; Gαi; Gαq 

and Gα12/13 (Kraus et al., 2001). 

Figure 1.5: The G-protein coupled receptor (GPCR) signalling network. Activation of the GPCR by 

ligands leads to the dissociation of the GDP-bound Gα-subunit and the tightly associated Gβγ-subunits 

which are able to interact with a diverse array of effector molecules involved in signal transduction 

pathways to regulate key biological responses [from Marinissen and Gutkind (2001)]. 

 

The Gαs subunit has been shown to activate adenylyl cyclases which increase intracellular 

levels of the second messenger cyclic adenosine monophosphate (cAMP), resulting in the 

activation of protein kinase A (PKA) (Beebe et al., 1994; Birnbaumer, 1992). In contrast, the 

Gαi sub-unit has been shown to inhibit adenylyl cyclase activity and activate ion channels 
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and phospholipases (PLs) (Birnbaumer et al., 1992; Naor et al., 2000). Gαq subunits mainly 

activate phospholipase C (PLC), increasing the intracellular concentration of diacylglycerol 

(DAG) and inositol (1,4,5)-triphosphate (IP3) to induce Ca2+ mobilization and the activation 

of protein kinase C (PKC) (Noar et al., 2000; Ostrom et al., 2000). Gβγ dimers mediate 

signalling pathways that activate phosphoinositide-3 kinase (PI3K), components in the 

mitrogen-activated protein kinase (MAPK) pathways and PLC (Naor et al., 2000; Hur and 

Kim, 2002). All the diverse signalling cascades mediated by G-proteins can directly affect 

gene transcription and result in a number of specific biological responses. 

The diverse array of signalling proteins that GPCRs are able to interact with provides insight 

into how GPCRs are able to be involved in so many diverse and specific signalling pathways. 

For this reason, GPCR signalling mediates and regulates most biological functions including 

reproduction, metabolism and cell proliferation, cell differentiation and cell development 

(Marrinissen and Gutkind, 2001). 
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1.3  The gonadotropin-releasing hormone receptor (GnRHR)  

The GnRHR was first identified in gonadotropes of the anterior pituitary (Hyde et al., 1982). 

The primary structure of GnRHR was first determined in 1992 through sequencing GnRHR 

cDNA isolated from an immortalised murine gonadotrope cell line (αT3-1) (Tsutsumi et al., 

1992; Reinhart et al., 1992). To date the sequences of mammalian GnRHRs include species 

such as rat (Eidine et al., 1992), sheep (Brooks et al., 1993), bovine (Kakar et al., 1993), 

human (Chi et al., 1993) and other non-mammalian species have been described (Millar et 

al., 2004). All these receptors have been designated as type I GnRHRs, with the mammalian 

type I GnRHR lacking a C-terminal tail, setting it apart from non-mammalian GnRHRs and 

other GPCRs (Willar et al., 1999). The primary structure of the human GnRHR is represented 

in Figure 1.6.

Figure 1.6: The amino acid structure of the GnRHR. Figure shows the ligand and sites of mutations 

(dark circles) on the human GnRHR that are associated with human disease. Glycosylation sites are 

represented by branched structures [from Conn et al., (2007)]. 
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Functional type I GnRHR has been detected in reproductive tissues including the pituitary, 

endometrium, ovary, placenta, uterus and breast. The type I GnRHR has also been detected 

in other non-reproductive tissues including the prostate gland, liver, heart, skeletal muscle, 

kidney and peripheral blood mononuclear cells (Kakar and Jennes, 1995; Limonta et al., 

2003; Imai and Tamaya, 2000; Imai et al., 1994). Moreover the receptor is also expressed in 

melanoma and breast tumour cells, highlighting its involvement in cell proliferation (Moretti 

et al., 2002).  

The accumulating evidence in the literature showing the wide spread expression of GnRHR 

in various extra-pituitary mammalian tissues and cells including reproductive tissues and 

non-reproductive tissues, suggests a functional role for GnRH and its receptor as an 

important autocrine and/or paracrine regulator in extra-pituitary tissues (Cheng and Leung, 

2005; Hapgood et al., 2005). In male reproductive tissues GnRH acting, via its receptor, has 

been shown to be involved in spermatogenesis, testis maturation (Cheung and Hearn, 2003) 

and sperm oocyte interaction (Morales, 1998). In female reproductive tissues GnRH and its 

conjugate receptor has been shown to regulate the menstrual cycle (Raga et al., 1998), 

ovarian steroidogenesis (Guerrero, et al 1993) and the maintenance of pregnancy (Rama & 

Rao et al., 2001). Besides reproductive roles, GnRH is also involved in cell proliferation 

(having anti-proliferative properties) and apoptosis (Cheng and Leung, 2005). 

Activation of GPCRs is typically followed by their desensitization and internalization, which 

involve processes of rapid agonist induced phoshorylation by both second messenger-

dependent protein kinases and G protein-coupled receptor kinases (Ferguson. 2001). 

Studies have shown that the mammalian GnRHR does not undergo rapid homologous 

desensitization or exhibit agonist-induced phosphorylation (Willars et al., 1999). This 

supports the concept that mammalian GnRHRs lack serine and threonine residues on the C-

terminal tail which are phosphorylated in response to desensitization. Therefore the 

mammalian GnRHR internalizes slowly via clathrin-coated vesicles and occurs independently 

of β-arrestin and dynamin (Heding et al., 1998). This unusual resistance to desensitization is 

essential in mediating GnRHRs anti-proliferative properties with regard to sustained ligand 

stimulation (Everest et al., 2001). 
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1.3.1 GnRHR gene structure  

The structures for the mouse (Zhou and Sealfon, 1994), rat (Reinhart et al., 1997), human 

(Fan et al., 1995), pig (Jiang et al., 2001) and sheep (Campion et al., 1996) GnRHR I genes 

have been characterised. In these species, the GnRHR I gene has a high degree of sequence 

homology within the coding regions, and consist of 3 exons separated by 2 introns. The 

intron exon boundaries are conserved across species, but the sizes of the introns, as well as 

the sequence and length of 5’ and 3’ untranslated regions (UTRs) differ across species 

(Figure 1.7). Exon 1 encodes the N-terminal tail and the transmembrane helices (TM) 1, 2, 3 

and part of 4. Exon 2 encodes the rest TM 4 and TM 5. Exon 3 encodes TM 6 and 7 (Figures 

1.6 and 1.7) (Fan et al., 1994). The GnRHR gene exists as a single copy gene and encodes a 

327-328 amino acid protein (Cheng and Leung, 2005). 
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Figure 1.7: Structural organization of the GnRHR I gene in human, mouse, rat and sheep. Exons (I, II 

& III) are represented by blocks, with portions containing coding sequences shown as dark blocks, 

and untranslated regions (UTR) shown as light blocks. Sizes of coding, and non-coding portions of 

exons are indicated above and represented in kilobasepairs. Introns are represented by solid lines, 

with sizes indicated below, and represented as kilobase pairs [figure adapted from Hapgood et al., 

(2005)].  

1.3.2  GnRHR promoter 

The 5’ flanking region of the mouse GnRHR gene has been cloned and the major 

transcriptional start site has been identified 62 nucleotides upstream of the ATG 

translational start site (Albarracin et al., 1994). While no TATA or CAAT sequences were 

found in the mouse GnRHR promoter region, several minor transcriptional start sites where 

identified (Figure 1.8) (Albarracin et al., 1994). Albarracin et al. (1994) further showed that a 

1.2 Kb mouse GnRHR genomic fragment attached to a luciferase reporter gene appeared to 

be sufficient in directing high levels of expression in αT3-1 cells. This region appeared to be 
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pituitary- and gonadotrope-responsive, as low expression occurred in the transfected 

placental cell line JEG-3 and the kidney fibroblast cell line CV-1 (Albarracin et al., 1994; 

Kaiser et al., 1997). 

Sequencing analysis (Figure 1.8) revealed a consensus activator protein-1 (AP-1) element at 

the position -336/-330 relative to the transcriptional start site (Albarracin et al., 1994; Kaiser 

et al., 1997). A gonadotrope-specific element (GSE) like sequence at position -15/-7 has 

been identified as a binding site for the orphan nuclear steroidogenic factor-1 (SF-1) (Kaiser 

et al., 1997; Duval et al., 1997a). Other researchers have identified a tripartite enhancer 

element that regulates cell specific expression comprised of a binding site for SF-1 at -244/-

236 bp (Duval et al., 1997b), a consensus AP-1 site at -336/-330 bp and an element referred 

to as GnRHR activating sequence (GRAS) at -391/-380 bp relative to translational start site 

(Duval et al., 1997a). GRAS was found to contain overlapping functional elements and 

binding sites for SMAD, AP-1 and FoxL2 proteins (Ellsworth et al., 2003; Norwitz et al., 

2002). In addition a region designated Sequence-underlying Responsiveness to GnRH-1 

(SURG-1) has been identified including binding sites for Oct-1 and nuclear factor Y (NF-Y) 

(Kam et al., 2005). Furthermore a region termed DARE (down-stream activin regulatory 

element) was found to contain binding sites for LHX2, a member of the LIM homeodomain 

family (Cherrington et al., 2005), as well as an ATTA element located at -360 bp in the 

proximal GnRHR promoter where LHX3 was shown to bind in vitro and in vivo (McGillivray et 

al.,  2005). 
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Figure 1.8: Regulatory elements of the GnRH-R I promoter region for the human and mouse gene.  

Shaded boxes indicate TATA elements, striped boxes indicate CCAAT elements. Functional cis-

elements that have been characterised are shown in the black boxes. Putative elements which have 

been identified by promoter sequence analysis are shown in white boxes. Transcriptional start sites 

are indicated by arrows and the ATG shows the translational start site. The mouse site GRAS 

contains binding sites for SMAD, AP-1 and FoxL2 proteins. Figures are not drawn to scale [from 

Hapgood et al., (2005)]. 

 

1.3.3 GnRHR-mediated signalling 

Type I GnRHR is responsible for mediating the effects of GnRH signalling in the pituitary and 

is essential in maintaining gonadotropin serum levels, ensuring fertility (Burns and Matzuk, 

2002; Wen et al., 2010). When activated by ligand binding, GnRHR mediates intracellular 
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signalling cascades that regulate the synthesis and secretion of LH and FSH gronadotropins 

(Wen et al., 2010). 

With regards to the GnRHR ligand, two GnRH isoforms have been found (Neill et al., 2001), 

GnRH I and GnRH II, which differ by three amino acids (Burns and Matzuk, 2002). Both 

isoforms have specific affinities for their corresponding receptors. They differ in their tissue 

expression patterns, potential action, however, have been described in several species 

including humans (White et al., 1998; Burns and Matzuk, 2002). GnRH II is expressed in 

several regions of the brain, including the amygdale, caudate nucleus, hippocampus and 

thalamus, as well as the kidney, bone marrow, prostate, endometrium and ovary (Cheon et 

al., 2001; Kang et al., 2001). Although in vitro experiments indicate GnRH II has anti-

proliferative effects on ovarian carcinoma cells (Choi et al., 2001), functional 

characterisation of GnRH II and its receptor remain unreported in the literature, therefore 

the role of GnRH II signalling in gonadotropin physiology remains unknown. A second type II 

GnRHR has been shown to be ubiquitously expressed and down-regulated in multiple tumor 

cell lines, suggesting its involvement in inhibiting cell proliferation and prompting cell 

differentiation (Neill et al., 2001) 

The nature of G protein-coupled signalling initiated by the GnRHR largely depends on 

cellular context. For example, it has been demonstrated that the human GnRHR couples to 

Gαq in Chinese hamster ovary-K1 and COS-7 cells (Stanislaus et al., 1998), whereas it couples 

to Gαs in the placenta (Cheng et al., 2000). In mouse pituitary cell lines, the GnRHR activates 

four MAPK cascades’ including the ERK1/2, the c-Jun amino-terminal (JNK), the p38 MAPK 

and the big MAPK (BMK1/ERK5) pathways to various extends by PKC, Ca2+, and tyrosin 

kinase-dependent mechanisms (Levi et al., 1998; Roberson and Mulvaney, 1999; Kraus et 

al., 2001). These signalling cascades mediate the GnRH-targeted gene transcription in rat 

and mice models (Weck et al., 1998; Saunders et al., 1998; Vasilyev et al., 2002; Call and 

Wolfe, 1999; Vasilyev et al., 2002). 
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1.3.4 Regulation of GnRHR mRNA expression 

Glucocorticoids have been shown to directly influence GnRHR expression in immortalised 

gonadotrope cell lines, with the ligand-dependent activation of the GR inducing both GRE 

reporter-promoter transactivation in αT3-1 cells (McGillivray et al., 2007) and endogenous 

GnRHR gene expression in LβT2 cells (Kotitschke et al., 2009; von Boetticher, 2008). 

The transcriptional effect of GnRH regulating endogenous GnRHR expression has been 

studied by research groups (Ellsworth et al., 2003). Previous studies from the Hapgood lab 

have shown that continuous treatment with 100 nM GnRH increases the expression of a 

synthetic transfected mouse GnRHR reporter-promoter construct by 2.5-fold (Sadie, 2006), 

while continuous 8 hour treatments of 100 nM GnRH was also shown to up-regulate 

endogenous LβT2 GnRHR mRNA expression (Kotitschke et al., 2009; Sadie, 2006). 

In a physiological context, GnRH is released in a pulsatile manner from the hypothalamus to 

regulate the expression and secretion of the gonadotropin hormones FSH and LH (Levine 

and Ramirez, 1982). Studies performed by Bedecarrats et al., (2003) have shown that the 

pulsatile stimulation with GnRH (1 pulse every 30 min) for 10 hours resulted in a 2-fold 

increase in GnRHR promoter activity and a 2-fold increase in GnRHR numbers on the cell 

surface (Bedecarrats and Kaiser, 2003). Taken together, these findings suggest that the 

GnRHR is transcriptionally regulated by both pulsatile and continuous treatment of GnRH in 

LβT2 cells. 

Finally a studied performed by Kotitschke et al., (2009) revealed that Dexamethasone (Dex) 

and GnRH co-treatments act synergistically in up-regulating endogenous LβT2 GnRHR mRNA 

expression. The study further showed that the effects of Dex and GnRH co-treatment on 

GnRHR expression are mediated by GR and GnRHR crosstalk, and involves a combination of 

genomic and non-genomic signalling events to enhance GnRHR promoter activity 

(Kotitschke et al., 2009). 
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1.4   Nuclear receptor family 3C: steroid hormone receptors 

Nuclear steroid receptors play a vital role in gene expression and regulating aspects of 

physiology, including in reproduction, stress, metabolism and immune function.  

Nuclear receptors are ligand-inducible, sequence-specific, DNA-binding proteins that 

recognise palindromic hormone response elements (HREs) in promoter regions of target 

genes to regulate gene transcription. They belong to a sub-class of the nuclear receptor 

super family 3, based on their primary sequence and mechanism for HRE-mediated 

transactivation (Carson-Jurica et al., 1990). Upon ligand-binding and receptor dimerization, 

these receptors adopt a head to head orientation when bound to the DNA, allowing for 

necessary interactions between basal transcription machinery and additional co-activators 

to drive chromatic transcriptional activity (Lu et al., 2006; Mangelsdorf et al., 1995). 

The glucocorticoid, estrogen, progesterone, androgen and mineralocorticoid (GR, ER, PR, AR 

and MR) receptors all belong to this subclass of modulating receptors, as they share primary 

and tertiary structural similarity, as well as gene regulatory mechanisms. 

1.4.1  Common domains and structure of nuclear receptors 

Nuclear receptors are modular proteins all consisting of 3 common domains, an N-terminal 

domain (NTD), a highly conserved DNA-binding domain (DBD) and a C-terminal or ligand-

binding domain (LBD). Within these domains are at least 2 transcriptional activation sub-

domains or functions (AF-1 & AF-2) and a hinge region domain (Lu et al., 2006) (Figure 1.9). 
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Figure 1.9: The functional domains of nuclear steroid receptors. The domains AF-1 (N-terminal 

domain), DBD (DNA-binding domain), HR, (hinge region), LBD (ligand binding domain) and AF-2 (C-

terminal domain) are represented. Domains where multiple protein-protein interactions occur are 

shown with arrows. Co-activators include steroid receptor co-activator (SRC) 1/2/3 and the 

p300/CREB-binding protein (CBP). Co-repressors include histone deacetylases (HDACs). Areas where 

phosphorylation (P) and ubiquitation (U) occur are shown [figure adapted from Zhou and Cidlowski, 

(2005)]. 

 

AF1 (Figure 1.9, A) resides in the NTD and is important for full transcriptional activity of the 

SRs (Mangelsdorf et al., 1995; Kumar et al., 2003). This domain interacts directly with basal 

transcription machinery and multiple cofactors involved in regulating transcriptional activity 

(Dahlman-Wright et al., 1995; McEwan et al., 1993), and contain multiple Ser/Thr 

phosphorylation sites which are modified by various protein kinases (Weigel, 1996; Lange et 

al., 2000; Rochette-Egly et al., 2003).  

The central DBD (Figure 1.9, B) consists of 66-68 highly conserved amino acids and 9 

perfectly conserved cysteine residues. This primary sequence forms two zinc finger α-helix 

motifs, where zinc is coordinated into tetrahedral geometry by four cystines, resulting in 

correct orientation of two conserved α-helixes. Upon head-to-head homodimerization, one 

α-helix of each SR is oriented into two adjacent major grooves for specific palindromic DNA 
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sequence recognition of HREs (Lu et al., 2006). The other α-helix is important for protein-

protein interaction for steroid receptor dimerization (Dahlman-Wright et al., 1991; Lu et al., 

2006).  

On the N-terminal side of the LBD there is a flexible hinge region (Figure 1.9, C) that is 

responsible for ligand-binding and ligand-induced changes in conformational states. Upon 

ligand-activation, a nuclear localisation sequence is exposed in this region that promotes 

nuclear transportation (Picard & Yamamoto 1987). 

The LBD (Figure 1.9, D) consists of 11 α-helixes and 4 β-sheets which fold into a three-

dimensional ligand binding pocket (Zu et al., 2006). There are three structural features that 

ensure ligand selectivity. First is a unique hydrogen bond network between receptor and 

bound ligand that establishes specific ligand recognition. Second is the shape of the ligand 

and the topology inside the binding pocket which enhances selectivity. Third is the relative 

position of the binding pocket within the receptors’ LBD.  Variations in these three factors 

contribute to ligand-specific binding characteristics of each SR (Zu et al., 2006). 

The AF-2 sub-domain is found on the C-terminal end of the LBD (Figure 1.9, E). This co-

activator binding cleft on the surface of the LBD has been shown to recruit a wide variety of 

co-activators that determine transcriptional activity. Specific charged residues and 

intermolecular interactions facilitate relative cofactor recruitment of each SR. (Williams and 

Sigler, 1998; Matais et al., 2000; Bledsoe et al., 2002; Li et al., 2005). A common leucine-rich 

LxxLL motif is found among AF-2 sub-domains for most of the SRs, which is believed to 

mediate the interactions between SRs and co-activators (Lonard and O’Malley, 2005), 

whereas the AR contains an FxxLF motif. This motif has been found to interact with multiple 

co-activators including steroid receptor coactivator-1 (SRC-1) (or NcoA-1), SRC-2 (TIF-2 or 

GRIP-1, NcoA-2), SRC-3 (RAC3, ACTR, AIB1,P/CIP and TRAM) (Heery et al., 1997; Le Douarin 

et al., 1996; Savkur and Burris, 2004; Torchia et al., 1997), and the p300/CBP “docking 

platform” (Nicolaides et al., 2010).  
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1.4.2  Classical nuclear signalling by steroid receptors 

The genomic actions of SRs in mediating gene transcription have been examined 

extensively. Upon binding steroid, SRs in target cells become activated through a process 

involving conformational changes, dissociation from protein chaperones, nuclear transport 

and binding to palindromic steroid hormone response element (HRE) sequences in gene 

target promoters (Figure 1.10) (Tsai et al., 1994). Once directly or indirectly bound to the 

DNA, SRs can mediate their transcriptional regulation through transactivation or 

transrepression mechanisms. 

The majority of unbound SRs reside in the cytoplasm, where they are found in a complex 

with chaperone proteins including heat shock proteins (HSP90, HSP70), immunophilins, and 

p23 (Pratt et al., 2003). These interactions are required for proper protein folding and the 

assembly of a stable SR-HSP heterocomplexes, promoting ligand binding and maintaining 

cytosolic location (Zu et al., 2006).  

Upon ligand-binding, the receptor undergoes a conformational change that causes 

dissociation from chaperones and translocation to the nucleus (Weigel and Moore, 2007). 

Here it binds directly to promoter regions of target genes though HRE-protein interactions. 

HREs consist of inverted DNA sequence repeats of TGTTCT for the GR PR and AR, and TGACC 

for the ER (Parker, 1990). SRs can also indirectly interact with the DNA through protein (SR)-

protein (transcription factor) interactions. 

SRs can modulate gene transcription independent of HRE binding through protein-protein 

(transcription factor-SR) interactions, referred to as tethering. These interactions can disrupt 

or activate expression of target genes by blocking or enhancing the assembly of 

transcription machinery to the promoter respectively. Examples of transrepression and 

transactivation models are seen with the protein-protein interaction of the GR with nuclear 

factor–kappa B (NFκB) present in cytokine promoters, and the binding to Stat 5 on the 

βcasein gene, respectively (Kassel and Herrlich, 2007). 
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DNA-bound SRs alter the transcriptional activity of target gene promoters, through the 

recruitment of co-activator or co-repressor proteins. These co-factors are devoid of DNA-

binding characteristics, and are recruited through protein-protein interactions via the AF-1 

and AF-2 sub-domains of SRs. Several co-activators form a bridge between DNA-bound SRs 

and the transcriptional initiation complex, and facilitate RNA polymerase II activity 

(Meckenna et al., 1999; Meckenna et al., 1999; Meckenna et al., 2002; Auboeuf et al., 

2002). 

Figure: 1.10. Mechanisms for classical SR action. SR monomers complex with chaperone proteins 

such as heat shock proteins (hsp) 90, p23 and immunophilins (X & Y). After hormone binding, the 

receptor undergoes a conformational change, dissociates from chaperones, and translocates to the 

nucleus where it binds to DNA through HRE interactions and/or interacts with other proteins 

including co-activators (CoA) or transcription factors (TF) to regulate transcription. Aspects of SR 

function shown to be regulated by posttranslational modifications (i.e. phosphorylation) are 

highlighted in red. Sub-cellular localisation of SRs is a dynamic process, with both nuclear 

translocation and export modulated by phosphorylation. Phosphorylation can also affect DNA-

binding affinity of SRs, interactions with other transcription factors and transcriptional activity. SR 

stability is influenced by ubiquitination and degradation [adapted from Weigel and Moore, (2007)]. 
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Three groups of co-activators have been found to interact with SRs. The first are the p300 

and homologous cAMP-response element binding protein (CBP), which form the central 

position and serve as macromolecular “docking platforms” for SRs, CREB, AP-1, NFκB, p53, 

Ras-dependent growth factor, and signals inducers and activators of transcription (STATs). 

Second is the pS300/CBP-associated factor (p/CAF), which is a broad transcription factor 

that interacts with p300/CBP complex. Third are the p160 family of co-activators; SRC-1, 

SRC-2 and SRC-3, which interact with the AF-2 domain of SRs through signature LxxLL motifs 

located on the co-activators. These co-activators have intrinsic histone acetyltransferase 

activity (HAT) promoting chromatin decondensation, thereby allowing access for the 

transcription initiation complex (Nicolaides et al., 2010; Mckenna et al., 2002; Auboeuf et 

al., 2002; Heery et al., 1997: Beato et al., 2000) All these factors are responsible for 

stabilizing the transcription initiation complex, and promote RNA polymerase II activity. 

Post translational modifications including phosphorylation, acetylation, and ubiquitination 

can affect SR stability, turnover, sub-cellular localisation, ligand affinity, DNA-binding, 

protein-protein interactions, specificity and extent of target gene-promoter activity 

(Nicolaides et al., 2010; Weigel and Moore, 2007a; Weigel and Moore, 2007b). The AR, GR, 

ER and PR have all been shown to be phosphorylated on multiple sites along the AF-1 sub-

domains through the activity of specific kinases. Therefore SR activity can be modulated in a 

phosphorylation-dependent manner brought about through non-genomic signalling 

cascades (Red arrows in Figure 1.10) (Weigel and Moore, 2007). 

Steroid hormones have also been reported to stimulate non-genomic signalling events 

including second messenger production, ion channels, and protein kinase cascades. These 

actions happen on a time scale of seconds, and are not affected by inhibitors of gene 

transcription (Limbourg and Lia, 2003; Losel et al., 2003). These rapid effects of steroid 

hormones have been mimicked with cell impermeable steroid-protein conjugates, 

suggesting the event is initiated at the cell membrane and is distinguishable from the 

classical nuclear actions of steroids (Cato et al., 2002; Norman et al., 2004; Valverde and 

Parker, 2002; Cheskis, 2002; Watson and Gametchu, 1999; Losel and Wehling, 2003; Revelli 

et al., 1998; Nemere et al., 2003). Therefore these rapid actions of steroids, independent of 
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gene transcription, have been termed non-genomic, as opposed to steroids’ conventional 

genomic or direct effect on gene transcription in the nucleus. 
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1.5   The estrogen receptor (ER) 

The ER ligand 17β-estradiol (E2) is an important neurotrophic factor in brain development 

and differentiation, and has a primary role in transmitting feedback to GnRH neurons in the 

hypothalamus and to lactotropes in the pituitary (Edwards, 2006). The ovary is the major 

site of synthesis and secretion for E2, and is tightly regulated by the HPG signalling axis 

(Figure 1.2). E2 regulates the synthesis and secretion of a number of pituitary hormones 

that play vital roles in HPG signalling and HPG signalling feedback. E2 regulates GnRH 

expression and secretion in the hypothalamus, and is involved in the transcriptional 

regulation of gonadotropin hormones LH and FSH in gonadotrope cells through negative 

feedback mechanisms (Ng et al., 2009). E2 also has simulative effects on lactotrope 

proliferation (Lieberman et al., 1978; Lieberman et al., 1981), mediated by hormone-bound 

ERα up-regulating multiple growth factors, growth factor receptors and proteins involved in 

cell cycle progression (Katzenellenbogen et al., 2009).  

The effects of E2 are mediated by their intracellular receptors. The major ER isoform is a 66 

kDa protein termed ERα, which is essential in regulating both reproductive (Pfaff et al., 

1994), and non-reproductive processes including: skeletal physiology (Frank. 1995), tumour 

development and growth (Auchus et al., 1994), and cardiovascular function (Farhat et al., 

1996). This intracellular receptor has been found in a number of mammalian tissues 

including male and female reproductive tracks, female mammary glands, bone, the 

cardiovascular system and regions of the brain including the hippocampus, hypothalamus, 

preoptic area, amygdale, cerebellum, cerebral cortex and pituitary gonadotropes (including 

LβT2 and GN11 cell lines) (Couse et al., 1997; Ng et al., 2009; Edwards, 2006). 

1.5.1  The ERα gene and protein structure 

The cDNA for ERα was first cloned in 1986 (Green et al., 1986) and the genomic sequence 

was later described (Ponglikitmongkol et al., 1988). The ERα gene consists of 8 exons 

spanning 140 kb of chromosome 6 (Gosden et al., 1986). The ERα cDNA shows a high level 

of sequence homology between human and chicken (Krust et al., 1986), rat (Koike et al., 

1987) and mouse (White et al., 1987) ERα transcripts. 
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Evidence has shown that there are multiple promoters present upstream to the ERα gene 

(Treilleux et al., 1997; Hodin et al., 1989; Kastner et al., 1990), highlighting the potential for 

tissue-specific regulation and the control of ER variant mRNA expression. Several attempts 

to characterise the ERα promoter has been performed mainly in breast cancer and HeLa cell 

lines (Treilleux et al., 1997; Schuur et al., 2001; deConinck et al., 1995; Cohn et al., 1999; 

McPherson et al., 1999; Tanimoto et al., 1999; Penolazzi et al., 2000). These studies show 

the presence of an AP-1 site (Tang et al., 1997), a half-PRE site (Amicis et al., 2009), and a 

palindomic binding site for the estrogen receptor transcription factor (ERF-1) (McPherson et 

al., 1997). ERF-1 has been shown to be a member of the AP-2 family of developmentally 

regulated transcription factors and is likely involved in regulating the expression of genes 

characteristic of the breast cancer phenotype (McPherson et al., 1997; McPherson et al., 

1999). 

The ERα promoter has been shown to be down-regulated in response to E2 in MCF-7 cells, 

while up-regulated in response to E2 in T47D, ZR-75 and EFM-19 cells (Donaghue et al., 

1999). This suggests that the transcription factors present within a cell; rather than the 

selective use of a specific promoter, determines whether ERα mRNA expression is increased 

or decreased in response to E2 (Donaghue et al., 1999; Castles et al., 1997; Pakdel et al., 

1989; Treilleux et al., 1997).  ERα promoters have no TATA-box, CCAAT-box or GC-box 

sequences. Multiple transcription start sites have been identified (Kos et al., 2001), with 

three half EREs being located and shown to be responsible for the E2 inducibility of the ERα 

promoter (Treilleux et al., 1997). 

Many studies have shown that the ERα promoter region is a large and complex regulatory 

promoter, comprised of many cis-elements. However, many questions still remain 

unanswered with regard to the function of multiple promoters, suggesting that further 

research is required in order to assess how the ERα promoter is regulated at the level of 

pituitary gonadotropes. 

Two major ER isoforms that mediate the genomic effects of E2 in mammalian tissues, 

referred to as the ERα and ERβ, are encoded by two different genes (Kuiper et al., 1996). 

The LBD and DBDs of the two ER isoforms are well conserved both at the amino acid level 

and structurally. The major difference lies in a lack of N-terminal homology (Figure 1.11). 
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Both isoforms recognise similar HREs and respond similarly to E2. However, there are 

differences in DNA-binding affinity and specificity for pharmacological ligands (Cowley and 

Parker, 1999). Although ERα and ERβ are co-expressed in target tissues, they also exhibit 

differential tissue expression patterns and are functionally distinct, with ERα being the more 

potent transcriptional activator. Cells lines that express both ERs appear to show ERβ having 

the role of an attenuator for ERα activity (Hall and McDonnell. 1999). 

  

Figure 1.11: Primary structure comparison between the two estrogen receptor isoforms α and β. 

LBD (Ligand-binding domain); DBD (DNA-binding domain); HR (hinge region); and AF (transcriptional 

activation domains 1 and 2) are shown. The percentages indicate the amino acid sequence homology 

between specific domains of the ERα and ERβ. Illustration not to scale [adapted from Edwards 

(2006)]. 

 

An additional isoform of the ER termed truncated estrogen receptor product-1 (TERP-1) has 

no independent activity, yet it can stimulate the activity of conventional ERα at low ratios 

and inhibit the activity of ERα and ERβ in the pituitary at high ratios of 1:1 or greater 

(Resnick et al., 2000). The expression of TERP-1 is limited to the pituitary (Friend et al., 1995; 

Demay et al., 1996). All three ER isoforms have been found in rat, mice and humans species 

(Kuiper et al., 1996; Tremblay et al., 1996; Mosselman et al., 1996). 

  



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

32 
 

1.5.2   Regulation of ER mRNA expression by hormones 

The anti-estrogenic action of progesterone (P4) has previously been established, with 

liganded PR recruiting specific repressor complexes to the ERα promoter region and down-

regulating ERα expression in MCF-7 breast cancer cells (Amicis et al., 2009). This P4-

mediated inhibition of ERα mRNA expression in reproductive tissues has been shown by a 

number of research groups in breast cancer cells (Read et al., 1989; Alexander et al., 1990), 

and in the uterus (Mester et al., 1974; Hsueh et al., 1990). Futhermore PR-B has been shown 

to recruit a repressor complex containing nuclear receptor co-repressor (NCoR) to a half-PRE 

site on the ERα gene promoter region in MCF-7 human breast cancer cells (Amicis et al., 

2009). 

Studies have shown that E2 regulates ERα mRNA expression in reproductive tissues 

(Donaghue et al., 1999; Castles et al., 1997; Treilleux et al., 1997). In most cases E2 has been 

shown to up-regulate ERα mRNA expression in reproductive cell lines including T47D, ZR-75 

and EFM-19 cells (Donaghue et al., 1999). It is this auto-regulation of ER expression which may 

contribute to its over-expression in some breast cancer tumors (Castles et al., 1997). On the other 

hand, E2 has been shown to down-regulate ERα mRNA expression in MCF-7 cells (Donaghue et al., 

1999) and down-regulate ERα and ERβ mRNA expression in primary rat pituitary cells (Schreihofer et 

al., 2000). Schreihofer et al., (2000) also showed that TERP-1 mRNA expression was increased in 

response to E2, further suppressing ER-mediated acftivity in the rat pituitary (Schreihofer et al., 

2000).  

1.5.3   ER-mediated signalling 

The ER is known to mediate gonadotrope signalling. The effects of estrogen have been 

shown to directly repress GnRH expression in GT1-7 neurons via mechanisms dependent on 

ER protein (Roy et al., 1999). The ERα has also been shown to be activated ligand-

independently in response to GnRH treatment in the LβT2 cell line (Chen et al., 2009). Chen 

et al., (2009) further showed the GnRHR-mediated phophorylation of the ERα coincides with 

an increase in binding to the co-activator, p300/CBP-associated factor (PCAF) and 

transcriptional activation of fosB mRNA expression (Chen et al., 2009).  
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Interestingly E2 has been shown to affect GR-mediated signalling in MCF-7 and T47D breast 

cancer cells (Zhang et al., 2009). Zhang et al., showed that E2 does not effect GC-induced GR 

nuclear translocation, but instead reduced ligand-induced GR phosphorylation at Ser-211, 

associated with the active form of GR. The research group further showed an increase in 

protein phosphatise 5 (PP5) expression (mediating the dephosphorylation of GR at Ser-211), 

in response to E2 (Zhang et al., 2009). This study suggests a crosstalk between estrogen and 

glucocorticid signalling, with estrogens indirectly regulating GR activity.  

1.5.4  Rapid non-genomic actions of E2 

The rapid non-genomic effects of E2 were first identified in 1967 (Szego and Davis, 1967),  

and these rapid effects were mimicked by cell impermeable steroid-protein conjugates, 

suggesting a plasma membrane initiated event distinguishable from intracellular or nuclear 

actions of E2 (Cato et al., 2002).  For this reason, a candidate orphan GPCR was thought to 

mediate the rapid effects of E2. The orphan G-protein coupled receptor 30 (GPR30) has 

been shown to localise either to the plasma membrane (Filardo et al., 2000) or to the 

endoplasmic reticulum (Revankar et al., 2005). 

A recent study showed that E2 failed to bind to GPR30, and a GPR30 agonist (G1) did not 

stimulate oestrogen actions in mammary gland or reproductive organs (Otto et al., 2008). 

Therefore, these results suggest that GPR30 is not an ER. 

On the other hand, there is increasing evidence that the nuclear ER translocates to the cell 

membrane to mediate the non-genomic effects of E2. Studies of isolated cells from 

combined ERα and ERβ knockout transgenic mice show a lack of all E2 binding at the plasma 

membrane, and failed to respond to E2 by rapidly activating signal transduction pathways 

(Pendram et al.,2006). The ER can interact with a wide variety of signalling proteins capable 

of initiating kinase cascades, thereby influencing biological responses. The ERα was found to 

interact with caveolin-1 through Serine 522 (Razandi et al., 2003), further supporting the 

role of ER in non-genomic signalling. Caveolin-1 is a required structural protein for ERα to 

interact with caveolae rafts at the plasma membrane (Razandi et al., 2002). It is also 

believed that caveolin-1 mediated membrane localisation allows ERα and ERβ to associate 

with, and activate Gα and Gβγ proteins to activate Ca2+ fluxes and cAMP generation, and 
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activate proximal kinases (Src, PI3K) and distal kinases (ERK) (Kumar et al., 2007). It is these 

signals that are proposed to result in the rapid non-genomic effects of E2, including the 

post-translational phosphorylation of many other signalling proteins, modulating cell 

transcription and proliferation. 
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1.6  The progesterone receptor (PR) 

Broadly speaking, the major roles of P4 in mammals are 1) in the uterus and ovary: 

regulating the release of mature ooctyes, facilitation of implantation, and the maintenance 

of pregnancy; 2) in the mammary gland: lobular and alveolar development in preparation of 

milk secretion, and suppression of milk protein synthesis; and 3) in the brain: mediation of 

signals that are require for sexual behaviour and the indirect regulation of key HPG target 

genes (Graham and Clarke, 1997). 

The actions of P4 are mediated through the binding to its conjugate receptors, the full 

length PR-B and N-terminally truncated PR-A isoforms (Figure 1.12) (Kraus et al., 1993). The 

PR isoforms are members of the type I sub-family of the nuclear hormone receptors 3C 

family, and are classified as ligand-activated transcription factors (Carson-Jurica et al., 1990). 

1.6.1   The PR gene and protein structure 

The single-copy human PR gene uses separate promoters and transcriptional start sites to 

produce the two isoforms PR-B and PR-A (Kastner et al., 1990), which are identical except 

for an additional 165 amino acids present only in the N-terminus of PR-B (Figure 1.12). 

Although the separate promoters of PR-A and PR-B are E2 inducible, they do not contain any 

consensus palindromic estrogen response elements (EREs). While a “half-palindromic” ERE 

might be involved in the E2 responsiveness in the promoter for A, no candidate ERE could 

be found in the promoter for B (Kastner et al., 1990). 
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Figure 1.12: Primary structure comparison between the PR isoforms B and A. LBD (Ligand 

binding domain); DBD (DNA binding domain); HR (hinge region); and AF (transcriptional 

activation domains 1 and 2) are shown. The percentage indicates the amino acid sequence 

homology between the PR-B and PR-A. Illustration note to scale. Adapted from Edwards, 

2006. 

 

PR-B and PR-A are 116 kDa and 97 kDa proteins, respectively, which interact with specific 

PREs in the promoter regions of target genes including c-myc (Moore et al., 1997), fatty acid 

synthetase (Chalbos et al., 1987), FSH (An et al., 2009) and the mouse mammary tumour 

virus (MMTV) promoter (Haraguchi et al., 1997). While PR-B tends to be a stronger activator 

of target genes, PR-A can act as a dominant repressor of PR-B activity (Vegeto et al., 1993), 

suggesting that high PR-A expression may reduce P4 responsiveness of PR-B. The repressive 

role of PR-A has also been shown to diminish the responsiveness of the GR, ER, MR and AR 

to their appropriate ligands (McDonnell et al., 1994; McDonnell and Goldman. 1994) 

Each PR isoform contains a C-terminal ligand binding domain, a DNA-binding domain, a 

hinge region, and at least two AF sub-domains, located in the lignad-binding domain (AF-1) 

and in the N-terminal domain (AF-2). The N-terminal of the PR-B contains an additional AF-3 

sub-domain within the unique 164-amino acid upstream segment, which contributes to the 

stronger transcription activity of PR-B (Giangrande et al., 1999; Li and O’Malley, 2003). 

PR-B contains a total of 14 known phosphorylation sites (Zhang et al., 1994; Zhang et al., 

1995; Zhang et al., 1997). Serines at positions 81, 162, 190 and 400 are defined as “basal” 

sites that are constitutively phosphorylated in the absence of ligand. Serines 102, 294 and 
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345 are ligand-inducible phosphorylation sites that are maximally phosphorylated 1-2 hours 

after P4 treatment (Zhang et al., 1995). Although the role of PR phosphorylation is not fully 

understood, it may influence co-factor interactions and PR turn-over (Lange et al., 2000). 

Additionally MAPK-dependent Ser294 phosphorylation has been shown to be required for 

rapid nuclear translocation of unliganded PR, suggesting MAPK signalling may regulate PR 

activity by altering nucleo-cytoplasmic shuttling (Qui et al., 2003).  

Both PR isoforms are expressed in the female reproductive tract, mammary gland, brain, 

pituitary gland and specifically in gonadotrope cells (Mangal et al., 1997; Soyal et al., 2005). 

The PR isoforms are major regulators of the HPG signalling axis by differentially regulating 

the transcription of the two gonadotropins (LH and FSH) (Figure 1.2) during the menstrual 

cycle (Thackray et al., 2006; Lu et al., 2006). PR-A and PR-B are co-expressed in most target 

tissues. However, their ratio can vary considerably depending on cell type or physiological 

conditions, suggesting differential PR expression contributes to cell-specific response 

(Shyamala et al., 1998). Transgenic mice models have shown that PR-A has a predominant 

physiological role in mediating the actions of P4 in the uterus and ovary, whereas PR-B is 

more important in the mammary gland and pituitary (Mulac-Jericevic et al., 2000; Mulac-

Jericevic et al., 2003) 

1.6.2  PR-mediated signalling 

Studies have highlighted the importance of P4 signalling in the regulation of LβT2 responses. 

For instance, the Mellon Lab has shown with over-expressed PR protein, the differential 

effects of P4 treatments on both LHβ and FSHβ expression in the LβT2 cell line (Thackray et 

al., 2006a; Thackray et al., 2006b). P4 was shown to inhibit basal and GnRH-induced 

induction of LHβ, while FSHβ was shown to be up-regulated in response to P4 treatments. 

Both these responses occur in a homone- and receptor-dependent manner, yet the 

mechanisms of liganded PR differ. In the case of LHβ repression, the PR was shown not to 

bind to the DNA directly, but rather recruited to the LHβ promoter region through protein-

protein interactions with transcription factors (Thackray et al., 2006a). FSHβ expression was 

induced via direct binding of the liganded PR to the FSHβ promoter region (Thackray et al., 

2006b). These studies highlight P4 signalling feedback at the level of pituitary gonadotropes 
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ensures differential regulation of the gonadotropin genes. P4 signalling has also been shown 

to modulate GnRH signalling at the level of the hypothalamus, as seen with P4’s negative 

effects of GnRH release (Slieter et al., 2009; Skinner et al., 1998).  

In the brain, PR expression has been linked with lordosis behaviour (behaviour associated 

with sexual reproduction). Transgenic mice with no functional PR show a complete lack of 

lordosos response after hormone administration (Lydon et al., 1995). This is further 

supported as sexual behaviour can be abrogated by direct delivery of antisense PR 

oligonucleotides to the cerebral ventricle of the rat brain (Mani et al., 1994). P4 is also 

known to stimulate γ-aminobutyric acid (GABA) signalling pathways in specific areas of the 

brain. The P4 mediated increase in GABA receptor binding sites contributes to lordosis 

behaviour in rats, suppression of aggressive behaviour and induction of the release of GnRH 

(Maggi and Perez, 1984; De Bold and Frye, 1994). 

PR-B has shown to be ligand-independently activated through GnRHR signalling (An et al., 

2009). In this study the authors show PR phosphorylation is mediated by GnRH treatments 

to increase co-activator affinity and promote PRE reporter-promoter and endogenous FSHβ 

expression in LβT2 cells (An et al., 2009). Another independent study in αT3-1 cells showed 

GnRH treatments resulted in the same ligand-independent activation of the PR, increasing 

SRC-3 interaction and luciferase expression on a PRE-luciferase reporter construct (An et al., 

2006). 

1.6.3  Regulation of PR mRNA expression by hormones 

The expression of both PR isoforms has been shown to be up-regulated in response to E2 in 

MCF-breast cancer cells (Milgrom et al., 1973), while P4 has been shown to repress PR 

expression in many reproductive tissues. Furthermore, P4 exposure was able to oppose the 

effect of E2-mediated PR expression (Milgrom et al., 1973). 

In primary pituitary gonadotrope cells, PR expression was found to be up-regulated in 

responses to pro-longed 0.2 nM E2 treatments (Turgeon and Waring, 2006). In rat pituitary 

cells PR mRNA is induced by E2 and rapidly but transiently down-regulated by progesterone 
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(Turgeon and Waring, 2000). However in LβT2 cells, PR mRNA expression was not regulated 

in response to the same E2 treatments (Turgeon and Waring, 2006).  

1.6.4  The membrane-bound progesterone receptor (mPR) 

In 2003, a new family of progesterone receptors unrelated to nuclear receptors, but instead 

characteristic of GPCRs, was discovered (Zhu et al., 2003; Zhu et al., 2003). Non-genomic 

actions of progesterone have been reported in several tissue types, including the brain, 

kidney, intestine, testis and ovaries (Losel and Wehling, 2003). Rapid progesterone 

responses are also evident in cell types that lack nuclear or classical PR, such as T-

lymphocytes, platelets and the rat corpus luteum (Bar et al., 2000; Park-Sarge et al., 1995). 

Examples of non-genomic actions of P4, that suggest the involvement of receptors besides 

the nuclear PR, include the acrosome reaction in sperm characterised by a rapid increase of 

intracellular Ca2+ (Blackmore et al., 1991; Luconi et al., 2004), and initiation of oocyte 

maturation in amphibians and fish (Maller, 2001; Thomas et al., 2004). 

The first α isoform of a membrane-bound progesterone receptor (mPR) was cloned from the 

ovary of spotted sea trout and was reported in be involved in initiating the oocyte 

maturation in response to P4 (Zhu et al., 2003). Thereafter an additional two isoforms of 

mPR (mPRβ & mPRγ) were identified (Zhu et al.,2003). All three isoforms have been found in 

a number of vertebrate species including human, mouse, pig, frog, and fish (Zhu et al., 

2003). 

The molecular structure of the membrane bound progesterone receptor (mPR) reveals 

GPCR like topology, having 7-transmembrane domains, an extracellular N-terminal and 

intracellular C-terminal domains (Figure 13) (Tang et al., 2005). Yet based on amino acid 

sequence homology, the mPRs belong to a larger, highly conserved family of proteins 

termed the Progestin and AdipoQ Receptor (PAQR) family (Tang et al., 2005). According to 

this nomenclature, mPRα, β and γ are designated PAQR 7, PAQR 8 and PAQR 5, respectively 

(Tang et al., 2005). This conserved family of proteins include 11 mammalian members that 

have been termed PAQRs because its members are thought to be progesterone or 

adiponectin receptors. However, in this conserved family, only mPR-related receptors are 

found in eukaryotes, while the other two subgroups, the adiponectin- and hemosylin III-
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related receptors, are found in animal, plant and fungi (Fernandes et al., 2005; Thomas et 

al., 2007). 

 

Figure 1.13: Amino acid sequence comparison between seatrout mPRα and the three putative 

human mPRs. Numbers above the box indicate the percentage sequence identity of amino acids in 

each domain between the sea trout mPR and the human mPRs. Solid gray indicate extracellular 

domains, solid black indicate transmembrane domains, white indicate cytoplasmic domains 

[addapted from Zhu et al., (2003)]. 

 

The expression of each human mPR isoform appears to be tissue specific. The α-isoform is 

predominantly expressed in reproductive tissues including the placenta, uterus, testis and 

ovaries. The β isoform is exclusively expressed in neural tissues throughout the brain and 

spinal cord, but has not been shown in the pituitary. The γ isoform is expressed in the 

kidney and gastrointestinal track (Zhu et al., 2003).  

The binding affinities of mPRs towards P4 were initially determined using bacterially 

expressed recombinant mPR proteins (Zhu et al., 2003), which showed specific binding of 

P4. An additional study supported this finding, showing that MDA-MB-231 cells transfected 

with human mPRα exhibit high-affinity binding for P4 (Thomas et al., 2007). The synthetic 

progestins and antiprogestins, which have relatively high affinities for nuclear PRs, display 

little to no competitive binding to mPRs (Thomas et al., 2007). These differences in selective 

binding between mPR and nuclear PR (nPR) reveal that non-genomic progesterone signalling 

may be exploited to design more effective drugs with fewer adverse side effects. 
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The link between tissues where P4 levels have an influential role, and the expression pattern 

of the mPRs (especially the α-isoform), suggests that mPRs may be involved in P4-

dependent signal transduction in vivo. Zhu et al., showed that expression of the sea trout 

mPRα in human MDA-MB-231 breast cancer cells rapidly activated the MAPK (ERK1/2) 

signalling cascade and lowered cAMP levels in response to P4. In addition, the effect of P4 

cAMP levels were partially blocked by pre-incubations with pertussis toxin (an exotoxin 

which prevents G proteins from interacting with GPCRs). This suggests that the sea trout 

mPRα couples to an inhibitory G-protein (Zhu et al., 2003). However, contradictory reports 

have been published regarding mPRα’s ability to regulate cAMP levels through ERK1/2 

activation (Kriestsch et al., 2006). 

The concept that mPRs couple with G-proteins has been based on a number of pertussis 

toxin-sensitivity assays and co-immunoprecipitation studies (Zhu et al., 2003; Zhu et al., 

2003; Thomas et al., 2007; Karteris et al., 2006; Hanna et al., 2006).  Therefore, as putative 

GPCRs, mPRs may couple to a diverse array of signalling cascades, including Ca2+ fluxes. P4 

has been reported to induce rapid Ca2+mobilization in different target cells, including 

myocytes and sperm (Thompson et al., 2004; Blackmore et al., 1991). In support of this 

notion, the over-expression of ovine mPRα in CHO cells revealed a P4-dependent release of 

Ca2+ from the endoplasmic reticulum (Ashley et al., 2006).  

Therefore, as putative GPCRs, mPRs can be considered as novel pharmaceutical targets, 

which could lead to the design of more specific and effective drugs in controlling 

contraception and further reproductive disorders. However, much scepticism has been 

reported in the literature concerning the functional and mechanistic role of mPRs in 

mediating rapid P4 responses. 
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1.7  The glucocorticoid receptor 

Glucocorticoids play a vital role in inducing many biological responses involved in growth, 

reproduction, metabolism, immune and inflammatory reactions, as well as central nervous 

system and cardiovascular function (Tilbrook et al., 2000; Zhou and Cidlowski. 2005). 

Glucocorticoids regulate carbohydrate, protein and fat metabolism, and play a vital role in 

the protection of glucose-dependent tissues such as the brain and heart during stressful 

situations (Katzung, 2004; Goodman et al., 2006). Immune responses are also modulated 

through GR action; regulating the activity of peripheral leukocytes, suppressing the 

production of cytokines and chemokines, and changing the life span of immune cells (Lu et 

al., 2006). Therefore glucocoriticoids represent one of the most widely used therapies for 

many immune and inflammatory diseases including acute and chronic asthma, rheumatoid 

arthritis as well as in cancer treatment (Rhen and Cidlowski, 2005). 

The endogenous ligand to the GR in humans is cortisol. The synthesis and secretion of 

glucocorticoids by the adrenal cortex is tightly regulated by the hypothalamic-pituitary-

adrenal (HPA) axis (Figure 1.3). Like all HP-endocrine signalling, this axis is sensitive to 

negative feedback through circulating steroid hormones and glucocorticoids (Lu et al., 

2006). 

1.7.1  The GR gene and promoter structure 

The human GR (hGR) cDNA was first isolated by cloning in 1985 (Hollenburg et al., 1985). 

The hGR gene consists of 9 exons and is located on chromosome 5. At least three separate 

promoters have been identified for the mouse GR gene (Figure 1.14) (Strahle et al., 1992). 

The utilization of these separate promoters gives rise to five separate transcripts, encoding 

different 5’-untranslated first exons (Figure 1.14). The proximal GR-promoter region (1B and 

1 C) is very GC-rich, contains a CpG island characteristic of housekeeping genes and lacks 

TATA boxes and CAAT boxes,  which is consistent with the fact that the GR is ubiquitously 

expressed (Breslin et al., 2001). There are four Sp-1 sites upstream to the exon 1B 

transcriptional start site. Transcriptional regulation through GC-rich regions is complicated, 

as several factors other than Sp-1 can recognise this sequence (Berg, 1992). Tissue-specific 

alternative splicing has been shown on exon 1A (Figure 1.14 B). Transcripts 1A1 and 1A2 
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share a common promoter with transcript 1A3, yet they have a broader expression pattern 

(Breslin et al., 2001).  

Computer analysis has suggested that there is a half-GRE present in the 1C promoter region, 

and that this sequence can bind GRβ. However deletion studies did not completely abolish 

Dex responsiveness. Finally a site resembling the nuclear factor-κB (NF-κB) site was found on 

the 1C promoter region, with preliminary studies showing NF-κB can bind to this site (Breslin 

et al., 2001). 

 

Figure 1.14 (A-B): Generation of multiple hGR isoforms form a single gene. (A) Genomic structure 

of the hGR gene. (B) The generation of multiple hGR transcripts as a result of alternative RNA splicing 

(Zhou and Cidlowski, 2005). 

Alternative splicing of the hGR  gene in exon 9 generates two highly homologous receptor 

isoforms, GRα and GRβ (Figure 1.14) , which are 777 and 742 amino acid in length, and 97 
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and 94 kDa in molecular weight, respectively (Figure 1.15) (Zhou et al., 2005; Cidlowski,  et 

al. 1990; Oakely,  et al. 1996).  

These two isoforms have identical N-terminal domains, and differential C-terminal domains 

(Figure 1.15) (Lu and Cidlowski, 2005). hGRα resides in the cytoplasm and represents the 

classical GR that functions as a ligand-dependent transcription factor. hGRβ exerts a 

dominant negative effect on the transcriptional activity of hGRα, and shows cell specific 

differences in transcriptional activity compared to hGRα in response to Dex (Oakley et al., 

1999; Kino et al., 2009). 

 

Figure 1.15: Primary structure comparison between the glucocorticoid receptor isoforms α and β. 

LBD (Ligand binding domain); DBD (DNA binding domain); HR (hinge region); and AF (transcriptional 

activation domains 1 and 2) are shown.  Illustration shows comparison between GRα and β GR 

isoforms. The amino acid positions for each domain are indicated under primary structure. The 

positions of additional sub-domains are indicated for the GRα isoform. Illustration not to scale 

[adapted from Nicolaides et al., (2010)]. 
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1.7.2  GR-mediated signalling 

In the absence of ligand hGRα resides in the cytoplasm in a hetero-oligomeric complex 

containing heat shock proteins (HSP) 90, 70 and 50, immunophilins, as well as other proteins 

(Pratt et al., 1993). HSP 90 exposes the ligand domain and mediates ligand binding, while 

retaining cytoplasmic location through masking the nuclear localisation sequence (Figure 

1.14) (Terry et al., 2007). Immunophilin proteins are thought to be involved in GR nucleo-

cytoplasmic shuttling, as a study has shown immunophilins FKBP51 and FKBP52 interact 

with the hGRα to mediate cytoplasmic or nuclear localisation, respectively (Davies et al., 

2002; Davies et al., 2005; Echeverria et al., 2009). 

Upon ligand-induced activation, GRα undergoes a conformational change that results in 

dissociation from the multi-HSP protein complex and translocates to the nucleus (Pratt et 

al., 1993). To initiate transactivation, the GRα homodimer binds to an inverted hexametric 

palindromic DNA sequence, and interacts with receptor co-activators and chromatin 

remodelling complexes as described in Section 3.2. Some GC-responsive genes containing 

simple-acting GREs include the serine/threonine protein kinase, tyrosine hydroxylase and 

tyrosine aminotransferase (TAT) genes (Schoneveld et al., 2004; Schmid et al., 1987). 

Alternatively ligand bound GRα can modulate gene expression independent of GRE binding, 

through GR monomer and NF-κB, AP-1 or STAT protein-protein interactions (Kassel and 

Herrlich. 2007). The effects of glucocorticoids on the immune system are mediated by the 

transrepressive effects on pro-inflammatory transcription factors AP-1 and NFκB. GRα 

inhibits AP-1 and NF-κB mediated transcription through interacting with, and blocking 

subsequent transcription initiation complex formation (Jonat et al., 1990; Mukaida et al., 

1994). In addition to transrepression, GR protein-protein interactions can also lead to a 

synergistic induction of promoter activity, as seen with the interaction of GR and Stat-5 on 

the β-casein promoter (Stocklin et al., 1996). 

Post-translational modifications have been shown to affect GR signalling (Avenant, et al 

2010; Nicolaides et al., 2010). The hGRα has several phosphorylation sites including serines 

at positions 113, 141, 203, 211, 226 and 404, located in the AF-1 sub-domain. 

Phosphorylation usually occurs after ligand binding, and modulates GR-mediated 
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transcriptional activity, sub-cellular trafficking, target promoter specificity, duration of GR 

mediated signalling, and GR stability (Ismaili and Garabedian. 2004). However, 

phosphorylation at Ser 203, 211 and 226 does not affect angonist-induced hGR degradation, 

but has been shown to regulate GR-mediated transactivation through co-factor recruitment 

(Avenant et al., 2010) 

The GR is also modulated through acetylation, which occurs after ligand-binding and prior to 

nuclear translocation (Ito et al., 2006). A known acetylation site of the GR is the leucine rich 

region in the hinge domain (amino acids 492-465, sequence KKTK), which is analogous to 

the acetylation sites found in other SRs. Mutations at K494 and 495 on the hGR that 

prevented acetylation reduced the sensitivity to Dex suppression of interleukin 1beta-

induced granulocyte/macrophage colony-stimulating factor production, however, did not 

affect the repression of NF-κB genes (Ito et al., 2006). An additional study has shown that 

the circadian rhythm-generating transcription factors CLOCK and BMALI repress GR-induced 

transcriptional activity by acetylating several lysine residues located in the hinge region. This 

post-translational modification attenuates GR binding to GREs, and its ability to 

glucocorticoid-responsive gene expression (Nader et al., 2009). 

1.7.3  Regulation of GR mRNA expression by hormones 

GR mRNA expression is regulated by glucocorticoids. However, no full consensus GRE, TATA-

box or CAAT-box can be found in the promoter region or in the first untranslated exon of 

the hGRα gene (Zong et al., 1990). A study has shown that cells which contain endogenous 

GR protein undergo down-regulation in GR protein GC-binding capabilities and GR mRNA 

expression (Burnstein et al., 1990). This study suggests that GR mRNA and protein are down-

regulated in responses to GCs (Burnstein et al., 1990). 

In most cells tested to date, GR mRNA and protein are down-regulated by glucocorticoids, 

and has been extensively proven in several cell lines including the HeLa cell line (Burnstein 

et al., 1990; De Silva et al., 1993; Freeman et al., 2004). A representation of this model is 

shown in the HPA signalling axis (Figure 1.3). An exeption to the suppressive role of 

glucocorticoids are T-lymphocytes, thymocytes and T-lymphoblasts, as glucocorticoid 
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treatment results in the up-regulation of GR mRNA expression to aid in subsequent 

apoptosis (Breslin et al., 2001; Burnstein et al., 1990; Ramdas et al., 1999). 

 

1.8   Extra-nuclear signalling by steroid receptors 

The first evidence for rapid steroid signalling at the plasma membrane was published in 

1967, showing that an E2 binding protein at the plasma membrane of cells induced a rapid 

stimulation of cAMP production and Ca2+ flux in the uterus of rodents (Szego and Davis, 

1967). In various cells and tissue types a large variety of cytoplasmic signalling pathways 

have since been reported to be activated in response to steroid treatment. Depending on 

the steroid hormone and tissue-specific response, it appears that different receptors and 

mechanisms are involved in mediating the rapid actions of steroids. In the literature, four 

such mechanisms have been proposed to mediate these rapid effects of steroid hormones 

(Edwards, 2004). 

The first mechanism involves novel membrane receptors that are unrelated to conventional 

SRs, yet have been shown to mediate the specific non-genomic actions of hormones. The 

first protein/receptor that fulfils the requirements of a novel membrane receptor for P4 is 

mPR (Thomas et al., 2007). This receptor was cloned and characterised as a GPCR involved 

in mediating P4-induced oocte maturation in seat trout (Zhu et al., 2003) (Refer to 5.1). 

The second mechanism suggests that classical SRs interact with or are modified by signalling 

responses at the plasma membrane through GPCR crosstalk. Support for this is seen in the 

case of ER signalling in CHO cells. The E2 induced rapid stimulation of adenyl cyclase activity 

and inositol phosphate (IP3) formation was associated with the involvement of ERα and the 

activation of GαS & Gαq proteins (Razandi et al., 1999). Additionally, rapid phosphorylation of 

the unliganded PR and GR was shown to be mediated by the GnRHR in the LβT2 cell line, to 

regulate downstream target gene expression (An et al., 2009; Kotitschke et al., 2009). 

The third mechanism suggests that sub-cellular location of SRs is important in modulating 

the activities of extra-nuclear cell signalling pathways. Here plasma membrane association is 
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the key for mediating the rapid effects of steroid hormones. Several truncated SRs have 

been identified that are linked to the rapid actions of hormones. Post-translational 

modifications of these isoforms have been shown to promote cell membrane association (Li 

et al., 2003). These truncated SR isoforms have been involved in mediating many rapid 

signalling responses in a hormone-dependent manner, including the activation of MAPK 

pathways in the Neo-cortex (Toran-Allerand et al., 2002; Marquez and Pietas, 2001), 

activation of PKC and Src in oesteoblasts (Longo et al., 2004), and the induction of Ca2+ 

fluxes in ovarian granulosa cells (Peluso et al., 2002; Peluso et al., 2003). It is thought that 

truncated SRs, through altered folding properties, are better substrates for lipid 

modifications and differential cell compartmentalization compared to full length SRs.  

The fourth and final mechanism suggests a subpopulation of conventional SRs associate 

with signalling complexes in the cytoplasm or the plasma membrane to induce the non-

genomic actions of steroid hormones. Several studies have shown that SR plasma 

membrane localisation is facilitated by the association of scaffolding proteins that 

translocate the protein-SR complex to the cell membrane. These scaffolding proteins 

include caveolin-1, Shc and insulin-like growth factor 1 (IGF1). Caveolin-1 is a major 

structural protein of caveolae (present in plasma membrane micro domains), and has been 

shown to physically interact with the ER in endothelial cells (Razandi et al., 2002), and 

promote ER translocation to the plasma membrane (Razandi et al., 2002). Another adaptor 

protein Shc, complexes with the ER to promote plasma membrane translocation, where it 

associates with IGF1 receptor in an E2 dependent manner in MCF-7 breast cancer cells (Song 

et al., 2004). 

One of the better characterised signalling actions of steroids is the rapid activation of the 

Src/ras/raf/MAP kinase (Erk) pathway. Through co-immunoprecipertation and pull down 

assays, it has been shown that the ER and PR interact with Src in a ligand-dependent maner 

(Song et al., 2002; Wong et al., 2002; Edwards et al., 2002; Migliaccio et al., 1998). Src is a 

key component in the coupling of extracellular signals with a variety of intracellular 

signalling transduction pathways, with SR-mediated Src/MAPK activation involved in 

multiple cell functions including proliferation, differentiation and apoptosis (Martin, 2001; 

Thomas and Brugge, 1997).  
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ER and PR interact with Src though a 120 kDa adaptor protein termed modulator of 

nongenominc action of estrogen Receptor (MNAR). The N-terminal domain of MNAR 

contains multiple LxxLL motifs that interact with the AF-2 domain of the ER (Heery et al., 

1997) and a short polyproline sequence (PPPLPPR) of the PR (Figure 1.12) 

(Boonyaratanakornkit et al., 2001). Three PxxP motifs on MNAR have been shown to 

interact with the SH3 domain of Src (Barletta et al., 2004). These protein-protein 

interactions are responsible for stabilizing the Scr/ER or PR complex. Thus, the LxxLL motifs 

of MNAR may also interact with other SRs including the AR, GR and PR, in a ligand-

dependent manner (Barletta et al., 2004; Wong et al., 2002). However, this mechanism has 

not been investigated for other SRs in mediating extra-nuclear signalling. 
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1.9 Integration of nuclear and extra-nuclear signalling pathways of 

steroid receptors to regulate gene expression 

It has become increasingly more evident that conventional SRs are multi-functional proteins, 

capable of acting in the nucleus as ligand-dependent transcription factors and outside the 

nucleus to activate non-genomic signalling pathways. There is a body of knowledge 

regarding the conventional ligand-dependent mechanisms of SR-medaited gene regulation 

(Avenant, 2009; Weigel and Moore, 2007) (Figure 1.16 - pathway 1). This pathway shows SR-

mediated gene regulation via ligand-dependent HRE binding and/or tethering mechanisms 

(refer to Section 1.4.2).  

The section above highlights the role SRs have in initiating extra-nuclear signalling pathways. 

SRs regulate extra-nuclear signalling cascades through interacting with scafolding proteins 

and signalling complexes at the cell membrane (Song et al., 2002; Wong et al., 2002; 

Edwards et al., 2002). Alternately the extra-nuclear effects of steroids can be mediated by 

putative mSRs to initiate extra-nuclear signalling cascades (Figure 1.16 – 2).  

Many extra-nuclear signalling pathways converge to activate nuclear transcription factors 

through post-translational modifications. This suggests that SR-mediated extra-nuclear 

signalling may ultimately affect gene expression patterns within the cell. Therefore to the 

knowledge of the author, the rapid steroid-induced activation of cell signalling events can 

influence the outcome of steroid-mediated gene expression through several hypothesised 

mechanisms, which have been represented in Figure 1.16. 
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Figure 1.16: Intergration of nuclear transcription and extranuclear signalling by conventional SRs 

and GPCRs. All numbered pathways are relavent to this current sIn the classical nuclear transcription 

pathway (1); steroid hormones activate steroid receptors (SR) by inducing conformational changes 

to promote nuclear translocation, dimerization, and direcet or indirect binding to promoters of 

target genes. Activated SR bound to target promoter DNA can regulate (positively or negatively) 

target gene transcription via HRE or tethering mediated mechanisms. A subpopulation of steroid 

receptors can associate with cytoplasmic or cell membrane signalling molecules including the 

tyrosine kinase Src in a hormone-dependent manner. This interaction leads to an activation of Src 

and the downstream MAPK signalling cascades (not numbered on figure). In addition to this, novel 

membrane receptors (mSR), unrelated to conventional receptors, have heen shown to activate 

MAPK signalling (2). Therefore steroid-induced activation of MAPK may influence gene transcription 

by 2 hypothesised mechanisms. The first hypothesis is genes that lack HREs can be regulated in 

response to steroid hormones (3). The second hypothesis is that HRE-regulated genes can be 

influenced bytranscription factors (TF), whose activities are regulated by MAPK signalling (4). Two 

additional pathways have been hypothesised to regulate target gene expression via SR and GPCR 
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crosstalk signalling (5). The first hypothesis is that GPCR ligands can ligand-independently activate 

SRs to regulate SR- and GnRHR-target gene expression via SR/GPCR crosstalk (6).The second 

hypothesis is that GPCR ligands can induce the expression of HRE regulated genes through ligand-

independent activation of SRs via by SR/GPCR crosstalk (7). (mSR – membrane steroid receptor; HRE 

– hormone response element; TF – transcription factor; SR – steroid receptor; P – phosphorylation; 

GPCR – G-protein coupled receptor) [figure adapted from Edwards, (2006), Schoneveld et al., 

(2004) and Kotitschke et al., (2009)]. 

 

The first potential hypothesised mechanism suggests target genes that lack conventional 

HREs, may be regulated in response to steroids (Figure 1.16 – pathway 3). This may be 

mediated by the liganded SR interacting with a signalling complex at the cell membrane (not 

shown on Figure 1.16) or via putative mSR signalling (Figure 1.16 – 2), to activate MAPK 

signalling and subsequent transcription factors (TFs) (Figure 1.16 – pathway 3). This was 

shown to be the case in the MCF-7 breast cancer cells, where E2-induced c-fos mRNA 

expression is mediated by a serum response element (SRE) in the proximal promoter, and 

not an ERE. Furthermore c-fos mRNA expression was mediated by an ER-dependent 

activation of the Src/Ras/MAPK pathway to activate the Elk1 transcription factor (which can 

bind to and transactivate an SRE) (Duan et al., 2001); or the Src-RAS/PI3K pathway to 

activate the serum response factor (SRF) (which can bind to and transactivate an SRE) (Duan 

et al., 2002). This study helps supports the hypothesis that steroid-induced MAPK signalling 

can regulate target gene promoters that lack HREs, further expanding the gene “network” of 

steroid hormones. 

The second mechanism proposes that complex promoters of SR target genes contain 

additional binding sites for other transcription factors, suggesting a required cooperative 

interaction between transcription factors and SRs. This cooperation may occur through 

post-translational modifications of transcription factors, mediated by protein kinase 

cascades (which are activated by SRs) (Figure 1.16 – pathway 4). This hypothesis is 

supported by a study from Watters et al., (2001) who show liganded ER directly interacts 

with EREs in the promoter region of the prolactin gene to positively influence gene 

expression, but is also dependent on an acute E2-dependent ER-mediated activation of the 
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MAPK pathway (Walters et al., 2001). This suggests that E2 induction requires cooperative 

interactions between the ER (bound to EREs) and other transcription factors modulated by 

MAPK signalling to enhance gene expression (Vasudevan et al., 2001). Furthermore the 

effects of GR binding to a GRE in the proliferin gene can either result in transactivation or 

transrepression, depending on the composition of the AP-1 proteins, c-jun and c-fos, on an 

adjacent AP-1 site (Miner and Yamamoto, 1992; Pearce et al., 1998). These studies confirm 

the hypothesis that target HRE-regulated promoters can be influenced by other 

transcription factors, whose activities are regulated through MAPK signalling (Figure 1.16 – 

pathway 4). 

This integration of nuclear and extra-nuclear signalling mediated by SRs, is what makes 

crosstalk signalling between endocrine signalling axes achievable. Therefore, these 

hypothesised mechanisms outlined above, give some insight into how target mRNA levels 

may be regulated in response to hormones treatments. It must be noted that the 

involvement of signalling complexes at the cell membrane (including as Src) in mediating 

steroid-induced responses will not be assessed in this study. Instead emphasis will be laid on 

the involvement of putative mSRs. 
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1.9.1 Integration of nuclear and extra-nuclear signalling between 

GnRHR and other SRs in pituitary gonadotropes 

In the past, the mechanisms of action of a particular SR have usually been studied in 

isolation. It is becoming increasing clear that endocrine signalling is not one-dimensional. 

However different signalling pathways must crosstalk in order to fine tune and integrate the 

cell’s responses to multiple and simultaneous signals from the environment. Steroids 

orchestrate a broad and complex array of signalling cascades beyond the classical genomic 

role of SR-dependent gene transcription. Considering that all SRs act via similar mechanisms, 

insights into the function of one is likely to be relevant to the group of SRs as a whole. 

Recent studies are beginning to reveal crosstalk mechanisms between the SRs and GnRHRs 

that mediate a number of HPG signalling events at the level of gonadotropes (An et al., 

2009; Kotitschke et al., 2009; Chen et al., 2009) (Figure 1.16 – 5). These studies were 

performed in the LβT2 cell line, and represent important findings with regards to the ligand-

independent activation of SRs mediating gonadotrope cell responses.  

The study performed by An et al., (2009) revealed a crosstalk mechanism between the PR 

and GnRHR (Figure 1.16 – pathway 6). Here they demonstrated that GnRH treatments 

induce PR phosphorylation to increase its interaction with the co-activator nuclear co-

activator 3 (NCoA3). This enhances PR recruitment to the PRE-region of the fshβ promoter 

through co-factor interaction. An et al., further shows PR-B is phosphorylated at Ser-249 in 

response to GnRH by PKC, promoting interaction with the co-activator NCOA3. It is this co-

factor recruitment that results in the rapid and positive effect GnRH has on fshβ expression 

in the LβT2 cell line (An et al., 2009). 

A study performed by Kotitschke et al., (2009) revealed a crosstalk mechanism between the 

GR and GnRHR. The study showed that Dex and GnRH act synergistically to regulate GnRHR 

expression in LβT2 cells in a GR-dependent manner (Figure 1.16 – pathway 6). Kotitschke et 

al., showed that Dex treatment resulted in the Dex-mediated activation of the GR (Figure 

1.16 – pathway 1), while GnRH treatment resulted both the activation of c-Jun/c-fos 

transcription factors, and the ligand-independent activation of the GR through site specific 

post-translational modifications (Figure 1.16 – pathway 6). Furthermore the ligand-
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independent effects of GnRH on the GR were replicated on a TAT-GRE-Luc reporter in LβT2 

cells (Figure 1.16 – pathway 7) (Kotitschke et al., 2009).  

A study performed by Chen et al., (2009) revealed that GnRHR and ERα crosstalk to 

transcriptionally regulate the fosB gene in the LβT2 cell line. The data suggests that GnRH-

mediated phosphorylation of ERα results in the rapid association with the co-factor PCAF. 

This increases the co-recruitment of the ERα to an ERE within the endogenous fosβ 

promoter region in LβT2 cells, in turn activating fosβ expression (Figure 1.16 – pathway 6). 

The authors also demonstrated that this mechanism activates other genes in the LβT2 cell 

line, including the fshβ sub-unit gene (Chen et al., 2009). 

Taken together these studies show signalling pathways mediating the actions of GnRH and 

steroid hormones are dependent on SRs, and converge to regulate gene expression in 

gonadotrope cells. Furthermore, nuclear and extra-nuclear signalling is likely to reveal 

further insight into the mechanisms underscoring important biological functions, including 

the neurological, immune, stress, and reproductive signalling axes. Finally, putative 

mechanisms for signalling crosstalk between hormone receptors will give a new perspective 

on possible drug targets, and generate a better understanding of the endocrine signalling 

system at a biochemical level. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1   Compounds and antibodies 

Dex, P4, E2, GnRH and the P4 agonist, R5020, were purchased from Sigma-Aldrich, South 

Africa. Polycolonal antibodies for the mammalian GR (H-300, sc-8992), PR-B (C-20, sc-539), 

ERα (MC-20, sc-542) and the HA-tag (Y-11, sc-805), as well as the monoclonal antibodies for 

the mPRα (Y-14, sc-50113), the human PR-B (B-30)(sc-811) and PR(A+B) (AB-52) (sc-810), 

were obtained from Santa Cruz Biotechnology, USA. Polycolonal antibodies for Flotilin-1 

(#610820) were obtained from BD Biosciences, USA. Polyclonal antibodies for p44/42 MAP 

Kinase (ERK1 and ERK2) (#9102) were obtained from Cell Signalling, South Africa. The 

monoclonal antibody for β-Tubilin (T4026) was obtained from Sigma-Aldrich, South Africa. 

The secondary anti-rabbit HRP conjugate (sc-2313), anti-mouse HRP conjugate (sc-2005) and 

anti-goat HRP conjugate (sc-2350) antibodies were purchased from Sigma-Aldrich, South 

Africa. Refer to section 2.11 for dilutions used for each specific primary antibody, as well as 

the corresponding secondary antibody and dilution thereof. 

2.2   Incubation with test compounds 

Dex, P4, and R5020 were diluted in 100% EtOH to a final concentration of 100 µM. E2 was 

diluted in 100% EtOH to a final concentration of 100 nM. GnRH was purchased as a 

lyophilized salt and dissolved in H2O to a final concentration of 100 µM. All test compounds 

were added to cells as 1/1000 dilution in culture medium. 

  



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

57 
 

2.3   Plasmids 

Wild type HA-tagged human GR (pCMV-HA-human GR) expression vector was obtained from 

Prof. M.J. Garabedian at NYU Department of Microbiology, New York. The pTAT-GRE-E1b-luc 

plasmid was a gift from Dr G. Jenster at Erasmus University of Rotterdam, Netherlands and 

the pCMV-ß-galactosidase plasmid was a gift from Dr. G. Haegeman (University of Gent, 

Belgium). The pMT-PR-B was gift from Prof. S. Okret (Karolinka Institute, Sweden). The 

expression plasmid pSG5-hERα was a gift from F. Gannon (EMBL, Germany) and the 

ERE.vit2-luc was a kind gift from K. Korach (National Institute of Environmental Health 

Science, USA). The human mPRα expression plasmids (pcDNA3.1/hmPRα, 

pcDNA3.1/V5/hmPRα and pHA/hmPRα) were kindly given from Dr. B. Gellersen 

(Endokrinologikum Hamburg, Germany). Plasmid maps were generated for mPRα constructs 

through DNA sequence analysis (Figure 12.1, Figure 12.2 and Figure 12.3). 

2.4  Cell culture 

LβT2 mouse pituitary gonadotrope cells were kindly provided by Dr. P. Mellon from the 

University of California, San Diego, USA. COS-7 monkey kidney fibroblast cells were 

purchased from American Type Culture Collection (ATCC, USA). Both cell lines were 

maintained in high glucose Dulbeccos’s Modified Eagles Medium (DMEM, Sigma-Aldrich, 

South Africa) supplemented with 10% fetal calf serum (FCS) (Delta Bioproducts, South 

Africa), 50 µg/ml penicillin and 50 U/ml streptomycin (Gibco-BRL Life Technologies, UK), 

unless stated otherwise. All cultures were maintained in 75 cm2 culture flasks (Greiner Bio-

one International, Austria) at 37°C, in an atmosphere of 90% humidity and 5% CO2. LßT2 

cells and COS-7 cells were passaged with 0.25% trypsin / 0.1% EDTA in calcium- and 

magnesium-free PBS (Highveld Biologicals, South Africa) once or twice a week, respectively. 

LßT2 cells were very sensitive to over-trypsinising, and were therefore not incubated in the 

trypsin solution for longer than 3 minutes. All cell lines were regularly tested for 

mycoplasma infection by means of Hoechst staining (Freshney, 1987), with only 

mycoplasma-negative cells used. 

End1/E6E7 (endocervical cells immortalised with the human papillomavirus 16/E6E7) cells 

were purchased from the American Type Culture Collection (ATCC), United States of 
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America. The End1 cells were gown in StemlineTM Keratinocyte Medium II (KSF) (Sigma-

Aldrich, South Africa) supplemented with CaCl2 (final concentration 0.4 nM), 100 U/µl 

penicillin and 100 µg/µl streptomycin (Gibco-BRL Life Technologies, UK), as were the bovine 

pituitary extract (BPE) StemlineTM Keratinocyte Growth Supplement, Sigma-Aldrich, South 

Africa). Passaging and maintenance of the Endo-cervical cell line was performed by Nicky 

Verhoog. (Verhoog, 2010) 

2.5   Plasmid transformation and preparation 

The plasmids were transformed into Escherichia coli DH5α cells by heat shock 

transformations according to Sambrook et al. (Sambrook et al., 1989). Briefly, 100 µl 

competent cells were mixed with 10 ng of DNA. The mixture was placed on ice for 30 min, 

followed by 2 min incubation at 42°C and 2 min incubation on ice. Immediately after 

transformation, cells were mixed with 900 µl SOC medium [2% (w/v) tryptone, 0.5% (w/v) 

yeast extract, 0.05% (w/v) NaCl, 2.5 mM KCl, 10 mM MgCl2 and 20 mM glucose] (Sambrook 

et al., 1989) and incubated (1 hour, 37°C while shaking at 200 rpm). Cells were subsequently 

plated out on LB agar plates [1% (w/v) tryptone, 0.5% yeast extract, 1% NaCl and 1.5% agar 

containing 50 µg ampicillin] (Sigma-Aldrich, South Africa) and allowed to grow overnight at 

37°C (Sambrook et al., 1989). The following day, colonies were picked and grown in 50 ml LB 

medium [1% (w/v) tryptone, 0.5% yeast extract and 1% NaCl, containing 50 µg/ml ampicillin] 

for at least 8 hours at 37°C while shaking. For glycerol stocks 500 µl 80% (w/v) glycerol was 

mixed with 500 µl of the cell suspension and stored at -80°C. For plasmid preparations, LB 

medium containing 50 µg/ml ampicillin was inoculated and allowed to grow overnight at 

37°C while shaking. The next day the plasmid DNA was purified with the GeneEluteTM 

Plasmid Midiprep Kit from Sigma (Sigma-Aldrich, South Africa), according to the 

manufacturer’s protocol. The integrity and purity of the plasmids were tested by restriction 

digestion and agarose gel electrophoresis. 
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2.6   Transient transfections and reporter assays 

LßT2 cells were plated in 12-well culture plates (Greiner Bio-one, International,  Austria) at a 

density of 1 X 105 cells per well in 1 ml DMEM supplemented with 10% FCS and antibiotics 

as described elsewhere. Twenty-four hours after plating, the medium was replaced with 

phenol red-free Dulbecco’s Modified Eagles Medium (D1145) (Sigma-Aldrich, South Africa) 

supplemented with 10% charcoal-striped FCS serum (#306) (Highveld Biological, South 

Africa) and antibiotics (as describedin Section 2.4). Cells were transfected with 250 ng pTAT-

GRE-E1b-luc or 300 ng ERE.vit2-luc promoter-reporter constructs. In order to correct for 

transfection efficiency, 25 ng pCMV-ß-galactosidase was co-transfected. All transfections 

were performed according to the FuGENETM 6 (Roche Applied Science, South Africa) product 

protocol, at a ratio of 1μg DNA: 2 μl FuGENETM 6. At least 24 h after transfection, the 

medium was replaced with phenol red-free Dulbecco’s Modified Eagles Medium (D1145) 

(Sigma-Aldrich, South Africa), serum-free medium containing antibiotics (described in 

Section 2.4). Incubations were performed with test compounds as indicated in appropriate 

figure legends. For reporter assays, cells were harvested in 50 μl reporter lysis buffer 

(Promega Corp., USA) per well. The luciferase assays (Luciferase Assay System, Promega, 

USA) and β-galactosidase assays (Galacto-Star, Tropix Inc, USA) were carried out with 10 μL 

cell extract in white 96-well plates in a Modulus microplate reader (Turner Biosystems, 

USA). Luciferase values were normalised to corresponding β-galactosidase values and 

expressed relative to vehicle control values. 

2.7   Isolation of total RNA 

LβT2 cells were plated in 12-well culture plates (Greiner Bio-one, International, Austria) at a 

density of 4,5 X 105 cells per well in 1 ml DMEM medium supplemented with 10% FCS and 

antibiotics (as described Section 2.4). Twenty-four hours after plating, the medium was 

replaced with Phenol red-free Dulbecco’s Modified Eagles Medium (D1145) (Sigma-Aldrich, 

South Africa) supplemented with 10% charcoal stripped serum and antibiotics (as described 

in Section 2.4). If indicated, a concentration of 0.2 nM E2 was added to each sample as 

shown in appropriacte figure legends. Seventy-two hours after plating, the medium was 

replaced with phenol red-free Dulbecco’s Modified Eagles Medium (D1145) (Sigma-Aldrich, 
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South Africa), serum-free media, containing antibiotics (described in Section 2.4) and 

incubated with 100 nM test compound for 8 hours, as indicated in the figure legends. Total 

RNA was isolated with Trizol reagent (Sigma-Aldrich, South Africa) according to the 

manufacturer’s protocol. Briefly, 400 μl Trizol reagent was added per well and incubated at 

RT for 5 min. Thereafter cell lysates were transferred into microcentrifuge tubes and 

centrifuged for 10 min at 12 000 g (4°C). The supernatant was transferred into new 

microcentrifuge tubes, 80 μl chloroform was added to each sample and vortexed for 15 sec. 

Thereafter the samples were centrifuged for 15 min at 14 000g (4°C). The top aqueous 

phase (125 µl) containing the RNA was transferred into new microcentrifuge tubes and 200 

µl of isopropanol was added. Subsequently, the samples were incubated at RT for 10 min 

followed by centrifugation for 10 min at 14 000 g to pellet the RNA (4°C). The RNA 

precipitates were washed twice with 400 μl 70% EtOH and centrifuged for 5 min at 14 000 g 

(4°C). The RNA was allowed to air dry for 5 min and re-suspended in 15 μl DEPC-treated-

water (Addendum F). The RNA was then incubated at 55°C for 5 min, where after the 

samples were stored at -20°C. 

To confirm the integrity of the isolated RNA, denaturing formaldehyde agarose gel 

electrophoresis was performed (Sambrook et al., 1989). Sample loading buffer (15 μl, 

Addendum F) was added to 0,5 μg of each RNA sample, incubated at 65°C for 10 min to 

denature secondary structures and cooled on ice. The samples were analyzed by gel 

electrophoresis on 1% formaldehyde agarose gels in RNA electrophoresis buffer (Addendum 

F) at 65 V for approximately 1.5 h (Sambrook et al., 1989). 

2.8   cDNA synthesis 

Total RNA was reverse-transcribed using the Transcriptor First Strand cDNA Kit (Roche 

Applied Science, South Africa) according to the manufacturer’s protocol for cDNA synthesis 

using anchored oligo (dT) priming. Each RNA sample (≈1 μg) was mixed with 0.5 μl oligo(dT) 

pimers (final concentration 2,5 μM) and DEPC-treated water to make up a final volume of 

6.5 μl. The mixture was incubated for 10 min at 65°C. Samples were put on ice and allowed 

to cool down. Subsequently, 2 μl Transcriptor Reverse Transcriptase Reaction Buffer, 0.25 μl 

Protector RNase Inhibitor (10 units), 1 μl dNTP mix (final concentration 1 mM of each dNTP) 
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and 0,25 μl Transcriptor Reverse Transcriptase (5 units) were added to each sample, mixed 

carefully and incubated at 50°C for 1 hour. To stop the Transcriptor Reverse Transcriptase 

samples were incubated for 5 min at 85°C. Thereafter samples were used for PCR or stored 

at -80°C. 

2.9   Conventional PCR 

Conventional PCR was performed using GoTaq buffer and GoTaq Flexi DNA polymerase 

(Promega Corp., USA). Each reaction contained the following: 

 

5x GoTaq Buffer   1x 

10 mM dNTP’s    0.2 mM of each dNTP final  

Sense and anti-sense primers  See Table 2.1 

25 mM MgCl2    1.5 mM 

5 U/µl Go Taq Flexi Polymerase  1.25 U 

Input/Template DNA   1 µl 

PCR H2O    Make up to final volume of 25 µl 

 

The PCR protocol was as follows: Initial denaturing 95°C for 2 mins followed by 35 cycles of 

denaturing 95°C for 30 sec, annealing for 45 sec, extending 72°C for 45 sec, followed by a final 

extension 72°C for 5 min. Table 2.1 shows the gene-specific primers used for conventional PCR. Refer 

to Addendum B for Primer design. 

Table 2.1: Sequences, concentration, annealing temperatures and product sizes of gene-specific 

primers used in conventional PCR.  

Primer Primer Sequence 5’-3’ Stock 
Concentration 

Final 
Concentration 

Annealing 
Temperature 

Product 
Size 

PR(A+B) 
forward 

GGTGGGCCTTCCTAACGAG 10 µM 0.3 µM 60°C 121 bp 

PR(A+B) 
reverse 

GACCACATCAGGCTCAATGCT 

PR-B 
forward 

GGTCCCCCTTGCTTGCA 10 µM 0.3 µM 60°C 121 bp 

PR-B CAGGACCGAGGAAAAAGCAG 
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reverse 

ERα 
forward 

GTCTGGTCCTGCGAAGGCTGCAA 10 µM 0.3 µM 60°C 235 bp 

ERα 
reverse 

GCCTTCCAAGTCATCTCTCTGACG 

GRα 
forward 

TGCTATGCTTTGCTCCTGATCTG 10 µM 0.3 µM 52°C 299 bp 

GRα 
reverse 

TGTCAGTTGATAAAACCGCTGCC 

AR 
forward 

GAGAACCCATTGGACTACG 10 µM 0.3 µM 52°C 544 bp 

AR 
reverse 

TGAAGAAGACCTTGCAGC 

mPRα 
forward 

CGTTTCGGTCCACTGATCCCGG 10 µM 0.5 µM 56°C 214 bp 

mPRα 
reverse 

GCGAGAAGACCTTCGGCATGTAGATACG 

After conventional PCR, the amplified DNA was analysed on a 1.5% agarose gel by means of 

gel electrophoresis and visualised with ethidium bromide. 

2.10 Quantitative real-time PCR 

It must be noted that all gene-specific primer pairs used in conventional and quantitative 

real-time PCR experiments were chosen with intron spanning properties; with the exception 

of the PR-B and and-(A+B) primer pairs (Addendum B). This was determined using the NCBI 

database BLAST searches (data not shown). Intron-spanning primers were used to control 

for any genomic contamination that may have carried through during the preparation of 

RNA samples.  

The authors’ reproducibility in the use of quantitative real time PCR was first assessed as 

described in Addendum C. 

Quantitative real-time PCR was performed using SensiMixTM dT kit (Quantace, UK) and the 

Corbett real-time PCR machine and reaction tubes according to the manufacture’s protocols 

(Quantace, UK). The reaction mixture was prepared as follows: 
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Sensi-MixdT     12.5 μl  

50x SYBR®Green I solution   0.5 μl 

Sense and anti-sense primers   (see table 2.2 for final concentration of primers) 

cDNA Template    1 μl  

PCR-grade H2O    Make up a total volume of 25 μl.  

The PCR protocol was as follows: 95°C for 10 min followed by 40 cycles of 95°C denaturation 

for 10 sec, (see Table 2.2 for annealing temperatures) annealing for 10 sec, 72°C extension 

for 10 sec and a final 72°C for 7 min (refer to Addendum B for primer design). 

Melting curve analysis and gel electrophoresis was performed to confirm the generated 

product in each sample. Relative gene transcript levels were calculated using the Pfaffl 

equation below, normalised to GAPDH transcript levels. 

Relative expression =  [ET] ΔCt (control-sample) 

   [ER]ΔCt (control-sample) 

Where [ET] is the primer efficiency of target gene and [ER] is the primer efficiency of 

reference gene. 

Table 2.2: Sequences, concentrations, annealing temperatures and product sizes for gene-primers 

used in quantitative real-time PCR. 

Primer Primer Sequence 5’-3’ Stock 
Concentration 

Final 
Concentration 

Annealing 
Temperature 

Product 
Size 

GnRHR 
forward 

CCACAGTGGTGGCATCAGGCCTTC 5 µM 0.125 µM 58°C 192 bp 

GnRHR 
reverse 

TAGCGTTCTCAGCCGAGCTCTTGG 

ERα 
forward 

GTCTGGTCCTGCGAAGGCTGCAA 10 µM 0.3 µM 60°C 235 bp 

ERα 
reverse 

GCCTTCCAAGTCATCTCTCTGACG 

PR-B 
forward 

GGTCCCCCTTGCTTGCA 10 µM 0.3 µM 60°C 121 bp 

PR-B 
reverse 

CAGGACCGAGGAAAAAGCAG 

GRα 
forward 

TGCTATGCTTTGCTCCTGATCTG 10 µM 0.3 µM 52°C 299 bp 

GRα TGTCAGTTGATAAAACCGCTGCC 
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reverse 

GAPDH 
forward 

TTCACCACCATGGAGAAGGC 5 µM 0.25 µM 58°C 263 bp 

GAPDH 
reverse 

GGCATGGACTGTGGTCATCA 

Refer to Addendum B for primer design. 

Table 2.3: Primer Efficiency for primer pairs used in real-time PCR. 

Primer pair Primer Efficiency 

ER 113% (E=2) 

PR 75% (E=1.75) 

GR 130% (E=2) 

GnRHR 95% (E=1.95) 

GAPDH 95% (E=1.95) 

Primer efficiency was calculated for the ER, PR and GR primer pairs; (Addendum C). Primer Efficiency 

for GAPDH and GnRHR primers were previously determined (Kotitchke, 2009) 

2.11 Western blot analysis 

For over-expression (positive controls), COS-7 cells were plated in 6-well culture plates 

(Greiner Bio-one, International,  Austria) at a density of 2 X 105 cells per well in 2 ml DMEM 

supplemented with 10% FCS and antibiotics as describedin Section 2.4. Twenty for hours 

after plating, medium was replaced with fresh media and cells were transfected with 1 µg 

pCMV-HA-hGR, pMT-PR-B and pSG5-hERα expression vectors. All transfections in the COS-7 

cell line were performed using the DEAE Dextran transfection protocol adapted from 

Ausubel, (1999). Briefly, transfection media was prepared (2.5% FCS DMEM containing 0.1 

mM chloroquinediphosphate, 1 µg/ml expression construct and 0.1 mg/ml DEAE Dextran) 

and 500 µl  was added to each well and incubated for 1 hour at 37°C. Transfection medium 

was aspired and replaced with 1 ml warmed (37°) 10% (v/v) DMSO/PBS and incubated for 3 

min. Thereafter the cells were gently washed with PBS, and full DMEM was replaced. 

LβT2 cells were plated in 12-well culture plates (Greiner Bio-one, International, Austria) at a 

density of 4,5 X 105 cells per well in 1 ml DMEM medium supplemented with 10% FCS and 
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antibiotics (as describedin Section 2.4). Twenty-four hours after plating, medium was 

replaced with Phenol red-free Dulbecco’s Modified Eagles Medium (D1145) (Sigma-Aldrich, 

South Africa) supplemented with 10% charcoal stripped serum and antibiotics (as described 

in Section 2.4). If indicated, a concentration of 0.2 nM E2 was added to each sample as 

shown in the appropriate figure legends. Forty-eight hours after E2 priming, the medium 

was replaced with phenol red free Dulbecco’s Modified Eagles Medium (D1145) (Sigma-

Aldrich, South Africa), serum-free media, containing antibiotics (as described in Section 2.4) 

and 100 nM test compounds for 8 hours, as indicated in the figure legends. Thereafter the 

cells were washed twice with cold PBS and harvested in 50 μl 1x SDS sample buffer buffer 

[5x SDS sample buffer: 100 mM Tris-HCL pH 6.8, 5% (w/v) SDS, 20% (v/v) glycerol, 2% ß-

mercaptoethanol and 0.1% (w/v) bromophenolblue] (adapted from Karteris et al., 2006) and 

incubated at 95°C for 10 min. Protein samples were separated by SDS-PAGE at 120 V in 25 

mM Tris-HCL, 250 mM glycine and 0,1 % SDS, pH 8,4 (Sambrook et al., 1989) using a BioRad 

Mini ProteanR II electrophoresis cell. Proteins were electro-blotted onto HybondTM 

ECLTM(AEC Amersham Biosciences, South Africa) nitrocellulose membrane for 1 h at 180 mA 

(Sambrook et al., 1989) using a BioRad Mini Trans-BlotTM cell in transfer buffer [25 mM Tris, 

200 mM glycine, 10% (v/v) methanol]. Membranes were blocked in 5% blocking solution 

(5% (w/v) milk powder) in Tris buffered saline (50 mM Tris, 150 mM NaCl) (TBS) containing 

0.1% (v/v) Tween (TBS-Tween) for 1 h at RT and subsequently incubated with primary 

antibody (see Table 2.4 for specific dilutions) in blocking solution at 4°C overnight. The 

following day the membranes were incubated with secondary HRP conjugate antibodies 

(see Table 2.4 for specific dilutions) for 1 h at RT in 5% milk powder (w/v) in TBS-Tween. 

After antibody incubation, the membranes were washed for 15 min and 2x 5 min in TBS-

Tween at RT. Thereafter the blots were kept in TBS. For consecutive detection steps, the 

membranes were stripped in stripping buffer [100 mM ß-mercaptoethanol, 2% (w/v) SDS, 

62.5 mM Tris-Cl, pH 6.7] for 30 min at 65°C (Sambrook et al., 1989), washed 2x 10 min with 

TBS-Tween and blocked for 1 h in 5% blocking solution before repeating antibody 

incubations as described above in Section 2.11.  
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Table 2.4: Dilutions of primary and secondary used in Western blot analysis 

Antibody Dilution Secondary Dilution 

Erα (polycolonal) 1:1000 (4°C-O/N) Rabbit 1:10000 (RT-1h) 

PR-B (polycolonal) 1:1000 (4°C-O/N) Rabbit 1:10000 (RT-1h) 

hPR-B (monoclonal) 1:500 (4°C-O/N) Mouse 1:5000 (RT-1h) 

hPR (A+B) (monoclonal) 1:000 (4°C-O/N) Mouse 1:5000 (RT-1h) 

GRα (polycolonal) 1:4000 (4°C-O/N) Rabbit 1:10000 (RT-1h) 

mPRα (monoclonal) 1:2000 (4°C-O/N) Goat 1:7500 (RT-1h) 

ERK1/2 (polycolonal) 1:1000 (4°C-O/N) Rabbit 1:10000 (RT-1h) 

Flotilin-1 (polycolonal) 1:4000 (4°C-O/N) Mouse 1:5000 (RT-1h) 

HA (polycolonal) 1:1000 (4°C-O/N) Rabbit 1:10000 (RT-1h) 

Β-Tubilin 1:1000 (4°C-O/N) Mouse 1:5000 (RT-1h) 

 

2.12 Immuno-blotting and quantification of Westerns 

Immuno-blotting and ECL visualization were performed with Amersham HyperfilmTM MP 

high performance autoradiography film. Autoradiograms were photographed using the 

Kodak Electrophoresis Documentation and Analysis System (EDAS) 290. Autoradiograms 

signal intensities were quantified using AlphaEaseFCTM Software (AlphaInnotech, USA). 

2.13 mPRα protein extraction optimization 

2.13.1 HEPES lysis protocol 

The HEPES lysis protocol was adapted from Krietsch, (2006). 

Endo-cervical cells were plated in 6-well culture plates (Greiner Bio-one, International, 

Austria) at a density of 2 X 105 cells per well in KSF culture medium supplemented with 10% 

bovine pituitary extract and antibiotics, as described in Section 2.4. LβT2 cells were plated 

on 6-well culture plates (Greiner Bio-one, International, Austria) at a density of 5 X 105 cells 

per well in DMEM culture medium supplemented with 10% FCS and antibiotics, as described 

in Section 2.4. At 75% confluency, the cells were washed twice with PBS, thereafter the cells 

were scraped and harvested with 100 µl of HEPES lysis buffer [25 µM HEPES, 5 µM EDTA, 1 
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µM EGTA, 50 µl NaCl, 5% (w/v) glycerol, 1% (w/v) Nonidet P-40, 1 tablet Complete Mini 

Protease Inhibitor Cocktail per 10 ml (Roche Applied Science, South Africa)].  Appropriate 

volume of 5x SDS Sample application buffer (a modification of the methods of Karteris et al., 

2006) [5x SDS sample buffer: 100 mM Tris-HCL pH 6.8, 5% (w/v) SDS, 20% (v/v) glycerol, 2% 

ß-mercaptoethanol and 0.1% (w/v) bromophenolblue] was added for a final 1x 

concentration. Protein samples were analysed using western blot techniques as described 

above. 

2.13.2 CREBS lysis protocol 

End-1 cells were plated in 6-well culture plates (Greiner Bio-one, International, Austria) at a 

density of 2 X 105 cells per well in KSF culture medium supplemented with 10% bovine 

pituitary extract and antibiotics, as described elsewhere. LβT2 cells were plated on 6-well 

culture plates (Greiner Bio-one, International, Austria) at a density of 5 X 105 cells per well in 

DMEM culture medium supplemented with 10% FCS and antibiotics as described elsewhere. 

At 75% confluency, the cells were washed twice with PBS, scraped and harvested in 100 µl 

of CREBS Lysis buffer [20 mM Tris-HCL, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% (v/v) 

Triton X-100, 0.1% (w/v) Sodium Pyrophosphate, 1 µM β-glycerolphosphate, 1 tablet 

Complete Mini Protease Inhibitor Cocktail per 10 ml (Roche Applied Science, South Africa)].  

An appropriate volume of 5x SDS sample application buffer [using a modification f the 

methods of Karteris et al., (2006)], [5x SDS sample buffer: 100 Mm Tris-HCL Ph 6.8, 5% (w/v) 

SDS, 20% (v/v) glycerol, 2% ß-mercaptoethanol and 0.1% (w/v) bromophenolblue] was 

added for a final 1x concentration, with protein samples analysed using Western blotting 

techniques as described above. 

2.14 Statistical analysis 

Results were statistically analysed and plotted with GraphPad PRISMTM (version 5) software 

from GraphPad Software Inc. All real-time and quantified protein expression data was 

statistically analysed using non-parametric two-way ANOVAs, with a Bonferroni post-test 

(comparing all values to control column). Reporter assays used to investigate basal SR-

transactivation (Figures 3.3, 4.3 and 5.3) were statistically analyzed using two tailed t-tests. 

Reporter assays used to investigate hormone GnRH and E2 priming (Figures 3.5 and 4.5) 
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were statistically analysed using non-parametric two-way ANOVAs, with Dunnette post-test. 

Where statistical significance was obtained relative to a single control, statistical significance 

is denoted by *, ** or ***, to indicate P<0.05, P<0.01 or P<0.001, respectively. All statistical 

calculations are represented in Addendum E 

Fractional occupancy of the GR for progesterone was calculated as [ligand]/([ligand] + KiP4). 

.  
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CHAPTER 3 

RESULTS AND DISCUSSION 

3. The effects of Dex, P4, E2 and GnRH regulating GnRHR mRNA 

expression in LβT2 cells 

 

3.1.  Synergistic effects of Dex and GnRH on GRE-mediated 

transactivation 

Glucocorticoids have been shown to increase GnRHR mRNA expression, with the ligand-

dependent activation of the GR inducing endogenous GnRHR mRNA expression in LβT2 cells 

(von Boetticher, 2008; Kotitschke et al., 2009). In addition to GCs, GnRH has also been 

shown to increase GnRHR expression. Previous studies from the Hapgood lab have shown 

that continuous treatment with 100 nM GnRH not only increases the expression of a 

transiently transfected mouse GnRHR reporter-promoter construct by 2.5 fold (Sadie, 2006), 

but also up-regulates endogenous LβT2 GnRHR mRNA expression (Kotitschke et al., 2009; 

Sadie, 2006). In the physiological context of GnRH secretion, studies performed by 

Bedecarrats et al., (2003) have shown that pulsatile stimulation of GnRH (1 pulse every 30 

min) for 10 hours resulted in a 2-fold increase in GnRHR promoter activity and a 2-fold 

increase in GnRHR numbers on the cell surface of LβT2 cells (Bedecarrats and Kaiser, 2003).  

It was recently shown that combined treatment with both Dex and GnRH regulate GnRHR 

gene expression in LβT2 cells through a mechanism involving GnRHR and GR-mediated 

signalling (Kotitschke et al., 2009). Dex treatment alone resulted in the ligand-mediated 

activation of the GR, and GnRH treatment alone resulted in the ligand-independent 

activation of the GR and the activation of AP-1 transcription factors c-Jun and c-Fos. The 

study further showed that combined treatment withDex and GnRH acted synergistically to 

regulate GnRHR expression through mechanisms dependent on both the GR and the GnRHR. 

These effects were repeated on a TAT-GRE-luc reporter. Differences in the level of response 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

70 
 

to GnRH treatments were seen on a TAT-GRE-luc reporter plasmid, however, the 

mechanism of transactivation on a TAT-GRE differs from that of the endogenous promoter 

region of the GnRHR gene. The GnRHR promoter does not contain any full GREs, but is 

regulated by a number of different cis-elements, including an AP-1 site (Figure 1.8) 

(Kotitschke et al., 2009).   

In addition to Dex and GnRH, P4 treatment has also been shown to regulate LHβ and FSHβ 

mRNA expression in LβT2 cells (Thackray et al., 2009; An et al., 2009). The suppressive 

action of P4 on LHβ mRNA expression is mediated by the recruitment of liganded PR to the 

endogenous LHβ promoter region in LβT2 cells (Thackray et al., 2009). It was further shown 

that LHβ suppression does not require direct binding of the PR to the promoter, and thus PR 

is likely to be recruited to the promoter via interaction with other transcription factors 

(Thackray et al., 2009). It was further established that PR and GnRHR crosstalk signalling up-

regulates PRE-luc reporter expression in αT1-3 cells (An et al., 2006) and FSHβ mRNA 

expression in LβT2 cells (An et al., 2009). In both cases, GnRH treatment increased mRNA 

expression of target genes via the ligand-independent activation of the PR (An et al., 2006; 

Thackray et al., 2006). An et al., (2009) showed direct binding of the PR to a PRE in the FSHβ 

promoter, mediated by an increase in steroid receptor co-activator NCOA3 interaction in 

response to GnRH in LβT2 cells (Thackray et al., 2006), and in αT3-1 cells (An et al., 2006). 

Therefore P4 treatments were included into this study to assess the potential for PR and 

GnRHR crosstalk in mediating GnRHR mRNA expression.  

Before investigating novel crosstalk pathways, the effects of Dex and GnRH on GR-mediated 

GRE-luc reporter plasmid transactivation were first confirmed in the LβT2 cell line. LβT2 cells 

transiently transfected with a TAT-GRE-luc reporter-promoter plasmid, were treated with 

saturating concentrations (100 nM) of Dex, P4, GnRH and combinations thereof, for 8 hours. 

Thereafter a reporter-promoter assay was performed.  
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Figure 3.1: Dex and GnRH, but not P4, treatments synergistically up-regulate TAT-GRE-luc 

expression. LβT2 cells were seeded into a 24-well plate in DMEM supplemented with 10% serum. 

After a 24 hour incubation period, the medium was replaced with phenol red-free media, 

supplemented with 10% charcoal stripped serum and incubated for 24 hours. Thereafter the cells 

were transiently tranfected with 250 ng GRE-Luc reporter plasmid and 25 ng β-galactosidase 

expression vectors and incubated for 48 hours. After the incubation period, the medium was 

replaced with phenol red-free, serum-free media and the cells were the stimulated for 8 hours with 

vehicle (EtOH) or 100 nM of the various hormones and combinations thereof, as indicated in the 

figure. The cells were harvested, and luciferase and β-galactosidase assays, as well as a Bradford 

assay were performed. The data were normalised for transfection efficiency and cell number by 

expressing luciferase (luc) activity relative to β-galactosidase activity and total protein. The results 

represent the average of three independent experiments, performed in triplicate and presented as 

fold induction relative to vehicle (EtOH) control. Stars represent a significant (P < 0.001 = ***) 

*** 
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difference when compared to vehicle control, defined by a non-parametric one-way ANOVA, with a 

Dunnette post test.  

 

The result shows that GR agonist Dex increases GRE-mediated transcription by about 4 fold 

relative to control (Figure 3.1). Although no statistical significance was observed, this is still 

consistent with the role of Dex, activating the GR in a ligand-dependent manner to drive 

GRE-promoter expression (Kotitschke et al., 2009; Sadie, 2006; von Boetticher, 2008). P4 

exhibits no transcriptional effects on GRE-mediated transcription, while GnRH treatment 

appears to increase transcriptional activity by 1.5 fold when compared to vehicle. Upon Dex 

and GnRH co-incubation, a significant and synergistic increase of roughly 16 fold, relative to 

control, is seen on GRE-mediated transcription, while P4 and GnRH appeared to have no 

effect on the transcriptional activity on the GRE-reporter promoter plasmid. The result of 

Dex plus GnRH is consistent with a previous study showing crosstalk between GR and 

GnRHR signalling pathways (Kotitschke et al., 2009). However the lack of a significant 

response from GnRH treatment alone does not coincide with the finding of Kotitschke et al., 

(2009), as it was previously reported that GnRH is able to significantly induce GRE-mediated 

transcription. Nevertheless the 16 fold increase seen with Dex and GnRH co-treatment 

(Figure 3.1) indicates that the current LβT2 cells are responding to Dex plus GnRH according 

to the literature, and that novel signalling pathways can be further investigated. 

From Figure 3.1 it appears that 100 nM P4 treatments do not activate the GR (Figure 3.1). 

However, it is known that P4 is not a PR specific agonist, and has been shown to be a partial 

agonist for the GR (Ronacher et al., 2009). Considering the relative binding affinities (RBA) of 

both P4 and Dex for the GR (with a Kd of 270 nM and 14 nM, respectively) (Ronacher et al., 

2009), concentrations of 100 nM of P4 were used to ensure PR-specific activation. The 100 

nM P4 treatments should not saturate the GR, and all results with 100 nM P4 treatments 

should represent PR-mediated signalling and not GR-mediated signalling. Previous reports 

have shown that P4 regulates LHβ mRNA expression through mechanisms dependent on the 

PR directly binding to a PRE in the LHβ promoter in the LβT2 cell line (Thackray et al.,  2009). 

In addition, crosstalk signalling between the PR and GnRHR has been shown to regulate 

endogenous FSHβ gene expression in LβT2 cells (An et al., 2009) and PRE-luc expression in 
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αT3-1 cells (An et al., 2006), via GnRHR mediating the ligand-independent activation of the 

PR. No studies in the literature have shown the combined effects of P4 plus GnRH co-

treatment on GRE/PRE-mediated transcription, or on GnRHR mRNA expression. It is known 

that no consensus PRE/GRE is present on the GnRHR promoter (Kotitschke et al., 2009). 

Additional cis-elements in the GnRHR promoter may mediate novel effects of P4 and GnRH 

on GnRHR mRNA expression. Therefore the effects of P4, GnRH and combinations thereof 

were tested on endogenous GnRHR gene expression.  

3.2 Dex and GnRH regulate endogenous GnRHR mRNA expression in 

LβT2 cells 

Having shown that Dex plus GnRH synergistically activate transcription of a GRE-reporter 

promoter, the synergistic effect of Dex plus GnRH on endogenous GnRHR mRNA expression 

was next investigated in LβT2 cells, to confirm previous results from the Hapgood laboratory 

(Kotitschke et al., 2009). 

SR and GnRHR crosstalk mechanisms have been shown to regulate LβT2 responses (An, et al 

2009; Chen et al., 2009). For example, a PR and GnRHR crosstalk mechanism mediated by 

GnRH treatment, results in the rapid phosphorylation of the PR. This induces PR co-factor 

recruitment with NCOA3 to mediate PR binding to the Fshβ promoter, in turn up-regulating 

endogenous expression of the FSHβ mRNA in LβT2 cells (An, et al 2009). Another crosstalk 

mechanism between the ER and GnRHR shows the rapid phosphorylation of the ERα in 

response GnRH, mediates the ER to associate with the co-factor p300/CREB association 

factor (PCAF), in turn increasing the transcriptional activity on the endogenous fosB gene in 

LβT2 cells (Chen et al., 2009). 

In order to determine whether E2 or P4, alone or in combination with GnRH, regulate 

GnRHR mRNA expression, as well as to confirm previous results by others for Dex and GnRH, 

experiments were designed to assess the effect of the test compounds on endogenous LβT2 

GnRHR mRNA expression. Previous studies in the literature have used 0.2 nM E2 priming to 

assess effects of E2 on PR-mediated transcription in the LβT2 cell line (Turgeon and Waring, 

2006; An et al., 2009). Therefore keeping in line with the current literature, LβT2 cells were 

primed for 48 hours with or without 0.2 nM E2 to assess the effects of E2 priming on LβT2 
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responses. Thereafter the cells were treated for 8 hours with vehicle or test compounds, 

Dex, P4, GnRH and combinations thereof, at saturating concentrations (100 nM). After 

ligand incubation, samples were harvested and RNA was extracted (Figure 9.6), followed by 

subsequent cDNA conversion. Quantitative real-time PCR with GnRHR-specific primers was 

performed to assess the transcriptional effects of hormones in regulating endogenous 

GnRHR mRNA levels in the LβT2 cell line. 
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Figure 3.2: Endogenous GnRHR expression is regulated in a ligand-dependent manner.  LβT2 cells 

were plated into 12-well plates in DMEM supplemented with 10% serum. After a 24 hour incubation 

period, the cells were treated with or without 0.2 nM E2 in phenol red-free medium supplemented 

with 10% charcoal stripped serum. After 48 hours, the cells were treated with 100 nM vehicle (EtOH) 

or the appropriate ligands and combinations thereof, in phenol red-free, serum-free media. The cells 

were stimulated for 8 hours prior to harvesting and subsequent RNA extractions. cDNA was 

generated for all mRNA sample sets, and was further analysed using GnRHR-specific primers and 

quantitative real-time PCR (Rotogene machine; Rotogene-6000). Endogenous GnRHR expression 

(Figure 11.5.1) was normalised to endogenous GAPDH expression (Figure 11.6.1), and is represented 

as fold induction relative to vehicle (EtOH). The graph shows pooled results for several independent 

experiments (n=4 for all samples without E2, n=3 for all E2 containing samples, and n=1 for +E2 P4 

sample). Stars represent a significant (P < 0.01 = **) difference when compared to untreated control 

(-E2 EtOH), defined by a non-parametric, two-way ANOVA with a Bonferroni post test. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

76 
 

 

From Figure 3.2 it appears that endogenous GnRHR expression is regulated in a ligand-

selective manner. In the absence of E2 priming, stimulation with Dex appears to result in a 4 

fold increase in relative GnRHR expression, while stimulation with GnRH shows a 3 fold 

increase in relative GnRHR expression. Upon Dex and GnRH co-treatment, GnRHR mRNA 

levels significantly increased to 9.5 fold when compared to vehicle. Although the magnitude 

of the Dex plus GnRH response varied between individual experiments (due to the high 

sensitivity of gonadotrope cells to their environment and biological variation) the same 

trend was always observed. After much statistically analysis, it would appear that the large 

and varied response observed for the Dex plus GnRH response reduces the statistical 

significance of other responses seen. However, the Dex plus GnRH response still appears to 

be greater than the sum of the individual Dex and GnRH responses. These results are 

consistent with previous reports in the literature which showed a synergistic effect of Dex 

and GnRH on LβT2 GnRHR expression (Kotitschke et al., 2009).  

Stimulation with P4 in the absence of E2 priming did not significantly change endogenous 

GnRHR expression (Figure 3.2). Although P4 plus GnRH co-treatment in the absence of E2 

priming resulted in a roughly 2 fold increase in GnRHR expression, this increase may be 

accounted for by the action of GnRH treatment alone. The effects of P4 plus GnRH on 

endogenous GnRHR expression have not been shown in the literature previously. This result 

suggests that PR and GnRHR crosstalk is not involved in regulating endogenous GnRHR 

mRNA expression in LβT2 cells. 

The effects of E2 priming alone had no significant effect on basal GnRHR expression, when 

comparing the two vehicle samples (Figure 3.2). Considering the E2 primed cells, stimulation 

with Dex appeared to increase relative GnRHR mRNA expression to about 6 fold, as 

compared to the 4 fold response in the absence of E2. However the presence of E2 

appeared to have no effect on the GnRH response (Figure 3.2). Interestingly, the synergistic 

effect of Dex and GnRH co-treatment in the absence of E2 appeared to be lost in the 

presence of E2. Although the Dex plus GnRH response was still the largest across the E2 

primed sample set, this approximate 8 fold increase was no longer additive or of synergistic 

nature. It appears that E2 priming can increase the Dex-mediated response, and this effect 
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does not persist when Dex is co-incubated with GnRH. This result may suggest that E2 

priming is able to modulate the transcriptional activity of Dex signalling on GnRHR mRNA 

expression. However, the statistical significance of this result (with only three data sets 

being collected), should be confirmed with further repeat experiments. 

Stimulation of the E2 primed cells with P4 alone appeared to increase GnRHR expression by 

about 2 fold relative to vehicle (Figure 3.2). However this result is only from one 

experimental repeat and needs to be confirmed through additional repeats. Co-stimulation 

with P4 and GnRH resulted in roughly a 3 fold increase relative to vehicle. However, as in the 

case of the un-primed cells, this increase in expression may be accounted for by the effect 

of GnRH treatment alone on LβT2 signalling. This result supports the previous finding in 

Figure 3.2 that PR and GnRHR crosstalk pathways do not affect GnRHR expression in the 

absence or presence of E2 priming. 

Taken together, these results show the existence of GR and GnRHR crosstalk pathways 

regulating GnRHR expression in LβT2 cells (Kotitschke et al., 2009). A novel and interesting 

finding suggests that E2 is able to affect the Dex response. P4 and P4 plus GnRH treatments, 

in the absence and presence of E2, revealed no significant changes in GnRHR expression. 

This result was unexpected as crosstalk mechanisms between PR/ER and GnRHR have 

previously been shown to regulate LβT2 gene targets including FSHβ and fosB mRNA 

expression in LβT2 cells (An et al., 2009; Chen et al., 2009). However the potential that other 

target genes may be affected by these treatments through receptor crosstalk mechanisms is 

still plausible. 

In conclusion, these results are in agreement with the literature. The increase in GnRHR 

expression with Dex and GnRH treatments alone shown above (Figure 3.2) is in agreement 

with previously published results in the literature regarding endogenous LβT2 GnRHR 

regulation. Statistical significance could not be established in the current study, most likely 

due to the large number of conditions. A published mechanism explaining how GnRHR 

mRNA expression is transcriptionally regulated by GnRH in LβT2 cells suggests the 

involvement of the GR. Dex induces the ligand-dependent activation of the GR resulting in 

GR-mediated transcription. In the presence of GnRH, GnRHR induces the site-specific 

phosphorylation of the GR at Ser-234, resulting in the ligand-independent activation of GR 
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(Kotitschke et al., 2009). Upon Dex and GnRH co-stimulation, these mechanisms act 

synergistically to increase the transcriptional activity on the GnRHR promoter.  

On the other hand, the effect of E2 priming on GR-mediated signalling is not as well 

established in the literature. From Figure 3.2 it appears that E2 may be able to modulate the 

effect of Dex treatments on GnRHR mRNA expression. This suggests a number of 

mechanistic possibilities. However, with the current experimental data, a precise 

mechanism cannot be established. What can be said is that crosstalk must exist between 

the ER and GR for such response to occur. Further experiments are required to assess 

statistical significance, and determine the possible involvement of the ER in mediating this 

response. 

In order to further understand the responses seen from Figure 3.2, an assessment of the 

overall effect these ligand treatments may have on SR expression levels would be required. 

Therefore the effect of Dex, P4, GnRH, E2 and combinations treatments thereof were tested 

on the relative expression levels of the SRs (ER, PR and GR) in LβT2 cells, to get a more 

detailed picture on the effects various ligand treatments have on LβT2 physiology. This 

rationale leads to a study of the ligand-selective effects on ER, PR and GR expression levels.  
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CHAPTER 4 

RESULTS AND DISCUSSION 

4. Regulation of ERα expression and function in LβT2 responses 

As shown earlier, E2 priming treatments appear to affect the Dex response regulating 

GnRHR mRNA expression (Figure 3.2), indicating potential crosstalk between the ER and the 

GR. Although E2 had no effect on the GnRH-mediated increase of GnRHR expression in LβT2 

cells (Figure 3.2), ER and GnRHR crosstalk pathways have been shown to regulate fosβ 

expression in LβT2 cells, through the rapid GnRH-induced phosphorylation of ERα (Chen et 

al., 2009). In addition, PR-B was shown to recruit a repressor complex to a half-PRE site in 

the ERα gene promoter in MCF-7 human breast cancer cells (Amicis et al., 2009). Therefore 

the question of whether Dex, P4, GnRH, E2 and combinations thereof affect ERα mRNA or 

protein expression levels in LβT2 cells was next examined. 

4.1 Characterisation of endogenous ERα mRNA and protein 

expression in LβT2 cells 

Before examining the effect of hormone treatments on ERα mRNA and protein expression, 

untreated LβT2 cells were first used to characterise ERα mRNA levels under basal 

conditions. LβT2 cells were cultivated under basal conditions, and harvested. Subsequent 

RNA extractions and cDNA conversions were performed. Thereafter, conventional PCR with 

intron spanning ERα-specific primers was used to assess basal ERα expression in LβT2 cells. 
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Figure 4.1: Endogenous ERα mRNA is basally expressed in LβT2 cells. LβT2 cells were seeded into 6-

well plates in DMEM supplemented with 10% serum, and were left to grow to 70% confluency under 

basal conditions. Thereafter the cells were harvested and RNA extractions were performed, followed 

by a reverse transcriptase reaction to generate LβT2 cDNA. Signals were amplified using 

conventional PCR with ERα-specific primer pairs. PCR products were generated over 35 PCR cycles 

and separated on a 2% agarose gel using electrophoreses, and visualised with ethidium bromide 

staining. The arrow marks the position of ERα amplicon at 235bp. NTC defines the no template 

control.  

 

From Figure 4.1 it is evident that ERα mRNA is expressed under basal conditions in LβT2 

cells. This is in agreement with the current literature regarding the presence of ERα mRNA 

(Schreihofer et al., 2000) and ER function in mediating LβT2 responses (Chen et al., 2009).  

Having shown the presence of ERα mRNA in LβT2s cells, it was next determined whether 

LβT2 cells have detectable levels of ERα protein. In order to determine this, crude cell 

lysates were generated from cultivated LβT2 cells, and ERα protein levels were visualised 
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using western blotting techniques and a specific anti-ERα antibody. COS-7 cells over-

expressing hERα were harvested and investigated alongside the LβT2 lysates on the western 

blot, to serve as a positive control in assessing ERα protein levels in LβT2 cells. 

 

 

Figure 4.2: Endogenous ERα protein levels were not detected by Western blotting. COS-7 cells 

were seeded into 6-well plates in DMEM supplemented with 10% serum. After a 24 hour incubation, 

the cells were either transiently transfected with 1 µg of pSG5-hERα expression vector (positive COS-

7 control) (+), or left to grow under basal conditions (negative COS-7 control) (-). LβT2 cells were 

seeded into a 6-well plate in DMEM supplemented with 10% serum, and left to grow under basal 

conditions. After all cells had reached 70% confluency (at least 24 hours after transfection), the COS-

7 cells and untreated LβT2 cells were harvested in 50 µl SDS sample application buffer. Equal 

volumes (10 µl) of all lysates were separated on 8% SDS polyacrylamide gel, transferred to a 

nitrocellulose membrane and probed with anti-ERα-specific and anti-ERK1/2-specific (Loading 

control) primary polyclonal antibodies. Anti-rabbit-HRP secondary antibodies were used for 

detection of both ERα and ERK1/2 primary antibodies. The signals were visualised with Amersham 

Chemiluminescence. ERK1/2 proteins observed 42 kDa & 44 kDa, respectively. Arrows indicate 

observed difference in molecular weight between LβT2 and COS-7 ERK 2 proteins.  

 

Although ERα protein could not be detected in LβT2 cells at the 66 kDa marker, a signal 

could also not be detected for the positive control (COS-7 cells over-expressing pSG5-hERα 

plasmid) (Figure 4.2), indicating 2 possible outcomes. The first and more likely is that the 

current ERα antibody used is defective and  specific immuno-detection properties  

≈45 kDa 

≈44 kDa 
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compromised.  The second possibility is that the ERα expression plasmid did not over-

express in the COS-7 positive control and that LβT2 cells have low amounts of ERα protein 

that are undetectable using Western blotting. Therefore ERα protein levels could not be 

detected for further assessment of the response to Dex, P4, GnRH, E2 and combination 

treatments. 

An additional observation is the difference in ERK 2 migration through the polyacrylamide 

gel between LβT2 and COS-7 lysates (Figure 4.2). The top band (representing ERK 2 protein) 

was shown to be at a slightly higher position in mice LβT2 cells (≈45 kDa), when compared 

to monkey COS-7 cells (≈44 kDa). This may be due to tissue-specific and species-specific 

differences.  A similar observation was made for ERK1/2 levels, in all subsequent western 

blots, when characterising SR protein levels. 

Having been unsuccessful in detecting ERα protein by means of western blotting, a different 

strategy was implemented to assess functional ERα protein expression. ERα transactivation 

was investigated using an ERE-luc reporter assay in the LβT2 cell line. Therefore LβT2 cells 

were transiently transfected with an ERE-luc reporter plasmid, and treated with ER agonist 

(E2) at saturating concentrations (100 nM) for 8 hours. 
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Figure 4.3: Endogenous ERα shows no functional activity on an ERE-luc in LβT2 cells. LβT2 cells 

were seeded into a 24-well plate in DMEM supplemented with 10% serum.  After a 24 hour 

incubation period, the medium was replaced with phenol red-free media, supplemented with 10% 

charcoal stripped serum and incubated further for 24 hours. Thereafter the cells were transiently 

transfected with 300 ng ERE-Luc reporter plasmid and 25 ng β-galactosidase expression vector and 

incubated for an additional 48 hours. After the incubation period, the medium was replaced with 

phenol red-free, serum-free media and the cells were the stimulated for 8 hours with vehicle (EtOH) 

or 100 nM ER-specific agonist E2. After the cells were harvested, luciferase and β-galactosidase 

assays, as well as a Braford assay, were performed. The data was normalised for transfection 

efficiency and cell number by expressing luciferase (luc) activity relative to β-galactosidase activity 

and total protein. The graph shows pooled results from two independent experiments, each 

performed in triplicate, which is presented as fold induction relative to vehicle (EtOH) control. 

 

Figure 4.3 illustrates that on treatment with saturating concentrations (100 nM) of ER 

agonist (E2), no ER-mediated transactivation was seen in the LβT2 cell line. This result 

suggests LβT2 cells lack functional ER protein, which is in contrast with previous findings in 

the literature showing the presence of functional ERα protein in LβT2 cells (Chen et al., 

2009; Schreihofer et al., 2000). It is possible that LβT2 cells may have functional ER, 

however, technical complications may have occurred during the E2 stimulation or ERE-luc 
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transfections resulting in a false negative result. For example, transfection of the ERE-luc 

reporter plasmid into the LβT2 cells may have been unsucsessful.  

4.2  ERα mRNA levels are regulated by GnRH in a ligand-dependent 

manner in LβT2 cells 

While no functional ERα protein was observed by western blot and functional reporter assay 

(Figures 4.2 and 4.3), endogenous mRNA was detected (Figure 4.1). Technique sensitivity 

may have accounted for the lack of detection as western blotting and reporter promoter 

techniques failed to allow detection of functional ER protein. For this reason real-time PCR 

was used to assess the transcriptional regulation of LβT2 ERα mRNA levels in response to 

ligand treatments. 

LβT2 cells were either pre-treated with 0.2 nM E2 or left untreated for 48 hours, followed by 

an 8 hour treatment with saturating concentrations (100 nM) of Dex, P4, GnRH and 

combinations thereof. Thereafter cells were harvested and RNA was extracted (Figure 9.6), 

followed by subsequent cDNA conversion. Quantitative real-time PCR with ERα-specific 

primers were performed to assess the transcriptional effects of hormones in regulating 

endogenous ERα mRNA levels in LβT2 cells. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

85 
 

 

Figure 4.4: GnRH and P4, but not Dex and E2 treatment suppresses endogenous ERα mRNA 

expression levels in LβT2 cells. LβT2 cells were plated into 12-well plates in DMEM supplemented 

with 10% serum. After a 24 hours incubation period, the cells were treated with 0.2 nM E2 in phenol 

red-free media supplemented with 10% charcoal stripped serum or left untreated. After 48 hours, 

the cells were treated with 100 nM vehicle (EtOH) or the appropriate ligands or combinations 

thereof in phenol red-free, serum-free media. The cells were stimulated for 8 hours prior to 

harvesting and subsequent RNA extractions. cDNA was generated for all mRNA sample sets and was 

further analysed using ERα-specific primers and quantitative real-time PCR (Rotogene machine; 

Rotogene-6000). Endogenous ERα mRNA expression (Figure 11.7.1) was normalised to endogenous 

GAPDH mRNA expression (Figure 11.6.1), and was represented as fold induction relative to vehicle 

(EtOH). The graph shows pooled results for several independent experiments (n=4 for all samples 

without E2, n=3 for all E2 containing samples, and n=1 for +E2 P4 sample). Stars represent a 
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significant (P < 0.05 = *; P < 0.01 = **; P < 0.001 = ***) difference when compared to untreated 

control (-E2 EtOH), defined by a non-parametric, two-way ANOVA with a Bonferroni post test. 

 

From Figure 4.4 it is apparent that endogenous ERα mRNA expression is regulated in a 

ligand-specific manner. Dex treatments revealed no significant changes in ERα expression, 

while stimulation with P4 reduced relative ERα mRNA levels to 0.55 fold expression. The 

suppressive effect of P4 on ERα mRNA expression is consistent with the literature showing 

P4 has suppressive effects on ER expression and function in breast cancer cells (Graham and 

Clarke, 1997). However, it has not been previously investigated in LβT2 cells. Treatment with 

GnRH also showed a significant suppressive effect on ERα gene transcription, decreasing 

ERα mRNA levels to 0.25 fold relative to vehicle.  

Co-treatments with GnRH plus Dex or with GnRH plus P4 resulted in a similar suppressive 

effect as observed for GnRH treatment alone, where both co-incubations resulted in ERα 

mRNA levels decreasing significantly to 0.25 fold relative to vehicle (Figure 4.4). The 

suppressive effects of Dex plus GnRH co-treatment can be accounted for through GnRH 

treatment alone, as no differences are seen between the GnRH plus Dex and GnRH 

treatments. Although it appears that P4 alone, and GnRH alone both significantly represses 

ERα mRNA expression, co-incubation with both P4 and GnRH show no additive repressive 

properties, suggesting two possibilities. One possibility is that GnRH and P4 signalling are 

not functionally integrated in regulating ERα mRNA expression. The other is that both GnRH 

and P4 alone maximally inhibit ERα mRNA expression to the extent that additional 

treatment no longer has a repressive effect, as the expression of ERα cannot be suppressed 

beyond maximum. Further experiments using lower concentrations of GnRH (i.e. 1 nM) 

during GnRH and P4 co-treatment should discriminate between the two possibilities. 

It appears that E2 priming alone has no significant effect on ERα mRNA expression in LβT2 

cells (1.1 fold), as compared to unprimed E2 vehicle (Figure 4.4). This result was unexpected 

since it was previous shown that E2 has a suppressive effect on ERα mRNA and protein 

expression in primary rat pituitary cells (Schreihofer et al., 2000). However, this may be 

because different cells and different treatment conditions were used in these studies. 
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Perhaps an effect would be seen if LβT2 cells were treated with E2 at a saturating 

concentration of 100 nM E2 (as used by Schreihofer et al., (2000). The IC50 for the ERα 

binding to E2 has been determined experimentally to be 0.9 nM (Blair et al., 2000). 

Therefore a concentration of 0.2 nM E2 should not result in an ERα-specific response. 

Furthermore treatment with, E2 and P4 had no significant effect on the receptor GnRHR 

mRNA expression (Figure 3.2). Therefore it appears that the repressive effects of E2 and P4 

in LβT2 cells are gene-specific, repressing ERα and LHβ (Schreihofer et al., 2000; Thackray et 

al., 2009), but not GnRHR levels. 

Stimulation of E2 primed cells with Dex shows an apparent, although not significant, 

increase in ERα mRNA expression of 1.4 fold relative to vehicle, as compared to the un-

primed Dex treatment (0.8 fold) (Figure 4.4). This is the second time that E2 has affected the 

outcome of a Dex response in this study, the first seen in the GnRHR mRNA expression 

result (Figure 3.2). This apparent change in ERα mRNA expression may be a result of several 

possibilities. One possibility suggests that E2 may increase GR levels, in turn increasing Dex 

responsiveness on ERα mRNA transcription. Another possibility suggests that liganded ER 

may directly interact with the GR, in turn increasing the transcriptional activity of the GR 

through the formation of a GR/ER complex on the ERα promoter (Cvoro et al., 2011). A final 

possibility may suggest E2 (via the ER) may indirectly affect the phosphorylation status of 

the GR through a possible change in kinase or phosphatase activity (Zhang et al., 2009). 

Taken together this result suggests that low dosages of E2 may influence the transcriptional 

outcome of Dex treatments on GR-regulated genes, suggesting potential crosstalk between 

the ER and the GR in LβT2 responses. Further experiments will be needed to establish 

whether this increase is statistically significant, and to determine the molecular mechanism 

governing the effect of E2 priming influencing Dex-induced GR transcriptional regulation. 

The effects of P4 on E2 primed LβT2 cells still show a reduction in relative ERα mRNA 

expression (0.65 fold) when compared to the un-primed sample set (0.55 fold) (Figure 4.4). 

However, it should be noted that this result is from one experiment and thus additional 

repeat experiments are required to determine whether this response is reproducible. From 

the single P4 (+E2) treatment, it nevertheless appears that E2 priming has no effect on the 

P4-mediated suppression of ERα mRNA expression. 
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Stimulation with GnRH on +E2 primed LβT2 cells significantly reduced ERα mRNA levels to 

0.25 fold relative to vehicle, similar to the effects of GnRH treatment on un-primed LβT2 

cells (Figure 4.4). Therefore it appears that E2 priming has no effect on the GnRH-mediated 

down regulation of endogenous ERα mRNA expression in LβT2 cells. Similarly, the effects of 

GnRH co-treatment with Dex or P4 on E2 primed LβT2 cells show no differences when 

compared to the unprimed samples set (Figure 4.4). Both hormone combination treatments 

reduce ERα mRNA levels to 0.3 fold relative to vehicle, and are most likely due to the 

suppressive effects of GnRH treatment alone in regulating endogenous ERα mRNA 

expression in LβT2 cells. To the author’s knowledge, no previous studies in the literature 

have shown the effects of E2 priming on Dex and GnRH signalling in LβT2 responses.  

In conclusion, GnRH treatments had the most significant effect in regulating endogenous 

ERα mRNA expression in LβT2 cells. Treatment with GnRH alone resulted in a significant 25-

30% reduction in relative mRNA expression levels (Figure 4.4), with E2 priming having no 

effect. To the author’s knowledge, little is known about the precise mechanism of GnRH-

induced ERα mRNA suppression in LβT2 cells. It is possible that a transcription factor may be 

phosphoryated and activated to regulate ERα mRNA expression in response to GnRHR-

mediated signalling. Interestingly, previous studies have shown the presence of an AP-1 site 

(Tang et al., 1997), a half-PRE/GRE site (Amicis et al., 2009), and a palindomic binding site 

for ERF-1 (McPherson et al., 1997), however, no full ERE has been found in the promoter 

region of the ERα gene. However, the precise mechanism of action cannot be predicted with 

the current data, yet this will most likely involve these cis-elements in the ER promoter 

region. 

P4 also has a suppressive effect on ERα expression, reducing levels to about 45 % relative to 

vehicle in LβT2 cells. The anti-estrogenic action of P4 has been previously established in 

MCF-7 breast cancer cells, with liganded PR recruiting specific repressor complexes to a half-

PRE/GRE site in the ERα gene promoter region (Amicis et al., 2009). P4-mediated inhibition 

of ERα mRNA expression has also been shown in a number of other reproductive tissues 

including breast cells (Read et al., 1989; Alexander et al., 1990), and the uterus (Master et 

al., 1974; Hsueh et al., 1975), yet has not been shown in gonadotrope cells. Futhermore the 

co-incubation of GnRH plus P4 shows no additive or synergistic repressive properties, 
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suggesting that the GnRH and P4 signalling pathways do not crosstalk in regulating ERα 

mRNA expression at the level of the pituitary. 

Finally E2 priming appeared to modulate the Dex response regulating ERα mRNA expression. 

Stimulation of E2 primed LβT2 cells with Dex appeared to show an increase in ERα mRNA 

levels, compared to Dex treatment alone. Although this result is not statistically significant, 

it appears that low doses of E2 may influence the transcriptional outcome of GR-mediated 

signalling. This further supports the idea that E2 priming is able to modulate the Dex 

responses as seen in GnRHR mRNA expression (Figure 3.2). No studies regarding the effects 

of E2 and Dex co-incubations on ERα and GnRHR mRNA expression have been found in the 

literature, indicating a novel result that should be considered for further research.  

4.3   The effects of GnRH priming on ERE-luc reporter expression  

No functional ERα protein could be detected and no increase in ERE-reporter activity was 

seen in response to E2 in LβT2 cells (Figures 4.2 and 4.3). Therefore the question was asked, 

does GnRH modulate ER activity via an ERE in the absence and presence of E2. 

LβT2 cells transiently transfected with ERE-luc reporter plasmid were either pre-treated 

with GnRH or left untreated for 24 hours prior to 8 hour stimulation with an ER-specific 

agonist (E2) at saturating concentrations (100 nM).  
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Treatment Mean  Std. Dev. 

EtOH 
1.000 0.239 

E2 
0.637 0.239 

(100nM GnRH pre-treat) EtOH 
2.232 0.754 

(100nM GnRH pre-treat) E2 
1.962 0.128 

Figure 4.5: GnRH pre-treatment increases basal transcriptional activity on an ERE-Luc in LβT2 cells. 

LβT2 cells were seeded into a 24-well plate in DMEM supplemented with 10% serum.  After a 24 

hour incubation period, the medium was replaced with phenol red-free media, supplemented with 

10% charcoal stripped serum and incubated further for 24 hours. Thereafter 300 ng ERE-Luc reporter 

plasmid and 25 ng β-galalactosidase expression vector was transiently transfected and the cells were 

incubated with or without 100 nM GnRH for an additional 24 hours. After the incubation period, 

medium was replaced with phenol red-free, serum-free media and the cells were the stimulated for 

8 hours with vehicle (EtOH) or 100 nM ER specific agonist E2. After harvesting the cells, luciferase, β-

galactosidase and a Brafords assay was performed. The data was normalised for transfection 

efficiency and cell number by expressing luciferase (luc) activity relative to β-galactosidase activity 

and total protein. The graph shows pooled results from three independent experiments, each 
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performed in triplicate, which is presented as fold induction relative to vehicle (EtOH) control. Stars 

represent a significant (P < 0.01 = **) defined by a non-parametric, two-way ANOVA with a 

Bonferroni post test. 

 

Considering ER agonist treatment alone, a small, but statistically insignificant, decrease in 

ER-mediated transactivation was observed (Figure 4.5). This result suggests a lack of ER-

mediated activity in the current LβT2 cell line. It contradicts conventional models of ER 

activity, where E2 ligand-dependently activates the ER to drive ERE-mediated transcription 

(Edwards, 2005), which has been shown to regulate a number of LβT2 responses 

(Schreihofer et al., 2000; Chen et al., 2009). This result was previously discussed in Figure 

4.3. 

Nevertheless, the overall effect of a 24 hour GnRH pre-treatment on ERE-reporter activity 

revealed a significant increase in basal activity of roughly 2 fold relative to vehicle (Figure 

4.5). The fact that the ERE-luc reporter is responsive to GnRH treatments indicates a 

functional ERE-luc reporter plasmid. This increase in basal transcriptional activity may be 

due to a general increase in basal transcription-factor recruitment to the ERE-luc reporter 

mediated by the GnRHR signalling pathway. GnRH pre-treated samples subjected to 

saturating concentration (100 nM) of ER specific agonist (E2) treatment show no significance 

difference compared to its internal control (100 nM GnRH pre-treat EtOH). 

In conclusion, GnRH pre-treatment induced an increase in basal promoter activity (Figure 

4.5) in the absence of E2 in these cells. Whether this response is mediated by endogenous 

ER, via the ERE site in the reporter gene, still need to be determined. Given the 

undetectable response to E2, it is possible that the cells contain a mutated version of the ER 

that is unable to respond to E2, but can be activated by GnRHR, to increase transcription via 

binding to the ERE. This mechanism is possible, since Chen et al., (2009) showed that GnRH 

treatment mediates the site-specific phosphoylation of ERα protein to increase co-activator 

recruitment with the p300/CBP-associated factor (PCAF). These effects of GnRH on 

endogenous LβT2 fosB mRNA expression are dependent on the ER, and mediated by an ERE 

in the target gene promoter region (Chen et al., 2009). However, it is also possible that the 
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response observed is independent of the ER, and may be mediated by GnRH activating 

component(s) of the basal transcription machinery present on the ERE-reporter construct. 

Future experiments using a mutated ERE within this construct should discriminate between 

these two possibilities.  
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CHAPTER 5 

RESULTS AND DISCUSSION 

5. Regulation of PR-B expression and function in LβT2 responses 

As mentioned in Chapter 3, P4 treatment has been shown to have suppressive effects on 

GnRH signalling (Thackray.et al.  2009), suggesting hormone treatments may influence PR 

and GnRHR signalling to regulate LβT2 gene expression. A recent study has shown the 

existence of such a PR and GnRHR crosstalk mechanism regulating Fshβ mRNA expression in 

LβT2 cells (An et al., 2009). This mechanism involves the rapid phosphorylation of the PR in 

response to GnRH treatment, in turn activating unliganded PR to recruit transcriptional co-

factors to modulate FSHβ expression.  

Therefore crosstalk between the GR/PR/ER and the GnRHR, in mediating the regulation of 

LβT2 target genes, including GnRHR, FSHβ and fosβ mRNA expression, respectively 

(Kotitschke et al., 2009; An et al., 2009; Chen et al., 2009), highlight the potential existence 

of such a mechanism for regulating target LβT2 PR gene expression. 

Having shown that both P4 and GnRH appear to effect ERα mRNA expression (Figure 4.4), 

while GR and GnRHR crosstalk was shown to mediate GnRHR mRNA expression (Figure 3.2), 

the role of these signalling pathways on PR expression was next examined. The effects of E2 

on PR-B mRNA expression were also assessed using 0.2 nM E2 priming. With regards to the 

literature, E2 priming has been shown to regulate PR mRNA expression in primary mice and 

rat pituitary cells (Turgeon and Waring et al., 2006). 
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5.1  Characterisation of endogenous PR-B in LβT2 cells 

Before examining the role of hormone signalling on PR expression, untreated LβT2 cells 

were used to characterise PR-A and PR-B mRNA levels under basal conditions. LβT2 cells 

were cultivated under basal conditions, and harvested. Subsequent RNA extractions and 

cDNA conversions were performed to generate basal LβT2 cDNA. Thereafter conventional 

PCR using PR-B-specific and PR-(A+B)-specific primers was used to assess basal PR 

expression in LβT2 cells. The PR-B primers were designed to anneal and amplify a 121 bp 

amplicon from the unique 5’ end of the PR-B mRNA transcript, while the PR-(A+B) primers 

were designed to anneal and amplify a 121 bp amplicon from the shared 3’ end of the PR-A 

and PR-B mRNA transcripts (Addendum A, Figure 9.7) (Turgeon et al., 2006). 

 

Figure 5.1: Endogenous PR mRNA is basally expressed in LβT2 cells. LβT2 cells were seeded into 6-

well plates in DMEM supplemented with 10% serum, and were left to grow to 70% confluency under 

basal conditions. Thereafter the cells were harvested and RNA extractions were performed, followed 

by a reverse transcriptase reaction to generate basal LβT2 cDNA. Signals were amplified using 

conventional PCR with PR (A+B)- and PR-B-specific primer pairs. PCR products were generated over 

35 PCR cycles, separated on a 2% agarose gel using electrophoreses and visualised with ethidium 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

95 
 

bromide staining. The arrow indicates the presence of PR (A+B) aplicon at 121bp and PR-B aplicon at 

121bp. NTC defines the no template control. 

 

From Figure 5.1 it appears that the mRNA for both PR isoforms is expressed under basal 

conditions, which is in agreement with current literature regarding endogenous LβT2 PR 

mRNA expression (Turgeon and Waring, 2006). PR-B is the more “transcriptionaly active” 

isoform (Graham and Clarke, 1997). Therefore this study will focus on the ligand-mediated 

transcriptional effects on PR-B mRNA expression. Specific detection of PR-B mRNA 

expression is possible via PR-B-specific primers directed against the 5’ end of the PR 

transcript, as this is absent in the PR-A isoform. 

Having shown the presence of PR-B mRNA in LβT2s cells, it was next determined whether 

the LβT2 cells express detectable levels of PR-B protein. In order to determine this, crude 

cell lysates were generated from cultivated LβT2 cells, and subjected to Western blotting 

and probed with specific PR-B- and ERK1/2(loading control)-antibodies. Lysates from COS-7 

cells over-expressing hPR-B were harvested and run alongside LβT2 lysates on the western 

blot to serve as a positive control in assessing PR-B protein levels in LβT2 cells. 

 

Figure 5.2: Endogenous PR-B protein is not detectable in LβT2 cells by western blotting. COS-7 cells 

were seeded into 6-well plates in DMEM supplemented with 10% serum. After a 24 hour incubation, 

the cells were either transiently transfected with 1 µg of pMT-hPR-B expression vector (positive COS-

7 control) (+), or left to grow under basal conditions (negative COS-7 control) (-). LβT2 cells were 
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seeded into a 6-well plate in DMEM supplemented with 10% serum, and left to grow under basal 

conditions. After all cells had reached a 70% confluency (at least 24 hours after transfection), the 

COS-7 cells and untreated LβT2 cells were harvested in 50 µl SDS sample application buffer. Equal 

volumes (10 µl) of all lysates were separated on 8% SDS polyacrylamide gel, transferred to a 

nitrocellulose membrane and probed with PR-B-specific and ERK1/2-specific (Loading control) 

primary polyclonal antibodies. Anti-rabbit-HRP secondary antibodies were used for detection of both 

PR-B and ER1/2 primary antibodies. Signals were visualised with Amersham Chemiluminescence. 

Arrows indicate PR-B protein at 116 kDa. ERK1 and 2 proteins are seen at 42 kDa & 44 kDa, 

respectively. 

 

Although PR-B protein was not detected in LβT2 cell lysates, a signal was detected for the 

positive control (COS-7 cell lysate over-expressing pMT-hPRβ plasmid) (Figure 5.2), 

suggesting that the PR-B antibody is effective in detecting PR-B protein. Because PR-B mRNA 

is detectable under basal conditions in LβT2 cells (Figure 5.1), suggests that PR-B protein is 

either not expressed or expressed at levels too low for detection using western blotting 

techniques.  

Therefore, a potentially more sensitive reporter-promoter assay was used to assess 

functional PR protein using the PR-specific agonist, R5020. LβT2 cells were transiently 

transfected with a TAT-GRE-luc reporter plasmid, and treated with PR agonist (R5020) at 

saturating concentrations (100 nM) for 8 hours to assess PR-mediated transactivation in 

LβT2 cells.  
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Figure 5.3: Functional reporter assay did not detect endogenous PR-mediated transactivation in 

LβT2 cells. LβT2 cells were seeded into a 24-well plate in DMEM supplemented with 10% serum.  

After a 24 hour incubation period, the medium was replaced with phenol red-free media, 

supplemented with 10% charcoal stripped serum and incubated further for 24 hours. Thereafter 250 

ng TAT-GRE-Luc reporter plasmid and 25 ng β-galactosidase expression vector were transiently 

transfected into the cells, which were then incubated for an additional 48 hours. After the 

incubation period, the medium were replaced with phenol red-free, serum-free media and the cells 

were stimulated for 8 hours with vehicle (EtOH) or 100 nM PR-specific agonist, R5020. The cells were 

harvested, with luciferase and β-galactosidase assays, as well as Braford assays, were performed. 

The data was normalised for transfection efficiency and cell number by expressing luciferase (luc) 

activity relative to β-galactosidase activity and total protein. The graph shows pooled results from 

two independent experiments performed in triplicate, which is presented as fold induction relative 

to vehicle (EtOH) control. 

 

Figure 5.3 shows that upon R5020 treatment, a small but not significant increase in PRE-

reporter activity is seen (1.4 fold relative to vehicle). This result may suggest that low 

amounts of PR protein are expressed in LβT2 cells. However, more experiments are required 

to establish whether functional PR is expressed at high enough levels to elicit a significant 

PR-mediated response. Previous studies have shown the presence and a role for the PR in 

mediating LβT2 responses (Thackray et al., 2006; Thackray et al., 2009; An et al., 2009). Yet 

it must be noted that some of these studies performed in the LβT2 cell line have used 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

98 
 

exogenously expressed PR protein (Thackray et al., 2009), suggesting that there are only low 

levels of PR present in this cell model. 

5.2 The effect of hormone and combination treatments thereof on 

PR-B mRNA levels  

Although no statistical significant levels of functional PR protein could be detected (Figures 

5.2 and 5.3), PR-B mRNA is expressed in the LβT2 cell line (Figure 5.1). Additionally, as 

mentioned above, there is evidence for crosstalk between GnRHR and PR/ER/GR signalling 

pathways (An et al., 2009; Chen et al., 2009; Kotitschke et al., 2009). In order to determine 

whether these pathways regulate PR-B mRNA expression, experiments were designed to 

assess the effect of the test compounds on endogenous LβT2 PR-B mRNA expression.  

LβT2 cells were primed for 48 hours with or without 0.2 nM E2 to assess the effect of E2 

priming on PR-mediated signalling. Thereafter the cells were treated for 8 hours with vehicle 

or test compounds; Dex, P4 GnRH and combinations thereof at saturating concentrations 

(100 nM). After ligand incubations, samples were harvested and RNA was extracted (Figure 

9.6), followed by subsequent cDNA conversions. Quantitative real-time PCR with PR-B-

specific primers was used to assess the transcriptional effects of hormones in regulating 

endogenous PR-B mRNA levels in LβT2 cells. 
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Figure 5.4: PRβ mRNA expression appears to be up-regulated in response to GnRH, but not by Dex, 

P4 or E2 treatments in LβT2 cells. LβT2 cells were plated into 12-well plates in DMEM supplemented 

with 10% serum. After a 24 hour incubation period, the cells were treated with or without 0.2 nM E2 

in Phenol red-free media supplemented with 10% charcoal stripped serum. After 48 hours, the cells 

were treated with 100 nM vehicle (EtOH) or with the appropriate ligands and combinations thereof 

in phenol red-free, serum-free media. The cells were stimulated for 8 hours prior to harvesting and 

subsequent RNA extractions. cDNA was generated for all mRNA sample sets and was further 

analysed using PR-B-specific primers and quantitative real-time PCR (rotogene machine; Rotogene-

6000). Endogenous PR-B expression (Figure 11.8.1) was normalised to endogenous GAPDH 

expression (Figure 11.6.1), and was represented as fold induction relative to vehicle (EtOH). The 

graph shows pooled results for several independent experiments (n=4 for all samples without E2, 

n=3 for all E2 containing samples, and n=1 for +E2 P4 sample). Stars represent a significant (P < 0.05 
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= *) difference when compared to untreated control (-E2 EtOH), defined by a non-parametric, two-

way ANOVA with a Bonferroni post test. 

 

Figure 5.4 suggests that PR-B mRNA expression is regulated in a ligand-selective manner.  

Treatment with Dex or P4 showed no significant effects on mRNA levels (0.9 fold relative to 

vehicle). Current literature suggests a suppressive role for P4 in regulating PR-B expression 

in primary pituitary tissue (Graham and Clarke, 1997), yet this is in contrast with the current 

data (Figure 5.4). However, it must be noted that primary pituitary cells are composed of a 

number of different cell types, which may explain the differences in responses seen. No 

literature was found regarding the effects of P4 on endogenous PR mRNA expression in the 

LβT2 cell line. Interestingly GnRH treatment did significantly up-regulate endogenous PR-B 

mRNA expression (2 fold increase relative to vehicle).  

 Co-treatment with GnRH plus Dex on PR-B mRNA expression appeared to elicit a similar 

increase (2 fold increase) as seen with GnRH treatment alone, while co-treatment with 

GnRH plus P4 appeared to increase relative PR-B mRNA expression in LβT2 cells by 1.5 fold 

(Figure 5.4). These effects may be accounted for through the actions of GnRH treatment 

alone, as single treatments with Dex or P4 had no apparent effect on PR-B mRNA 

expression. However, it is possible that P4 is able to represses the GnRH response slightly 

when administered together, although further experiments are required to establish 

whether this result is significant. These combination treatments do not reveal any additive 

or synergistic signalling properties by these hormones in regulating endogenous PR-B mRNA 

expression in LβT2 cells, suggesting that potential crosstalk pathways between the GnRHR 

and the GR or PR may not regulate PR-B mRNA expression. It appears that GnRH treatment 

is the only treatment that significantly increases endogenous LβT2 PR-B mRNA expression 

(Figure 5.4).  

E2 priming for 48 hours with 0.2 nM E2 resulted in no significant variation on endogenous 

PR-B mRNA expression in LβT2 cells (1.1 fold) as compared to un-primed vehicle (Figure 5.4). 

This result is consistent with the literature showing that E2 priming has no effect on PR 

expression in LβT2 cells (Turgeon, and Waring, 2006). Yet this treatment has been effective 
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in up-regulating PR mRNA levels in primary mouse and rat pituitary cells (Turgeon and 

Waring, 2006). Therefore, in general it may be considered that primary cells respond 

differently to immortalised LβT2 cell lines. Stimulation with Dex or P4 on +E2 primed LβT2 

cells show no significant differences when compared to the –E2 primed data set (0.9 and 0.8 

fold relative to vehicle respectively) (Figure 5.4). However the +E2 P4 treatment is 

representative of one biological repeat, and therefore cannot be statistically analysed. 

Therefore further repeats are required to determine the ligand-induced effects of P4 on E2 

primed LβT2 cells.  

Treatment with GnRH on E2 primed LβT2 cells appeared to increase relative PR-B mRNA 

expression (1.5 fold relative to vehicle). However, this appears to be a reduced response 

when compared to GnRH treatment on the un-primed LβT2 cells (2 fold relative increase) 

(Figure 5.4). It may be that E2 treatment dampens the GnRH response yet the experiment 

only represents a small data set, and further experiments are required to determine if this 

change in PR-B mRNA expression is significant. 

Co-incubation with GnRH plus Dex on E2 primed LβT2 cells resulted in no significant 

differences compared to vehicle (1.1 fold), unlike the apparent 2-fold increase obtained with 

Dex plus GnRH treatments on un-primed samples. Taken together with the results for GnRH 

in the presence and absence of E2 priming strengthens the hypothesis that E2 priming may 

modulate ligand-dependent responses. Co-treatment with GnRH and P4 appeared to 

increase relative fold expression by 1.9 fold (Figure 5.4), which is a slightly higher response 

when compared to the un-primed E2 sample set.  

Taken together, no effects were seen on LβT2 PR-B mRNA expression with E2 treatment 

alone, which is in agreement with current LβT2 literature (Turgeon and Waring, 2006). GnRH 

was the only hormonal treatment resulting in a significant increase in PR-B expression. 

Consistent with this, Dex/P4 plus GnRH co-incubations showed no additive or synergistic 

properties, suggesting that treatment with GnRH alone is responsible for the induction of 

endogenous PR-B mRNA expression in LβT2 cells. The result of hormone combination 

treatments on endogenous LβT2 PR-B mRNA expression suggests that there is no crosstalk 

signalling between PR/GR and GnRHR to regulate PR-B mRNA expression in LβT2 cells. 

However the apparent, but statistically insignificant effect of E2 priming on the GnRH and 
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GnRH plus Dex responses suggest possible crosstalk between the ER and GnRHR in 

regulating or modulating ERα mRNA expression. 

5.3 Endogenous PR-B protein levels are not detected in response to 

GnRH treatment 

Although no detectable PR protein was seen under basal conditions (Figure 5.2), GnRH 

appeared to up-regulate endogenous PR-B mRNA expression (Figure 5.4). Although basal PR 

protein could not be detected, it may be detectable after GnRH treatments. Thus PR-B 

protein levels may be influenced in responses to ligand treatments. To assess PR protein 

levels in response to ligand treatments and combinations thereof, LβT2 cells were primed 

for 48 hours with or without 0.2 nM E2. Thereafter the cells were treated for 8 hours with 

vehicle or test compounds: Dex, P4, GnRH and combinations thereof, at saturating 

concentrations (100 nM). After ligand incubations, samples were harvested, and resolved 

using western blotting techniques, and probed with a specific antibody raised against PR-B 

protein to assess PR-B protein levels in response to ligand treatments. 

 

 

Figure 5.5: PR-B protein is not detectable under all conditions in LβT2 cells by Western blotting. 

LβT2 cells were plated into 12-well plates in DMEM supplemented with 10% serum. After a 24 hour 

incubation, the cells were treated with or without 0.2 nM E2 in phenol red-free media supplemented 

with 10% charcoal stripped serum. After 48hours, the cells were treated with 100 nM of the 

appropriate ligands and combination thereof in phenol red-free, serum-free media. The cells were 

stimulated for 8 hours prior to harvesting in 50 µl SDS sample application buffer. Equal amounts (10 
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µl) LβT2 whole cell lysates were separated on a 8% SDS denaturing polyacrylamide gel, transferred 

to a nitrocellulose membrane and probed with PR-B-specific and Flotilin-1-specific (Loading control) 

primary polyclonal antibodies. Anti-rabbit-HRP secondary antibodies were used for detection of PR-B 

primary antibody, while anti-mouse-HRP secondary antibodies were used for detection of Fotilin-1 

primary antibody. Signals were visualised with Amersham Chemiluminescence. PR-B and Flotilin-1 

proteins were observed at 116 kDa and 48 kDa, respectively. 

 

Similar to the results obtained in Figure 5.2, no detectable levels of PR-B could be seen 

under basal conditions, and remain undetectable under all ligand conditions (Figure 5.5). 

Furthermore, treatment with GnRH had no effect on detectable PR protein levels. Priming 

with E2 was also not sufficient to up-regulate PR protein, which is consistent with a previous 

LβT2 study regarding the effects of E2 priming on PR expression and translation (Turgeon 

and Waring, 2006). However, 8 hour ligand treatments may have resulted in insufficient 

time to allow for protein translation, even though the up-regulation of mRNA levels could 

already be detected after 8 hours (Figure 5.4). Therefore, additional samples should be 

collected at later time points, after hormone treatments, to confirm any delayed protein 

translation. 

Taken together, no detectable levels of PR-B protein could be seen in un-stimulated or 

stimulated LβT2 cells by western blotting (Figure 5.5). 

5.4 Endogenous PR protein cannot be up-regulated to induce PR-

mediated transcription in LβT2 cells 

As shown previously, GnRH appeared to induce the up-regulation of PR-B mRNA (Figure 

5.4), yet no detectable levels of PR protein were seen under the same conditions using 

Western blotting techniques (Figure 5.5). Eight hour incubation periods may have resulted 

in insufficient time to allow for sufficient protein translation, to the extent that protein 

would not be detectable by means of western blot analysis. Therefore a different approach 

was used to assess the role of GnRH in regulating PR protein.  
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In a previous study it was shown that GnRH mediates the rapid phosphorylation of PR, 

inducing the ligand-independent activation in LβT2 cells (An et al., 2009). The PR-B mRNA 

expression data suggests that GnRH also up-regulates PR mRNA levels (Figure 5.4). 

Therefore attempts were made to assess the role of GnRH on PR activity on a PRE in the 

absence and presence of PR agonist (R5020) in LβT2 cells.  

Assuming GnRH increases PR-B mRNA expression and hence protein expression, an increase 

in PRE-reporter activity would be expected with R5020 under GnRH pre-treatment. 

However, if GnRH also activates the PR in a ligand-independent manner, as An et al., 

suggested, then GnRH would also increase basal PRE-reporter activity. 

 Additionally, the effects of 0.2 nM E2 priming revealed no significant changes in PR mRNA 

and protein levels (Figure 5.4 and Figure 5.5). This is consistent with current literature 

regarding LβT2 cells (Turgeon and Waring, 2006), but inconsistent with results obtained 

from primary mouse and rat pituitary cells, where it was shown that E2 priming over 3 days 

results in an increase in endogenous PR mRNA expression (Turgeon, and Waring, 2006).   

Thus a TAT-GRE reporter-promoter assay was used to assess the transcriptional activity of 

PR protein in the absence and presence of agonist, in response to GnRH or E2 pre-

treatments. A GRE reporter was used because the PR is able to act via a GRE, as the 

consensus sequence of a GRE is identical to that of a PRE. Therefore LβT2 cells transiently 

transfected with 250 ng TAT-GRE-luc reporter plasmid were pre-treated with and without 

GnRH or E2 for 24 hours prior to 8 hour stimulation with PR-specific agonist R5020 at 

saturating concentrations (100 nM). 
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Treatment (A) Mean Std. Dev. Treatment (B) Mean Std. Dev. 

 EtOH 1.000 0.190 EtOH 1.000 0.112 

R 5020 0.791 0.185 R 5020 0.976 0.170 

(GnRH pre-treat) EtOH 1.201 0.297 (E2 pre-treat) EtOH 1.708 0.345 

(GnRH pre-treat) R5020 1.340 0.304 (E2 pre-treat) R5020 1.550 0.243 

Figure 5.6 (A-B): No PR-mediated transactivation seen on a PRE after GnRH (A) and E2 (B) pre-

treatments in LβT2 cells. LβT2 cells were seeded into a 24-well plate in DMEM supplemented with 

10% serum.  After a 24 hour incubation period, the medium was replaced with phenol red-free 

media, supplemented with 10% charcoal stripped serum and incubated further for 24 hours. 

Thereafter 250 ng ERE-Luc reporter plasmid and 25 ng β-galactosidase expression vector were 

transiently transfected into the cells and were incubated with or without 100 nM GnRH (A) or 0.2 

nM E2 (B) for an additional 24 hours. Thereafter, the medium was replaced with phenol red-free, 

serum-free media and the cells were the stimulated for 8 hours with vehicle (EtOH) or 100 nM PR-

specific agonist, R5020. The cells were harvested, and luciferase, β-galactosidase and Brafords assays 

were performed. The data was normalised for transfection efficiency and cell number by expressing 

luciferase (luc) activity relative to β-galactosidase activity and total protein. The graph shows pooled 

results from three independent experiments, each performed in triplicate, which is presented as fold 

induction relative to vehicle (EtOH) control. Stars represent a significant (P < 0.001 = ***) defined by 

a non-parametric, two-way ANOVA with a Bonferroni post test. 

A B 
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Figure 5.6A shows the effects of GnRH pre-treatment on PRE/GRE-transcription in LβT2 

cells. Upon 8 hour R5020 treatment alone it appears that a slight reduction in relative 

activity is seen on PRE-activity. This result suggests no functional PR protein is present in 

LβT2 cells under basal conditions, which is consistent with previous results obtained in this 

study (Figure 5.2 and Figure 5.5). Pre-treatments with GnRH alone significantly increased 

basal PRE-reporter activity to 1.2 fold relative to vehicle. On addition of 8 hour PR agonist 

(R5020) treatments, it appears that a slight increase in PRE-reporter activity is seen, relative 

to its internal control (GnRH pre-treatment plus EtOH), which may be due to GnRH up-

regulating PR-B expression. However, this result is not statistically significant. Whether this 

increase in basal reporter activity is mediated by endogenous PR is unknown. Given the 

undetectable response to R5020, it is possible that the cells contain a mutated version of 

the PR that is unable to respond to P4 or R5020, but can be activated by GnRH, to increase 

transcription via binding to the PRE. This mechanism is possible, since An et al., (2009) 

showed GnRH treatment mediates the site-specific phosphorylation of the PR protein to 

increase endogenous LβT2 fshβ mRNA expression (An et al., 2009). On the other hand it is 

possible that the response observed in the current study is independent of the PR, and may 

either be mediated by GnRH activating some component(s) of basal transcription machinery 

present on the PRE, or GnRH ligand-independently activating the GR to drive GRE-reporter 

activity (Kotitschke et al., 2009). 

Considering the effects of E2 pre-treatment (Figure 5.6B), PR agonist (R5020) treatment 

alone revealed no difference compared to vehicle, which is consistent with the result that 

little to no functional PR is present in LβT2 cells (Figure 5.3). However the effect of 24 hour 

0.2 nM E2 treatment showed a significant increase in basal transcriptional activity (1.7 fold 

relative to vehicle). However, PR agonist treatments on E2 primed LβT2s showed no 

apparent increase in PRE-mediated transcription (1.5 fold relative to vehicle). This result is 

consistent with PR-B expression data observed in  the study (Figure 5.4), showing that E2 

treatment does not up-regulate PR-B mRNA expression, as well as other studies in the LβT2 

cell line (Turgeon and Waring, 2006), but inconsistent with data observed in primary 

pituitary cells (Turgeon and Waring, 2006).  
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Taken together, attempts to up-regulate functional PR protein and PRE-reporter activity in 

LβT2 cells though ligand pre-treatments was unsuccessful, suggesting that LβT2 cells have 

very low levels of functional classical PR-B. 

5.5  mPRα does not mediate the effects of P4 in LβT2 cells 

Recent studies have shown the presence of a novel mPR in mediating non-genomic P4 

signalling in various tissue types (Zhu et al., 2003). The present study has shown that in the 

LβT2 cell line grown in our laboratory, PR protein is undetectable by western blotting (Figure 

5.2 and Figure 5.5). Endogenous PR-B mRNA expression is not significantly affected by 

treatments with Dex, P4, and E2 (Figure 5.4) and functional PR-B activity is not detectable 

on a PRE-luc reporter promoter assay (Figure 5.3). Nevertheless both GnRHR (Figure 3.2) 

and ERα (Figure 4.4) mRNA levels are regulated by P4 treatment, suggesting the presence of 

a functional PR. Thus it is possible that P4 signalling may be mediated through receptors 

besides the classical PR in LβT2 cells.  

In light of this theory, an attempt was made to assess the presence of mPRα mRNA 

expression in the LβT2 cell line. LβT2 cells were cultivated under basal conditions, and cDNA 

samples were generated. mPRα mRNA was amplified using conventional PCR and a mPRα-

primer pair (Addendum B, Table 10.1). cDNA from human endo-cervical cells (End-1) was 

used as a positive control as previous work from the Hapgood lab has shown mPRα mRNA 

expression in this cell line (Jaravaza, 2009). Note that these End-1 cells were found, by 

conventional PCR, to express mPRα and GR, but not PR (A+B) mRNA (Addendum A, Figure 

9.2), while no PR-A  or PR-B protein was detected by Western blotting (Adendum A, Figure 

9.3) 
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Figure 5.7: mPR mRNA is not expressed under basal conditions in LβT2 cells. LβT2 cells were 

seeded into 6-well plates in DMEM supplemented with 10% serum, and were left to grow to 70% 

confluency under basal conditions. End1/E6E7 (End-1) cells were seeded into 12-well plates in KSF 

media,. Thereafter both cell lines were left to grow to 70% confluency under basal conditions. 

Thereafter End-1 and LβT2 cells were harvested and RNA extractions were performed, followed by a 

reverse transcriptase reaction to generate basal cDNA samples. Signals were amplified using 

conventional PCR with mPRα-specific primer pairs. An mPRα expression vector (pcDNA3.1/mPRα) 

was used as a positive control (+), and 1 µl dH2O was used as the input for the no template control (-

). PCR products were generated over 30 cycles, separated on a 2% agarose gel using electrophoresis, 

and visualised using ethidium bromide staining. Arrow indicates mPRα amplicon at 214 bp. 

 

Figure 5.7 indicates that LβT2 cells do not express endogenous mPRα mRNA, suggesting that 

the effects of P4 on LβT2 cell responses are not mediated by mPRα. A positive signal at 241 

bp is seen for the endo-cervical cell line (End-1) (Figure 5.7). Although human mPRα primers 

were used in the PCR reaction (Figure 5.7) on mouse LβT2 samples, NCBI mRNA sequence 

blast did show that the human mPRα primer pair used can anneal to mouse mPRα mRNA 

transcript (data not shown).  

Taken together, the results show End-1 cells lack PR-A and PR-B mRNA and protein 

expression (Addendum A, Figures 9.2 and 9.3), yet mPRα mRNA is basally expressed in the 
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End-1 cell line. This suggests that mPRα may play an important role in mediating the effects 

of P4, as these cells have been shown to respond to P4 (Zhu et al., 2003; Cai et al., 2005; 

Karteris et al., 2006) and progestins (Verhoog, 2010). 

For a side study, mPRα exogenous expression and mPRα protein detection was optimised in 

light of the hypothesis that mPRα may play an important role in P4-mediated signalling in 

the End-1 cell line. Therefore several mPRα expression vectors were acquired (Krietsch et 

al., 2006), to serve as a positive control in the investigation of mPRα protein levels in the 

End-1 cell line. mPRα expression vectors were subsequently cloned and sequenced, so that 

detailed plasmid maps could be constructed for future reference (Addendum D, Figures 

12.1, 12.2 and 12.3). To optimize exogenous mPRα expression, End-1 cells were transfected 

with tagged mPRα-HA or untagged mPRα expression constructs and left to grow under basal 

conditions. Thereafter End-1 cell lysates were harvested (using multiple harvesting 

protocols, outline in methods Section 2.13) and probed for mPRα protein using Western 

blot techniques and anti-HA- (Addendum A, Figure 9.4) or anti-human/mouse mPRα-specific 

primary antibodies (Addendum A, Figure 9.5). A summary of exogenous mPRα protein 

expression is shown in Addendum A, Table 9.1. An 80 kDa mPRα dimer or a 40 kDa mPRα 

monomer (Krietsch et al., 2006) were not detected using DEAE or Fugene transfection 

protocols. Transfection controls were incorporated for all experiments (pCMV-HA-human 

GR) and yielded positive protein expression under all conditions, indicating transfection 

conditions used were appropriate. This result may suggest improper protein folding and/or 

membrane localisation of the mPRα protein in the End-1 cell line. To address this 

hypothesis, mPRα over-expression was attemped in the LβT2 cell line, on the account of its 

endogenous GPCR (GnRHR) expression (Navratil et al., 2009). Exogenous mPRα protein 

expression appeared unsuccessful under all transfection conditions (Addendum A, Figure 

9.4). It was concluded that the mPRα expression vectors must be the root of the problem, as 

a result of no differences between mock (-mPRα) and transiently transfected (+mPRα) End-1 

and LβT2 cells (Addendum A, Figure 9.4).Therefore any attempt to characterise End-1 cells 

for endogenous mPRα protein expression proved unsuccessful as no over-expressed mPRα 

protein controls could be generated. 
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On a separate issue, it should be noted that a number of non-specifics bands were seen 

when using the anti-mPRα anti body (Addendum A, Figure 9.5). However this is most likely 

due to a high exposure of western blot development in assessing mPRα protein levels.  

In conclusion, LβT2 cells show no detectable levels of functionally active PR protein using 

Western blotting (Figure 5.2), and no detectable levels of endogenous mPRα mRNA 

expression using conventional PCR (Figure 5.7). This result suggests that the mPRα is not 

involved in mediating P4 responses in the LβT2 cell line.  
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CHAPTER 6 

RESULTS AND DISCUSSION 

6. Regulation of GRα expression and function in LβT2 responses 

As mentioned earlier, LβT2 genes have been shown to be regulated by the GR via GR ligand-

dependent and GR ligand-independent mechanisms (Kotitschke et al., 2009), with previous 

results showing crosstalk between the GR and GnRHR signalling pathways. 

 It is apparent that GnRH signalling effects ERα (Figure 4.4) and PR-B (Figure 5.4) mRNA 

expression in LβT2 cells, and that GR and GnRHR crosstalk regulates GnRHR mRNA 

expression in LβT2 cells (Figure 3.2). In addition, a novel and interesting effect of E2 priming 

appeared to modulate Dex-mediated responses on GnRHR (Figure 3.2), and possibly also 

ERα mRNA expression (Figure 4.4). Therefore the effects of Dex, P4, E2, GnRH and 

combinations thereof on GR expression was investigated in LβT2 cells.  

6.1   Characterisation of endogenous GRα in LβT2 cells 

Before assessing a role for hormone signalling in regulating GRα mRNA expression, 

untreated LβT2 cells were first used to characterise endogenous GRα mRNA levels under 

basal conditions. LβT2 cells were cultivated under basal conditions, and harvested. 

Subsequent RNA extractions and cDNA conversions were performed to generate LβT2 

cDNA. Thereafter conventional PCR with intron spanning GRα-specific primers was used to 

assess basal GRα mRNA expression in LβT2 cells. 
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Figure 6.1: Endogenous GRα mRNA is basally expressed in LβT2 cells. LβT2 cells were seeded into 6-

well plates in DMEM supplemented with 10% serum, and were left to grow to 70% confluency under 

basal conditions. Thereafter the cells were harvested and RNA extractions were performed, followed 

by a reverse transcriptase reaction to generate basal LβT2 cDNA. Signals were amplified using 

conventional PCR with GRα-specific primer pairs. PCR products were generated over 35 PCR cycles 

and separated on a 2% agarose gel using electrophoreses, and visualised with ethidium bromide 

staining.  Arrow indicates GRα amplicon at 299 bp. NTC defines the no template control. 

 

From Figure 6.1 it is clear that GRα mRNA is expressed under basal conditions in LβT2 cells, 

in agreement with the current literature showing endogenous LβT2 GRα expression 

(Kotitschke et al., 2009; Nicolaides et al., 2010). Having shown the presence of GRα mRNA in 

LβT2s cells, it was next determined whether LβT2 cells express detectable levels of GRα 

protein. Crude cell lysates were generated from cultivated LβT2 cells and GR protein levels 

were investigated using western blotting with specific anti-GRα antibodies. COS-7 cells over-

expressing hGRα-HA were harvested and the extracts electrophoresed alongside LβT2 

lysates on the western blot to serve as a positive control. 
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Figure 6.2: Endogenous GRα protein is expressed under basal conditions in LβT2 cells. COS-7 cells 

were seeded into 6-well plates in DMEM supplemented with 10 % serum. After a 24 hour incubation, 

the cells were either transiently transfected with 1 µg of pGMV-HA-hGR expression vector (Positive 

control) (+) or left to grown under basal conditions (negative control) (-). LβT2 cells were seeded into 

a 6-well plate in DMEM supplemented with 10% serum, and left to grow under basal conditions. 

After all cells had reached a 70% confluency (at least 24 hours after transfection), the COS-7 cells 

and untreated LβT2 cells were harvested in 50 µl SDS sample application buffer. Equal volumes (10 

µl) of all lysates were separated on 8% SDS polyacrylamide gel, transferred to a nitrocellulose 

membrane and probed with GRα-specific or ERK1/2-specific (Loading control) primary polyclonal 

antibodies. Anti-rabbit-HRP secondary antibodies were used for detection of both GRα and ER1/2 

primary antibodies. Signals were visualised with Amersham Chemiluminescence. The top arrows 

indicate the GRα protein observed at 95 kDa, with the second arrow indicates a non-specific band 

(N/S) at 94 kDa. ERK1/2 proteins are seen at 42 kDa and 44 kDa, respectively. 

 

From Figure 6.2 it is evident that GRα protein is present under basal conditions in LβT2 cells, 

in agreement with the current literature showing expression of GRα protein in LβT2 cells 

(Kotitschke et al., 2009). It must be noted that a non-specific band was seen in the COS-7 

positive and negative control cell lysates. This non-specific band (as indicated by the arrow 

in Figure 6.2) was seen to run at a slightly lower molecular weight compared to the over-

expressed GRα protein signal, and is most like endogenous COS-7 GRα protein. These 

GRα 

Endogenous  

COS-7 GRα  
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differences in protein migration through the SDS polyacrylamide gel may be a result of cell-

specific differences between COS-7 and LβT2 cells 

Taken together, Figures 6.1 and 6.2 illustrate that GRα mRNA is basally expressed and 

translated into GR protein. To test whether this GR protein is functionally active in LβT2 cells 

and will drive GRE promoter-reporter transactivation upon agonist treatment, LβT2 cells 

were transiently transfected with a TAT-GRE-luc reporter plasmid, and treated with GR 

agonist (Dex) at saturating concentrations (100 nM) for 8 hours.  

 

Figure 6.3: Functional reporter assay shows endogenous GRE-mediated transcription in LβT2 cells. 

LβT2 cells were seeded into a 24-well plate in DMEM supplemented with 10% serum.  After a 24 

hour incubation period, the medium was replaced with phenol red-free media, supplemented with 

10% charcoal stripped serum and incubated further for 24 hours. Thereafter 250 ng TAT-GRE-Luc 

reporter plasmid and 25 ng β-galactosidase expression vector were transiently transfected into the 

cells, which were then incubated for an additional 48 hours. Thereafter, the medium was replaced 

with phenol red-free, serum-free media and the cells were the stimulated for 8 hours with vehicle 

(EtOH) or 100 nM GR-specific agonist, Dex. Thereafter, the cells were harvested, and luciferase, β-

galactosidase and Brafords assays were performed. The data was normalised for transfection 

efficiency and cell number by expressing luciferase (luc) activity relative to β-galactosidase activity 

and total protein. This graphs shows pooled results from two independent experiments, each 

performed in triplicate, which is presented as fold induction relative to vehicle (EtOH) control. Stars 
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represent a significant (P < 0.001 = ***) difference when compared to untreated control, defined by 

a two-tailed T-test 

 

Figure 6.3 shows a 6 fold increase in relative TAT-GRE-reporter-activity in response to 100 

nM GR agonist (Dex) treatment. This is consistent with the genomic roles of Dex in 

activating the GR to drive GRE-promoter expression (Nicolaides et al., 2010).  

6.2 GRα mRNA expression is ligand-dependently regulated in 

response to hormone treatments in LβT2 cells 

As the GRα is endogenously expressed in LβT2 cells (Figures 15 and 16), there is a potential 

for the GRα gene to be transcriptionally regulated in response to ligand treatments. 

Additionally, as mentioned earlier, recent evidence has shown that crosstalk mechanisms 

occur between the GRα and other receptors (Kotitschke et al., 2009; Chen et al., 2009; An et 

al., 2009). Therefore to determine whether these crosstalk pathways (ER/PR/GR and 

GnRHR) feedback to regulate GRα mRNA expression, experiments were designed to assess 

the effect of appropriate test compounds (Dex, P4, GnRH and combinations thereof) on 

endogenous LβT2 GRα mRNA expression.  

LβT2 cells were pre-treated with or without 0.2 nM E2 for 48 hours, as well as an 8 hour 

treatment at saturating concentrations (100 nM) of Dex, P4, GnRH and combinations 

thereof. Thereafter cells were harvested and RNA was extracted (Figure 9.6), followed by 

subsequent cDNA conversion. Quantitative real-time PCR with GRα-specific primers were 

used to assess the transcriptional effects of Dex, P4, GnRH, E2 and combinations thereof in 

regulating endogenous GRα mRNA levels in LβT2 cells. 
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Figure 6.4: GR mRNA expression is significantly suppressed in a ligand-dependent manner in LβT2 

cells. LβT2 cells were plated into 12-well plates in DMEM supplemented with 10% serum. After a 24 

hour incubation, the cells were treated with or without 0.2 nM E2 in phenol red-free media 

supplemented with 10% charcoal stripped serum. After 48 hours, the cells were treated with 100 nM 

appropriate ligand and combination thereof in phenol red-free, serum-free media. The cells were 

stimulated for 8 hours prior to harvesting and subsequent RNA extractions. cDNA was generated for 

all mRNA sample sets, and was further analysed with GRα-specific primers and quantitative real-time 

PCR (Rotogene machine; Rotogene-6000). Endogenous GRα mRNA expression (Figure 11.9.1) was 

normalised to endogenous GAPDH expression (Figure 11.6.1), and was represented as fold induction 

relative to vehicle (EtOH). The graph shows pooled results for several independent experiments (n=4 

for all samples without E2, n=3 for all E2 containing samples, and n=1 for +E2 P4 sample). Stars 

represent a significant (P < 0.05 = * P < 0.01 = **) difference when compared to untreated control (-

E2 EtOH), defined by a non-parametric, two-way ANOVA with Bonferroni post test. 
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From Figure 6.4, Dex treatment significantly down-regulated GRα mRNA expression to 0.5 

fold relative to vehicle, which is consistent with the current literature showing that GCs 

down-regulate GRα mRNA expression in most target cell lines (Burnstein et al., 1990; De 

Silva et al., 1993; Freeman et al., 2004). Additionally a study has shown a correlation 

between Dex treatments and an increase in GR turn-over (Avenant et al., 2010). Therefore 

this result supports the hypothesis that GCs reduce relative levels of GR mRNA and protein 

expression as a result of a feedback mechanism in response to GR-mediated signalling. 

Treatment with P4 resulted in a similar significant repressive trend on LβT2 GRα mRNA 

expression, reducing mRNA levels to 0.55 fold relative to vehicle (-E2 EtOH). Because neither 

PR (A+ B) nor mPRα protein was previously detected in the LβT2 cell line, this raises the 

question of how the effects of P4 are mediated. This result suggests the possibility that the 

GR may be responsible for the P4-mediated down-regulation of GRα mRNA expression via 

the partial agonist properties of P4 towards the GR (Ronacher et al., 2009). 

Stimulation with GnRH resulted in a similar significant repressive trend as compared to Dex 

treatment (0.5 fold relative to vehicle). This result suggests a number of possibilities. One 

explanation is that GnRH is acting via the unliganded GR, as suggested by Kotitschke et al., 

Therefore the ligand-independent activation of the GR by GnRH may regulate endogenous 

GRα mRNA expression through cis-elements in the GR gene promoter, possibly to serve as a 

signalling feedback mechanism in LβT2 cells. Another explanation could suggest that GnRH 

acting via GnRHR is able to regulate the GR-promoter activity via kinase signalling cascades 

involved in GnRHR signalling (PKA, PKC or MAPK) to regulate downstream transcription 

factors like AP-1 (Kotitschke et al., 2009). A final explanation may involve a combination of 

the two mechanisms. Yet a precise mechanism cannot be established with the current data 

available, and further experiments are required to assess these hypothesised mechanisms. 

Co-stimulation with Dex plus GnRH further reduced GRα mRNA levels to 0.3 relative fold 

induction, compared to the 0.5 fold reduction with Dex or GnRH treatment alone. This novel 

finding reveals that the repressive properties of Dex and GnRH signalling may act in concert 

to repress GRα expression (Figure 6.4). This result may be representative of two separate 

pathways, as the Dex plus GnRH response is not additive or synergistic in nature. It is 
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possible that the effects of Dex are mediated through the ligand-dependent activation of 

the GR, while the effects of GnRH may be a result of GnRHR-mediated signalling. However, 

further experiments would be required to assess the statistical significance of this result, 

and elucidate a mechanism responsible for mediating this response.  

Co-stimulation with P4 plus GnRH elicited a similar response as compared to GnRH 

treatment alone, reducing GRα mRNA levels to 0.45 fold relative to vehicle (Figure 6.4). 

However no additive properties were observed with P4 plus GnRH treatment. This result 

appears to be different to the effects of Dex plus GnRH treatment, suggesting that the 

effects of P4 are not mediated by the GR. 

Taken together, the un-primed  results in Figure 6.4 show a potential for Dex and GnRH 

signalling pathways to be functionally integrated in regulating LβT2 GRα mRNA expression, 

however further experiments are required to assess this hypothesis. What can be said is 

that Dex and GnRH feedback signalling must exist to modulate GRα mRNA expression in 

LβT2 cells. 

Priming with 0.2 nM E2 for 48 hours resulted in no significant change in basal GRα mRNA 

expression in LβT2 cells (0.9 fold relative to vehicle) (Figure 6.4). Stimulation with Dex on E2 

primed LβT2 cells appeared to show a novel abolishment of Dex-induced repression of GRα 

mRNA expression when compared to un-primed Dex treatment, with mRNA levels 

remaining unchanged at 0.9 fold relative to E2 primed vehicle (+E2 EtOH) (Figure 6.4). This 

result suggests a switch from a repressive role for Dex signalling in regulating GRα mRNA, to 

no effect on the addition of 48 hour E2 priming. This result appears to support ER and GR 

crosstalk (Figures 3.2 and 4.4), suggesting that prolonged low doses of E2 may influence the 

expression of GR regulated genes in response to GCs. This response to E2 may occur 

indirectly through ER-mediated changes in GR phosphorylation at Ser-211, as seen with the 

E2-induced up-regulation of protein phophatase 5 (PP5) expression in MCF-7 cells (Zhang et 

al., 2009).  

Treatment with P4 on E2 primed LβT2 cells resulted in a similar trend to that obtained with 

P4 alone, i.e. repression of GRα mRNA levels to 0.6 fold relative to vehicle (Figure 6.4). 

However the result is representative of one biological repeat and additional experiments are 
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required to determine the significance of E2 priming on P4 responses in LβT2 cells. However 

it appears that low doses of E2 treatment do not affect the repressive effect of P4 regulating 

GRα mRNA expression. This result argues against the hypothesis that P4 signalling acts via 

the GR, as the effects of E2 priming were only influential in abolishing Dex-induced 

repression and not P4-induced repression. This suggests that Dex and P4 signalling is 

mediated by two different receptor pathways to regulate GRα mRNA levels. 

Treatments with GnRH on E2 primed LβT2 cells appeared to have a similar repressive trend 

in regulating GRα mRNA expression when compared to the un-primed sample set (Figure 

6.4), with relative GRα mRNA levels dropping to 0.5 fold expression compared to vehicle 

(Figure 6.4). Thus E2 priming does not affect GnRH-mediated signalling in regulating LβT2 

GRα mRNA expression. Co-stimulation with Dex plus GnRH on E2 primed LβT2 cells reduced 

GRα mRNA levels to 0.45 fold relative to vehicle (Figure 6.4). Although repression is still 

observed upon Dex plus GnRH co-treatment, the combined repressive effects of Dex and 

GnRH appear to be reduced when compared to the un-primed Dex plus GnRH sample set. 

This suggests that the response may be representative of GnRH action alone, as E2 priming 

was able to reduce Dex-mediated repression (Figure 6.4). Further experiments are required 

to establish whether this change in Dex-response between E2 primed and un-primed LβT2 

cells is statistically significant. Stimulation with P4 plus GnRH co-treatment reduced GRα 

mRNA levels to 0.7 fold in relative expression (Figure 6.4). Once again this suggests that P4 

does not act via the GR and that E2 priming does not influence P4 or GnRH-mediated 

regulation of GRα mRNA expression in LβT2 cells.  

In conclusion, Figure 6.4 shows that endogenous LβT2 GRα mRNA is transcriptionally 

repressed in a ligand-dependent manner, upon Dex, P4 and GnRH treatments alone, but not 

with E2 priming alone. The finding that GR mRNA repression in the presence of Dex plus 

GnRH appears to be greater than that observed with each ligand alone, could suggest Dex-

mediated and GnRH-mediated signalling are acting simultaneously. This would suggest GR 

and GnRHR crosstalk regulates GR levels. Additionally the novel result of E2 priming 

appearing to abolish Dex-mediated repression of GRα mRNA, may suggest GR and ER 

crosstalk may regulate GR levels. However, E2 priming did not appear to affect P4-mediated 

or GnRH-mediated GRα mRNA repression. An interesting observation was that responses 
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involving (GR-specific) Dex treatments seemed to be the only responses affected by E2 

priming (Figures 3.2 and 4.4), while no effects were seen on GnRH or P4 signalling. The 

implications of this result suggest ER and GR signalling pathways may crosstalk in order to 

finely balance endocrine activity in the body. This further suggests that low doses of E2 may 

modulate GR-mediated activity, yet additional experiments are required to assess the 

involvement of the GR and ER in this response. 

6.3 GRα protein levels are ligand-dependently regulated in response 

to hormone treatments in LβT2 cells. 

As shown earlier, functional GR protein is present under basal conditions (Figure 6.2 and 

Figure 6.3). This study has shown GR mRNA levels are regulated in response to ligand 

treatments (Figure 6.4), suggesting ligand-dependent mechanisms regulate GR-mediated 

responses. Therefore the rationale was to determine whether observed changes in GRα 

mRNA levels mimicked the changes in protein levels. To measure varying GR protein levels, 

LβT2 cells were primed for 48 hours with or without 0.2 nM E2. Thereafter the cells were 

treated for 8 hours with vehicle or test compounds, Dex, P4 GnRH and combinations thereof 

at saturating concentrations (100 nM). Thereafter, samples were harvested, and resolved 

using western blotting, and probed with a specific antibody raised against GRα protein to 

assess GRα protein levels. 
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Figure 6.5 (A-B): Effects of Dex & GnRH, but not P4 and E2, on GR protein levels correlate with GR 

mRNA levels. LβT2 cells were plated into 12-well plates in DMEM supplemented with 10% serum. 

After a 24 hour incubation period, the cells were treated with or without 0.2 nM E2 in phenol red-

free media supplemented with 10 % charcoal stripped serum. After 48 hours, the cells were treated 

with 100 nM of the appropriate ligand and combination thereof in phenol red-free, serum-free 

media. The cells were stimulated for 8 hours prior to harvesting in 50 µl SDS sample application 

buffer. Equal volumes (10 µl) of LβT2 whole cell lysates were separated on a 8% SDS denaturing 

polyacrylamide gel transferred to a nitrocellulose membrane and probed with anti-GRα-specific and 

anti-flotilin-1-specific (Loading control) primary polyclonal antibodies. Anti-rabbit secondary 

A 

B 
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antibodies were used for detection of GRα and anti-mouse-HRP secondary antibodies were used for 

detection of flotilin-1 primary antibodies. Signals were visualised using Amersham 

Chemiluminescence. GRα and flotilin-1 proteins are observed at 95 kDa and 48 kDa (A). GRα signals 

were developed on radioautographs and scanned. Signal intensities were quantified using AlphaEase 

FCTM Software (Alpha Innotech Corperation). Loading was normalised through flotilin-1 protein levels 

and represented as relative GR protein, relative to vehicle treated EtOH. The blot in A is a single 

representative of a GRα immune-blot, while the graph shows pooled results for several independent 

western blots (n=4 for all samples without E2, n=3 for all E2 containing samples, and n=1 for +E2 P4 

sample). 

 

Figure 6.5A is a representation of an immuno-blot showing varying GRα protein levels in 

response to multiple ligand conditions. No significant differences in total GR levels are seen 

(Figure 6.5B), unlike the results obtained for GR mRNA levels (Figure 6.4). The responses 

observed on relative GRα protein levels appear small and insignificant. Error in 

quantification and normalisation may have resulted in no significant changes GRα protein 

expression. The rate of GR turn-over in response to hormone treatments, may account for 

this apparent discrepancy in GRα protein levels (Avenant et al., 2010). 

 Treatment with Dex appeared to reduce GR protein levels to 75% relative to vehicle, while 

P4 and GnRH treatments alone show no effect on regulating GR protein levels (Figure 6.5B). 

Dex and GnRH co-treatment appears to reduce GRα protein levels (70% relative to vehicle) 

(Figure 6.5B). This result corresponds to the suppressive combinational effects of Dex and 

GnRH co-treatment on GRα mRNA levels (Figure 6.4). 

An apparent repressive trend is seen when comparing the effects of Dex and Dex plus GnRH 

conditions on total GRα protein levels (Figure 6.5B) with GRα mRNA levels (Figure 6.4). Not 

all ligand-dependent trends correlated with the GRα mRNA expression, as no effects were 

seen on GRα protein levels with P4 treatment, and no abolishment of Dex-mediated 

repression in response to E2 priming. 
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The effects 0.2 nM E2 on GRα protein levels yielded a range of insignificant responses which 

appear to be highly variable when compared to the un-primed sample set (Figure 6.5B). This 

may be a result of biological and technical variation between experimental repeat 

experiments. E2 priming alone showed no effect on GRα protein levels, while E2 priming 

and Dex treatment appeared to reduce GRα protein levels to 70% relative to vehicle (Figure 

6.5B). P4 treatment on E2 primed LβT2 cells result in no effect on GR protein levels, with 

GRα levels remaining unchanged compared to vehicle (Figure 6.5B). GnRH treatments on E2 

primed LβT2 cells appeared to show a reduction in GRα protein levels to about 80% relative 

to vehicle.  

Co-treatments with Dex and GnRH on E2 primed LβT2 cells appear to show the largest 

reduction in GRα protein levels (about 60% relative to vehicle) (Figure 6.5B), in correlation 

with GRα mRNA expression levels (Figure 6.4). Finally the effects of P4 and GnRH co-

treatments appear to show a highly varied response, with GRα protein levels dropping to 

60% relative to vehicle (Figure 6.5B). 

Taken together, E2 priming appears to increase the variability of GRα protein levels in 

response to ligand treatment (Figure 6.5B). This suggests that the quantitative analysis of GR 

protein through western blotting and subsequent computer scanning is not the most 

sensitive technique. This may explain discrepancies observed between GR mRNA and 

protein levels in response to ligand treatments. However, the trend in varying GR protein 

levels in relation to ligand treatments (Figure 6.5B) appears to correlate with the observed 

trend in GRα mRNA expression with regards to Dex and Dex plus GnRH treatments (Figure 

6.4). Dex treatments suppress GRα mRNA and protein levels, in a ligand-dependent manner, 

with the combined effects of Dex plus GnRH being seen on Dex plus GnRH treatments, 

highlighting potential GR and GnRHR crosstalk regulating GR protein levels. 

Therefore the down-regulation of GRα mRNA and protein levels in response to Dex and 

GnRH treatments may serve as feedback signalling mechanisms, to regulate GR-mediated 

signalling (Kotitschke et al., 2009) To further confirm this, additional data sets are needed to 

be investigated using a more sensitive and accurate method of quantifying GRα protein 

levels (such as using digital imaging software opposed to using x-ray film for image 

development). A time course should also be implemented to measure the effects of Dex and 
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GnRH signalling on GnRHR expression relative to functional GR protein levels in LβT2 cells. 

This feedback signalling may have influential downstream effects of GR-mediated 

transcription in LβT2 cells. 
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CHAPTER 7 

CONCLUSIONS 

A central aim of this study was to assess the effect of GnRHR and SR signalling on 

endogenous hormone receptor mRNA levels in the LβT2 cell line. Receptors of interest 

included the GnRHR, and the ER, PR and GR steroid receptors. Basal steroid receptor 

expression and activity were characterised. The effect of hormone treatments on relative 

GnRHR and steroid receptor mRNA expression was examined using quantitative real-time 

PCR. Results presented in this study show significant ligand-dependent regulation of 

endogenous LβT2 GnRHR and steroid receptor mRNA expression. These results do not 

establish a precise mechanism of repression. But, they do establish a basis for further 

experimental assessment on the specific responses observed. 

7.1  ER, PR and GR characterisation in the LβT2 cell line  

Table 7.1: Characterisation of steroid receptors in the LβT2 cell line. Table summarizes results on 

basal mRNA expression, basal protein expression and agonist-mediated activity of target steroid 

receptors (ER, PR and GR) in the LβT2 cell line.  

Steroid Receptor Observed Results Relevant 

Figures 

ERα 

ERα mRNA is detected with conventional PCR Figure 4.1 

No ERα protein detected with Western blotting  Figure 4.2 

No ER-mediated activity on ERE-luc reporter Figure 4.3 

PR-B 

PR-B mRNA is detected with conventional PCR Figure 5.1 

No PR-B protein detected with Western blotting  Figures 5.2 & 5.4 

No PR-B-mediated activity on PRE-luc reporter Figure 5.3 

GRα 

GRα mRNA is detected with conventional PCR Figure 6.1 

GRα protein detected with Western blotting  Figures 6.2 & 6.4 

GR-mediated activity on GRE-luc reporter Figure 6.3 

In this study it was shown that ERα mRNA is basally expressed in the LβT2 cell line (Figure 

4.1), but assessment of ERα protein levels proved inconclusive. The ERα-specific primary 

antibody used appeared to be unsuccessful in detecting of ERα protein (Figure 4.2), as was 

shown from antibody optimization for the ERα primary antibody (data not shown). 

Furthermore ERE-luc reporter promoter assays showed no change in ER-mediated activity 

upon agonist (E2) treatment (Figure 4.3). The same ERE-luc reporter plasmid did respond to 
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GnRH treatments (Figure 3.5), suggesting a response independent of the ER. ER isoforms 

were not assessed in this study, leaving the possibility that a truncated or even mutated ER 

isoform may be present in the LβT2 cell line. A previous study has shown the presence of 

functionally active ERα protein in the LβT2 cell line (Shupnik et al., 2000; Chen et al., 2009), 

yet the current study was unsuccessful in detecting any ER protein and activity. Therefore in 

conclusion, ERα mRNA is basally expressed in the LβT2 cell line (Figure 4.1), and is ligand-

dependently regulated in response to hormone treatments (Figure 3.4). This suggests the 

ERα is likely to have some functional purpose in LβT2 responses (Chen et al., 2009).  

This study has shown that PR-B mRNA is basally expressed in the LβT2 cell line (Figure 5.1). 

However, no PR-B protein could be detected using Western blotting techniques (Figures 5.2 

and 5.4). This result was further confirmed, as PR (A+B) primary antibody was shown to be 

specific for the PR protein during PR (A+B) antibody optimization in the LβT2 and Cos-7 cell 

lines, however this data is not shown. The results of the reporter assay show no significant 

levels of agonist (P4 and R5020) activated PR-B protein (Figures 5.3 and 5.6). Interestingly, 

P4 treatments did significantly affect ERα mRNA expression (Figure 4.4) and GRα mRNA 

expression (Figure 6.4), suggesting the presence of a progesterone receptor mediating the 

transcriptional effects of P4 on target gene-expression in the LβT2 cell line. 

One weakness of this study was in the failure to detect ERα and PR-(A+B) protein, despite 

the detection of their respective RNAs by conventional and real time PCR. Interestingly, new 

studies are beginning to reveal a complex relationship between SRs and endogenous 

miRNAs. miRNAs are an abundant class of small nonprotein-coding RNAs that mostly 

function as negative regulators of protein-coding gene expression in multiple tumor cell 

lines (Cochrane et al.,2010). Several miRNAs have been shown to directly target and repress 

the translation of ERα. These include miR-206, miR-222, miR-22, miR-18a, miR-19b, miR-20b 

and miR145 (Cochrane et al., 2010; Mallot et al., 2009; Kondo et al., 2008; Xiong et al., 2010; 

Zhao et al., 2010). Overexpression of these miRNAs has been shown to decrease ERα 

protein and suppress ERα-mediated signalling (Cochrane et al., 2010). Futhermore, two 

miRNAs, the production of which was inhibited by estrogen, have been shown to target PR 

and reduce PR mRNA and protein levels (Maillot et al., 2009). Whether this relationship 

between SR expression and miRNAs is responsible for the lack of ERα and PR-B protein 
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detection in the LβT2 cell line still needs to be determined. This could be assessed through 

the use of real time PCR, using LβT2 RNA samples and stem-loop RT primers specific for the 

miRNAs in question (Vreugdenhil et al., 2009; Maillot et al., 2009). With regards to the GR, it 

was shown that GR protein is present and functionally active in the LβT2 cell line. Results 

show basal GRα mRNA expression (Figure 6.1) and basal GRα protein expression (Figure 

6.2). Results further show functional GR-mediated transcription in response to GR agonist 

(Dex) treatment on a GRE-reporter plasmid (Figure 6.3), consistent with the literature 

(McGillivray et al., 2007; Kotitschke et al., 2009). Furthermore GR protein levels appear to 

be regulated in response to ligand treatments, suggesting that the GR is likely to have a 

functional purpose in mediating LβT2 responses (Figure 6.4). Taken together, these results 

show functionally active GRα in the LβT2 cell line. 

 

7.2  Summary of the effects hormones have on SR mRNA expression 

Table 7.2: Summary of mRNA expression results. In this study a number of ligand-dependent 

responses were seen affecting hormone receptor mRNA expression in LβT2 cells. The main results 

obtained from this study have been summarized in the table below. 

Target of 

Interest 

Observed Results Relevant 

Figures 
GnRHR mRNA 

levels 

Appears to increase in response to Dex 

Appears to increase in response to GnRH 

Significant increase in response to Dex + GnRH 

E2 priming appears to increase the Dex response 

E2 priming appears to eliminate Dex additive effect 

Figure 3.2 

ER mRNA levels Significant decrease in response to GnRH 

Significant decrease in response to P4 

E2 priming appears to increase Dex response 

E2 priming appears to reduce Dex repressive response 

Figure 4.4 

PR mRNA levels Significant increase in response to GnRH 

No effect in response to Dex, P4 and E2 treatment alone 

E2 priming appears to have no effect on PR mRNA expression 

Figure 5.4 

GR mRNA levels Significant decrease in response to Dex 

Significant decrease in response to P4 

Significant decrease in response to GnRH 

Significant decrease in response to Dex + GnRH 

E2 appears to inhibit Dex response 

E2 priming appears to reduce Dex repressive response 

Figure 6.4 
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A success of this study revealed that the GnRHR gene and SRs genes (ER, PR and GR) are 

significantly regulated in the LβT2 cell line, showing reproducible ligand-dependent trends in 

response to hormone treatments. This suggests that promoter regions of these target genes 

are transcriptionally regulated via hormone-responsive cis-elements. The GnRHR-gene 

promoter has been extensively characterised (Sadie, 2006), showing multiple factors 

recognizing specific cis-elements within the GnRHR promoter (Figure 1.8). SR-gene 

promoters have been sequenced (Breslin et al., 2001; Kos et al., 2001; Kastner et al., 1990), 

and show multiple promoters and transcriptional start sites. SR-gene promoters contain GC-

rich regions and generally lack TATA or CAAT boxes (Breslin et al., 2001; Kastner et al., 

1990), making interpreting mechanisms for transcrpitional regulation complicated. The 

author feels there is a lack of studies addressing the characterisation of cis-elements and 

molecular mechanisms mediating ligand-dependent SR-gene promoter regulation. For this 

reason, more research is required in this field. 

Interestingly P4 treatments were seen to significantly down-regulate ERα (Figure 4.4) and 

GRα mRNA expression (Figure 6.4). How these effects of P4 are being mediated to regulate 

target LβT2 gene expression is unclear, given the lack of detectable functional PR protein. P4 

has been shown to be a partial agonist for the GR, having a relative binding affinity (RBA) of 

274 nM for P4 binding to the GR; established in COS-1 cells by competitive binding assays 

using radio-labelled GR agonist, Dex, and transiently expressed recombinant GR protein 

(Ronacher et al., 2009). The RBA for Dex binding to the GR was also calculated to be 14 nM 

(Ronacher et al., 2009). Therefore one can estimate that the concentrations of P4 used in 

this study (100 nM) will not be high enough to saturate the GR, yet may have some partial 

effect on GR activity (Kontula et al., 1983; Koubovec et al., 2005).  

However a role for the GR in mediating the effects of P4 is not supported by the results 

showing significant differences between Dex and P4 treatments on ERα mRNA expression 

(Figure 4.4). ERα mRNA expression is significantly down-regulated in response to P4 

treatment, yet is not regulated in response to Dex treatment (Figure 4.4). Therefore GR 

signalling appears unlikely to be responsible for the effects of P4, suggesting a specific P4-

signalling pathway. 
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Another possibile mechanism by which P4 may elicit these responses is thought to be via a 

putative mPR. However, the results in this study suggest that mouse mPRα mRNA is not 

expressed in the LβT2 cell line (Figure 5.7). The presence of mPRα protein could not be 

determined due to problems in recombinant mPRα protein expression and mPRα protein 

detection using Western techniques (Addendum A, Table 9.1). The effects of P4 may be 

mediated by mPRβ or mPRγ, the expression of which was not examined in the current LβT2 

study. However, this is unlikely as others have shown that mPRβ and mPRγ mRNA are not 

expressed in the pituitary of humans (Zhu et al., 2003).  

A number of studies assessing the role of PR have been performed in the LβT2 cell line and 

have shown the presence of transcriptionally active PR-B protein (Thackray et al., 2009; An 

et al., 2009; Sleiter et al., 2009). However, these studies also used transiently transfected PR 

protein to confirm a role for PR signalling. The current author queries the need to over-

express PR protein, and the physiological significance of doing PR studies in a cell line which 

appears to exhibit little to no functional PR protein (Figure 5.1), when others have shown 

endogenous PR in both primary rat and mice models (Turgeon and Waring, 2000; Turgeon 

and Waring, 2006). This further highlights the importance of doing research in primary cell 

lines, as it may be possible for immortalised cell lines to change their properties over time 

under laboratory conditions. Taken together, P4 treatments did elicit a significant response 

on both ER and GR mRNA expression (Figures 4.4 and 6.4), supporting the concept that a 

functional PR protein is most likely present at low levels in the current LβT2 cell line.  

Interestingly GnRH treatments were seen to affect the transcriptional expression of all 

steroid receptors examined in this study (Figures 4.4, 5.4 and 6.4), highlighting the 

importance of GnRH signalling feedback in regulating gonadotrope steroid receptor levels. 

To the knowledge of the author, these are the first studies showing the effects of GnRH on 

endogenous SR mRNA expression in LβT2 cells. 

Mechanisms explaining how GnRH is able to regulate target receptor expression are still 

unknown, and require further experimental assessment. Two possible mechanisms could 

account for the observed regulation of target steroid receptor gene expression: The first 

may be via GnRH activating a wide variety of signalling proteins indirectly involved in gene 

transcription (PKA, PKC, MAPK) (Marinissen and Gutkind. 2001). These kinases may then 
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target transcription factors (including c-Jun and c-Fos) to regulate cis-elements in target SR 

promoter regions. A site resembling an NF-κB in the GRα 1C promoter region (Figure 1.14) 

(Breslin et al., 2001), and an AP-1 site found in the ERα promoter (Tang et al., 1997) may be 

potential promoter targets for transcriptional regulation in response to GnRHR signalling 

(Kotitsche et al., 2009; von Boetticher, 2008; Marinissen and Gutkind, 2001). 

The effect of GnRH in modulating SR activity through ligand-independent mechanisms has 

been reported in a number of published studies. GnRH has been shown to ligand-

independently activate the GR (Kotitschke et al., 2009), ER (Chen et al., 2009) and PR (An et 

al., 2009) in LβT2 cell line. These studies show ligand-independent phosphorylation of SRs at 

key amino acid residues in response to GnRH treatment. Therefore a second mechanism 

may be via GnRHR activating SRs, in the absence of steroids, to regulate promoter activity. 

Potential targets for SR-mediated regulation include a half-GRE site in the GRα 1C promoter 

region (Berslin et al., 2001), a half-ERE in the PR-A promoter (Kastner et al., 1990) and, a 

half-PRE site in the ERα promoter (Amicis et al., 2009). 

One final explanation could involve a combination of GnRH-induced ligand-independent SR 

activation, and conventional GnRH-mediated signalling. Although one can hypothesise a 

mechanism based on the current literature, further experimental information on the ligand-

dependent regulation of endogenous SR promoter expression would help in assessing the 

observed transcriptional effects GnRH has on target SR genes 

Combination treatments of hormones were seen to significantly modulate mRNA receptor 

expression in LβT2 cells. Specifically, Dex and GnRH co-treatments were seen to act 

additively too significantly up-regulate GnRHR mRNA expression. As explained earlier, this 

result confirms a mechanism previously suggested (Kotitschke et al., 2009). Dex plus GnRH 

treatments also significantly down-regulate GRα mRNA expression more so when compare 

to individual treatments alone (Figure 6.4). Dex-mediated ligand-dependent activation of 

the GR, and GnRH-mediated ligand-independent activation of the GR, may mediate the 

transcriptional effects seen the GRα mRNA expression. Therefore two separate signalling 

pathways may be activated in response to Dex and GnRH alone, yet both pathways may 

converge on the GRα promoter to potentiate the observed Dex + GnRH repression on GRα 

mRNA expression. Furthermore the GRα 1C promoter contains a half-GRE site and an NF-κB 
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site (Figure 1.14) (Breslin et al., 2001), two potential cis-elements that may be involved in 

this response. However, this hypothesis requires further experimental assessment before 

any conclusions can be made. 

An interesting trend was seen with E2 priming appearing to modulate Dex responses 

regulating GnRHR (Figure 3.2), ER (Figure 4.4) and GR (Figure 6.4) mRNA expression levels. 

This response was not apparent for all genes (Figure 5.4), suggesting it is gene-specific. In 

the literature, the effect of 0.2 nM E2 priming has been examined in the context of PR-

mediated signalling, as E2 priming shows a positive influence on PR expression in primary 

rat and mice gonadotropes (Turgeon and Waring, 2006; Turgeon and Waring, 2000). In this 

current study, it appears that E2 may have a broader effect on SR-mediated transcription. 

Low dosages were seen influencing the transcriptional effect Dex treatments may have on 

endogenous SR mRNA levels in the LβT2 cell line. These results suggest that E2 and Dex 

signalling pathways may crosstalk along the HPG and HPA axes (Figure 1.4). Yet molecular 

mechanisms of crosstalk between estrogens and glucocorticoids are poorly understood. 

Interestingly two studies have shown E2 treatment can inhibit glucocorticoid action. The 

first study shows that ligand-bound ERα can block Dex-mediated repression on the IL-8 

promoter in U2Os cells (Cvoro et al., 2011). Here, ERα directly interacts with the GR to 

interfere with the recruitment of nuclear co-activator 2 to the IL-8 promoter (Cvoro et al., 

2011). A second study shows that E2 can indirectly decrease ligand-induced GR 

phosphorylation at Ser-211 in MCF-7 and T47D cells (Zhang et al., 2009). Here, E2 increased 

the expression of protein phosphatase 5 (PP5), a phosphatase involved in 

dephosphorylating the GR at Ser-211, to decrease the transcriptional activity of GR protein 

(Zhang et al., 2009). The question whether this effect of E2 priming is mediated directly by 

ER and GR interactions or indirectly through regulating PP5 expression requires further 

experimental assessment. 
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7.3 The effects of E2 and GnRH priming on reporter promoter 

activity 

Reporter 

Promoter 

Observed Results Relevant 

Figures 
ERE-reporter 

promoter 

Agonist treatments show no increase in ERE-transcription with and 

without GnRH priming 

GnRH priming significantly increases basal ERE-reporter activity 

Figure 4.5 

PRE-reporter 

promoter 

Agonist treatments show no increase in PRE-transcription with and 

without GnRH priming 

GnRH priming significantly effects basal PRE-reporter activity 

Figure 5.6 

PRE-reporter 

promoter 

Agonist treatments show no increase in PRE-transcription with and 

without E2 priming 

E2 priming significantly effects basal PRE-reporter activity 

Figure 5.6 

The aim of the reporter-promoter assays was to assess if E2 or GnRH priming could 

modulate SR (ER and PR) activity on a HRE-reporter plasmid, in the absence and presence of 

agonist. ER-specific agonist treatment (E2) and PR-specific agonist (R5020) showed no 

significant increase in ERE-mediated and PRE-mediated transcription, respectively. Both 

results have been discussed previously in Section 7.1.  

Interestingly, when LβT2 cells were primed with GnRH, a significant increase in basal ERE 

and PRE-reporter activity was observed. Previous studies have highlighted the ligand-

independent effects of GnRH on the ER and the PR in the LβT2 cell line (Chen et al., 2009; An 

et al., 2009). These studies show that ER and PR activation is mediated by GnRH treatments, 

inducing site specific phosphorylation and co-activator interaction to promote endogenous 

fosB and fshβ mRNA expression, respectively, and ERE-or PRE-reporter promoter activity in 

LβT2 cells (Chen et al., 2009; An et al., 2009). Unfortunately the hypothesised GnRH-

mediated ligand-independent SR activation cannot be confirmed from HRE-luc reporter 

results alone. Further experiments are required before any conclusions may be made. A 

more plausible conclusion may suggests GnRH-priming is modulating the activity of RNA 

polymerase II or basal transcription factors involved in HRE-reporter expression, as no 

functional ER or PR protein could be detected in the current LβT2 cell line (Figures 4.2, 4.3, 

5.2, 5.4). 

Furthermore, a significant increase in PRE-reporter activity was seen in response to 0.2 nM 

E2 priming. The RBA of the ERα for E2 has been experimentally determined to be 0.9 nM 
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(Blair et al., 2000). Therefore at a concentration of 0.2 nM E2, only a small fraction of the ER 

would be occupied by E2. This suggests the increase in PRE-reporter activity (in response to 

E2 priming) may not be mediated by liganded ER. However, one can only conclude that 

further experimental data is required to investigate the potential involvement of ER protein 

in this significant response. 

7.4  Statistical analysis of SR mRNA expression data 

An important aspect of all biological research is the statistical significance of the data 

collected during any study in question. In order to gather statistically relevant data, the 

researcher must be unbiased in interpreting his/her results, and appropriate statistical 

analysis should be applied. Therefore quantitative real-time PCR expression data was 

analyzed using a non-parametric two way ANOVA with bonferroni post tests. This ANOVA 

test was chosen to assess the significance of hormone treatments (variable 1) and E2 

priming (variable 2) on endogenous LβT2 GnRHR and SR mRNA levels. Furthermore, 

bonferroni post test were used to assess the significance of individual ligand treatments 

relative to control (-E2 EtOH).  

A limitation of this statistical test occurs when using large number of hormone conditions 

(large sample set). A central aim of this thesis was the broad assessment of hormone-

dependent effects on multiple genes in the LβT2 cell line, with the intent to establish a basis 

for further research. A large number of biological and technical repeats are required to 

obtain statistical significance for small differences on a large sample set. In this study, four 

biological repeats were collected for the un-primed (–E2) sample set, and three biological 

repeats for the E2 primed (+E2) sample set. Ideally more experimental repeats would be 

preferred for a study of this nature. However due to financial and time constraints, repeat 

number (n) was kept to a minimum to allow for the high number of hormone conditions. 

This may imply that some of the smaller insignificant responses observed on target mRNA 

levels may hold more significance if additional repeat experiments are performed. 

For this reason effects of hormone treatments on endogenous LβT2 GnRHR mRNA 

expression did not reveal much statistical significance in responses. However, this statistical 

insignificance is not surprising, as is most likely due to the large sample set (12 hormone 
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conditions) and low number of biological repeats (n=3), coupled to possibly small fold 

changes. The large degree of variability for the two ligand conditions (-E2 and +E2, Dex + 

GnRH treatments), further reduces any possibility of getting statistically significant data. 

What can be said is that there is a reproducible ligand-dependent trend regulating GnRHR 

mRNA expression in the LβT2 cell line (Figure 3.2), which appears similar to the results 

previously  seen (Kotitsche et al., 2009; von Boetticher, 2008). Kotitsche et al, (2009) 

showed that GnRHR mRNA expression is synergistically up-regulated in response to Dex plus 

GnRHR co-treatment. It was shown that the transcriptional effects of Dex and GnRH 

treatment are mediated via an AP-1 site on the GnRHR promoter, through a mechanism 

dependent on the GR and the GnRHR (Figure 1.8) (Kotitschke et al., 2009). These results 

further show the potential for HPA and the HPG crosstalk regulating LβT2 gene expression. 

Taken together, the current study supports the finding that Dex, GnRH and co-treatment 

with both ligands, up-regulate GnRHR mRNA expression (Kotitsche et al., 2009). 

In an attempt to reduce the error present in real-time PCR data, one could incorporate a 

more accurate normalisation method of real-time PCR data by geometric averaging of 

multiple internal control genes (Vandesompele et al., 2002). These authors showed that the 

use of a single gene for normalisation may lead to a relatively large error in a significant 

proportion of the samples tested. This normalisation stratagy has been validated, and 

presents the possiblilty of studying the biological relevance of small expression differences 

(Vandesompele et al., 2002). 
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7.5  A model to represent receptor mRNA levels relative to 

endogenous GAPDH mRNA expression 

It is becoming clearer that a cell system exists in a constant state of flux, with multiple 

signalling events occurring constantly to maintain cellular homeostasis. This suggests that 

the expression of multiple target genes is regulated simultaneously in response to multiple 

signalling molecules. In the context of this study, varying SR-levels will have a significant 

consequence on down-stream SR-mediated signalling and/or target gene expression. 

Graphically representing total mRNA expression data relative to GAPDH mRNA expression 

will help visualise the “bigger picture”; the effects hormone treatments have on multiple 

receptor mRNA levels in the LβT2 cell line. Therefore, a model that integrated all the relative 

levels of target mRNA expression, was devised to visualise ligand-dependent trends on LβT2 

target gene expression (Figure 7.1). The model assumes that the transcriptional effects of 

hormone treatments on SR mRNA levels have a concomitant effect on protein translation. 

However this is not necessarily the case (Malys and McCarthy, 2011), but is a useful 

assumption for estimating the relative receptor levels of LβT2 cells under different hormone 

conditions. 
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Legend 
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Figure 7.1: A cellular representation of total receptor levels in response to treatments, assuming 

relative protein levels follow relative mRNA levels. Using quantitative real time PCR data, Ct values 

obtained under basal (EtOH) conditions were averaged (n=3) for each gene of interest (GAPDH; 

GnRHR; ER; PR; GR). Total receptor levels were normalised to GAPDH expression under basal 

conditions (EtOH). Ligand-dependent effects were set relative to (EtOH) by applying the receptor 

ratio under basal conditions to the ligand-depend trends (ΔCt) observed for each receptor and each 

condition. Note, this model only represents a projection of relative cellular receptor content from 

quantitative real-time PCR, with the possibly incorrect assumption that the transcriptional effects on 
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receptor mRNA levels is translated through to protein levels. This model serves as a visualising aid, 

to help gain insight into the overall effects hormone treatments have on total receptor expression. 

Firstly, an aspect of this study that has fallen short was in the assessment of SR protein 

levels. GRα protein levels were detected and appear to be regulated in a similar ligand-

dependent trend as GRα mRNA, in response to Dex and GnRH treatments. The question 

whether ERα, PR-B and GnRHR protein levels will follow similar ligand-dependent trends 

cannot be concluded, as ERα and PR-B protein could not be detected using Western blot 

techniques. Furthermore, previous attempts in detecting GnRHR protein levels, in the 

Hapgood lab, have proven unsuccessful due to problems in the immuno-detection of GnRHR 

protein (data not shown). What this model can offer is a possible prediction of ERα, PR-B 

and GnRHR levels under hormone conditions used in this study.  

What is interesting is the interplay of these hormones in regulating multiple receptor mRNA 

levels in the LβT2 cell line. Therefore this model helps to define a complete receptor 

transcriptome for the LβT2 and for the effects of these hormones, both alone and in 

combination.. A recent review has shown a role for multiple and simultaneous hormone 

treatments regulating gonadotrope physiology (Thackray et al., 2010). This review suggests 

that a precise interplay of GnRH, activin and sex hormones is influential in governing 

gonadotropin hormone production. This also highlights the importance of hormones acting 

additively and even synergistically in regulating target gonadotrope genes (Thackray et al., 

2010). Whether these fold changes in receptor levels seen in this study, in response to 

multiple hormone treatments, is enough to result in a physiological effect, is hard to say. 

However, a study has shown that varying GR protein levels do have an influential effect on 

Dex responsiveness (Zhao et al., 2003). Therefore one can hypothesis that these changes in 

receptor levels are influential in LβT2 physiology. Further studies in primary cultures are 

required to assess the effects on gonadotrope physiology.  

An initial observation is the extent to which the GnRHR is regulated. Under all conditions, 

the GnRHR mRNA is never down-regulated. This may suggest that the GnRHR is an 

important receptor for maintaining LβT2 function. Previous studies have shown GnRHR-

mediated signalling regulates a number of important gonadotrope genes, including fshβ (An 

et al., 2009) fosB (Chen et al., 2009) and LHβ (Turgeon et al., 1996). Furthermore, under 
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GnRH + Dex conditions the GnRHR mRNA is highly expressed, in excess of any other 

receptor mRNA. This response appears to be synergistic in nature, and further supports the 

possibility that signalling crosstalk may lead to differential mRNA expression (Thackray et al., 

2010). This in not unexpected, as the main function of the pituitary gonadotrope is to 

respond to GnRH, suggesting that GnRHR-mediated signalling will be favoured under the 

combined Dex and GnRH hormone condition.  

Interestingly ERα and GRα mRNA and GRα protein were not up-regulated in response to the 

hormone conditions used in this study. This result suggests negative feedback from the 

gonads and adrenal gland to the pituitary regulates relative SR levels. This feedback has 

been established, with GRα levels down-regulated in response to GCs (Burnstein et al., 

1990) and ER levels down-regulated in response to P4 (Amicis et al., 2009). However, what 

is interesting, is the significant affect GnRH treatment has on reducing both ERα and GRα 

expression levels. 

On the other hand, PR levels do not seem to be affected by Dex P4 and E2 treatments. Only 

GnRH treatments up-regulate PR levels in the LβT2 cell line. As for the effects of E2 priming, 

it appears no significant changes are occurring on mRNA the mRNA levels investigated. The 

only apparent effect is under Dex conditions, where Dex-mediated suppression of GRα is 

lifted in response to E2 priming. Taken together, it is clear that GnRHR, ER, PR and GR 

expression levels are regulated in response to hormone treatments. However, the LβT2 cell 

line may not mimic the effects in primary cells, and therefore need to be confirmed in 

primary cell cultures.  

In conclusion, the most important observation from this study shows the influential role of 

GnRHR-signalling in regulating LβT2 mRNA expression. Not only were most of the significant 

changes in SR mRNA levels in response to GnRH treatment, but GnRHR mRNA levels were 

shown to be highly regulated in response to multiple hormone treatments. These results 

show GnRH-signalling significantly regulates ER, PR and GR mRNA expression in LβT2 cells, a 

result which has not been previously published. 
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7.6  Final conclusion 

In summary, this current study presents for the first time, an overview of classical SR (ER, PR 

and GR) presence and function in the LβT2 cell line The study shows that GnRHR and SR (ER, 

PR and GR) mRNA levels, and GR protein levels are ligand-dependently regulated in LβT2 

cells. This suggests that target SR promoters are transcriptionally regulated in response to 

multiple hormone treatments. Specifically, several interesting and significant findings were 

established from this study. 

The significant findings in the LβT2 cell line include;  

 GnRH treatment significantly regulates ER, PR and GR mRNA levels 

 GnRH and E2 priming significantly modifies basal HRE-reporter activity 

 GnRHR mRNA levels are significantly up-regulated in response to Dex and GnRH 

 ERα mRNA levels are significantly down-regulated in response to GnRH 

 GRα mRNA levels are significantly down-regulated in response to Dex and GnRH 

 E2 priming appears to dampen the Dex response on ERα and GRα mRNA expression. 

 Combination treatments of GnRH and P4 show no additive effect on ligand-

dependent responses. 

 E2 priming alone has no effect on GnRHR, ERα, PR-(A+B) and GRα basal mRNA levels. 

 E2 priming does not affect P4 and GnRH-mediated responses. 

Although no mechanisms were established for the multiple observed responses, this study 

does serve as a basis for further research into novel HPG and HPA crosstalk mechanisms 

regulating endogenous GnRHR, ER, PR and GR mRNA and protein levels in the LβT2 cell line. 

It is more than likely that SRs are involved in mediating the regulation of some of these 

target genes (Figure 1.9), however many questions remain unanswered. Therefore 

additional experiments will be required to follow up the responses observed in order to 

further interpret and assess mechanisms mediating the observed ligand-induced effects on 

SR mRNA expression in the LβT2 cell line.  
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CHAPTER 8 

FUTURE PERSPECTIVES 

The results presented in this study show significant changes in GnRHR, ER, PR and GR mRNA 

expression levels in response to multiple hormonal treatments in the LβT2 gonadotrope cell 

line. Many questions remain unanswered, including the presence of functional ER and PR 

protein and the molecular mechanisms that mediate some of the observed responses. For 

this reason additional experimental strategies are required to determine possible 

explanations for the observed responses in this study. 

8.1 Basal ER and PR protein expression in the LβT2 cell line 

No functional ER protein was detected in the LβT2 cell line, contradictory to previous LβT2 

studies (Chen et al., 2009; Shupnik et al., 2000). Although the primary ERα antibody used for 

western blotting proved unsuccessful in detecting ERα protein (Figure 4.2), another ER 

antibody can be ordered to re-assess ER protein levels in this cell line. An additional strategy 

to assess whether functional ER protein is present in the LβT2 cell line would be to 

reproduce the real-time PCR results shown by Chen et al., (2009). If GnRH treatments up-

regulate endogenous fosB mRNA expression, it would suggest that functional ER protein is 

present, as the literature reports that ERα protein mediates the transcriptional effects of 

GnRH on the fosB promoter in a ligand-independent manner (Chen et al., 2009). 

Previous studies have shown a functional role for PR-mediated signalling in the LβT2 cell line 

(An et al., 2009; An et al., 2006). No PR protein could be detected in the LβT2 cell study 

using western blotting techniques in this study, however, the functional PR protein reporter 

assay (Figure 5.3), appeared to show a small increase in PR-mediated transactivation upon 

agonist treatment. Only three replicates were performed, however. Therefore additional 

repeats of the PRE-luc reporter experiment are required to assess the question of whether 

LβT2 cells express low levels of functional PR protein in a statistically relevant manner. 

Interestingly significant changes in ER (Figure 4.4) and GR (Figure 6.4) mRNA expression are 

seen in response to P4 treatments, suggesting the presence of a functional progesterone 
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receptor. A different experimental strategy to address whether LβT2 cells have functional 

PR protein could involve reproducing the real-time PCR results presented by An et al., 

(2009). If it is shown that GnRH treatments can significantly up-regulate endogenous fshβ 

mRNA expression, it would suggest functional PR protein is present in the LβT2 cell line. as 

the literature reports that the PR-B ligand-independently mediates the transcriptional 

effects of GnRH on endogenous fshβ mRNA expression (An et al., 2009). 

Another challange presented by this study was establishing which PR isoform is 

predominantly expressed in the LβT2 cell line. The primers used for amplifying PR mRNA 

expression were not suitable for distinguishing differences between PR-B and PR-A isoforms. 

Therefore PR-B and PR-A-specific primers should be used to investigate firstly if both 

isoforms are present, and secondly at what ratios of PR-B/PR-A mRNA levels exist in the 

LβT2 cell line. 

8.2 Mechanisms for GnRH-mediated regulation of SR levels 

Interestingly GnRH treatment was shown to significantly affect mRNA expression levels of 

the ER, PR and GR in the LβT2 cell line. This may occur via two possible mechanisms. The 

first may be via GnRHR signalling activating intracellular signalling cascades to activate 

various signalling complexes and transcription factors to initiate a transcriptional response. 

A site resembling an NF-κB in the GRα 1C promoter region (Figure 1.14) (Breslin et al., 2001), 

and an AP-1 site found in the ERα promoter (Tang et al., 1997) may be potential promoter 

targets for transcriptional regulation in response to GnRHR signalling. To confirm that the 

effects of GnRH treatments on target SR mRNA expression are mediated by the GnRHR 

signalling pathway; siRNA transfections can be performed to silence basal GnRHR mRNA 

expression and investigate GnRHR-mediated responses.  

The second mechanism may be via GnRHR/SR crosstalk, whereby GnRH mediates SR 

activation via steroid-independent mechanisms (An,et al. 2009; Chen,et al. 2009; Kotitsche et 

al., 2009). Therefore knock down studies using GR-, PR-or ER-specific siRNA tranfections can 

be used to silence GR, PR or ER mRNA expression and determine if the responses to GnRH 

are dependent on unliganded SRs. If SRs are shown to mediate transcriptional responses to 

GnRH treatments on some target genes, the question arises as to whether post-translational 
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modifications play an important role in these GnRH-dependent, but steroid-independent 

mechanisms. Previous studies have shown important amino acid residues involved in the 

GnRH-dependent activation of target SRs. Phosphorylation at Ser-118 and Ser-167 have 

been identified to coincide with ER steroid-independent, GnRH-dependent activation (Chen 

et al., 2009). Phosphorylation at Ser-294 has been identified to coincide with PR steroid-

independent GnRH-dependent activation (An et al., 2009); and phosphorylation at Ser-234 

has been identified to coincide with GR steroid-independent GnRH-dependent activation 

(Kotitschke et al., 2009). The question whether these particular serine residues are 

phosphorylated in response to GnRH can be assessed with overexpressed mutant SRs which 

cannot be phosphorylated at target serine residues. 

In both cases, insight into the transcription factors and cis-elements involved in mediating 

this transcriptional regulation of target SR genes would allow for a more thorough 

mechanistic understanding of the responses observed in this study. Therefore it would be 

interesting to utilize co-immuno precipitation  (Co-IP) and chromatin immuno precipitation 

(ChIP) experiments to investigate which transcription factors are recruited to the target 

promoter, and the regions/cis-elements to which they are recruited. 

Finally, significant effects were seen on basal HRE-luc reporter activity in response to GnRH 

priming. Both ERE-luc (Figure 4.5) and PRE-luc (Figure 5.6) expression increased in response 

to GnRH treatments. This may be a result of the ligand-independent activation of the ER or 

PR in response to GnRH. This mechanism is possible, since it has been shown that GnRH 

treatment mediates the site-specific phosphorylation of the ER and PR to increase 

endogenous LβT2 fosB and fshβ mRNA expression respectively (Chen et al., 2009; An et al., 

2009). However, it is also possible that these responses are independent of SRs, and 

mediated by GnRH activating component(s) of basal transcription machinery present on the 

HRE-reporter construct. The use of a mutated HRE-luc reporter should discriminate between 

these possibilities. 
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8.3  Ligand-dependent responses on ERα mRNA expression 

P4 treatment significantly reduced endogenous ERα mRNA expression (Figure 4.4) in the 

LβT2 cell line. This result may demonstrate a direct mechanism for the anti-estrogenic 

effects of P4, as the suppressive effects of P4 on ERα expression have been observed in 

multiple reproductive cell lines (Weigel and deConick, 1993). A half PRE site is present in the 

ERα promoter and is functional in MCF-7 breast cancer cells (Amics et al., 2009). This 

suggests that the effects of P4 may be via the PR binding to this half site. However, since 

functional PR could not be detected in these cells, the question arises whether this response 

is mediated by the PR in the LβT2 cell line. To get a better understanding, Co-IP and ChIP 

experiments can be used to assess which transcription factors may mediate the observed 

response to P4, and with which cis-elements within the ER promoter protein complexes 

interact. 

Another interesting question is whether P4 and GnRH co-treatment act in concert to repress 

ERα mRNA expression. Although a combination of these treatments was shown to repress 

ERα mRNA expression equal to that of GnRH treatment alone (Figure 4.4), it is possible with 

a subtracting concentration of GnRH. P4 co-treatment may act in concert with GnRH to 

suppress ERα mRNA expression. To assess this, an additional experiment can be performed 

using 100 nM, 10 nM and 1 nM GnRH treatments with and without 100 nM P4 treatments. 

This experiment would discriminate whether P4 has any additive properties with GnRH 

signalling. 

Finally, the literature has shown that E2 is able to repress ERα expression in primary 

pituitary cells (Scheihofer et al., 2000). However, in this current study, immortalised LβT2 

cells appeared to show no change in ERα mRNA expression in response to E2 priming (Figure 

4.4). This may be due to the low concentration (0.2 nM) of E2 used in the experiment. This 

difference in response to E2 between primary and immortalised pituitary cell lines shows a 

physiological difference between cell types. However to assess these differences, an 

additional experiment should be performed with LβT2 cells treated with a concentration of 

10 nM E2 for 4 days (as performed by Scheihofer et al., 2009), to assess if the LβT2 cells 

respond like primary gonadotrope cells, as stated in the literature.  
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8.4  Ligand-dependent responses on PR (A+B) mRNA expression 

The current study showed little ligand-dependent variation on PR (A+B) mRNA levels. 

However it is possible that small significant changes do occur, which may be significant with 

additional repeat experiments. Designing more efficient PR primers may also improve the 

ability to detect small changes in PR mRNA levels, as the primer efficiency of the PR-A+B 

primer pair was calculated to be 75% (Addendum C, 11.3).  

8.5  Ligand-dependent responses on GRα mRNA expression 

It was shown that relative GR mRNA expression is significantly repressed (50%) in response 

to Dex treatments. An interesting question is whether the GR mediates this response in the 

LβT2 cell line. LβT2 cells transfected with GRα-specific siRNA to knock-down the GR will help 

evaluate the involvement of the GR. Additionally one could utilize a dominant-negative GR 

expression construct, lacking DNA binding and transcriptional capability, to allow further 

assessment of GR involvement in this response to Dex. It has been shown that multiple 

promoters exist in the human GR promoter, with glucocorticoids able to regulate 

endogenous GR gene expression (Breslin et al., 2001). Furthermore a half-GRE site is present 

in the GRα 1C promoter region (Berslin et al., 2001). This suggests the the effects of Dex 

may be via the GR binding to this half site. Therefore, it would be interesting to utilize Co-IP 

and ChIP experiments to investigate whether the GR is recruited to the GR promoter and 

the regions/cis-elements to which it is recruited. 

In the case where Dex and GnRH treatments were seen to act in concert in repressing GRα 

mRNA (Figure 6.4), experiments are needed to assess whether this response is mediated by 

GR and GnRH crosstalk, or whether two separate signalling pathways are activated in 

response to Dex, and GnRH alone, yet converge on the GRα promoter to initiate the 

observed response. For this, GR and GnRHR knock-down studies may be performed using 

siRNA transfections. This would allow the researcher to assess the involvement of each 

receptor in mediating the response to Dex + GnRH treatments, and determine if GR and 

GnRHR crosstalk regulates GR mRNA expression. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

146 
 

Little information is available in the literature regarding the mechanisms of GRα-gene 

regulation in the LβT2 cell lines. It appears that most of the studies regarding the GRα-

promoter region has been performed over a decade ago (Burnstein et al., 1991; Strahle et 

al., 1992), or performed in immune cell lines (Burnstein et al., 1991; Ramdas et al., 1999). 

Therefore, with the onset of new technologies including Co-IP and Chip experiments, a more 

detailed study on GRα-gene regulation could be performed. 

 8.6  E2 priming influencing Dex-mediated signalling 

An interesting trend was seen with E2 priming appearing to modulate Dex responses in 

regulating GnRHR (Figure 3.2), ER (Figure 4.4) and GR (Figure 6.4) mRNA expression. These 

results suggest that E2 and Dex signalling pathways may crosstalk along the HPG and HPA 

axes (Figure 1.4). Yet molecular mechanisms of crosstalk between estrogens and 

glucocorticoids are poorly understood. Interestingly two studies have shown E2 treatment 

can inhibit glucocorticoid action. The first study shows that ligand-bound ERα can block Dex-

mediated repression on the IL-8 promoter in U2Os cells (Cvoro et al., 2011). Here, ERα 

directly interacts with the GR to interfere with the recruitment of nuclear co-activator 2 to 

the IL-8 promoter (Cvoro et al., 2011). A second study shows that E2 can indirectly decrease 

ligand-induced GR phosphorylation at Ser-211 in MCF-7 and T47D cells (Zhang et al., 2009). 

Here, E2 increases the expression of protein phosphatase 5 (PP5), a phosphatase involved in 

dephosphorylating the GR at Ser-211, to decrease the transcriptional activity of the GR 

protein (Zhang et al., 2009). The question as to whether this effect of E2 priming is mediated 

directly by ER and GR interactions, or indirectly through regulating phosphatase expression 

can be determined using Co-IP experiments. If the ER is found to complex with the liganded 

GR in response to E2 priming, then it is an indication that the ER and GR directly crosstalk to 

regulate GRα mRNA expression. If the ER is not found to complex with the GRα, then it is 

possible that E2 priming may indirectly affect GR activity through phosphorylation, turnover, 

nuclear trafficking or co-factor recruitment. These subsequent questions can be answered 

using ChIP experiments to assess the effects of E2 priming on the GRα gene promoter.  
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8.7   Further statistical analysis for future experimental design 

In order to further investigate interesting responses seen on SR mRNA levels, repeat 

experiments should be performed using only the hormone treatments of interest. This way 

more technical repeats could be collected with every biological repeat, thereby increasing 

the statistical significance of the data collected. Specific hormone responses of interest 

include: 

 The effects of P4 of PRE-mediated transactivation 

 The effects of Dex, GnRH and Dex + GnRH on GRα mRNA expression 

 The effects of E2 priming in modulating Dex-mediated regulation of GnRHR, ERα and 

GRα mRNA levels 

Before additional repeats experiments are to be performed, the researcher must focus on 

designing the experiment around which statistical analysis would be most appropriate for 

analysing the data set. For example, the researcher must take into account the number of 

variables of each experiment (for example, time, treatment or priming), in order to decide 

whether a one-way ANOVA or two-way ANOVA should be applied. Further statistical post-

tests must be considered if the researcher is comparing experimental conditions to control 

(Dunette post-test) or comparing each experimental condition to each other experimental 

condition (Bonferroni post-test). 

Finally, to further reduce experimental error present in a real-time PCR dataset, one could 

perform a more accurate normalisation method by geometric averaging of multiple internal 

control genes (Vandesompele et al., 2002), as mentioned in Section7.4. 

8.8  Physiological relevance of LβT2 cell line studies. 

An ongoing issue in the field of gene regulation is the relevance of results obtained in 

immortalised cell lines, as it may be possible that these cell lines do not respond in the same 

way as primary cells. On the other hand, immortalised cell lines greatly facilitate the 

investigation of cell-specific intracellular signalling. In the case of pituitary function, pituitary 

responses can be measured in primary pituitary cultures. However, these cultures typically 
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contain a mixture of cell types. For this reason, it is not always possible to determine 

whether any measured effects are direct or not, as these cultures have a heterogenic cell 

population that may be contributing to the final response measured. To resolve this, 

primary gonadotrope cells can be sorted from a pituitary cell population using flow 

cytometry. This is a technique that will hopefully be adapted by the Hapgood lab in 

assessing ligand-dependent effects on gene regulation in primary gonadotrope cells. This 

will be made possible through collaboration with Dr. Ulrich Boehm at the Institute for 

Neural Signal Transduction, Centre for Molecular Neurobiology, Germany (Wen et al., 2010). 

On the other hand, primary cells cannot be maintained in continuous culture, creating 

practical constraints on experimental design. For this reason, this method can prove 

financially demanding and time consuming in gathering reproducible data. 

However, performing experiments in immortalised cell lines can have its advantages over 

primary cell line work, as long as results are verified in a more physiological system, such as 

transgenic mice. Firstly, target cells can be immortalised at a particular developmental stage 

to represent different chronological differentiation stages of a cell line (Alarid et al., 1996). 

Secondly, immortalised cell lines can be continuously maintained under laboratory 

conditions. For these reasons, immortalised mouse gonadotrope cell lines have been 

previously used to study mechanisms of gene regulation (Hapgood et al., 2005). Yet, the 

author still feels it is in the best interest of all researchers to characterise immortalised cell 

lines used in experiments, and to compare cell-specific properties to primary cell types. 

8.9 Improved experimental design for results presented in this 

current study 

Only one repeat was obtained for the E2 primed P4 treatment for the real-time PCR data 

sets (Figures 3.2, 4.4, 5.4 and 6.4). The combined effects of E2 priming and 100 nM P4 

treatment appeared to up-regulate GnRHR mRNA expression (Figure 3.2), and suppress 

both the ERα (Figure 4.4) and the GRα (Figure 6.4) mRNA expression, with no effects seen of 

PR expression levels. Statistical significance of these treatments where not established due 

to complications during sample collection and preparation. Therefore, additional repeats 

are required to clarify any statistical relevance of P4 treatments on E2 primed LβT2 cells. 
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Standards used to calculate GnRHR and GAPDH primer efficiencies were adopted from 

Kotitsche et al., 2009, on the basis that identical protocols and cell lines were used between 

the two studies. However, it would be more appropriate to determine  GnRHR and GAPDH 

primer efficiencies for each experiment in parallell, as primer efficiency can vary between 

each real-time PCR run. Under the assumption that additional data is required for 

publication, primer efficiencies should be determined in parallel with experimental sample 

sets, for each biological repeat. For this, a stock of pooled cDNA (1 or 2 dilutions) can be 

used to determine primer standards for each run, while sample cDNA is simutaniously 

assessed. Unfortunately due to time limits of the MSc, only one standard was performed for 

each primer pair (with the exception of GnRHR and GAPDH) in this study, Furthermore, it 

should be noted that the primer efficiencies for the ERα and GRα were calculated to be 

113% and 130% respectively. High efficiency values indicate target mRNA transcripts are 

being amplified 2.13 and 2.3 times per PCR cycle for the ER and GR, respectively. Primer 

dimers may be one explaintion to the additional DNA amplication during real-time PCR 

cycles. Ideally, primer efficiencies between 80-100% are best for real-time PCR. Therefore to 

correct for inaccurate primer efficiencies, melting temperatures can be adjusted to correct 

for [E] values, or additional cDNA dilutions can be used during the standards to ensure 

accurate [E] value calculations. Finally, one could redesign primers to ensure more accurate 

[E] values. However due to time and finacial constrants, primer efficiencies for ERα and GRα 

were assumed as 2, suggesting 100% efficiency (which is still less efficient compared to 

calculated values). This assumption does not change the outcome of the relative expression 

data.  If a [E] value of 130% was assumed for GRα expression, larger fold values would be 

seen, yet relative ligand dependent trends would remain unchanged. Although this 

approach is not the most ideal way to interpret expression data, it still served as a basis on 

which further experimental assessment can be performed. 

This study showed the effects of agonist and GnRH treatments on endogenous ER- and PR-

mediated HRE-luc reporter activity, but was not performed for GR transactivation due to 

time constraints. Additionally it would have been better to include a positive control (over-

expressed SR) in reporter assay experiments to assess any problems that may have occurred 

during HRE-luc reporter plasmid transfection or ligand stimulation. For example, the results 

obtained in Figure 4.3 showing functional activity of endogenous ER protein, shows no 
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change compared to vehicle. This may be a result of problems experienced during transient 

transfection or ligand treatments. Therefore, a positive control for HRE-luc reporter activity 

using exogenous SR protein would assess whether transfection or ligand treatments were 

successful. 

A technique that appeared to show relatively high variability between data sets was the 

quantification of western blots (Figure 6.5). The strategy of measuring band intensity of 

autoradiograms using scanning and AlphaEaseFCTM imaging software was not the most 

reproducible, as many errors were introduced. These errors include the non-linear 

relationship between signal and intensity on the film, and the variation in background. For 

this reason, it is suggested that future western blot developments should use specialised 

imaging hardware (implementing digital camera technology) to increase reproducibility of 

western blot development, and ensure western blot exposures are always constant. 
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ADDENDUM A 

SUPPLEMENTARY DATA 

 

Figure 9.1: The LβT2 cell line expresses PR, ER, GR and AR mRNA under basal conditions. LβT2 cells 

were seeded into 6-well culture plates in DMEM supplemented with 10% FCS, and were left to grow 

to 70% confluency under basal conditions. Thereafter the cells were harvested and RNA extractions 

were performed, followed by a reverse transcriptase reaction to generate cDNA. Signals were 

amplified using conventional PCR with gene-specific primer pairs. PCR products were generated over 

35 PCR cycles and separated on a 2% agarose gel by electrophoreses, and visualised with ethidium 

bromide staining. Positive signals are seen for PR (A+B) amplicon at 121bp; PR-B amplicon at 121 bp; 

ERα amplicon at 235 bp; GRα amplicon at 299 bp and AR amplicon at 544 bp. NTC defines the no 

template control. 
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Figure 9.2: The mPRα and the GR, but not the PR, are endogenously expressed in the End-1 cell 

line. Endocervical cells (End-1were seeded into 6-well culture plates in KSF supplemented with 10% 

BPE, and left to grow to 70% confluency under basal conditions. Thereafter the cells were harvested 

and RNA extractions were performed, followed by a reverse transcriptase reaction to generate 

cDNA. Different biological repeats are annotated cDNA1 and cDNA2. cDNA was amplified using 

conventional PCR with gene-specific primer pairs (Addendum B). PCR products were generated over 

35 PCR cycles, separated on a 2% agarose gel using electrophoreses, and visualised with ethidium 

bromide staining. Gel image shows mPRα and GR mRNA are basally expressed, while no PR mRNA 

can be found in the Endo-cervical cell line. β-actin used as an internal control. Signals are seen for 

the mPRα amplicon at 214 bp, the PR-B amplicon at 196 bp, the GR amplicon at 643 bp and the β-

actin amplicon at 275 bp. Positive controls (+’ive) include the pcDNA3.1/mPRα, pMT-PR-B and 

pCMV-HA-hGR expression constructs. Negitive control (-‘ive) defines the no template control. 

  

PR (A+B) GRα 
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Figure 9.3: PR A + B protein is not detectable by Western blotting in the endo-cervical cell line. 

Endo-cervical cells were seeded into 6-well culture plates in KSF supplemented with 10% BPE and 

antibiotics and were left to grow to 70% confluency under basal conditions. Thereafter the cells 

were harvested in 100 µl 2x SDS sample application buffer. Equal amounts (10 µl) of Endo-cervical 

whole cell lysates were separated on a 8% SDS denaturing polyacrylamide gel, transferred to a 

nitrocellulose membrane and probed with PR-B-specific, PR(A+B)-specific and β-tubilin-specific 

(loading control) primary antibodies. Anti-mouse HRP conjugate secondary antibodies were used for 

detection of protein-specific primary antibodies. Signals were visualised with Amersham 

Chemiluminescence. PR-B and β-Tubilin proteins are observed at 116 kDa and 55 kDa respectively, 

while no signal is seen for PR-A (result not shown) at 81 kDa. Positive controls (+’ive) are COS-7 cells 

lysates transiently transfected with pMT-PR-B expression construct. Negitive control (-‘ive) defines 

no template control. 

 

116 kDa 

55 kDa 
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Figure 9.4: Transient expression of the HA-tagged human mPRα construct is not detected in the 

COS-7 cell line. COS-7 cells were seeded into 12-well culture plates in DMEM supplemented with 

10% FCS. Twenty four hours after seeding, the cells were transiently transfected using Fugene or 

DEAE Dextran transfection protocols (Methods), with increasing amounts of  either pHA/hmPRα 

(250 ng, 500 ng and 1 µg) or pCMV-HA-hGR (500 ng and 1 µg) and left to grow to 80% confluency 

under basal conditions. Thereafter the cells were harvested in 50 µl 2x SDS sample application 

buffer. Equal amounts (10 µl) of COS-7 whole cell lysates were separated on an 8% SDS denaturing 

polyacrylamide gel, transferred to a nitrocellulose membrane and probed with anti-HA and anti-

Caveolin-1 (Loading control) primary antibodies. Anti-rabbit HRP conjugate secondary antibodies 

were used for detection of anti-HA primary antibodies, while anti-mouse HRP conjugate secondary 

antibodies were used for detection of anti-Caveolin-1 primary antibodies. Signals were visualised 

using Amersham Chemiluminescence. No expression of HA tagged hmPRα protein is detected at 40 

kDa or 80 kDa. HA tagged GR is detected at 95 kDa. Caveolin-1 protein is at 26 kDa, and was used as 

a loading control, to assess total protein loaded. Mock defines the untransfected control. 

  

80 kDa 

40 kDa 

95 kDa 

26 kDa 
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Figure 9.5: Transient expression of recombinant human mPRα protein is not detected in the LβT2 

and End-1 cell lines. Endo-cervical cells were seeded into 12-well culture plates in KSF supplemented 

with 10% BPE. LβT2 cells were plated into 12-well plates in DMEM supplemented with 10% serum. 

After a 24 hour incubation period, the medium was replaced for both cell lines and incubated further 

for 24 hours. Thereafter 1 µg of pcDNA3.1/mPRα expression plasmid was transiently transfected and 

were left to grow to 80% confluency. Thereafter the cells were harvested in 50 µl 2x SDS sample 

application buffer. Equal amounts (10 µl) of End-1 and LβT2 whole cell lysates were separated on an 

8% SDS denaturing polyacrylamide gel, transferred to a nitrocellulose membrane and probed with 

anti-mPRα primary antibodies.  Anti-goat HRP conjugate secondary antibodies were used for 

detection of anti-mPRα primary antibodies. Signals were visualised using Amersham 

Chemiluminescence. mPRα exists as a 80 kDa homodimer or a 40 kDa monomer. Loading control 

showed sufficient protein loaded for each sample (data not shown). Mock defines the untransfected 

control. 
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Figure 9.6: A representation of sample set RNA integrity for cDNA conversion and subsequent real-

time PCR analysis using gene-specific primers. LβT2 cells were plated into 12-well plates in DMEM 

supplemented with 10% serum. After a 24 hours incubation period, the cells were treated with or 

without 0.2 nM E2 in phenol red-free media supplemented with 10% charcoal stripped serum. After 

48 hours, the cells were treated with 100 nM vehicle (EtOH) or the appropriate ligands or 

combinations thereof in phenol red-free, serum-free media. The cells were stimulated for 8 hours 

prior to harvesting and subsequent RNA extractions. RNA integrity was assessed by electrophoresis 

of RNA sample on a 1% denaturing RNA agarose gel. Image is a representation of sample RNA 

integrity for all biological repeats collected. 

  



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

157 
 

 

Figure 9.7: An illustration of where the PR-B and PR-(A+B) primer pairs anneal to the PR-A/B 

mRNA. Figure illustrates the regions to which PR-specific primers anneal to the PR-A or PR-B mRNA 

transcripts 
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Table 9.1: Summary of hmPRα overexpression study performed in the LβT2 and End-1 cell lines. 

Cell line; Transfection & 
Harvesting Conditions  

Observations  
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End-1 DEAE 
Dextran 

CREB/ 
HEPES 

Yes N.A. Yes No 

LβT2  Fugene HEPES No No Yes No 

End-1 Fugene CREB/ 
HEPES 

Yes N.A. Yes No 

End-1 DEAE 
Dextran 

5xSDS 
(50mM 

DTT) 

Yes No Yes No 

LβT2  Fugene 5x SDS 
(50mM 

DTT) 

No No Yes No 

 

Endo-cervical cells were seeded into 6-well culture plates in KSF supplemented with 10% BPE and 

antibiotics. LβT2 cells were seeded into 6-well culture plates in DMEM supplemented with 10% FCS 

and antibiotics. After 24 hours both cell lines were transiently transfected, using Fugene or DEAE 

Dextran transfection protocols, with 1 and 0.5 µg pcDNA3.1/hmPRα and pCMV-HA-hGR (transfection 

control) respectively, and left to grow to 70% confluency under basal conditions. Thereafter cells 

were harvested using harvesting protocols presented in methods section (Table 1). Equal amounts 

(10 µl) of whole cell lysates were separated on an 8% SDS denaturing polyacrylamide gel, transferred 

to a nitrocellulose membrane and probed with anti-hmPRα and anti-GR specific primary antibodies. 

Anti-rabbit HRP conjugate secondary antibodies were used for detection of GR-specific primary 

antibodies, while anti-goat HRP conjugate secondary antibodies were used for detection of mPRα 

primary antibodies. Mock transfections were used as untransfected (negative) controls. A summary 

of the observations during mPRα over-expression are summarized in table 9.1. Cell lines, tranfection 

protocols and harvesting protocols used are indicated. Observations show observations made during 

Western blot analysis.*Overexpression of mPRα protein is determined by measuring the differences 

between mock tranfected and mPRα transfected cells. If there is no difference in band intersity for 

mPRα signal, then no overexpression is seen. N.A. = No answer.  
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ADDENDUM B 

PRIMER DESIGN 
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Represented above is information regarding primer design and referencing for each gene-specific primer.  

Gene  Species Primer Sequence  Strand  Product Size 
(bp)  

Length GC Content 
(%)  

TA 
(°C)  

Reference  NCBI Hit  

PR A+B  Mouse GGTGGGCCTTCCTAACGAG  Fwd  121  19 63.2 60  Turgeon et al., 2006  NM_008829.2  

  GACCACATCAGGCTCAATGCT  Revs   21 54.2    

PR B  Mouse GGTCCCCCTTGCTTGCA  Fwd  121  17 64.7 60  Turgeon et al., 2006 NM_008829.2  

  CAGGACCGAGGAAAAAGCAG  Revs   20 55    

ERα  Mouse GTCTGGTCCTGCGAAGGCTGCAA  Fwd  235  23 60.9 60  Schreihofer et al., 2000  NM_007956.4 

  GCCTTCCAAGTCATCTCTCTGACG  Revs   24 54.2    

ERβ  Mouse GCTGTGATGAACTACAGTGTTCCC  Fwd  267  24 50 60  Schreihofer et al., 2000 NM_207707.1  

  TGGACTAGTAAGTCATCTCTCTGACG  Revs   24 54.2    

GRα  Mouse TGCTATGCTTTGCTCCTGATCTG  Fwd  299  23 47.8 52  Thackray et al., 2006 NM_008173.3  

  TGTCAGTTGATAAAACCGCTGCC  Revs   23 47.8    

AR  Mouse GAGAACCCATTGGACTACG  Fwd  544  19 52.6 52  Thackray et al., 2006 NM_013476.3  

  TGAAGAAGACCTTGCAGC  Revs   18 50    

mPRα Human CGTTTCGGTCCACTGATCCCGG Fwd 214 22 64 56 Jaravaza. (Hons Thesis) NM_178422 

  GCGAGAAGACCTTCGGCATGTAGATACG Revs  28 54    

LHβ  Mouse GGCCGCAGAGAATGAGTTCT  Fwd  83  20 55  60  Chen et al., 2009  NM_008497.2  

  CTCGGACCATGCTAGGACAGTAG  Revs   23 56.5    

GnRHR Mouse CCACAGTGGTGGCATCAGGCCTTC Fwd 192 24 63 58 Kotitschke et al., 2009 (PhD) NM_010323.1 

  TAGCGTTCTCAGCCGAGCTCTTGG Revs  24 58    

GAPDH Mouse TTCACCACCATGGAGAAGGC Fwd 263 20 55 58 Kotitschke et al., 2009 (PhD) NM_008084.2 

  GGCATGGACTGTGGTCATCA Revs  20 55    

Table 10.1: Summery of the primers used in real-time and conventional PCR analysis.  
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ADDENDUM C 

PRIMER EFFICIENCY AND REAL-TIME PCR 

11.1 Real-time PCR reproducibility 

 

Figure 11.1 (A-C): Real-time PCR reproducibility using GnRHR primers on pooled LβT2 cDNA 

samples. LβT2 cells were plated in DMEM supplemented with 10% FCS. After 24 hours incubation, 

the cells were treated with or without 0.2 nM E2 in phenol red-free media supplemented with 10% 

charcoal stripped serum. After an additional 48 hours, the cells were treated with 100 nM vehicle 

(EtOH) or the appropriate ligands or combinations thereof. The cells were harvested, RNA was 

extracted, and cDNA was generated. Equal volumes (1 µl) of pooled endogenous cDNA (cDNA Mix #) 

were used to do 4x real time PCR reactions in paralle from the same cDNA pool to determine real-

time reproducibility. Quantitative real-time PCR products were visualised on a 2% agarose gel using 

gel electrophoresis (A) and each product was confirmed using melting curve analysis (B). NTC defines 

the no template control. The GnRHR PCR product is seen at 192 bp. CT values were calculated using 

A 

B C 
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Roto Gene 6000 CorbrettTM software analysis (C). Melting points and CT values are represented in 

Table 11.1. 

Table 11.1: Melting temperatures and CT values for GnRHR real-time PCR reproducibility. 

Table representing primer melt temperatures and CT values determined from real-time PCR run. The 

table shows a high reproducibility of CT values (averaging 18.8 cycles). 

  

 

  

Melt Quantitation 

No. Colour Name Peak 1 No. Colour Name CT Value 

1 
 

GnRHR NTC  1 
 

GnRHR NTC 32.86 

2 
 

GnRHR Mix 1 91.2 2 
 

GnRHR Mix 1 18.79 

3 
 

GnRHR Mix 2 91.2 3 
 

GnRHR Mix 2 18.72 

4 
 

GnRHR Mix 3 91.2 4 
 

GnRHR Mix 3 18.79 

5 
 

GnRHR Mix 4 91.0 5 
 

GnRHR Mix 4 18.89 
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11.2 ERα primer efficiency 

 

 

Figure 11.2.1 (A-C): Real-time PCR - ERα primer efficiency. LβT2 cells lysates were harvested, and 

subsequent RNA was extracted. cDNA was generated from RNA sample sets and pooled. A dilution 

series was made from pooled endogenous cDNA (concentration of pooled cDNA was 2 ng/µl). cDNA 

was diluted into 1:0, 1:3, 1:7 and 1:11 ratio’s. Subsequent approximate concentrations were 

calculated (as shown on figure) and used to determine gene-specific primer efficiency. Quantitative 

real-time PCR products were visualised on a 2% agarose gel using gel electrophoresis (A) and each 

product was confirmed using melting curve analysis (B). NTC defines the no template control. CT 

values were calculated using Roto Gene 6000 CorbrettTM software analysis (C) with CT values 

represented in Table 11.2.1. 

B C 

A 
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Table 11.2.1: Quantitation information for ERα primer efficiency. 

No. Colour Name CT Approx Conc (ng/µl) Calc Conc (ng/µl) % Var 

1 
 

ERa 1:0 30.13 2.000 2.175 8.8% 

2 
 

ERa 1:0 30.03 2.000 2.349 17.4% 

3 
 

ERa 1:3 31.74 .666 .639 4.0% 

4 
 

ERa 1:3 31.57 .666 .729 9.5% 

5 
 

ERa 1:7 33.44 .222 .177 20.2% 

6 
 

ERa 1:7 33.94 .222 .121 45.5% 

7 
 

ERa 1:11 34.19 .074 .100 35.3% 

8 
 

ERa 1:11 34.27 .074 .094 26.7% 

9 
 

ERa NTC 34.78  .064  

Table showing CT values, relative concentration of cDNA and percentage variance for each cDNA 

dilution obtained from ERα primer efficiency real-time PCR. 

 
Threshold 0.3669 B 31.1542 

Left Threshold 1.000 R Value 0.97572 

Standard Curve Imported No R
2
 Value 0.95203 

m -3.03357 Reaction efficiency [E] 113.621  

 

Figure 11.2.2:  Standard curve CT (cycle number) vs. concentration (ng/µl) to determine primer 

efficiency. CT values collected from Table 11.2.1 above were plotted against their corresponding log 

concentrations, to generate a standard curve. The formula to calculate primer efficiency [E] 

percentage = (10^(-1/m)-1)*100, where m is the gradient of the standard curve. Gradient (m), R2-

value and primer efficiency are represented in table above. Efficiency of ERα primer pair was 

calculated to be 113%. 
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11.3 PR(A+B) primer efficiency 

 

 

 

Figure 11.3.1 (A-C): Real-time PCR – PR (A+B) primer efficiency. LβT2 cells lysates were harvested, 

and subsequent RNA was extracted. cDNA was generated from RNA sample sets and pooled. A 

dilution series was made from pooled endogenous cDNA (concentration of pooled cDNA was 2 

ng/µl). cDNA was diluted into 1:0, 1:3, 1:7 and 1:11 ratio’s. Subsequent approximate concentrations 

were calculated (as shown on figure) and used to determine gene-specific primer efficiency. 

Quantitative real-time PCR products were visualised on a 2% agarose gel using gel electrophoresis 

(A) and each product was confirmed using melting curve analysis (B). NTC defines the no template 

control. CT values were calculated using Roto Gene 6000 CorbrettTM software analysis (C) with CT 

values represented in Table 11.3.1. 

  

A 

B C 
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Table 11.3.1: Quantitation information for PR(A+B) primer efficiency. 

Table showing CT values, concentration and percentage variance for each cDNA dilution gathered 

from PR-B primer efficiency real-time PCR. 

 

Threshold 0.0603 B 20.13161 

Left Threshold 1.000 R Value 0.99988 

Standard Curve Imported No R
2
 Value 0.99976 

M -4.11204 Reaction efficiency [E] 75.061 

 

Figure 11.3.2:  Standard curve CT (cycle number) vs. concentration (ng/µl) to determine primer 

efficiency. CT values collected from Table 11.3.1 above were plotted against their corresponding log 

concentrations, to generate a standard curve. The formula to calculate primer efficiency [E] 

percentage = (10^(-1/m)-1)*100, where m is the gradient of the standard curve. Gradient (m), R2-

value and primer efficiency are represented in table above. Efficiency of PR(A+B) primer pair was 

calculated to be 75%. 

  

No. Colour Name Ct Given Conc (Copies) Calc Conc (Copies) % Var 

A1 
 

PR (A+B ) 1:0 18.86 2.000 2.039 2.0% 

A2 
 

PR (A+B ) 1:0 18.92 2.000 1.971 1.4% 

A3 
 

PR (A+B ) 1:3 20.81 .666 .684 2.7% 

A4 
 

PR (A+B ) 1:3 20.89 .666 .654 1.7% 

A5 
 

PR (A+B ) 1:7 22.87 .222 .216 2.8% 

A6 
 

PR (A+B ) 1:7 22.83 .222 .221 0.4% 

A7 
 

PR (A+B ) 1:11 24.74 .074 .076 2.1% 

A8 
 

PR (A+B ) 1:11 24.78 .074 .074 0.2% 

B1 
 

PR (A+B) NTC     
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11.4  GRα primer efficiency 

 

 

  

Figure 11.4.1 (A-C): Real-time PCR - GRα primer efficiency. LβT2 cells lysates were harvested, and 

subsequent RNA was extracted. cDNA was generated from RNA sample sets and pooled. A dilution 

series was made from pooled endogenous cDNA (concentration of pooled cDNA was 2 ng/µl). cDNA 

was diluted into 1:0, 1:3, 1:7 and 1:11 ratio’s. Subsequent approximate concentrations were 

calculated (as shown on figure) and used to determine gene-specific primer efficiency. Quantitative 

real-time PCR products were visualised on a 2% agarose gel using gel electrophoresis (A) and each 

product was confirmed using melting curve analysis (B). NTC defines the no template control. CT 

values were calculated using Roto Gene 6000 CorbrettTM software analysis (C) with CT values 

represented in Table 11.4.1 

A 

B C 
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Table 11.4.1: Quantitation information for GRα primer efficiency. 

No. Colour Name Ct Given Conc (Copies) Calc Conc (Copies) % Var 

A1 
 

GR NTC 26.32  .038  

A3 
 

GR 1:0 21.59 2.000 1.988 0.6% 

A4 
 

GR 1:0 21.79 2.000 1.683 15.8% 

A6 
 

GR 1:3 22.60 .666 .849 27.5% 

A7 
 

GR 1:3 22.75 .666 .751 12.8% 

A8 
 

GR 1:7 24.32 .222 .202 9.1% 

B1 
 

GR 1:7 24.32 .222 .202 9.1% 

B4 
 

GR 1:11 25.52 .074 .074 0.2% 

B5 
 

GR 1:11 25.52 .074 .074 0.4% 

Table showing CT values, concentration and percentage variance for each cDNA dilution gathered 

from GRα primer efficiency real-time PCR. 

 
Threshold 0.0196 B 22.40877 

Left Threshold 1.000 R Value 0.995 

Standard Curve Imported No R
2
 Value 0.99003 

M -2.75592 Reaction efficiency [E] 130.598  

 

Figure 11.4.2:  Standard curve CT (cycle number) vs. concentration (ng/µl) to determine primer 

efficiency. CT values collected from Table 4.1 above were plotted against their corresponding log 

concentrations, to generate a standard curve. The formula to calculate primer efficiency [E] 

percentage = (10^(-1/m)-1)*100, where m is the gradient of the standard curve. Gradient (m), R2-

value and primer efficiency are represented in table above. Efficiency of GRα primer pair was 

calculated to be 130%. 
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11.5 GnRHR real-time PCR product 

 

 

Figure 11.5.1: A representation of real-time PCR products using GnRHR primers. LβT2 cells were 

plated into 12-well culture plates in DMEM supplemented with 10% FCS. After 24 hours incubation, 

the cells were treated with (+E2) or without (-E2) 0.2 nM E2 in phenol red-free media supplemented 

with 10% charcoal stripped serum. After an additional 48 hours, the cells were treated with 100 nM 

vehicle (EtOH) or the appropriate ligands (Dex, P4, GnRH) or combinations thereof in phenol red-

free, serum-free media. The cells were stimulated for 8 hours prior to harvesting and subsequent 

RNA extractions. cDNA was generated for all mRNA sample sets. Quantitative real-time PCR using 

GnRHR-specific primers was performed. Amplicons were visualised using on a 2% agarose gel using 

gel electrophoresis, with melting curve analysis (data not shown) confirming GnRHR PCR product 

seen at 196 bp. NTC defines the no template control. CT values were calculated using Roto Gene 

6000 CorbrettTM software analysis (data not shown). 
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11.6 GAPDH real-time PCR product 

 

 

Figure 11.6.1: A representation of real-time PCR product using GAPDH primers. LβT2 cells were 

plated into 12-well culture plates in DMEM supplemented with 10% FCS. After 24 hours incubation, 

the cells were treated with (+E2) or without (-E2) 0.2 nM E2 in phenol red-free media supplemented 

(Zhao, 2008 #272)with 10% charcoal stripped serum. After an additional 48 hours, the cells were 

treated with 100 nM vehicle (EtOH) or the appropriate ligands (Dex, P4, GnRH) or combinations 

thereof in phenol red-free, serum-free media. The cells were stimulated for 8 hours prior to 

harvesting and subsequent RNA extractions. cDNA was generated for all mRNA sample sets. 

Quantitative real-time PCR using GnRHR-specific primers was performed. Amplicons were visualised 

using on a 2% agarose gel using gel electrophoresis, with melting curve analysis (data not shown) 

confirming GnRHR PCR product seen at 263 bp. NTC defines the no template control CT values were 

calculated using Roto Gene 6000 CorbrettTM software analysis (data not shown). 
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11.7 ERα real-time PCR product 

 

 

Figure 11.7.1: A representation of real-time PCR product using ERα primers. LβT2 cells were plated 

into 12-well culture plates in DMEM supplemented with 10% FCS. After 24 hours incubation, the 

cells were treated with (+E2) or without (-E2) 0.2 nM E2 in phenol red-free media supplemented 

with 10% charcoal stripped serum. After an additional 48 hours, the cells were treated with 100 nM 

vehicle (EtOH) or the appropriate ligands (Dex, P4, GnRH) or combinations thereof in phenol red-

free, serum-free media. The cells were stimulated for 8 hours prior to harvesting and subsequent 

RNA extractions. cDNA was generated for all mRNA sample sets. Quantitative real-time PCR using 

GnRHR-specific primers was performed. Amplicons were visualised using on a 2% agarose gel using 

gel electrophoresis, with melting curve analysis (data not shown) confirming GnRHR PCR product 

seen at 235 bp. NTC defines the no template control CT values were calculated using Roto Gene 6000 

CorbrettTM software analysis (data not shown). 
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11.8 PR(A+B) real-time PCR product 

 

 

Figure 11.8.1: A representation of real-time PCR product using PR(A+B) primers. LβT2 cells were 

plated into 12-well culture plates in DMEM supplemented with 10% FCS. After 24 hours incubation, 

the cells were treated with (+E2) or without (-E2) 0.2 nM E2 in phenol red-free media supplemented 

with 10% charcoal stripped serum. After an additional 48 hours, the cells were treated with 100 nM 

vehicle (EtOH) or the appropriate ligands (Dex, P4, GnRH) or combinations thereof in phenol red-

free, serum-free media. The cells were stimulated for 8 hours prior to harvesting and subsequent 

RNA extractions. cDNA was generated for all mRNA sample sets. Quantitative real-time PCR using 

GnRHR-specific primers was performed. Amplicons were visualised using on a 2% agarose gel using 

gel electrophoresis, with melting curve analysis (data not shown) confirming GnRHR PCR product 

seen at 121 bp. NTC defines the no template control CT values were calculated using Roto Gene 6000 

CorbrettTM software analysis (data not shown). 
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11.9 GRα real-time PCR product 

 

 

Figure 11.9.1: A representation of real-time PCR product using GRα primers. LβT2 cells were plated 

into 12-well culture plates in DMEM supplemented with 10% FCS. After 24 hours incubation, the 

cells were treated with (+E2) or without (-E2) 0.2 nM E2 in phenol red-free media supplemented 

with 10% charcoal stripped serum. After an additional 48 hours, the cells were treated with 100 nM 

vehicle (EtOH) or the appropriate ligands (Dex, P4, GnRH) or combinations thereof in phenol red-

free, serum-free media. The cells were stimulated for 8 hours prior to harvesting and subsequent 

RNA extractions. cDNA was generated for all mRNA sample sets. Quantitative real-time PCR using 

GnRHR-specific primers was performed. Amplicons were visualised using on a 2% agarose gel using 

gel electrophoresis, with melting curve analysis (data not shown) confirming GnRHR PCR product 

seen at 299 bp. NTC defines the no template control. CT values were calculated using Roto Gene 

6000 CorbrettTM software analysis (data not shown). 
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ADDENDUM D 

PLASMID MAPS 

 

 

Figure 12.1: Plasmid map of pcDNA3.1/mPRα. The pcDNA3.1/V5/mPRα expression construct was a 

kind gift from Dr. B. Gellersen (Endokrinologikum Hamburg, Germany), however, plasmid 

maps were not provided. The human mPRα cDNA insert was sub-cloned into the pcDNA3.1 

expression vector. The expression construct was sequenced and digested using appropriate 

restriction enzymes and a detailed plasmid map was constructed by the candidate using 

Vector NTI software. 
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Figure 12.2: Plasmid map of pcDNA3.1/V5/mPRα. The pcDNA3.1/V5/mPRα expression construct 

was a kind gift from Dr. B. Gellersen (Endokrinologikum Hamburg, Germany), however, 

plasmid maps were not provided. The human mPRα cDNA insert was sub-cloned into the 

pcDNA3.1 expression vector with a 3’ V5-His tag. The expression construct was sequenced 

and digested using appropriate restriction enzymes and a detailed plasmid map was 

constructed by the candidate using Vector NTI software. 
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Figure 12.3: Plasmid map of pHA/mPRα. The pcDNA3.1/V5/mPRα expression construct was a kind 

gift from Dr. B. Gellersen (Endokrinologikum Hamburg, Germany), however, plasmid maps 

were not provided. The human mPRα cDNA insert was sub-cloned into a modified pDISPLAY 

expression vector, from which Igκ signal peptide and TMD have been deleted. The 

expression construct was sequenced and digested using appropriate restriction enzymes 

and a detailed plasmid map was constructed by the candidate using Vector NTI software. 
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ADDENDUM E 

CALCULATIONS FOR STATISTICAL ANALYSIS  

All statistical analysis for this study was performed using Prism 5, GraphPad Software. 

Statistical analysis included one-way ANOVA, with Dunnett post test, two-way ANOVA with 

Bonferroni post test and a T-test. It must be noted that calculated p values were not 

displayed due to limitations of the software. Instead a p value summery is shown, to 

determine statistical significance. 

Table 13.1: Statistical analysis of TAT-GRE-luc expression in response to hormone 
conditions represented in figure 3.1 

Non-parametric one-way ANOVA (Figure 3.1) 

Dunnett's post-test Mean Diff. 95% CI of diff 
Significant? 

P < 0.05? Summary 

EtOH (1) vs Dex (2) -2.66 -8.457 to 3.138 No ns 

EtOH (1) vs P4 (3) 0.2433 -5.554 to 6.041 No ns 

EtOH (1) vs GnRH (4) -0.457 -6.255 to 5.341 No ns 

EtOH (1) vs GnRH + Dex (5) -15.24 -21.04 to -9.442 Yes *** 

EtOH (1) vs GnRH + P4 (6) -0.2908 -6.088 to 5.507 No ns 

 

Table 13.2: Statistical analysis of endogenous GnRHR mRNA expression in response to 
hormone conditions represented in figure 3.2 

Non-parametric two-way ANOVA (Figure 3.2) 
Source of Variation % of total variation P value P value summary Significant? 

Interaction 2.05 0.9491 ns No 

Treatment 41.95 0.0035 ** Yes 

Priming 0.13 0.7934 ns No 

 

Bonferroni post-tests (Figure 3.2) 

EtOH vs Dex 

Priming EtOH Dex Difference 95% CI of diff. P value Summary 

-E2 1 4.27 3.27 -3.650 to 10.19 P > 0.05 ns 

+0.2 nM E2 1.34 6.052 4.712 -3.278 to 12.70 P > 0.05 ns 

EtOH vs P4 

Priming EtOH P4 Difference 95% CI of diff. P value Summary 

-E2 1 1.36 0.3602 -6.560 to 7.280 P > 0.05 ns 

+0.2 nM E2 1.34 2.259 0.9188 -10.38 to 12.22 P > 0.05 ns 

EtOH vs GnRH 

Priming EtOH GnRH Difference 95% CI of diff. P value Summary 

-E2 1 3.065 2.065 -4.855 to 8.985 P > 0.05 ns 

+0.2 nM E2 1.34 3.205 1.865 -6.125 to 9.855 P > 0.05 ns 

EtOH vs GnRH + Dex 
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Priming EtOH GnRH + Dex Difference 95% CI of diff. P value Summary 

-E2 1 9.457 8.457 1.537 to 15.38 P<0.01 ** 

+0.2 nM E2 1.34 7.666 6.326 -1.664 to 14.32 P < 0.05 * 

EtOH vs GnRH + P4 

Priming EtOH GnRH + P4 Difference 95% CI of diff. P value Summary 

-E2 1 2.664 1.664 -5.256 to 8.584 P > 0.05 ns 

+0.2 nM E2 1.34 3.028 1.688 -6.302 to 9.678 P > 0.05 ns 

 

Table 13.3: Statistical analysis of ERE-luc reporter expression in response to agonist 
treatment represented in figure 4.3 

T-test (Figure 4.3) 

Receptor EtOH Agonist Difference 95% CI of diff. P value Summary 

ER 1 1.212 0.2122 -1.378 to 1.803 P > 0.05 ns 

 

Table 13.4: Statistical analysis of endogenous ERα mRNA expression in response to 

hormone conditions represented in figure 4.4 

Non-parametric two-way ANOVA (Figure 4.4) 

Source of Variation % of total variation P value P value summary Significant? 

Interaction 4.48 0.2511 ns No 

Treatment 77.17 P<0.0001 *** Yes 

E2 Priming 2.19 0.0741 ns No 

 

Bonferroni post-tests 

EtOH vs Dex 

E2 Priming EtOH Dex Difference 95% CI of diff. P value Summary 

-E2 1 0.8818 -0.1182 -0.5869 to 0.3505 P > 0.05 ns 

+0.2 nM E2 1.035 1.416 0.3809 -0.1603 to 0.9222 P > 0.05 ns 

EtOH vs P4 

E2 Priming EtOH P4 Difference 95% CI of diff. P value Summary 

-E2 1 0.5442 -0.4558 -0.9246 to 0.01290 P < 0.05 * 

+0.2 nM E2 1.035 0.6566 -0.378 -1.143 to 0.3874 P > 0.05 ns 

EtOH vs GnRH 

E2 Priming EtOH GnRH Difference 95% CI of diff. P value Summary 

-E2 1 0.2339 -0.7661 -1.235 to -0.2974 P<0.001 *** 

+0.2 nM E2 1.035 0.2464 -0.7882 -1.329 to -0.2470 P<0.001 *** 

EtOH vs GnRH + Dex 

E2 Priming EtOH GnRH + Dex Difference 95% CI of diff. P value Summary 

-E2 1 0.2185 -0.7815 -1.250 to -0.3127 P<0.001 *** 

+0.2 nM E2 1.035 0.3041 -0.7305 -1.272 to -0.1893 P<0.001 *** 

EtOH vs GnRH + P4 

E2 Priming EtOH GnRH + P4 Difference 95% CI of diff. P value Summary 

-E2 1 0.2322 -0.7678 -1.237 to -0.2991 P<0.001 *** 
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+0.2 nM E2 1.035 0.2775 -0.7571 -1.298 to -0.2159 P<0.001 *** 

 

Table 13.5: Statistical analysis of ERE-luc expression in response to 100 nM GnRH priming 

represented in figure 4.5 

Non-parametric two-way ANOVA (Figure 4.5) 

Source of Variation 
% of total 
variation P value P value summary Significant? 

Interaction 0.09 0.8665 ns No 

Agonist 4.22 0.2765 ns No 

GnRH Priming 68.93 0.002 ** Yes 

 

Bonferroni post-tests 

EtOH vs agonist (E2) 

GnRH Priming EtOH E2 Difference 95% CI of diff. P value Summary 

-100nM GnRH 1 0.6368 -0.3632 
-1.499 to 
0.7724 P > 0.05 ns 

+100nM GnRH 2.232 1.962 -0.2697 
-1.285 to 
0.7460 P > 0.05 ns 

 

Table 13.6: Statistical analysis of PRE-luc expression in response to agonist treatment 

represented in figure 5.3 

T-test (Figure 5.3) 

Receptor EtOH Agonist Difference 95% CI of diff. P value Summary 

PR 1 1.231 0.2315 -1.359 to 1.822 P > 0.05 ns 

 

Table 13.7: Statistical analysis of endogenous PR (A+B) mRNA expression in response to 

hormone conditions represented in figure 5.4 

Non-parametric two-way ANOVA (Figure 5.4) 
Source of Variation % of total variation P value P value summary Significant? 

Interaction 11.21 0.4309 ns No 

Treatment 25.44 0.0774 ns No 

E2 Priming 1.32 0.4468 ns No 

 

Bonferroni post-tests 

EtOH vs Dex 

E2 Priming EtOH Dex Difference 95% CI of diff. P value Summary 

-E2 1 0.8783 -0.1217 -1.415 to 1.171 P > 0.05 ns 

+0.2 nM E2 1.09 0.962 -0.1277 -1.956 to 1.701 P > 0.05 ns 

EtOH vs P4 
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E2 Priming EtOH P4 Difference 95% CI of diff. P value Summary 

-E2 1 0.8873 -0.1127 -1.406 to 1.180 P > 0.05 ns 

+0.2 nM E2 1.09 0.8184 -0.2713 -2.511 to 1.968 P > 0.05 ns 

EtOH vs GnRH 

E2 Priming EtOH GnRH Difference 95% CI of diff. P value Summary 

-E2 1 2.118 1.118 -0.1756 to 2.411 P < 0.05 * 

+0.2 nM E2 1.09 1.434 0.3446 -1.484 to 2.173 P > 0.05 ns 

EtOH vs GnRH + Dex 

E2 Priming EtOH GnRH + Dex Difference 95% CI of diff. P value Summary 

-E2 1 1.99 0.9895 -0.3035 to 2.283 P > 0.05 ns 

+0.2 nM E2 1.09 1.092 0.002326 -1.826 to 1.831 P > 0.05 ns 

EtOH vs GnRH + P4 

E2 Priming EtOH GnRH + P4 Difference 95% CI of diff. P value Summary 

-E2 1 1.45 0.4504 -0.8427 to 1.744 P > 0.05 ns 

+0.2 nM E2 1.09 1.907 0.8173 -1.011 to 2.646 P > 0.05 ns 

 

Table 13.8: Statistical analysis of PRE-luc expression in response to 100 nM GnRH priming 

represented in figure 5.5 

Non-parametric two-way ANOVA (Figure 5.5) 
Source of 
Variation 

% of total 
variation P value P value summary Significant? 

Interaction 7.68 0.045 * Yes 

Agonist 0.31 0.6779 ns No 

GnRH Priming 35.56 P<0.0001 *** Yes 

 

Bonferroni post-tests 

EtOH vs agonist (R5020) 

GnRH Priming EtOH R 5 020 Difference 95% CI of diff. P value Summary 

-100nM GnRH 1 0.791 -0.209 
-0.4866 to 
0.06851 P > 0.05 ns 

+100nM GnRH 1.201 1.34 0.1391 
-0.1385 to 
0.4166 P > 0.05 ns 
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Table 13.9: Statistical analysis of PRE-luc expression in response to 0.2 nM E2 priming 

represented in figure 5.5 

Non-parametric two-way ANOVA (Figure 5.5) 

Source of Variation 
% of total 
variation P value P value summary Significant? 

Interaction 0.75 0.4897 ns No 

Agonist 1.37 0.3519 ns No 

E2 Priming 67.74 P<0.0001 *** Yes 

 

Bonferroni post-tests 

EtOH vs agonist (R5020) 

E2 Priming EtOH R5020 Difference 95% CI of diff. P value Summary 

-0.2nM E2 1 0.9761 -0.02385 
-0.3515 to 
0.3038 P > 0.05 ns 

+0.2nM E2 1.708 1.55 -0.1585 
-0.4861 to 
0.1692 P > 0.05 ns 

 

Table 13.10: Statistical analysis of GRE-luc expression in response to agonist treatment 

represented in figure 6.3 

T-test (Figure 6.3) 

Receptor EtOH Agonist Difference 95% CI of diff. P value Summary 

GR 1 4.963 3.963 2.372 to 5.554 P<0.001 *** 

 

Table 13.11: Statistical analysis of endogenous GRα mRNA expression in response to 

hormone conditions represented in figure 6.4 

Non-parametric two-way ANOVA (Figure 6.4) 

Source of Variation % of total variation P value P value summary Significant? 

Interaction 8.88 0.4564 ns No 

Treatment 42.64 0.0054 ** Yes 

E2 Priming 4.6 0.1274 ns No 

 

Bonferroni post-tests 

EtOH vs Dex 

E2 Priming EtOH Dex Difference 95% CI of diff. P value Summary 

-E2 1 0.49 -0.51 -0.9780 to -0.04206 P<0.01 ** 

+0.2 nM E2 0.9277 0.9174 -0.01037 -0.6722 to 0.6514 P > 0.05 ns 

EtOH vs P4 

E2 Priming EtOH P4 Difference 95% CI of diff. P value Summary 

-E2 1 0.5378 -0.4622 -0.9302 to 0.005775 P < 0.05 * 

+0.2 nM E2 0.9277 0.5822 -0.3455 -1.156 to 0.4650 P > 0.05 ns 
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EtOH vs GnRH 

E2 Priming EtOH GnRH Difference 95% CI of diff. P value Summary 

-E2 1 0.5056 -0.4944 -0.9999 to 0.01106 P < 0.05 * 

+0.2 nM E2 0.9277 0.498 -0.4297 -1.092 to 0.2321 P > 0.05 ns 

EtOH vs GnRH + Dex 

E2 Priming EtOH GnRH + Dex Difference 95% CI of diff. P value Summary 

-E2 1 0.3115 -0.6885 -1.194 to -0.1830 P<0.001 *** 

+0.2 nM E2 0.9277 0.4467 -0.481 -1.143 to 0.1808 P > 0.05 ns 

EtOH vs GnRH + P4 

E2 Priming EtOH GnRH + P4 Difference 95% CI of diff. P value Summary 

-E2 1 0.4604 -0.5396 -1.045 to -0.03415 P<0.01 ** 

+0.2 nM E2 0.9277 0.6981 -0.2297 -0.8915 to 0.4322 P > 0.05 ns 
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ADDENDUM F 

BUFFERS AND SOLUTIONS 

 

14.1   Growth medium for plasmid preparation 

 

SOC medium 

 

2% (w/v) tryptone 

0.5% (w/v) yeast extract 

0.05% (w/v) NaCl 

2.5 mM KCl 

10 mM MgCl2 

20 mM glucose 

 

LB medium 

 

1% (w/v) tryptone 

0.5% yeast extract 

1% NaCl 

containing 50 μg/mL ampicillin 

for LB-agar plates add 1,5% agar 

 

14.2   RNA isolation 

 

DEPC-treated H2O 

 

1 ml diethyl pyrocarbonate (DEPC) in 1 L dH2O (1:1000 dilution) 

Incubate 2 h at 37°C, autoclave twice to inactivate DEPC 

 

10X Morpholinopropanesulfonic acid (MOPS) buffer 
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0.2 M MOPS 

0,05 M sodium acetate 

0,01M EDTA, pH 8.0, adjust pH to 7.0 with 10 M NaOH 

 

Denaturing formaldehyde gel mix (1% 100 ml) 

 

Dissolve 1 g agarose in 70 ml DEPC-treated H2O and bring to boil. Add 10 ml 10X MOPS 

buffer and 20 ml formaldehyde in fume hood. Mix well and pour. 

 

RNA sample loading buffer 

 

1,8 ml DEPC H2O 

0,8 ml Bromophenol blue solution (saturated) 

1 ml glycerol (100%) 

1.5 ml 10x MOPS 

2,6 ml 12.3 M formaldehyde 

7,3 ml formamide 

Add 2,5 μl 10 mg/ml ethidium bromide per 1 ml RNA sample loading buffer just before use. 

 

RNA electrophoresis buffer (500 ml) 

 

50 ml 1x MOPS 

14 ml formaldehyde 

436 ml DEPC-treated water 
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14.3  Western blot analysis 

 

5X SDS sample buffer 

 

100 mM Tris-HCL, pH 6.8 

5% (w/v) SDS 

20% (v/v) glycerol 

2% (v/v) ß-mercaptoethanol 

0.1% (w/v) bromophenol blue 

 

Running buffer 

 

25 mM Tris-HCL, pH 7.5 

250 mM glycine 

0,1% SDS (w/v) 

 

Transfer buffer 

 

25 mM Tris, pH 7.5 

200 mM glycine 

10% (v/v) methanol 

 

Tris buffered saline (TBS) 

 

50 mM Tris, pH 7.5 

150 mM NaCl 
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TBS-Tween (TBS-T) 

 

50 mM Tris, pH 7.5 

150 mM NaCl 

0.1% (v/v) Tween 

 

Stripping buffer 

 

100 mM ß-mercaptoethanol 

2% (w/v) SDS 

62.5 mM Tris-Cl, pH 6.8 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

186 
 

REFERENCE LIST 
 

ALARID, E. T., WINDLE, J. J., WHYTE, D. B. & MELLON, P. L. 1996. Immortalization of pituitary cells at 
discrete stages of development by directed oncogenesis in transgenic mice. Development, 
122, 3319-29. 

ALBARRACIN, C. T., KAISER, U. B. & CHIN, W. W. 1994. Isolation and characterization of the 5'-
flanking region of the mouse gonadotropin-releasing hormone receptor gene. 
Endocrinology, 135, 2300-6. 

AN, B. S., POON, S. L., SO, W. K., HAMMOND, G. L. & LEUNG, P. C. 2009. Rapid effect of GNRH1 on 
follicle-stimulating hormone beta gene expression in LbetaT2 mouse pituitary cells requires 
the progesterone receptor. Biol Reprod, 81, 243-9. 

AN, B. S., SELVA, D. M., HAMMOND, G. L., RIVERO-MULLER, A., RAHMAN, N. & LEUNG, P. C. 2006. 
Steroid receptor coactivator-3 is required for progesterone receptor trans-activation of 
target genes in response to gonadotropin-releasing hormone treatment of pituitary cells. J 
Biol Chem, 281, 20817-24. 

ASHLEY, R. L., CLAY, C. M., FARMERIE, T. A., NISWENDER, G. D. & NETT, T. M. 2006. Cloning and 
characterization of an ovine intracellular seven transmembrane receptor for progesterone 
that mediates calcium mobilization. Endocrinology, 147, 4151-9. 

AUBOEUF, D., HONIG, A., BERGET, S. M. & O'MALLEY, B. W. 2002. Coordinate regulation of 
transcription and splicing by steroid receptor coregulators. Science, 298, 416-9. 

AUCHUS, R. J. & FUQUA, S. W. 1994. The oestrogen receptor. In M.C. Shepperd and P.M. Stewart 
(Eds.) Baliere’s Clinical Endocrinolgy and Metabolism: Hormones, enzymes, and receptors, 8, 
433-449. Bslliere Tindall. London 

AVENANT, C., KOTITSCHKE, A. & HAPGOOD, J. P. 2010a. Glucocorticoid receptor phosphorylation 
modulates transcription efficacy through GRIP-1 recruitment. Biochemistry, 49, 972-85. 

AVENANT, C., RONACHER, K., STUBSRUD, E., LOUW, A. & HAPGOOD, J. P. 2010b. Role of ligand-
dependent GR phosphorylation and half-life in determination of ligand-specific 
transcriptional activity. Mol Cell Endocrinol, 327, 72-88. 

BALDWIN, D. M., SRIVASTAVA, P. S. & KRUMMEN, L. A. 1991. Differential actions of corticosterone 
on luteinizing hormone and follicle-stimulating hormone biosynthesis and release in cultured 
rat anterior pituitary cells: interactions with estradiol. Biol Reprod, 44, 1040-50. 

BAR, J., LAHAV, J., HOD, M., BEN-RAFAEL, Z., WEINBERGER, I. & BROSENS, J. 2000. Regulation of 
platelet aggregation and adenosine triphosphate release in vitro by 17beta-estradiol and 
medroxyprogesterone acetate in postmenopausal women. Thromb Haemost, 84, 695-700. 

BARLETTA, F., WONG, C. W., MCNALLY, C., KOMM, B. S., KATZENELLENBOGEN, B. & CHESKIS, B. J. 
2004. Characterization of the interactions of estrogen receptor and MNAR in the activation 
of cSrc. Mol Endocrinol, 18, 1096-108. 

BARNES, P. J. & KARIN, M. 1997. Nuclear factor-kappaB: a pivotal transcription factor in chronic 
inflammatory diseases. N Engl J Med, 336, 1066-71. 

BEATO, M. & KLUG, J. 2000. Steroid hormone receptors: an update. Hum Reprod Update, 6, 225-36. 
BEDECARRATS, G. Y. & KAISER, U. B. 2003. Differential regulation of gonadotropin subunit gene 

promoter activity by pulsatile gonadotropin-releasing hormone (GnRH) in perifused L beta 
T2 cells: role of GnRH receptor concentration. Endocrinology, 144, 1802-11. 

BEEBE, S. J. 1994. The cAMP-dependent protein kinases and cAMP signal transduction. Semin Cancer 
Biol, 5, 285-94. 

BERG, J. M. 1992. Sp1 and the subfamily of zinc finger proteins with guanine-rich binding sites. Proc 
Natl Acad Sci U S A, 89, 11109-10. 

BERGA, S. L., MORTOLA, J. F., GIRTON, L., SUH, B., LAUGHLIN, G., PHAM, P. & YEN, S. S. 1989. 
Neuroendocrine aberrations in women with functional hypothalamic amenorrhea. J Clin 
Endocrinol Metab, 68, 301-8. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

187 
 

BIRNBAUMER, L. 1992. Receptor-to-effector signaling through G proteins: roles for beta gamma 
dimers as well as alpha subunits. Cell, 71, 1069-72. 

BLACKMORE, P. F., NEULEN, J., LATTANZIO, F. & BEEBE, S. J. 1991. Cell surface-binding sites for 
progesterone mediate calcium uptake in human sperm. J Biol Chem, 266, 18655-9. 

BLAIR, R. M., FANG, H., BRANHAM, W. S., HASS, B. S., DIAL, S. L., MOLAND, C. L., TONG, W., SHI, L., 
PERKINS, R. & SHEEHAN, D. M. 2000. The estrogen receptor relative binding affinities of 188 
natural and xenochemicals: structural diversity of ligands. Toxicol Sci, 54, 138-53. 

BLEDSOE, R. K., MADAUSS, K. P., HOLT, J. A., APOLITO, C. J., LAMBERT, M. H., PEARCE, K. H., 
STANLEY, T. B., STEWART, E. L., TRUMP, R. P., WILLSON, T. M. & WILLIAMS, S. P. 2005. A 
ligand-mediated hydrogen bond network required for the activation of the mineralocorticoid 
receptor. J Biol Chem, 280, 31283-93. 

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. 
Mol Cell, 8, 269-80. 

BRESLIN, M. B., GENG, C. D. & VEDECKIS, W. V. 2001. Multiple promoters exist in the human GR 
gene, one of which is activated by glucocorticoids. Mol Endocrinol, 15, 1381-95. 

BROOKS, J., TAYLOR, P. L., SAUNDERS, P. T., EIDNE, K. A., STRUTHERS, W. J. & MCNEILLY, A. S. 1993. 
Cloning and sequencing of the sheep pituitary gonadotropin-releasing hormone receptor 
and changes in expression of its mRNA during the estrous cycle. Mol Cell Endocrinol, 94, R23-
7. 

BURNS, K. H. & MATZUK, M. M. 2002. Minireview: genetic models for the study of gonadotropin 
actions. Endocrinology, 143, 2823-35. 

BURNSTEIN, K. L., BELLINGHAM, D. L., JEWELL, C. M., POWELL-OLIVER, F. E. & CIDLOWSKI, J. A. 1991. 
Autoregulation of glucocorticoid receptor gene expression. Steroids, 56, 52-8. 

BURNSTEIN, K. L., JEWELL, C. M. & CIDLOWSKI, J. A. 1990. Human glucocorticoid receptor cDNA 
contains sequences sufficient for receptor down-regulation. J Biol Chem, 265, 7284-91. 

CAI, Z. & STOCCO, C. 2005. Expression and regulation of progestin membrane receptors in the rat 
corpus luteum. Endocrinology, 146, 5522-32. 

CALL, G. B. & WOLFE, M. W. 1999. Gonadotropin-releasing hormone activates the equine luteinizing 
hormone beta promoter through a protein kinase C/mitogen-activated protein kinase 
pathway. Biol Reprod, 61, 715-23. 

CAMPION, C. E., TURZILLO, A. M. & CLAY, C. M. 1996. The gene encoding the ovine gonadotropin-
releasing hormone (GnRH) receptor: cloning and initial characterization. Gene, 170, 277-80. 

CASTLES, C. G., OESTERREICH, S., HANSEN, R. & FUQUA, S. A. 1997. Auto-regulation of the estrogen 
receptor promoter. J Steroid Biochem Mol Biol, 62, 155-63. 

CATO, A. C., NESTL, A. & MINK, S. 2002. Rapid actions of steroid receptors in cellular signaling 
pathways. Sci STKE, 2002, re9. 

CHALBOS, D., CHAMBON, M., AILHAUD, G. & ROCHEFORT, H. 1987. Fatty acid synthetase and its 
mRNA are induced by progestins in breast cancer cells. J Biol Chem, 262, 9923-6. 

CHANDRAN, U. R., ATTARDI, B., FRIEDMAN, R., DONG, K. W., ROBERTS, J. L. & DEFRANCO, D. B. 1994. 
Glucocorticoid receptor-mediated repression of gonadotropin-releasing hormone promoter 
activity in GT1 hypothalamic cell lines. Endocrinology, 134, 1467-74. 

CHEN, J., AN, B. S., CHENG, L., HAMMOND, G. L. & LEUNG, P. C. 2009. Gonadotropin-releasing 
hormone-mediated phosphorylation of estrogen receptor-alpha contributes to fosB 
expression in mouse gonadotrophs. Endocrinology, 150, 4583-93. 

CHENG, C. K. & LEUNG, P. C. 2005. Molecular biology of gonadotropin-releasing hormone (GnRH)-I, 
GnRH-II, and their receptors in humans. Endocr Rev, 26, 283-306. 

CHENG, K. W., NATHWANI, P. S. & LEUNG, P. C. 2000. Regulation of human gonadotropin-releasing 
hormone receptor gene expression in placental cells. Endocrinology, 141, 2340-9. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

188 
 

CHEON, K. W., LEE, H. S., PARHAR, I. S. & KANG, I. S. 2001. Expression of the second isoform of 
gonadotrophin-releasing hormone (GnRH-II) in human endometrium throughout the 
menstrual cycle. Mol Hum Reprod, 7, 447-52. 

CHERRINGTON, B. D., FARMERIE, T. A., LENTS, C. A., CANTLON, J. D., ROBERSON, M. S. & CLAY, C. M. 
2005. Activin responsiveness of the murine gonadotropin-releasing hormone receptor gene 
is mediated by a composite enhancer containing spatially distinct regulatory elements. Mol 
Endocrinol, 19, 898-912. 

CHESKIS, B. J. 2004. Regulation of cell signalling cascades by steroid hormones. J Cell Biochem, 93, 
20-7. 

CHEUNG, T. C. & HEARN, J. P. 2003. Developmental expression and subcellular localization of wallaby 
gonadotropin-releasing hormone receptor and its splice variants. Gen Comp Endocrinol, 133, 
88-99. 

CHI, L., ZHOU, W., PRIKHOZHAN, A., FLANAGAN, C., DAVIDSON, J. S., GOLEMBO, M., ILLING, N., 
MILLAR, R. P. & SEALFON, S. C. 1993. Cloning and characterization of the human GnRH 
receptor. Mol Cell Endocrinol, 91, R1-6. 

CHOI, K. C., AUERSPERG, N. & LEUNG, P. C. 2001. Expression and antiproliferative effect of a second 
form of gonadotropin-releasing hormone in normal and neoplastic ovarian surface epithelial 
cells. J Clin Endocrinol Metab, 86, 5075-8. 

CIDLOWSKI, J. A., BELLINGHAM, D. L., POWELL-OLIVER, F. E., LUBAHN, D. B. & SAR, M. 1990. Novel 
antipeptide antibodies to the human glucocorticoid receptor: recognition of multiple 
receptor forms in vitro and distinct localization of cytoplasmic and nuclear receptors. Mol 
Endocrinol, 4, 1427-37. 

CLAYTON, R. N. & CATT, K. J. 1981. Gonadotropin-releasing hormone receptors: characterization, 
physiological regulation, and relationship to reproductive function. Endocr Rev, 2, 186-209. 

COCHRANE, D. R., CITTELLY, D. M. & RICHER, J. K. 2011. Steroid receptors and microRNAs: 
relationships revealed. Steroids, 76, 1-10. 

COHN, C. S., SULLIVAN, J. A., KIEFER, T. & HILL, S. M. 1999. Identification of an enhancer element in 
the estrogen receptor upstream region: implications for regulation of ER transcription in 
breast cancer. Mol Cell Endocrinol, 158, 25-36. 

COUSE, J. F. & KORACH, K. S. 1999. Estrogen receptor null mice: what have we learned and where 
will they lead us? Endocr Rev, 20, 358-417. 

COWLEY, S. M. & PARKER, M. G. 1999. A comparison of transcriptional activation by ER alpha and ER 
beta. J Steroid Biochem Mol Biol, 69, 165-75. 

CVORO, A., YUAN, C., PARUTHIYIL, S., MILLER, O. H., YAMAMOTO, K. R. & LEITMAN, D. C. 2011. Cross 
Talk between Glucocorticoid and Estrogen Receptors Occurs at a Subset of Proinflammatory 
Genes. J Immunol. 

DA SILVA, J. A., PEERS, S. H., PERRETTI, M. & WILLOUGHBY, D. A. 1993. Sex steroids affect 
glucocorticoid response to chronic inflammation and to interleukin-1. J Endocrinol, 136, 389-
97. 

DAHLMAN-WRIGHT, K., BAUMANN, H., MCEWAN, I. J., ALMLOF, T., WRIGHT, A. P., GUSTAFSSON, J. 
A. & HARD, T. 1995. Structural characterization of a minimal functional transactivation 
domain from the human glucocorticoid receptor. Proc Natl Acad Sci U S A, 92, 1699-703. 

DAHLMAN-WRIGHT, K., WRIGHT, A., GUSTAFSSON, J. A. & CARLSTEDT-DUKE, J. 1991. Interaction of 
the glucocorticoid receptor DNA-binding domain with DNA as a dimer is mediated by a short 
segment of five amino acids. J Biol Chem, 266, 3107-12. 

DAVIES, T. H., NING, Y. M. & SANCHEZ, E. R. 2002. A new first step in activation of steroid receptors: 
hormone-induced switching of FKBP51 and FKBP52 immunophilins. J Biol Chem, 277, 4597-
600. 

DAVIES, T. H. & SANCHEZ, E. R. 2005. Fkbp52. Int J Biochem Cell Biol, 37, 42-7. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

189 
 

DE AMICIS, F., ZUPO, S., PANNO, M. L., MALIVINDI, R., GIORDANO, F., BARONE, I., MAURO, L., 
FUQUA, S. A. & ANDO, S. 2009. Progesterone receptor B recruits a repressor complex to a 
half-PRE site of the estrogen receptor alpha gene promoter. Mol Endocrinol, 23, 454-65. 

DE ROUX, N. & MILGROM, E. 2001. Inherited disorders of GnRH and gonadotropin receptors. Mol 
Cell Endocrinol, 179, 83-7. 

DEBOLD, J. F. & FRYE, C. A. 1994. Genomic and non-genomic actions of progesterone in the control 
of female hamster sexual behavior. Horm Behav, 28, 445-53. 

DECONINCK, E. C., MCPHERSON, L. A. & WEIGEL, R. J. 1995. Transcriptional regulation of estrogen 
receptor in breast carcinomas. Mol Cell Biol, 15, 2191-6. 

DEMAY, F., TIFFOCHE, C. & THIEULANT, M. L. 1996. Sex- and cell-specific expression of an estrogen 
receptor isoform in the pituitary gland. Neuroendocrinology, 63, 522-9. 

DIDONATO, J. A., SAATCIOGLU, F. & KARIN, M. 1996. Molecular mechanisms of immunosuppression 
and anti-inflammatory activities by glucocorticoids. Am J Respir Crit Care Med, 154, S11-5. 

DONAGHUE, C., WESTLEY, B. R. & MAY, F. E. 1999. Selective promoter usage of the human estrogen 
receptor-alpha gene and its regulation by estrogen. Mol Endocrinol, 13, 1934-50. 

DUAN, R., XIE, W., BURGHARDT, R. C. & SAFE, S. 2001. Estrogen receptor-mediated activation of the 
serum response element in MCF-7 cells through MAPK-dependent phosphorylation of Elk-1. 
J Biol Chem, 276, 11590-8. 

DUAN, R., XIE, W., LI, X., MCDOUGAL, A. & SAFE, S. 2002. Estrogen regulation of c-fos gene 
expression through phosphatidylinositol-3-kinase-dependent activation of serum response 
factor in MCF-7 breast cancer cells. Biochem Biophys Res Commun, 294, 384-94. 

DUBEY, A. K. & PLANT, T. M. 1985. A suppression of gonadotropin secretion by cortisol in castrated 
male rhesus monkeys (Macaca mulatta) mediated by the interruption of hypothalamic 
gonadotropin-releasing hormone release. Biol Reprod, 33, 423-31. 

DUVAL, D. L., NELSON, S. E. & CLAY, C. M. 1997a. A binding site for steroidogenic factor-1 is part of a 
complex enhancer that mediates expression of the murine gonadotropin-releasing hormone 
receptor gene. Biol Reprod, 56, 160-8. 

DUVAL, D. L., NELSON, S. E. & CLAY, C. M. 1997b. The tripartite basal enhancer of the gonadotropin-
releasing hormone (GnRH) receptor gene promoter regulates cell-specific expression 
through a novel GnRH receptor activating sequence. Mol Endocrinol, 11, 1814-21. 

ECHEVERRIA, P. C., MAZAIRA, G., ERLEJMAN, A., GOMEZ-SANCHEZ, C., PIWIEN PILIPUK, G. & 
GALIGNIANA, M. D. 2009. Nuclear import of the glucocorticoid receptor-hsp90 complex 
through the nuclear pore complex is mediated by its interaction with Nup62 and importin 
beta. Mol Cell Biol, 29, 4788-97. 

EDWARDS, D. P. 2005. Regulation of signal transduction pathways by estrogen and progesterone. 
Annu Rev Physiol, 67, 335-76. 

EDWARDS, D. P., WARDELL, S. E. & BOONYARATANAKORNKIT, V. 2002. Progesterone receptor 
interacting coregulatory proteins and cross talk with cell signaling pathways. J Steroid 
Biochem Mol Biol, 83, 173-86. 

EIDNE, K. A., SELLAR, R. E., COUPER, G., ANDERSON, L. & TAYLOR, P. L. 1992. Molecular cloning and 
characterisation of the rat pituitary gonadotropin-releasing hormone (GnRH) receptor. Mol 
Cell Endocrinol, 90, R5-9. 

ELLSWORTH, B. S., BURNS, A. T., ESCUDERO, K. W., DUVAL, D. L., NELSON, S. E. & CLAY, C. M. 2003a. 
The gonadotropin releasing hormone (GnRH) receptor activating sequence (GRAS) is a 
composite regulatory element that interacts with multiple classes of transcription factors 
including Smads, AP-1 and a forkhead DNA binding protein. Mol Cell Endocrinol, 206, 93-111. 

ELLSWORTH, B. S., WHITE, B. R., BURNS, A. T., CHERRINGTON, B. D., OTIS, A. M. & CLAY, C. M. 2003b. 
c-Jun N-terminal kinase activation of activator protein-1 underlies homologous regulation of 
the gonadotropin-releasing hormone receptor gene in alpha T3-1 cells. Endocrinology, 144, 
839-49. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

190 
 

EVEREST, H. M., HISLOP, J. N., HARDING, T., UNEY, J. B., FLYNN, A., MILLAR, R. P. & MCARDLE, C. A. 
2001. Signaling and antiproliferative effects mediated by GnRH receptors after expression in 
breast cancer cells using recombinant adenovirus. Endocrinology, 142, 4663-72. 

FAN, N. C., JEUNG, E. B., PENG, C., OLOFSSON, J. I., KRISINGER, J. & LEUNG, P. C. 1994. The human 
gonadotropin-releasing hormone (GnRH) receptor gene: cloning, genomic organization and 
chromosomal assignment. Mol Cell Endocrinol, 103, R1-6. 

FAN, N. C., PENG, C., KRISINGER, J. & LEUNG, P. C. 1995. The human gonadotropin-releasing 
hormone receptor gene: complete structure including multiple promoters, transcription 
initiation sites, and polyadenylation signals. Mol Cell Endocrinol, 107, R1-8. 

FARHAT, M. Y., LAVIGNE, M. C. & RAMWELL, P. W. 1996. The vascular protective effects of estrogen. 
FASEB J, 10, 615-24. 

FERGUSON, S. S. 2001. Evolving concepts in G protein-coupled receptor endocytosis: the role in 
receptor desensitization and signaling. Pharmacol Rev, 53, 1-24. 

FERIN, M. 1999. Clinical review 105: Stress and the reproductive cycle. J Clin Endocrinol Metab, 84, 
1768-74. 

FERNANDES, M. S., BROSENS, J. J. & GELLERSEN, B. 2008. Honey, we need to talk about the 
membrane progestin receptors. Steroids, 73, 942-52. 

FERNANDES, M. S., PIERRON, V., MICHALOVICH, D., ASTLE, S., THORNTON, S., PELTOKETO, H., LAM, 
E. W., GELLERSEN, B., HUHTANIEMI, I., ALLEN, J. & BROSENS, J. J. 2005. Regulated expression 
of putative membrane progestin receptor homologues in human endometrium and 
gestational tissues. J Endocrinol, 187, 89-101. 

FERNANDEZ-VAZQUEZ, G., KAISER, U. B., ALBARRACIN, C. T. & CHIN, W. W. 1996. Transcriptional 
activation of the gonadotropin-releasing hormone receptor gene by activin A. Mol 
Endocrinol, 10, 356-66. 

FILARDO, E. J., QUINN, J. A., BLAND, K. I. & FRACKELTON, A. R., JR. 2000. Estrogen-induced activation 
of Erk-1 and Erk-2 requires the G protein-coupled receptor homolog, GPR30, and occurs via 
trans-activation of the epidermal growth factor receptor through release of HB-EGF. Mol 
Endocrinol, 14, 1649-60. 

FISHER, C. R., GRAVES, K. H., PARLOW, A. F. & SIMPSON, E. R. 1998. Characterization of mice 
deficient in aromatase (ArKO) because of targeted disruption of the cyp19 gene. Proc Natl 
Acad Sci U S A, 95, 6965-70. 

FLOWER, D. R. 1999. Modelling G-protein-coupled receptors for drug design. Biochim Biophys Acta, 
1422, 207-34. 

FRANK, G. R. 1995. The role of estrogen in pubertal skeletal physiology: epiphyseal maturation and 
mineralization of the skeleton. Acta Paediatr, 84, 627-30. 

FREEMAN, A. I., MUNN, H. L., LYONS, V., DAMMERMANN, A., SECKL, J. R. & CHAPMAN, K. E. 2004. 
Glucocorticoid down-regulation of rat glucocorticoid receptor does not involve differential 
promoter regulation. J Endocrinol, 183, 365-74. 

GHARIB, S. D., WIERMAN, M. E., SHUPNIK, M. A. & CHIN, W. W. 1990. Molecular biology of the 
pituitary gonadotropins. Endocr Rev, 11, 177-99. 

GIANGRANDE, P. H. & MCDONNELL, D. P. 1999. The A and B isoforms of the human progesterone 
receptor: two functionally different transcription factors encoded by a single gene. Recent 
Prog Horm Res, 54, 291-313; discussion 313-4. 

GOODMAN, L. S., GILMAN, A., BRUNTON, L. L., LAZO, J. S., PARKER, K. L. 2006. Goodman's and 
gilman's the pharmacological basis of therapeutics. McGraw-Hill, New York. 

GOSDEN, J. R., MIDDLETON, P. G. & ROUT, D. 1986. Localization of the human oestrogen receptor 
gene to chromosome 6q24----q27 by in situ hybridization. Cytogenet Cell Genet, 43, 218-20. 

GRAHAM, J. D. & CLARKE, C. L. 1997. Physiological action of progesterone in target tissues. Endocr 
Rev, 18, 502-19. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

191 
 

GREEN, S., WALTER, P., KUMAR, V., KRUST, A., BORNERT, J. M., ARGOS, P. & CHAMBON, P. 1986. 
Human oestrogen receptor cDNA: sequence, expression and homology to v-erb-A. Nature, 
320, 134-9. 

GUERRERO, H. E., STEIN, P., ASCH, R. H., DE FRIED, E. P. & TESONE, M. 1993. Effect of a 
gonadotropin-releasing hormone agonist on luteinizing hormone receptors and 
steroidogenesis in ovarian cells. Fertil Steril, 59, 803-8. 

HALL, J. M. & MCDONNELL, D. P. 1999. The estrogen receptor beta-isoform (ERbeta) of the human 
estrogen receptor modulates ERalpha transcriptional activity and is a key regulator of the 
cellular response to estrogens and antiestrogens. Endocrinology, 140, 5566-78. 

HAMMES, S. R. 2003. The further redefining of steroid-mediated signaling. Proc Natl Acad Sci U S A, 
100, 2168-70. 

HANNA, R., PANG, Y., THOMAS, P. & ZHU, Y. 2006. Cell-surface expression, progestin binding, and 
rapid nongenomic signaling of zebrafish membrane progestin receptors alpha and beta in 
transfected cells. J Endocrinol, 190, 247-60. 

HAPGOOD, J. P., SADIE, H., VAN BILJON, W. & RONACHER, K. 2005. Regulation of expression of 
mammalian gonadotrophin-releasing hormone receptor genes. J Neuroendocrinol, 17, 619-
38. 

HARAGUCHI, S., GOOD, R. A., ENGELMAN, R. W., GREENE, S. & DAY, N. K. 1997. Prolactin, epidermal 
growth factor or transforming growth factor-alpha activate a mammary cell-specific 
enhancer in mouse mammary tumor virus-long terminal repeat. Mol Cell Endocrinol, 129, 
145-55. 

HEERY, D. M., KALKHOVEN, E., HOARE, S. & PARKER, M. G. 1997. A signature motif in transcriptional 
co-activators mediates binding to nuclear receptors. Nature, 387, 733-6. 

HESS, R. A., BUNICK, D., LEE, K. H., BAHR, J., TAYLOR, J. A., KORACH, K. S. & LUBAHN, D. B. 1997. A 
role for oestrogens in the male reproductive system. Nature, 390, 509-12. 

HODIN, R. A., LAZAR, M. A., WINTMAN, B. I., DARLING, D. S., KOENIG, R. J., LARSEN, P. R., MOORE, D. 
D. & CHIN, W. W. 1989. Identification of a thyroid hormone receptor that is pituitary-
specific. Science, 244, 76-9. 

HOLLENBERG, S. M., WEINBERGER, C., ONG, E. S., CERELLI, G., ORO, A., LEBO, R., THOMPSON, E. B., 
ROSENFELD, M. G. & EVANS, R. M. 1985. Primary structure and expression of a functional 
human glucocorticoid receptor cDNA. Nature, 318, 635-41. 

HORN, F., WINDLE, J. J., BARNHART, K. M. & MELLON, P. L. 1992. Tissue-specific gene expression in 
the pituitary: the glycoprotein hormone alpha-subunit gene is regulated by a gonadotrope-
specific protein. Mol Cell Biol, 12, 2143-53. 

HUR, E. M. & KIM, K. T. 2002. G protein-coupled receptor signalling and cross-talk: achieving rapidity 
and specificity. Cell Signal, 14, 397-405. 

HYDE, C. L., CHILDS, G., WAHL, L. M., NAOR, Z. & CATT, K. J. 1982. Preparation of gonadotroph-
enriched cell populations from adult rat anterior pituitary cells by centrifugal elutriation. 
Endocrinology, 111, 1421-3. 

IBRAHIM, S. N., MOUSSA, S. M. & CHILDS, G. V. 1986. Morphometric studies of rat anterior pituitary 
cells after gonadectomy: correlation of changes in gonadotropes with the serum levels of 
gonadotropins. Endocrinology, 119, 629-37. 

IMAI, A., OHNO, T., IIDA, K., FUSEYA, T., FURUI, T. & TAMAYA, T. 1994. Gonadotropin-releasing 
hormone receptor in gynecologic tumors. Frequent expression in adenocarcinoma histologic 
types. Cancer, 74, 2555-61. 

IMAI, A. & TAMAYA, T. 2000. GnRH receptor and apoptotic signaling. Vitam Horm, 59, 1-33. 
ISMAILI, N. & GARABEDIAN, M. J. 2004. Modulation of glucocorticoid receptor function via 

phosphorylation. Ann N Y Acad Sci, 1024, 86-101. 
ITO, K., YAMAMURA, S., ESSILFIE-QUAYE, S., COSIO, B., ITO, M., BARNES, P. J. & ADCOCK, I. M. 2006. 

Histone deacetylase 2-mediated deacetylation of the glucocorticoid receptor enables NF-
kappaB suppression. J Exp Med, 203, 7-13. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

192 
 

JARAVAZA, S. 2008. Regulation of defensin genes by synthetic progestins in a human endocervical 
cell line. Honous Thesis. University of Cape Town. Cape Town. South Africa. 

JIANG, Z., GIBSON, J. P., ARCHIBALD, A. L. & HALEY, C. S. 2001. The porcine gonadotropin-releasing 
hormone receptor gene (GNRHR): genomic organization, polymorphisms, and association 
with the number of corpora lutea. Genome, 44, 7-12. 

JONAT, C., RAHMSDORF, H. J., PARK, K. K., CATO, A. C., GEBEL, S., PONTA, H. & HERRLICH, P. 1990. 
Antitumor promotion and antiinflammation: down-modulation of AP-1 (Fos/Jun) activity by 
glucocorticoid hormone. Cell, 62, 1189-204. 

KAISER, U. B., CONN, P. M. & CHIN, W. W. 1997. Studies of gonadotropin-releasing hormone (GnRH) 
action using GnRH receptor-expressing pituitary cell lines. Endocr Rev, 18, 46-70. 

KAKAR, S. S. & JENNES, L. 1995. Expression of gonadotropin-releasing hormone and gonadotropin-
releasing hormone receptor mRNAs in various non-reproductive human tissues. Cancer Lett, 
98, 57-62. 

KAKAR, S. S., RAHE, C. H. & NEILL, J. D. 1993. Molecular cloning, sequencing, and characterizing the 
bovine receptor for gonadotropin releasing hormone (GnRH). Domest Anim Endocrinol, 10, 
335-42. 

KAM, K. Y., JEONG, K. H., NORWITZ, E. R., JORGENSEN, E. M. & KAISER, U. B. 2005. Oct-1 and nuclear 
factor Y bind to the SURG-1 element to direct basal and gonadotropin-releasing hormone 
(GnRH)-stimulated mouse GnRH receptor gene transcription. Mol Endocrinol, 19, 148-62. 

KANG, S. K., TAI, C. J., NATHWANI, P. S. & LEUNG, P. C. 2001. Differential regulation of two forms of 
gonadotropin-releasing hormone messenger ribonucleic acid in human granulosa-luteal 
cells. Endocrinology, 142, 182-92. 

KARIN, M. & CHANG, L. 2001. AP-1--glucocorticoid receptor crosstalk taken to a higher level. J 
Endocrinol, 169, 447-51. 

KARTERIS, E., ZERVOU, S., PANG, Y., DONG, J., HILLHOUSE, E. W., RANDEVA, H. S. & THOMAS, P. 
2006. Progesterone signaling in human myometrium through two novel membrane G 
protein-coupled receptors: potential role in functional progesterone withdrawal at term. 
Mol Endocrinol, 20, 1519-34. 

KASSEL, O. & HERRLICH, P. 2007. Crosstalk between the glucocorticoid receptor and other 
transcription factors: molecular aspects. Mol Cell Endocrinol, 275, 13-29. 

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. EMBO J, 9, 1603-14. 

KATZUNG, B. G. 2004. Basic and clinical pharmacology. McGraw-Hill, New York. 
KINO, T., MANOLI, I., KELKAR, S., WANG, Y., SU, Y. A. & CHROUSOS, G. P. 2009. Glucocorticoid 

receptor (GR) beta has intrinsic, GRalpha-independent transcriptional activity. Biochem 
Biophys Res Commun, 381, 671-5. 

KOIKE, S., SAKAI, M. & MURAMATSU, M. 1987. Molecular cloning and characterization of rat 
estrogen receptor cDNA. Nucleic Acids Res, 15, 2499-513. 

KONDO, N., TOYAMA, T., SUGIURA, H., FUJII, Y. & YAMASHITA, H. 2008. miR-206 Expression is down-
regulated in estrogen receptor alpha-positive human breast cancer. Cancer Res, 68, 5004-8. 

KONTULA, K., PAAVONEN, T., LUUKKAINEN, T. & ANDERSSON, L. C. 1983. Binding of progestins to the 
glucocorticoid receptor. Correlation to their glucocorticoid-like effects on in vitro functions 
of human mononuclear leukocytes. Biochem Pharmacol, 32, 1511-8. 

KOS, M., REID, G., DENGER, S. & GANNON, F. 2001. Minireview: genomic organization of the human 
ERalpha gene promoter region. Mol Endocrinol, 15, 2057-63. 

KOTITSCHKE, A. 2009. Genomic and nongenomic cross talk between the gonadotropin-releasing 
hormone receptor and glucocorticoid receptor signaling pathways. PhD Thesis. University of 
Cape Town, Cape Town, South Africa. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

193 
 

KOTITSCHKE, A., SADIE-VAN GIJSEN, H., AVENANT, C., FERNANDES, S. & HAPGOOD, J. P. 2009. 
Genomic and nongenomic cross talk between the gonadotropin-releasing hormone receptor 
and glucocorticoid receptor signaling pathways. Mol Endocrinol, 23, 1726-45. 

KOUBOVEC, D., RONACHER, K., STUBSRUD, E., LOUW, A. & HAPGOOD, J. P. 2005. Synthetic 
progestins used in HRT have different glucocorticoid agonist properties. Mol Cell Endocrinol, 
242, 23-32. 

KRAUS, S., BENARD, O., NAOR, Z. & SEGER, R. 2003. c-Src is activated by the epidermal growth factor 
receptor in a pathway that mediates JNK and ERK activation by gonadotropin-releasing 
hormone in COS7 cells. J Biol Chem, 278, 32618-30. 

KRAUS, S., NAOR, Z. & SEGER, R. 2001. Intracellular signaling pathways mediated by the 
gonadotropin-releasing hormone (GnRH) receptor. Arch Med Res, 32, 499-509. 

KRAUS, W. L., MONTANO, M. M. & KATZENELLENBOGEN, B. S. 1993. Cloning of the rat progesterone 
receptor gene 5'-region and identification of two functionally distinct promoters. Mol 
Endocrinol, 7, 1603-16. 

KRIETSCH, T., FERNANDES, M. S., KERO, J., LOSEL, R., HEYENS, M., LAM, E. W., HUHTANIEMI, I., 
BROSENS, J. J. & GELLERSEN, B. 2006. Human homologs of the putative G protein-coupled 
membrane progestin receptors (mPRalpha, beta, and gamma) localize to the endoplasmic 
reticulum and are not activated by progesterone. Mol Endocrinol, 20, 3146-64. 

KRUSEKOPF, S., CHAUCHEREAU, A., MILGROM, E., HENDERSON, D. & CATO, A. C. 1991. Co-operation 
of progestational steroids with epidermal growth factor in activation of gene expression in 
mammary tumor cells. J Steroid Biochem Mol Biol, 40, 239-45. 

KRUST, A., GREEN, S., ARGOS, P., KUMAR, V., WALTER, P., BORNERT, J. M. & CHAMBON, P. 1986. The 
chicken oestrogen receptor sequence: homology with v-erbA and the human oestrogen and 
glucocorticoid receptors. EMBO J, 5, 891-7. 

KUIPER, G. G., CARLSSON, B., GRANDIEN, K., ENMARK, E., HAGGBLAD, J., NILSSON, S. & 
GUSTAFSSON, J. A. 1997. Comparison of the ligand binding specificity and transcript tissue 
distribution of estrogen receptors alpha and beta. Endocrinology, 138, 863-70. 

KUIPER, G. G., ENMARK, E., PELTO-HUIKKO, M., NILSSON, S. & GUSTAFSSON, J. A. 1996. Cloning of a 
novel receptor expressed in rat prostate and ovary. Proc Natl Acad Sci U S A, 93, 5925-30. 

KUMAR, P., WU, Q., CHAMBLISS, K. L., YUHANNA, I. S., MUMBY, S. M., MINEO, C., TALL, G. G. & 
SHAUL, P. W. 2007. Direct Interactions with G alpha i and G betagamma mediate 
nongenomic signaling by estrogen receptor alpha. Mol Endocrinol, 21, 1370-80. 

KUMAR, R. & THOMPSON, E. B. 2003. Transactivation functions of the N-terminal domains of nuclear 
hormone receptors: protein folding and coactivator interactions. Mol Endocrinol, 17, 1-10. 

KUMAR, T. R., WANG, Y., LU, N. & MATZUK, M. M. 1997. Follicle stimulating hormone is required for 
ovarian follicle maturation but not male fertility. Nat Genet, 15, 201-4. 

LANGE, C. A. 2004. Making sense of cross-talk between steroid hormone receptors and intracellular 
signaling pathways: who will have the last word? Mol Endocrinol, 18, 269-78. 

LANGE, C. A., SHEN, T. & HORWITZ, K. B. 2000. Phosphorylation of human progesterone receptors at 
serine-294 by mitogen-activated protein kinase signals their degradation by the 26S 
proteasome. Proc Natl Acad Sci U S A, 97, 1032-7. 

LE DOUARIN, B., NIELSEN, A. L., GARNIER, J. M., ICHINOSE, H., JEANMOUGIN, F., LOSSON, R. & 
CHAMBON, P. 1996. A possible involvement of TIF1 alpha and TIF1 beta in the epigenetic 
control of transcription by nuclear receptors. EMBO J, 15, 6701-15. 

LEVI, N. L., HANOCH, T., BENARD, O., ROZENBLAT, M., HARRIS, D., REISS, N., NAOR, Z. & SEGER, R. 
1998. Stimulation of Jun N-terminal kinase (JNK) by gonadotropin-releasing hormone in 
pituitary alpha T3-1 cell line is mediated by protein kinase C, c-Src, and CDC42. Mol 
Endocrinol, 12, 815-24. 

LEVINE, J. E. & RAMIREZ, V. D. 1982. Luteinizing hormone-releasing hormone release during the rat 
estrous cycle and after ovariectomy, as estimated with push-pull cannulae. Endocrinology, 
111, 1439-48. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

194 
 

LI, L., HAYNES, M. P. & BENDER, J. R. 2003. Plasma membrane localization and function of the 
estrogen receptor alpha variant (ER46) in human endothelial cells. Proc Natl Acad Sci U S A, 
100, 4807-12. 

LI, X. & O'MALLEY, B. W. 2003. Unfolding the action of progesterone receptors. J Biol Chem, 278, 
39261-4. 

LI, Y., SUINO, K., DAUGHERTY, J. & XU, H. E. 2005. Structural and biochemical mechanisms for the 
specificity of hormone binding and coactivator assembly by mineralocorticoid receptor. Mol 
Cell, 19, 367-80. 

LIEBERMAN, M. E., MAURER, R. A., CLAUDE, P., WIKLUND, J., WERTZ, N. & GORSKI, J. 1981. 
Regulation of pituitary growth and prolactin gene expression by estrogen. Adv Exp Med Biol, 
138, 151-63. 

LIEBERMAN, M. E., MAURER, R. A. & GORSKI, J. 1978. Estrogen control of prolactin synthesis in vitro. 
Proc Natl Acad Sci U S A, 75, 5946-9. 

LIMBOURG, F. P. & LIAO, J. K. 2003. Nontranscriptional actions of the glucocorticoid receptor. J Mol 
Med, 81, 168-74. 

LIMONTA, P., MORETTI, R. M., MARELLI, M. M. & MOTTA, M. 2003. The biology of gonadotropin 
hormone-releasing hormone: role in the control of tumor growth and progression in 
humans. Front Neuroendocrinol, 24, 279-95. 

LIU, F., AUSTIN, D. A., MELLON, P. L., OLEFSKY, J. M. & WEBSTER, N. J. 2002. GnRH activates ERK1/2 
leading to the induction of c-fos and LHbeta protein expression in LbetaT2 cells. Mol 
Endocrinol, 16, 419-34. 

LONARD, D. M. & O'MALLEY, B. W. 2005. Expanding functional diversity of the coactivators. Trends 
Biochem Sci, 30, 126-32. 

LONGO, M., BRAMA, M., MARINO, M., BERNARDINI, S., KORACH, K. S., WETSEL, W. C., SCANDURRA, 
R., FARAGGIANA, T., SPERA, G., BARON, R., TETI, A. & MIGLIACCIO, S. 2004. Interaction of 
estrogen receptor alpha with protein kinase C alpha and c-Src in osteoblasts during 
differentiation. Bone, 34, 100-11. 

LOSEL, R. & WEHLING, M. 2003. Nongenomic actions of steroid hormones. Nat Rev Mol Cell Biol, 4, 
46-56. 

LOSEL, R. M., FALKENSTEIN, E., FEURING, M., SCHULTZ, A., TILLMANN, H. C., ROSSOL-HASEROTH, K. 
& WEHLING, M. 2003. Nongenomic steroid action: controversies, questions, and answers. 
Physiol Rev, 83, 965-1016. 

LU, N. Z. & CIDLOWSKI, J. A. 2005. Translational regulatory mechanisms generate N-terminal 
glucocorticoid receptor isoforms with unique transcriptional target genes. Mol Cell, 18, 331-
42. 

LU, N. Z., WARDELL, S. E., BURNSTEIN, K. L., DEFRANCO, D., FULLER, P. J., GIGUERE, V., HOCHBERG, R. 
B., MCKAY, L., RENOIR, J. M., WEIGEL, N. L., WILSON, E. M., MCDONNELL, D. P. & CIDLOWSKI, 
J. A. 2006. International Union of Pharmacology. LXV. The pharmacology and classification of 
the nuclear receptor superfamily: glucocorticoid, mineralocorticoid, progesterone, and 
androgen receptors. Pharmacol Rev, 58, 782-97. 

LUCONI, M., FRANCAVILLA, F., PORAZZI, I., MACEROLA, B., FORTI, G. & BALDI, E. 2004. Human 
spermatozoa as a model for studying membrane receptors mediating rapid nongenomic 
effects of progesterone and estrogens. Steroids, 69, 553-9. 

LYDON, J. P., DEMAYO, F. J., FUNK, C. R., MANI, S. K., HUGHES, A. R., MONTGOMERY, C. A., JR., 
SHYAMALA, G., CONNEELY, O. M. & O'MALLEY, B. W. 1995. Mice lacking progesterone 
receptor exhibit pleiotropic reproductive abnormalities. Genes Dev, 9, 2266-78. 

MAGGI, A. & PEREZ, J. 1984. Progesterone and estrogens in rat brain: modulation of GABA (gamma-
aminobutyric acid) receptor activity. Eur J Pharmacol, 103, 165-8. 

MAILLOT, G., LACROIX-TRIKI, M., PIERREDON, S., GRATADOU, L., SCHMIDT, S., BENES, V., ROCHE, H., 
DALENC, F., AUBOEUF, D., MILLEVOI, S. & VAGNER, S. 2009. Widespread estrogen-



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

195 
 

dependent repression of micrornas involved in breast tumor cell growth. Cancer Res, 69, 
8332-40. 

MALLER, J. L. 2001. The elusive progesterone receptor in Xenopus oocytes. Proc Natl Acad Sci U S A, 
98, 8-10. 

MALLER, J. L. 2003. Signal transduction. Fishing at the cell surface. Science, 300, 594-5. 
MALYS, N. & MCCARTHY, J. E. 2011. Translation initiation: variations in the mechanism can be 

anticipated. Cell Mol Life Sci, 68, 991-1003. 
MANGAL, R. K., WIEHLE, R. D., POINDEXTER, A. N., 3RD & WEIGEL, N. L. 1997. Differential expression 

of uterine progesterone receptor forms A and B during the menstrual cycle. J Steroid 
Biochem Mol Biol, 63, 195-202. 

MANGELSDORF, D. J., THUMMEL, C., BEATO, M., HERRLICH, P., SCHUTZ, G., UMESONO, K., 
BLUMBERG, B., KASTNER, P., MARK, M., CHAMBON, P. & EVANS, R. M. 1995. The nuclear 
receptor superfamily: the second decade. Cell, 83, 835-9. 

MANI, S. K., BLAUSTEIN, J. D., ALLEN, J. M., LAW, S. W., O'MALLEY, B. W. & CLARK, J. H. 1994. 
Inhibition of rat sexual behavior by antisense oligonucleotides to the progesterone receptor. 
Endocrinology, 135, 1409-14. 

MARINISSEN, M. J. & GUTKIND, J. S. 2001. G-protein-coupled receptors and signaling networks: 
emerging paradigms. Trends Pharmacol Sci, 22, 368-76. 

MARQUEZ, D. C. & PIETRAS, R. J. 2001. Membrane-associated binding sites for estrogen contribute 
to growth regulation of human breast cancer cells. Oncogene, 20, 5420-30. 

MARTIN, G. S. 2001. The hunting of the Src. Nat Rev Mol Cell Biol, 2, 467-75. 
MASON, A. J., HAYFLICK, J. S., ZOELLER, R. T., YOUNG, W. S., 3RD, PHILLIPS, H. S., NIKOLICS, K. & 

SEEBURG, P. H. 1986. A deletion truncating the gonadotropin-releasing hormone gene is 
responsible for hypogonadism in the hpg mouse. Science, 234, 1366-71. 

MATIAS, P. M., DONNER, P., COELHO, R., THOMAZ, M., PEIXOTO, C., MACEDO, S., OTTO, N., 
JOSCHKO, S., SCHOLZ, P., WEGG, A., BASLER, S., SCHAFER, M., EGNER, U. & CARRONDO, M. 
A. 2000. Structural evidence for ligand specificity in the binding domain of the human 
androgen receptor. Implications for pathogenic gene mutations. J Biol Chem, 275, 26164-71. 

MCDONNELL, D. P. & GOLDMAN, M. E. 1994. RU486 exerts antiestrogenic activities through a novel 
progesterone receptor A form-mediated mechanism. J Biol Chem, 269, 11945-9. 

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. J Steroid Biochem Mol Biol, 48, 425-32. 

MCEWAN, I. J., WRIGHT, A. P., DAHLMAN-WRIGHT, K., CARLSTEDT-DUKE, J. & GUSTAFSSON, J. A. 
1993. Direct interaction of the tau 1 transactivation domain of the human glucocorticoid 
receptor with the basal transcriptional machinery. Mol Cell Biol, 13, 399-407. 

MCGILLIVRAY, S. M., BAILEY, J. S., RAMEZANI, R., KIRKWOOD, B. J. & MELLON, P. L. 2005. Mouse 
GnRH receptor gene expression is mediated by the LHX3 homeodomain protein. 
Endocrinology, 146, 2180-5. 

MCGILLIVRAY, S. M., THACKRAY, V. G., COSS, D. & MELLON, P. L. 2007. Activin and glucocorticoids 
synergistically activate follicle-stimulating hormone beta-subunit gene expression in the 
immortalized LbetaT2 gonadotrope cell line. Endocrinology, 148, 762-73. 

MCKENNA, N. J. & O'MALLEY, B. W. 2002. Combinatorial control of gene expression by nuclear 
receptors and coregulators. Cell, 108, 465-74. 

MCKENNA, N. J., XU, J., NAWAZ, Z., TSAI, S. Y., TSAI, M. J. & O'MALLEY, B. W. 1999. Nuclear receptor 
coactivators: multiple enzymes, multiple complexes, multiple functions. J Steroid Biochem 
Mol Biol, 69, 3-12. 

MCPHERSON, L. A., BAICHWAL, V. R. & WEIGEL, R. J. 1997. Identification of ERF-1 as a member of the 
AP2 transcription factor family. Proc Natl Acad Sci U S A, 94, 4342-7. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

196 
 

MCPHERSON, L. A. & WEIGEL, R. J. 1999. AP2alpha and AP2gamma: a comparison of binding site 
specificity and trans-activation of the estrogen receptor promoter and single site promoter 
constructs. Nucleic Acids Res, 27, 4040-9. 

MIGLIACCIO, A., PICCOLO, D., CASTORIA, G., DI DOMENICO, M., BILANCIO, A., LOMBARDI, M., GONG, 
W., BEATO, M. & AURICCHIO, F. 1998. Activation of the Src/p21ras/Erk pathway by 
progesterone receptor via cross-talk with estrogen receptor. EMBO J, 17, 2008-18. 

MILGROM, E., THI, L., ATGER, M. & BAULIEU, E. E. 1973. Mechanisms regulating the concentration 
and the conformation of progesterone receptor(s) in the uterus. J Biol Chem, 248, 6366-74. 

MILLAR, R. P., LU, Z. L., PAWSON, A. J., FLANAGAN, C. A., MORGAN, K. & MAUDSLEY, S. R. 2004. 
Gonadotropin-releasing hormone receptors. Endocr Rev, 25, 235-75. 

MINER, J. N. & YAMAMOTO, K. R. 1992. The basic region of AP-1 specifies glucocorticoid receptor 
activity at a composite response element. Genes Dev, 6, 2491-501. 

MOORE, M. R., ZHOU, J. L., BLANKENSHIP, K. A., STROBL, J. S., EDWARDS, D. P. & GENTRY, R. N. 1997. 
A sequence in the 5' flanking region confers progestin responsiveness on the human c-myc 
gene. J Steroid Biochem Mol Biol, 62, 243-52. 

MORALES, P. 1998. Gonadotropin-releasing hormone increases ability of the spermatozoa to bind to 
the human zona pellucida. Biol Reprod, 59, 426-30. 

MORETTI, R. M., MONTAGNANI MARELLI, M., VAN GROENINGHEN, J. C. & LIMONTA, P. 2002. Locally 
expressed LHRH receptors mediate the oncostatic and antimetastatic activity of LHRH 
agonists on melanoma cells. J Clin Endocrinol Metab, 87, 3791-7. 

MOSSELMAN, S., POLMAN, J. & DIJKEMA, R. 1996. ER beta: identification and characterization of a 
novel human estrogen receptor. FEBS Lett, 392, 49-53. 

MUKAIDA, N., MORITA, M., ISHIKAWA, Y., RICE, N., OKAMOTO, S., KASAHARA, T. & MATSUSHIMA, K. 
1994. Novel mechanism of glucocorticoid-mediated gene repression. Nuclear factor-kappa B 
is target for glucocorticoid-mediated interleukin 8 gene repression. J Biol Chem, 269, 13289-
95. 

MULAC-JERICEVIC, B., MULLINAX, R. A., DEMAYO, F. J., LYDON, J. P. & CONNEELY, O. M. 2000. 
Subgroup of reproductive functions of progesterone mediated by progesterone receptor-B 
isoform. Science, 289, 1751-4. 

MULVANEY, J. M. & ROBERSON, M. S. 2000. Divergent signaling pathways requiring discrete calcium 
signals mediate concurrent activation of two mitogen-activated protein kinases by 
gonadotropin-releasing hormone. J Biol Chem, 275, 14182-9. 

NADER, N., CHROUSOS, G. P. & KINO, T. 2009. Circadian rhythm transcription factor CLOCK regulates 
the transcriptional activity of the glucocorticoid receptor by acetylating its hinge region 
lysine cluster: potential physiological implications. FASEB J, 23, 1572-83. 

NAOR, Z., BENARD, O. & SEGER, R. 2000. Activation of MAPK cascades by G-protein-coupled 
receptors: the case of gonadotropin-releasing hormone receptor. Trends Endocrinol Metab, 
11, 91-9. 

NAVRATIL, A. M., SONG, H., HERNANDEZ, J. B., CHERRINGRON, B. D., SANTOS, S. J., LOW, J. M., DO, 
M. T., LAWSON, M. A. 2001. Insulin augments gonadotroprin-releasing hormone induction of 
transation in LβT2s. Mol Cell Endocrinol, 311, 47-54. 

NEILL, J. D. 2002. GnRH and GnRH receptor genes in the human genome. Endocrinology, 143, 737-
43. 

NEILL, J. D., DUCK, L. W., SELLERS, J. C. & MUSGROVE, L. C. 2001. A gonadotropin-releasing hormone 
(GnRH) receptor specific for GnRH II in primates. Biochem Biophys Res Commun, 282, 1012-
8. 

NEVES, S. R., RAM, P. T. & IYENGAR, R. 2002. G protein pathways. Science, 296, 1636-9. 
NEWTON, R. 2000. Molecular mechanisms of glucocorticoid action: what is important? Thorax, 55, 

603-13. 
NG, Y., WOLFE, A., NOVAIRA, H. J. & RADOVICK, S. 2009. Estrogen regulation of gene expression in 

GnRH neurons. Mol Cell Endocrinol, 303, 25-33. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

197 
 

NICOLAIDES, N. C., GALATA, Z., KINO, T., CHROUSOS, G. P. & CHARMANDARI, E. 2010. The human 
glucocorticoid receptor: molecular basis of biologic function. Steroids, 75, 1-12. 

NORMAN, A. W., MIZWICKI, M. T. & NORMAN, D. P. 2004. Steroid-hormone rapid actions, 
membrane receptors and a conformational ensemble model. Nat Rev Drug Discov, 3, 27-41. 

NORWITZ, E. R., XU, S., XU, J., SPIRYDA, L. B., PARK, J. S., JEONG, K. H., MCGEE, E. A. & KAISER, U. B. 
2002. Direct binding of AP-1 (Fos/Jun) proteins to a SMAD binding element facilitates both 
gonadotropin-releasing hormone (GnRH)- and activin-mediated transcriptional activation of 
the mouse GnRH receptor gene. J Biol Chem, 277, 37469-78. 

OAKLEY, R. H., JEWELL, C. M., YUDT, M. R., BOFETIADO, D. M. & CIDLOWSKI, J. A. 1999. The 
dominant negative activity of the human glucocorticoid receptor beta isoform. Specificity 
and mechanisms of action. J Biol Chem, 274, 27857-66. 

OAKLEY, R. H., SAR, M. & CIDLOWSKI, J. A. 1996. The human glucocorticoid receptor beta isoform. 
Expression, biochemical properties, and putative function. J Biol Chem, 271, 9550-9. 

OSTROM, R. S., POST, S. R. & INSEL, P. A. 2000. Stoichiometry and compartmentation in G protein-
coupled receptor signaling: implications for therapeutic interventions involving G(s). J 
Pharmacol Exp Ther, 294, 407-12. 

OTTO, C., ROHDE-SCHULZ, B., SCHWARZ, G., FUCHS, I., KLEWER, M., BRITTAIN, D., LANGER, G., 
BADER, B., PRELLE, K., NUBBEMEYER, R. & FRITZEMEIER, K. H. 2008. G protein-coupled 
receptor 30 localizes to the endoplasmic reticulum and is not activated by estradiol. 
Endocrinology, 149, 4846-56. 

PAKDEL, F., LE GUELLEC, C., VAILLANT, C., LE ROUX, M. G. & VALOTAIRE, Y. 1989. Identification and 
estrogen induction of two estrogen receptors (ER) messenger ribonucleic acids in the 
rainbow trout liver: sequence homology with other ERs. Mol Endocrinol, 3, 44-51. 

PARK-SARGE, O. K., PARMER, T. G., GU, Y. & GIBORI, G. 1995. Does the rat corpus luteum express the 
progesterone receptor gene? Endocrinology, 136, 1537-43. 

PEARCE, D., MATSUI, W., MINER, J. N. & YAMAMOTO, K. R. 1998. Glucocorticoid receptor 
transcriptional activity determined by spacing of receptor and nonreceptor DNA sites. J Biol 
Chem, 273, 30081-5. 

PEDRAM, A., RAZANDI, M. & LEVIN, E. R. 2006. Nature of functional estrogen receptors at the 
plasma membrane. Mol Endocrinol, 20, 1996-2009. 

PELUSO, J. J., BREMNER, T., FERNANDEZ, G., PAPPALARDO, A. & WHITE, B. A. 2003. Expression 
pattern and role of a 60-kilodalton progesterone binding protein in regulating granulosa cell 
apoptosis: involvement of the mitogen-activated protein kinase cascade. Biol Reprod, 68, 
122-8. 

PELUSO, J. J., FERNANDEZ, G., PAPPALARDO, A. & WHITE, B. A. 2002. Membrane-initiated events 
account for progesterone's ability to regulate intracellular free calcium levels and inhibit rat 
granulosa cell mitosis. Biol Reprod, 67, 379-85. 

PENOLAZZI, L., LAMBERTINI, E., AGUIARI, G., DEL SENNO, L. & PIVA, R. 2000. Cis element 'decoy' 
against the upstream promoter of the human estrogen receptor gene. Biochim Biophys Acta, 
1492, 560-7. 

PERNASETTI, F., VASILYEV, V. V., ROSENBERG, S. B., BAILEY, J. S., HUANG, H. J., MILLER, W. L. & 
MELLON, P. L. 2001. Cell-specific transcriptional regulation of follicle-stimulating hormone-
beta by activin and gonadotropin-releasing hormone in the LbetaT2 pituitary gonadotrope 
cell model. Endocrinology, 142, 2284-95. 

PFAFF, D. W., SCHWANZEL-FUKUDA, M., PARHAR, I. S., LAUBER, A. H., MCCARTHY, L. M. & KOW, L. 
M. 1994. GnRH neurons and other cellular and molecular mechanisms for simple 
mammalian reproductive behaviors. Recent Prog Horm Res, 49, 1-25. 

PICARD, D. & YAMAMOTO, K. R. 1987. Two signals mediate hormone-dependent nuclear localization 
of the glucocorticoid receptor. EMBO J, 6, 3333-40. 

PIERCE, J. G. & PARSONS, T. F. 1981. Glycoprotein hormones: structure and function. Annu Rev 
Biochem, 50, 465-95. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

198 
 

PONGLIKITMONGKOL, M., GREEN, S. & CHAMBON, P. 1988. Genomic organization of the human 
oestrogen receptor gene. EMBO J, 7, 3385-8. 

PRATT, W. B. 1993. The role of heat shock proteins in regulating the function, folding, and trafficking 
of the glucocorticoid receptor. J Biol Chem, 268, 21455-8. 

PURVES, W. K. 2004. Life : the science of biology, Sunderland, Mass., Sinauer Associates ; Basingstoke 
: Palgrave. 

QIU, M., OLSEN, A., FAIVRE, E., HORWITZ, K. B. & LANGE, C. A. 2003. Mitogen-activated protein 
kinase regulates nuclear association of human progesterone receptors. Mol Endocrinol, 17, 
628-42. 

RAGA, F., CASAN, E. M., KRUESSEL, J. S., WEN, Y., HUANG, H. Y., NEZHAT, C. & POLAN, M. L. 1998. 
Quantitative gonadotropin-releasing hormone gene expression and immunohistochemical 
localization in human endometrium throughout the menstrual cycle. Biol Reprod, 59, 661-9. 

RAMA, S. & RAO, A. J. 2001. Embryo implantation and GnRH antagonists: the search for the human 
placental GnRH receptor. Hum Reprod, 16, 201-5. 

RAMDAS, J., LIU, W. & HARMON, J. M. 1999. Glucocorticoid-induced cell death requires 
autoinduction of glucocorticoid receptor expression in human leukemic T cells. Cancer Res, 
59, 1378-85. 

RAZANDI, M., OH, P., PEDRAM, A., SCHNITZER, J. & LEVIN, E. R. 2002. ERs associate with and regulate 
the production of caveolin: implications for signaling and cellular actions. Mol Endocrinol, 16, 
100-15. 

RAZANDI, M., PEDRAM, A., GREENE, G. L. & LEVIN, E. R. 1999. Cell membrane and nuclear estrogen 
receptors (ERs) originate from a single transcript: studies of ERalpha and ERbeta expressed 
in Chinese hamster ovary cells. Mol Endocrinol, 13, 307-19. 

REINHART, J., MERTZ, L. M. & CATT, K. J. 1992. Molecular cloning and expression of cDNA encoding 
the murine gonadotropin-releasing hormone receptor. J Biol Chem, 267, 21281-4. 

REINHART, J., XIAO, S., ARORA, K. K. & CATT, K. J. 1997. Structural organization and characterization 
of the promoter region of the rat gonadotropin-releasing hormone receptor gene. Mol Cell 
Endocrinol, 130, 1-12. 

RESNICK, E. M., SCHREIHOFER, D. A., PERIASAMY, A. & SHUPNIK, M. A. 2000. Truncated estrogen 
receptor product-1 suppresses estrogen receptor transactivation by dimerization with 
estrogen receptors alpha and beta. J Biol Chem, 275, 7158-66. 

REVANKAR, C. M., CIMINO, D. F., SKLAR, L. A., ARTERBURN, J. B. & PROSSNITZ, E. R. 2005. A 
transmembrane intracellular estrogen receptor mediates rapid cell signaling. Science, 307, 
1625-30. 

REVELLI, A., MASSOBRIO, M. & TESARIK, J. 1998. Nongenomic actions of steroid hormones in 
reproductive tissues. Endocr Rev, 19, 3-17. 

REVELLI, A., MODOTTI, M., PIFFARETTI-YANEZ, A., MASSOBRIO, M. & BALERNA, M. 1994. Steroid 
receptors in human spermatozoa. Hum Reprod, 9, 760-6. 

RHEN, T. & CIDLOWSKI, J. A. 2005. Antiinflammatory action of glucocorticoids--new mechanisms for 
old drugs. N Engl J Med, 353, 1711-23. 

ROBERSON, M. S., ZHANG, T., LI, H. L. & MULVANEY, J. M. 1999. Activation of the p38 mitogen-
activated protein kinase pathway by gonadotropin-releasing hormone. Endocrinology, 140, 
1310-8. 

ROBERTSON, K. M., O'DONNELL, L., JONES, M. E., MEACHEM, S. J., BOON, W. C., FISHER, C. R., 
GRAVES, K. H., MCLACHLAN, R. I. & SIMPSON, E. R. 1999. Impairment of spermatogenesis in 
mice lacking a functional aromatase (cyp 19) gene. Proc Natl Acad Sci U S A, 96, 7986-91. 

ROCHETTE-EGLY, C. 2003. Nuclear receptors: integration of multiple signalling pathways through 
phosphorylation. Cell Signal, 15, 355-66. 

ROY, D., ANGELINI, N. L. & BELSHAM, D. D. 1999. Estrogen directly respresses gonadotropin-
releasing hormone (GnRH) gene expression in estrogen receptor-alpha (ERalpha)- and 
ERbeta-expressing GT1-7 GnRH neurons. Endocrinology, 140, 5045-53. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

199 
 

SADIE, H. 2006. Transcriptional regulation of the mouse gonadotropin-releasing hormone receptor 
gene in pituitary gonadotrope cell lines. PhD Thesis. University of Stellenbosch, Stellenbosch, 
Cape Town. 

SAGER, G., ORBO, A., JAEGER, R. & ENGSTROM, C. 2003. Non-genomic effects of progestins--
inhibition of cell growth and increased intracellular levels of cyclic nucleotides. J Steroid 
Biochem Mol Biol, 84, 1-8. 

SAMBROOK, J., FRITSCH, E. F., MANIATIS, T. 1989. Molecular cloning, a laboratory manual, 2nd 
edition. Cold Spring Harbor Laoratory Press. 

SAUNDERS, B. D., SABBAGH, E., CHIN, W. W. & KAISER, U. B. 1998. Differential use of signal 
transduction pathways in the gonadotropin-releasing hormone-mediated regulation of 
gonadotropin subunit gene expression. Endocrinology, 139, 1835-43. 

SAVKUR, R. S. & BURRIS, T. P. 2004. The coactivator LXXLL nuclear receptor recognition motif. J Pept 
Res, 63, 207-12. 

SCHMID, E., SCHMID, W., JANTZEN, M., MAYER, D., JASTORFF, B. & SCHUTZ, G. 1987. Transcription 
activation of the tyrosine aminotransferase gene by glucocorticoids and cAMP in primary 
hepatocytes. Eur J Biochem, 165, 499-506. 

SCHOMBERG, D. W., COUSE, J. F., MUKHERJEE, A., LUBAHN, D. B., SAR, M., MAYO, K. E. & KORACH, 
K. S. 1999. Targeted disruption of the estrogen receptor-alpha gene in female mice: 
characterization of ovarian responses and phenotype in the adult. Endocrinology, 140, 2733-
44. 

SCHONEVELD, O. J., GAEMERS, I. C. & LAMERS, W. H. 2004. Mechanisms of glucocorticoid signalling. 
Biochim Biophys Acta, 1680, 114-28. 

SCHREIHOFER, D. A., STOLER, M. H. & SHUPNIK, M. A. 2000. Differential expression and regulation of 
estrogen receptors (ERs) in rat pituitary and cell lines: estrogen decreases ERalpha protein 
and estrogen responsiveness. Endocrinology, 141, 2174-84. 

SCHUUR, E. R., MCPHERSON, L. A., YANG, G. P. & WEIGEL, R. J. 2001. Genomic structure of the 
promoters of the human estrogen receptor-alpha gene demonstrate changes in chromatin 
structure induced by AP2gamma. J Biol Chem, 276, 15519-26. 

SEMINARA, S. B., BERANOVA, M., OLIVEIRA, L. M., MARTIN, K. A., CROWLEY, W. F., JR. & HALL, J. E. 
2000. Successful use of pulsatile gonadotropin-releasing hormone (GnRH) for ovulation 
induction and pregnancy in a patient with GnRH receptor mutations. J Clin Endocrinol 
Metab, 85, 556-62. 

SHAH, B. H., SOH, J. W. & CATT, K. J. 2003. Dependence of gonadotropin-releasing hormone-induced 
neuronal MAPK signaling on epidermal growth factor receptor transactivation. J Biol Chem, 
278, 2866-75. 

SHUPNIK, M. A. 1996. Gonadal hormone feedback on pituitary gonadotropin genes. Trends 
Endocrinol Metab, 7, 272-6. 

SHYAMALA, G., YANG, X., SILBERSTEIN, G., BARCELLOS-HOFF, M. H. & DALE, E. 1998. Transgenic mice 
carrying an imbalance in the native ratio of A to B forms of progesterone receptor exhibit 
developmental abnormalities in mammary glands. Proc Natl Acad Sci U S A, 95, 696-701. 

SKINNER, D. C., EVANS, N. P., DELALEU, B., GOODMAN, R. L., BOUCHARD, P. & CARATY, A. 1998. The 
negative feedback actions of progesterone on gonadotropin-releasing hormone secretion 
are transduced by the classical progesterone receptor. Proc Natl Acad Sci U S A, 95, 10978-
83. 

SLEITER, N., PANG, Y., PARK, C., HORTON, T. H., DONG, J., THOMAS, P. & LEVINE, J. E. 2009. 
Progesterone receptor A (PRA) and PRB-independent effects of progesterone on 
gonadotropin-releasing hormone release. Endocrinology, 150, 3833-44. 

SMOAK, K. A. & CIDLOWSKI, J. A. 2004. Mechanisms of glucocorticoid receptor signaling during 
inflammation. Mech Ageing Dev, 125, 697-706. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

200 
 

SONG, R. X., BARNES, C. J., ZHANG, Z., BAO, Y., KUMAR, R. & SANTEN, R. J. 2004. The role of Shc and 
insulin-like growth factor 1 receptor in mediating the translocation of estrogen receptor 
alpha to the plasma membrane. Proc Natl Acad Sci U S A, 101, 2076-81. 

SONG, R. X., MCPHERSON, R. A., ADAM, L., BAO, Y., SHUPNIK, M., KUMAR, R. & SANTEN, R. J. 2002. 
Linkage of rapid estrogen action to MAPK activation by ERalpha-Shc association and Shc 
pathway activation. Mol Endocrinol, 16, 116-27. 

SOYAL, S. M., MUKHERJEE, A., LEE, .K. Y., LI, J., LI, H., DEMAYO, F. J. & LYDON, J. P. 2005. Cre-
mediated recombination in cell lineages that express the progesterone receptor. Genesis, 
41, 58-66. 

STANISLAUS, D., PONDER, S., JI, T. H. & CONN, P. M. 1998. Gonadotropin-releasing hormone 
receptor couples to multiple G proteins in rat gonadotrophs and in GGH3 cells: evidence 
from palmitoylation and overexpression of G proteins. Biol Reprod, 59, 579-86. 

STEFANEANU, L. 1997. Pituitary Sex Steroid Receptors: Localization and Function. Endocr Pathol, 8, 
91-108. 

STOCKLIN, E., WISSLER, M., GOUILLEUX, F. & GRONER, B. 1996. Functional interactions between 
Stat5 and the glucocorticoid receptor. Nature, 383, 726-8. 

STRAHLE, U., SCHMIDT, A., KELSEY, G., STEWART, A. F., COLE, T. J., SCHMID, W. & SCHUTZ, G. 1992. 
At least three promoters direct expression of the mouse glucocorticoid receptor gene. Proc 
Natl Acad Sci U S A, 89, 6731-5. 

SZEGO, C. M. & DAVIS, J. S. 1967. Adenosine 3',5'-monophosphate in rat uterus: acute elevation by 
estrogen. Proc Natl Acad Sci U S A, 58, 1711-8. 

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. J Mol Evol, 61, 372-80. 

TANG, Z., TREILLEUX, I. & BROWN, M. 1997. A transcriptional enhancer required for the differential 
expression of the human estrogen receptor in breast cancers. Mol Cell Biol, 17, 1274-80. 

TANIMOTO, K., EGUCHI, H., YOSHIDA, T., HAJIRO-NAKANISHI, K. & HAYASHI, S. 1999. Regulation of 
estrogen receptor alpha gene mediated by promoter B responsible for its enhanced 
expressionin human breast cancer. Nucleic Acids Res, 27, 903-9. 

TERRY, L. J., SHOWS, E. B. & WENTE, S. R. 2007. Crossing the nuclear envelope: hierarchical 
regulation of nucleocytoplasmic transport. Science, 318, 1412-6. 

THACKRAY, V. G., HUNNICUTT, J. L., MEMON, A. K., GHOCHANI, Y. & MELLON, P. L. 2009. 
Progesterone Inhibits basal and gonadotropin-releasing hormone induction of luteinizing 
hormone beta-subunit gene expression. Endocrinology, 150, 2395-403. 

THACKRAY, V. G., MCGILLIVRAY, S. M. & MELLON, P. L. 2006. Androgens, progestins, and 
glucocorticoids induce follicle-stimulating hormone beta-subunit gene expression at the 
level of the gonadotrope. Mol Endocrinol, 20, 2062-79. 

THACKRAY, V. G., MELLON, P. L. & COSS, D. 2010. Hormones in synergy: regulation of the pituitary 
gonadotropin genes. Mol Cell Endocrinol, 314, 192-203. 

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, 705-
18. 

THOMAS, P., PANG, Y., ZHU, Y., DETWEILER, C. & DOUGHTY, K. 2004. Multiple rapid progestin 
actions and progestin membrane receptor subtypes in fish. Steroids, 69, 567-73. 

THOMAS, S. M. & BRUGGE, J. S. 1997. Cellular functions regulated by Src family kinases. Annu Rev 
Cell Dev Biol, 13, 513-609. 

THOMPSON, M., BARATA DA SILVA, H., ZIELINSKA, W., WHITE, T. A., BAILEY, J. P., LUND, F. E., SIECK, 
G. C. & CHINI, E. N. 2004. Role of CD38 in myometrial Ca2+ transients: modulation by 
progesterone. Am J Physiol Endocrinol Metab, 287, E1142-8. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

201 
 

TILBROOK, A. J., TURNER, A. I. & CLARKE, I. J. 2000. Effects of stress on reproduction in non-rodent 
mammals: the role of glucocorticoids and sex differences. Rev Reprod, 5, 105-13. 

TORAN-ALLERAND, C. D., GUAN, X., MACLUSKY, N. J., HORVATH, T. L., DIANO, S., SINGH, M., 
CONNOLLY, E. S., JR., NETHRAPALLI, I. S. & TINNIKOV, A. A. 2002. ER-X: a novel, plasma 
membrane-associated, putative estrogen receptor that is regulated during development and 
after ischemic brain injury. J Neurosci, 22, 8391-401. 

TORCHIA, J., ROSE, D. W., INOSTROZA, J., KAMEI, Y., WESTIN, S., GLASS, C. K. & ROSENFELD, M. G. 
1997. The transcriptional co-activator p/CIP binds CBP and mediates nuclear-receptor 
function. Nature, 387, 677-84. 

TREILLEUX, PELOUX, N., BROWN, M. & SERGEANT, A. 1997. Human estrogen receptor (ER) gene 
promoter-P1: estradiol-independent activity and estradiol inducibility in ER+ and ER- cells. 
Mol Endocrinol, 11, 1319-31. 

TREMBLAY, G. B., TREMBLAY, A., COPELAND, N. G., GILBERT, D. J., JENKINS, N. A., LABRIE, F. & 
GIGUERE, V. 1997. Cloning, chromosomal localization, and functional analysis of the murine 
estrogen receptor beta. Mol Endocrinol, 11, 353-65. 

TSAI, M. J. & O'MALLEY, B. W. 1994. Molecular mechanisms of action of steroid/thyroid receptor 
superfamily members. Annu Rev Biochem, 63, 451-86. 

TSUTSUMI, M., ZHOU, W., MILLAR, R. P., MELLON, P. L., ROBERTS, J. L., FLANAGAN, C. A., DONG, K., 
GILLO, B. & SEALFON, S. C. 1992. Cloning and functional expression of a mouse 
gonadotropin-releasing hormone receptor. Mol Endocrinol, 6, 1163-9. 

TURGEON, J. L., KIMURA, Y., WARING, D. W. & MELLON, P. L. 1996. Steroid and pulsatile 
gonadotropin-releasing hormone (GnRH) regulation of luteinizing hormone and GnRH 
receptor in a novel gonadotrope cell line. Mol Endocrinol, 10, 439-50. 

TURGEON, J. L. & WARING, D. W. 2000. Progesterone regulation of the progesterone receptor in rat 
gonadotropes. Endocrinology, 141, 3422-9. 

TURGEON, J. L. & WARING, D. W. 2006. Differential expression and regulation of progesterone 
receptor isoforms in rat and mouse pituitary cells and LbetaT2 gonadotropes. J Endocrinol, 
190, 837-46. 

VALVERDE, M. A. & PARKER, M. G. 2002. Classical and novel steroid actions: a unified but complex 
view. Trends Biochem Sci, 27, 172-3. 

VANDESOMPELE, J., DE PRETER, K., PATTYN, F., POPPE, B., VAN ROY, N., DE PAEPE, A. & SPELEMAN, 
F. 2002. Accurate normalization of real-time quantitative RT-PCR data by geometric 
averaging of multiple internal control genes. Genome Biol, 3, RESEARCH0034. 

VASILYEV, V. V., LAWSON, M. A., DIPAOLO, D., WEBSTER, N. J. & MELLON, P. L. 2002a. Different 
signaling pathways control acute induction versus long-term repression of LHbeta 
transcription by GnRH. Endocrinology, 143, 3414-26. 

VASILYEV, V. V., PERNASETTI, F., ROSENBERG, S. B., BARSOUM, M. J., AUSTIN, D. A., WEBSTER, N. J. & 
MELLON, P. L. 2002b. Transcriptional activation of the ovine follicle-stimulating hormone-
beta gene by gonadotropin-releasing hormone involves multiple signal transduction 
pathways. Endocrinology, 143, 1651-9. 

VASUDEVAN, N., KOW, L. M. & PFAFF, D. W. 2001. Early membrane estrogenic effects required for 
full expression of slower genomic actions in a nerve cell line. Proc Natl Acad Sci U S A, 98, 
12267-71. 

VEGETO, E., SHAHBAZ, M. M., WEN, D. X., GOLDMAN, M. E., O'MALLEY, B. W. & MCDONNELL, D. P. 
1993. Human progesterone receptor A form is a cell- and promoter-specific repressor of 
human progesterone receptor B function. Mol Endocrinol, 7, 1244-55. 

VERHOOG, N. 2010. Investigation of differential TNF-α-induced interlukin-6 gene regulation by 
synthetic progestins medroxyprogesterone acetate (MPA) and norethindrone acetate (NET-
A) in human endocervical epithelial cells and the role of the unliganded glucocorticoid 
receptor. PhD Thesis. University of Cape Town, Cape Town, South Africa. 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

202 
 

VON BOETTICHER, S. 2008. Investigating the mechanisms of transcriptional regulation of the 
gonadotropin-releasing hormone receptor (GnRHR) gene by dexamethasone. MscThesis. 
University of Stellenbosch, Stellenbosch, South Africa. 

WATSON, C. S. & GAMETCHU, B. 1999. Membrane-initiated steroid actions and the proteins that 
mediate them. Proc Soc Exp Biol Med, 220, 9-19. 

WATTERS, J. J., CHUN, T. Y., KIM, Y. N., BERTICS, P. J. & GORSKI, J. 2000. Estrogen modulation of 
prolactin gene expression requires an intact mitogen-activated protein kinase signal 
transduction pathway in cultured rat pituitary cells. Mol Endocrinol, 14, 1872-81. 

WECK, J., FALLEST, P. C., PITT, L. K. & SHUPNIK, M. A. 1998. Differential gonadotropin-releasing 
hormone stimulation of rat luteinizing hormone subunit gene transcription by calcium influx 
and mitogen-activated protein kinase-signaling pathways. Mol Endocrinol, 12, 451-7. 

WEIGEL, N. L. 1996. Steroid hormone receptors and their regulation by phosphorylation. Biochem J, 
319 ( Pt 3), 657-67. 

WEIGEL, N. L. & MOORE, N. L. 2007a. Kinases and protein phosphorylation as regulators of steroid 
hormone action. Nucl Recept Signal, 5, e005. 

WEIGEL, N. L. & MOORE, N. L. 2007b. Steroid receptor phosphorylation: a key modulator of multiple 
receptor functions. Mol Endocrinol, 21, 2311-9. 

WEIGEL, N. L. & ZHANG, Y. 1998. Ligand-independent activation of steroid hormone receptors. J Mol 
Med, 76, 469-79. 

WEIGEL, R. J. & DECONINCK, E. C. 1993. Transcriptional control of estrogen receptor in estrogen 
receptor-negative breast carcinoma. Cancer Res, 53, 3472-4. 

WEN, S., AI, W., ALIM, Z. & BOEHM, U. 2010. Embryonic gonadotropin-releasing hormone signaling is 
necessary for maturation of the male reproductive axis. Proc Natl Acad Sci U S A, 107, 
16372-7. 

WHITE, B. R., DUVAL, D. L., MULVANEY, J. M., ROBERSON, M. S. & CLAY, C. M. 1999. Homologous 
regulation of the gonadotropin-releasing hormone receptor gene is partially mediated by 
protein kinase C activation of an activator protein-1 element. Mol Endocrinol, 13, 566-77. 

WHITE, R., LEES, J. A., NEEDHAM, M., HAM, J. & PARKER, M. 1987. Structural organization and 
expression of the mouse estrogen receptor. Mol Endocrinol, 1, 735-44. 

WHITE, R. B., EISEN, J. A., KASTEN, T. L. & FERNALD, R. D. 1998. Second gene for gonadotropin-
releasing hormone in humans. Proc Natl Acad Sci U S A, 95, 305-9. 

WILLARS, G. B., HEDING, A., VRECL, M., SELLAR, R., BLOMENROHR, M., NAHORSKI, S. R. & EIDNE, K. 
A. 1999. Lack of a C-terminal tail in the mammalian gonadotropin-releasing hormone 
receptor confers resistance to agonist-dependent phosphorylation and rapid desensitization. 
J Biol Chem, 274, 30146-53. 

WILLIAMS, S. P. & SIGLER, P. B. 1998. Atomic structure of progesterone complexed with its receptor. 
Nature, 393, 392-6. 

WINDLE, J. J., WEINER, R. I. & MELLON, P. L. 1990. Cell lines of the pituitary gonadotrope lineage 
derived by targeted oncogenesis in transgenic mice. Mol Endocrinol, 4, 597-603. 

WONG, C. W., MCNALLY, C., NICKBARG, E., KOMM, B. S. & CHESKIS, B. J. 2002. Estrogen receptor-
interacting protein that modulates its nongenomic activity-crosstalk with Src/Erk 
phosphorylation cascade. Proc Natl Acad Sci U S A, 99, 14783-8. 

WRIGHT, A. P., MCEWAN, I. J., DAHLMAN-WRIGHT, K. & GUSTAFSSON, J. A. 1991. High level 
expression of the major transactivation domain of the human glucocorticoid receptor in 
yeast cells inhibits endogenous gene expression and cell growth. Mol Endocrinol, 5, 1366-72. 

XIONG, J., YU, D., WEI, N., FU, H., CAI, T., HUANG, Y., WU, C., ZHENG, X., DU, Q., LIN, D. & LIANG, Z. 
2010. An estrogen receptor alpha suppressor, microRNA-22, is downregulated in estrogen 
receptor alpha-positive human breast cancer cell lines and clinical samples. FEBS J, 277, 
1684-94. 

ZHANG, Y., BECK, C. A., POLETTI, A., CLEMENT, J. P. T., PRENDERGAST, P., YIP, T. T., HUTCHENS, T. W., 
EDWARDS, D. P. & WEIGEL, N. L. 1997. Phosphorylation of human progesterone receptor by 



U
ni
ve

rs
ity

 o
f C

ap
e 

Tow
n

203 
 

cyclin-dependent kinase 2 on three sites that are authentic basal phosphorylation sites in 
vivo. Mol Endocrinol, 11, 823-32. 

ZHANG, Y., BECK, C. A., POLETTI, A., EDWARDS, D. P. & WEIGEL, N. L. 1994. Identification of 
phosphorylation sites unique to the B form of human progesterone receptor. In vitro 
phosphorylation by casein kinase II. J Biol Chem, 269, 31034-40. 

ZHANG, Y., BECK, C. A., POLETTI, A., EDWARDS, D. P. & WEIGEL, N. L. 1995. Identification of a group 
of Ser-Pro motif hormone-inducible phosphorylation sites in the human progesterone 
receptor. Mol Endocrinol, 9, 1029-40. 

ZHANG, Y., LEUNG, D. Y., NORDEEN, S. K. & GOLEVA, E. 2009. Estrogen inhibits glucocorticoid action 
via protein phosphatase 5 (PP5)-mediated glucocorticoid receptor dephosphorylation. J Biol 
Chem, 284, 24542-52. 

ZHAO, Q., PANG, J., FAVATA, M. F. & TRZASKOS, J. M. 2003. Receptor density dictates the behavior 
of a subset of steroid ligands in glucocorticoid receptor-mediated transrepression. Int 
Immunopharmacol, 3, 1803-17. 

ZHAO, J. J., LIN, J., YANG, H., KONG, W., HE, L., MA, X., COPPOLA, D. & CHENG, J. Q. 2008. MicroRNA-
221/222 negatively regulates estrogen receptor alpha and is associated with tamoxifen 
resistance in breast cancer. J Biol Chem, 283, 31079-86. 

ZHOU, J. & CIDLOWSKI, J. A. 2005. The human glucocorticoid receptor: one gene, multiple proteins 
and diverse responses. Steroids, 70, 407-17. 

ZHOU, W. & SEALFON, S. C. 1994. Structure of the mouse gonadotropin-releasing hormone receptor 
gene: variant transcripts generated by alternative processing. DNA Cell Biol, 13, 605-14. 

ZHU, Y., BOND, J. & THOMAS, P. 2003a. Identification, classification, and partial characterization of 
genes in humans and other vertebrates homologous to a fish membrane progestin receptor. 
Proc Natl Acad Sci U S A, 100, 2237-42. 

ZHU, Y., RICE, C. D., PANG, Y., PACE, M. & THOMAS, P. 2003b. Cloning, expression, and 
characterization of a membrane progestin receptor and evidence it is an intermediary in 
meiotic maturation of fish oocytes. Proc Natl Acad Sci U S A, 100, 2231-6. 

 




