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Abstract 

 This work presents the first evidence of a ligand-independent role for the glucocorticoid 

receptor (GR) as a positive regulator of gene expression in mammary cells. We have 

demonstrated that unliganded GR interacts directly with the promoter of the tumour suppressor 

gene BRCA1, and upregulates its expression. The presence of the stress hormone hydrocortisone 

(HC) abolished this interaction and resulted in repression of BRCA1. Since low levels of BRCA1 

have been implicated in the development of sporadic breast cancer, this may represent a novel 

mechanism through which prolonged stress signaling increases breast cancer risk. We determined 

that the interaction between unliganded GR and BRCA1 is mediated through the beta subunit of 

the Ets transcription factor GABP at the RIBS promoter element. GR and GABPβ were shown to 

interact in both co-immunoprecipitation and mammalian two-hybrid assays, and this interaction 

involved the N-terminal to central regions of both proteins.  

 To further characterize the role of unliganded GR in breast cells, we used shRNA to 

generate mouse mammary cell lines with depleted endogenous GR expression. Loss of GR 

resulted in an impaired capacity of cells to differentiate into acini, but this effect was rescued by 

the addition of glucocorticoids, implicating both the liganded and unliganded forms of GR as key 

regulators of differentiation. We performed expression microarray to identify targets of 

unliganded GR using the GR-depleted cell lines. This analysis revealed 260 genes negatively 

regulated and 343 genes positively regulated by unliganded GR. Many of the positively regulated 

genes were involved in pro-apoptotic networks, and appeared to oppose the activity of liganded 

GR targets. Validation and further analysis of five candidates of positive regulation by unliganded 

GR indicated that two of these, Hsd11b1 and Ch25h, were regulated by unliganded GR in a 

manner similar to Brca1. The Hsd11b1 enzyme regulates intracellular glucocorticoid levels by 

interconverting cortisol and its inactive metabolite, cortisone. Further investigation of Hsd11b1 
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expression and regulation indicated that Hsd11b1 activity appears to be unidirectional in breast 

cells, specifically inactivating cortisol. Overall, this work suggests that gene regulation by 

unliganded GR represents a mechanism for protecting the breast from tumourigenesis during 

stress. 
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Chapter 1 

General Introduction 

1.1 Breast cancer: Overview 

 Breast cancer is the most frequently occurring cancer in Canadian women, with one in 

nine women expected to develop this malignancy during her lifetime (1). The Canadian Cancer 

Society estimates that in 2012, breast cancer will represent 26% of all newly diagnosed cancers in 

Canadian women, with 22,700 new cases anticipated (1). Advances in breast screening programs 

have led to significant improvements in the detection of new breast cancer cases, and this, in 

combination with more targeted therapies, has resulted in the reduction of breast cancer mortality 

rates for all age groups since the 1980s (1). Nevertheless, breast cancer is responsible for the 

deaths of more than 5,000 Canadian women annually, which is more than any other malignancy 

except lung cancer (1). The improvement of preventative and therapeutic strategies for dealing 

with breast cancer is dependent on understanding the mechanisms through which various 

molecular processes contribute to its occurrence and progression.  

 The risk of developing breast cancer depends on multiple variables, including genetic, 

environmental, physiological, and psychosocial factors. It is estimated that genetic risk factors 

account for up to 10% of breast cancer cases, known as familial (or hereditary) breast cancers, 

and correspond to mutations in various recognized genes, including BRCA1, BRCA2, PTEN, and 

TP53 (2). The remaining 90% of breast cancer cases are considered to be sporadic cancers, and 

are proposed to be the result of either physiological or life-style risk factors, including age, early 

menarche, late menopause, nulliparity, certain types of benign breast diseases, diet, lack of 

physical activity, use of oral contraceptives, and the use of menopausal estrogen-replacement 

therapy, and also to various psychosocial risk factors, such as obesity, alcohol consumption, and 

psychological stress (3-9). 
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 The most important mediator of the stress response, the hormone cortisol, plays an 

integral role in multiple stages of normal breast growth and differentiation (10). This suggests 

biological plausibility for the association between stress and breast tumourigenesis since the 

prolonged presence of cortisol during periods of stress may adversely alter breast epithelial cell 

behaviour. Psychological stress has been shown to negatively affect immune system function, as 

well as apoptotic and DNA repair capacity (11, 12); consequently, it is possible that stress 

contributes to the propagation of genetically transformed mammary cells by interfering with these 

pathways. However, our laboratory has previously presented a novel molecular model 

specifically linking stress and breast cancer, through the tumour suppressor BRCA1. We have 

demonstrated that in both mouse and human mammary epithelial cells, BRCA1 expression is 

downregulated by the hormone cortisol, in its synthetic form, hydrocortisone (HC) (13). Low 

expression of BRCA1 has been correlated with the development of sporadic breast cancer; 

therefore, this observation provides a direct connection between stress signaling and increased 

breast cancer risk. The goal of the present research was to further elucidate and characterize the 

molecular mechanisms of cortisol and glucocorticoid receptor signaling in breast cells.  

 

1.2 Human breast development and the role of cortisol 

 In order to establish a direct role for stress signaling in breast tumourigenesis, it is 

important to address normal breast development, and the role of stress hormones within this 

process. The development of the human mammary gland is a tightly regulated process that is 

dependent on a variety of hormonal, cellular, and mechanical signals. The adult breast is 

comprised of two compartments, the epithelium and the surrounding stroma. The epithelial 

compartment consists of a system of highly branched ducts, which terminate in lobules (14). 

Lobules consist of alveoli, which are composed of secretory epithelial cells (15). Beginning in 
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embryogenesis, the development of the mammary gland continues throughout early infancy, 

resulting in the formation of a rudimentary ductal system (15) (Figure 1.1A). At puberty, an 

elevation in epidermal growth factor (EGF), estrogen, and progesterone levels induce 

proliferation of the ductal and stromal tissues (16), concluding with the formation of the 

characteristic branched system of ducts terminating in ductal lobular units (17) (Figure 1.1B). 

While these terminal lobules do not produce milk components, they share a similar morphology 

to mature alveoli (17). Further development ceases until the latter part of pregnancy, at which 

point placental hormones such as progesterone, in combination with increases in estrogen and 

prolactin levels, induce functional differentiation of the terminal lobules into mature alveoli, 

which are capable of milk production (18) (Figure 1.1C). A dramatic decrease in placental-

derived progesterone and a corresponding increase in prolactin post-partum enable the maximum 

secretory capacity of the alveoli to be achieved (18).  

 Maintenance of functional differentiation of mammary tissue is dependent on a variety of 

factors, particularly cortisol. Cortisol plays a role in the mammary gland in the latter part of 

pregnancy, as well as both during and following lactation. Placental lactogens stimulate DNA 

synthesis in the mammary cells, and cortisol induces the formation of the rough endoplasmic 

reticulum (ER), where milk proteins are synthesized (14). Prolactin release during pregnancy 

induces lobular differentiation, and the secretion of early milk proteins, such as β-casein. Cortisol 

predominantly regulates the release of late milk proteins, such as the whey protein α-lactalbumin, 

although it has been shown to play a role in the regulation of β-casein expression during lactation 

as well (19) (Figure 1.1D). A decrease in circulating levels of cortisol, in combination with 

decreasing prolactin levels and the cessation of suckling following weaning, is responsible for the 

onset of post-lactational regression (20). During this phase, the mammary tissue undergoes 

involution, a process that involves controlled epithelial apoptosis and tissue remodeling, 
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Figure 1.1: Hormonal regulation of mammary gland development.  
A. The adult human mammary gland is comprised of an epithelial compartment, consisting of a 
system of highly branched ducts terminating in lobules, and a stromal compartment, which 
surrounds the ductal system. Mammary buds begin to form during embryogenesis, and elongate 
from birth to puberty. B. At puberty, the ductal system undergoes proliferation and branching 
under the influence of epidermal growth factor (EGF), estrogen, and progesterone. C. During 
pregnancy, elevated placental progesterone along with estrogen and prolactin induce functional 
differentiation of the terminal lobules into mature alveoli with secretory capacity. D. The 
production of major milk components during lactation is stimulated by a decrease in placental 
progesterone in combination with increases in prolactin and cortisol. E. Following weaning, the 
mammary gland is returned to its pre-pregnancy quiescent state through epithelial cell apoptosis 
(involution) and stromal remodeling. This process is initiated by a decrease in circulating levels 
of cortisol and prolactin, as well as cessation of suckling. 

  

Pre-pubertal Puberty Pregnancy Lactation Involution 
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Estrogen 
Progesterone 

Estrogen 
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Prolactin 
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A. B. C. D. E. Stromal 
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Epithelial 
compartment 

Placental 
progesterone 
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resulting in the collapse of the alveoli and thinning of the ductal system (20) (Figure 1.1E). This 

process reverts breast morphology to a quiescent state similar to that of the post-pubertal 

mammary gland, and is maintained until the onset of subsequent pregnancies (20). Reintroduction 

of cortisol and progesterone into regressing mouse mammary tissues has been shown to suppress 

apoptosis and inhibit the onset of involution, emphasizing the key role of hormonal signals in 

maintenance of mammary function and differentiation (21).  

 

1.3 The breast cancer susceptibility gene 1 (BRCA1) 

 The first breast cancer-susceptibility gene, BRCA1, was identified by linkage analysis in 

1990 during a study performed with a large number of families affected by early-onset breast 

cancer (22). BRCA1 was cloned in 1994 using traditional positional cloning techniques (23), and 

several truncating mutations in its coding regions were discovered in families affected by 

hereditary breast cancer. Many studies have since demonstrated that women with one mutated 

BRCA1 allele are predisposed to breast and ovarian cancer, with an 80% lifetime risk (reviewed 

in (24)). Manifestation of this type of hereditary breast cancer requires the loss of function of both 

BRCA1 alleles, implicating BRCA1 as a tumour suppressor (25). 

 

1.3.1 The role of BRCA1 in sporadic breast cancer 

 Although approximately half of all familial breast cancers are attributed to BRCA1 germ 

line mutations (26), no consistent pattern of mutation of the BRCA1 gene has been identified in 

sporadic breast cancer tumours (27). Studies of sporadic breast cancer tumour samples have 

revealed that although the BRCA1 gene sequence appears to be normal, a large proportion of 

tumours exhibit decreased levels of BRCA1 expression, and the degree of downregulation is 
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correlated with tumour grade, rate of tumour progression, and risk of metastasis (28-33). These 

studies imply that downregulation of BRCA1 expression is a crucial event in the etiology of 

sporadic breast cancer. The overall significance of BRCA1 gene and protein expression in breast 

cancer is attributable to its tightly regulated cyclic expression pattern during breast development 

and maintenance, particularly in situations of rapid proliferation, differentiation, and apoptosis, as 

well as its involvement in a number of regulatory processes important for maintenance of 

genomic stability and prevention of cell transformation (reviewed in (34)). 

 

1.3.2 BRCA1 protein structure and function 

 BRCA1 is composed of 24 exons and encodes a protein of 1863 amino acids. The BRCA1 

protein contains several functional domains that are important for protein-proteins interactions, 

including an amino-terminal RING-finger domain, a region containing two nuclear localization 

signals, a central DNA-binding domain, several SQ-cluster domains (SCD), and two caboxy-

terminal BRCT (BRCA1 C-terminal) domains (Figure 1.2) (reviewed in (24)). 

 The BRCA1 protein has been shown to play a role in many processes including cell cycle 

checkpoint control, DNA damage response and repair, chromatin remodeling, protein 

ubiquitination, transcriptional regulation, and X-chromosome inactivation. Several reviews 

focusing on the role of BRCA1 in these complex processes have been published (35-39). More 

recently, BRCA1 has been demonstrated to be involved in the control of mammary 

stem/progenitor cell differentiation. Knockdown of BRCA1 in both in vitro cell culture and in 

vivo mouse model systems causes an increase in the stem/progenitor cell population, and a 

decrease in the differentiated luminal epithelial cell population, suggesting that BRCA1 

expression is required for the differentiation of mammary stem/progenitor cells into luminal 

epithelial cells (40). Since BRCA1 also functions in maintaining genomic integrity, loss of 



 

  7 

 

 

Figure 1.2: Structural domains of BRCA1 and interacting proteins.  
The BRCA1 protein is 1863 amino acids in length. Functional domains of this protein include an 
amino-terminal RING-finger domain (RING), a region containing two nuclear localization 
signals (NLS), a central DNA-binding domain (DBD), several SQ-cluster domains (SCD), and 
two caboxy-terminal BRCA1 C-terminal domains (BRCT) which make up the transcriptional 
activation domain (TAD). Numbers indicate amino acid residues. 
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BRCA1 protein function could produce genetically unstable stem/progenitor cells that are prime 

targets for further transforming events (40).  

 BRCA1 has also been recently implicated in the maintenance of heterochromatin 

integrity. In a Brca1 knockout mouse model, loss of Brca1 was found to derepress transcription 

of satellite DNA, as well as reduce condensed regions of DNA in the genome and decrease 

ubiquitylation of histone H2A at satellite repeats (41). Ectopic expression of satellite DNA 

mimicked Brca1 loss in various cellular processes, while H2A fused to ubiquitin was able to 

reverse the effects of Brca1 knockout, indicating that Brca1 maintains heterochromatin structure 

via both transcriptional repression of satellite regions as well as ubiquitylation of histone H2A 

(41). The role of Brca1 in maintaining an inactive genome was postulated to account for the 

tumour suppressor activity of this protein (41). 

 

1.3.3 Structure of the BRCA1/Brca1 gene and promoter 

 BRCA1 is located on chromosome 17q21 in humans and on chromosome 11 in mice (42). 

The human gene comprises 24 exons and spans more than 80 kb of genomic DNA, with over 

90% of the gene made up by intronic sequences (43). In mice, Brca1 is transcribed from a single 

289 bp promoter that is bidirectional and shared with the upstream Nbr1 gene (next to Brca1 gene 

1) (44) (Figure 1.3A). The human BRCA1 locus appears to have undergone partial duplication 

during evolutionary development, and consists of an active BRCA1 gene lying head-to-head with 

a new gene, NBR2 (next to BRCA1 gene 2) and an inactive pseudo-BRCA1 gene lying head-to-

head with the human NBR1 gene (45) (Figure 1.3B). Two promoters regulate human BRCA1 gene 

expression, producing two distinct BRCA1 transcripts (1A and 1B), which differ in the use of the 

first exon of the gene (46). The BRCA1 and NBR2 genes are separated by a 218 base pair 

intergenic region, which contains a 56 base pair minimal bidirectional promoter that coordinates 



 

  9 

 
 

Figure 1.3: Schematic of the human and mouse BRCA1 loci.  
A. The mouse Brca1 gene is transcribed from a single 289 bp promoter that is bidirectional and 
shared with the upstream Nbr1 (next to Brca1 1) gene. B. The human BRCA1 gene lies head-to-
head with the next-to-BRCA1 2 (NBR2) gene. A partial duplication of the first exons of human 
BRCA1 gives rise to a BRCA1 pseudogene with no activity. Two transcriptional start sites exist 
for human BRCA1, differing in their first exons (indicated as 1A and 1B). The BRCA1 and NBR2 
genes are separated by a 218 base pair intergenic region that contains a 56 base pair minimal bi-
directional promoter. The arrows indicate transcription start sites and the numbers refer to gene 
exons. (Modified from (34)) 
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reciprocal expression of the two genes (47, 48). Unidirectional transcription is accomplished via 

repressor elements within the first intron of each gene (48, 49).  

 

1.3.4 Transcriptional regulation of BRCA1  

 The transcriptional regulation of BRCA1 is complex, being modulated by a variety of 

hormones, developmental cues and other effectors (34). Several transcription factor binding sites 

have been identified within the proximal promoter region of the BRCA1 gene (34). Four main 

sites, corresponding to the RIBS, CREB, UP and E2F elements, have been identified by our 

laboratory and others as particularly important for transcriptional regulation (Figure 1.4). 

 The RIBS element has been shown by our laboratory to be required for maximal BRCA1 

promoter activity, although its activity differs between breast cancer cell lines (50). The Ets 

transcription factor GA Binding Protein (GABP), which binds two of the three Ets transcription 

factor binding sites at the RIBS element, is a potent positive regulator of BRCA1 expression (50). 

In opposition, the Ets-2 transcription factor is known to bind this site and repress BRCA1 as part 

of the SWI/SNF chromatin remodeling complex (51).  

 The CREB site is adjacent to and downstream of the RIBS element, and was first 

recognized as a potential cAMP-responsive element binding (CREB) protein site through studies 

of the methylation pattern of the BRCA1 promoter (52). This site has since been characterized as 

a strong positive transcriptional element in several breast cancer cell lines (53), and we have 

determined that a c-Jun/Fra2 complex associates with this region to upregulate BRCA1 expression 

(54). Conversely, the non-histone chromatin protein High Mobility Group Protein A1 (HMGA1) 

has been found to bind the CREB site and represses BRCA1 gene expression (55).   

 The UP (Upstream) promoter element has been characterized by our laboratory as a 

repressor element containing a GABP binding site (56). In contrast to its interaction with the 
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Figure 1.4: Schematic of structure and key regulatory elements within the BRCA1 
promoter. 
The promoter elements characterized by our lab and others as important for BRCA1 
transcriptional regulation are shown as boxes, including Ets binding sites within the RIBS and UP 
elements. The transcription start site (TS) is indicated with an arrow, and proteins known to 
interact with the BRCA1 promoter are indicated below the corresponding sites to which they bind. 
Activators of BRCA1 expression are shown in green, while proteins that repress BRCA1 are 
indicated in red. A single protein may bind multiple promoter elements, and may possess both 
activator and repressor function at the same site depending on the cellular and/or promoter 
context. The -204 represents the base pair position relative to the transcription start site. 
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RIBS element, where it acts specifically as an activator, the binding of GABP to the UP element 

appears to have a repressor function, since mutation of its consensus binding sequence leads to 

loss of UP-mediated repression of BRCA1 promoter activity (56).  

 Finally, an E2F consensus sequence has been identified just upstream of the BRCA1 

transcriptional start site, and appears to bind E2F1 and E2F6, which activate and repress the 

promoter, respectively (57, 58). The RB tumour suppressor (retinoblastoma protein) can also bind 

to E2F1 associated with the BRCA1 promoter and mediate repression of the gene (58). Thus, it is 

possible that the level of BRCA1 promoter activity is partially controlled by the occupancy of the 

E2F site, either by E2F1 alone as an activator or by the repressors E2F1/RB and E2F6 (57, 58). 

Interestingly, the UP and E2F sites appear to be part of a composite repressor element, though 

they may possess independent functions as the effect of mutation of both sites together on BRCA1 

promoter activity is additive (56).  

 

1.4 GA Binding Protein (GABP) 

 The Ets family of transcription factors is involved in the regulation of critical cellular 

functions including development, apoptosis, differentiation, and carcinogenesis (reviewed in 

(59)). Members of this family contain a common DNA-binding domain that assumes a winged-

helix-turn-helix conformation, and bind to similar DNA sequences with a GGAA/T core.  

 As mentioned previously, the RIBS site of the BRCA1 promoter is a positive regulatory 

element that contains three Ets factor binding sites. Our lab has demonstrated that a tetramer of 

GA Binding Protein (GABP) can assemble on two of these sites and mediate transactivation of 

BRCA1. The human GABP complex is composed of two distinct subunits, GABP alpha (GABPα) 

and GABP beta (GABPβ) (Figure 1.5). The subunits are transcribed from separate genes and 

form stable heterodimers in solution (60). The central region of the GABPα protein contains an  
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Figure 1.5: Structural and functional domains of the GABP subunits. 
A. The GABPα protein contains an Ets pointed domain (PTD) in its central region and an Ets 
DNA-binding domain near its C-terminus (DBD). The region directly C-terminal to the DNA-
binding domain is required for heterodimerization with GABPβ (HD). B. Alternative splicing of 
GABPβ results in the existence of four GABPβ isoforms. Each of these contains an N-terminal 
Notch-Ankyrin repeat region (ANK) that mediates binding to GABPα, as well as a transcriptional 
activation domain (AD) and nuclear localization signal (NLS) located near the carboxy-terminus. 
The GABPβ-42 and GABPβ-41 variants possess a C-terminal leucine zipper domain (LZ) that is 
required for homodimerization of the β subunits, and the GABPβ-42 and GABPβ-38 isoforms 
contain a small insert of 12 amino acids in the region C-terminal to the ankyrin repeats, which has 
no known function (yellow). The numbers indicate amino acid residues. (Modified from (61)) 
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Ets pointed domain (PTD), which mediates protein-protein interactions in other Ets family 

members (Figure 1.5A). The carboxy-terminus of GABPα contains an Ets DNA-binding domain 

(DBD), which facilitates binding of GABP to sequences with a GGAA/T core (59), and the 

region directly C-terminal to the DNA-binding domain is required for heterodimerization of 

GABPα with GABPβ (HD) (62). 

 Four splice variants of GABPβ exist, all of which share a common N-terminal domain 

which contains four and a half Notch-Ankyrin repeats (ANK) that mediate binding to GABPα, 

and a common central-C-terminal region which contains a transcriptional activation domain (AD) 

and nuclear localization signal (NLS) that is required for the transport of the GABP heterodimer 

into the nucleus as well as the activation of GABP target genes (63, 64) (Figure 1.5B). The two 

longer transcripts (GABPβ-42 and GABPβ-41) also possess a carboxy-terminal leucine zipper 

domain (LZ) that is required for homodimerization of the β subunits, allowing the heterodimers 

to tetramerize once they bind to DNA (60, 61). GABPβ-42 and GABPβ-38 also contain a small 

insert of 12 amino acids in the region C-terminal to the ankyrin repeats, which has no known 

function (61, 64). For our studies, we concentrate mainly on the GABPβ-41 isoform, as it is 

demonstrates the greatest transcriptional activity (61). 

 

1.5 Stress  

 

1.5.1 Stress as a risk factor for breast cancer 

 The relationship between stress and breast cancer risk has been challenging to study due 

to difficulties in assessing and quantifying stress exposure. Epidemiological studies have 

produced conflicting results, but several reports indicate that psychological stress produces a 
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significant increase in breast cancer risk (reviewed in (65)). These studies are best represented by 

a meta-analysis by Duijts et al., which reported that stressful life variables, including number of 

stressful life events, death of a significant other, and death of a relative or friend, were 

significantly associated with breast cancer risk with odds ratios of 1.77 (95% confidence interval 

(CI): 1.31-2.40), 1.37 (95% CI: 1.10-1.71) and 1.35 (95% CI: 1.09-1.68), respectively (66). A 

more recent meta-analysis of the literature determined that while stressful life events as a whole 

were not significantly associated with increased breast cancer risk, high intensity/frequent stress 

may play a role in determining risk (67). Additional prospective cohort studies have similarly 

demonstrated a significant association between proximate measures of psychological stress on 

breast cancer risk, and some studies have suggested that the cancer-causing effects of stress may 

be fairly specific to the breast (reviewed in (65)). Furthermore, the nature and magnitude of the 

effect of stress on breast cancer risk has been demonstrated to be comparable to that of other 

well-known risk factors for breast cancer. For example, women reporting experience of stress 

during the five years preceding breast examination displayed a two-fold rate of breast cancer 

compared with women reporting no stress in a Swedish cohort study (relative risk 2.1, 95% CI: 

1.2-3.7) (68); in comparison, having a first-degree relative with breast cancer is associated with a 

relative risk factor of 2.3 (95% CI: 1.9-2.7) (69). It seems clear that a relationship exists between 

stress and breast cancer; however, the lack of physiological and molecular mechanistic models to 

account for this association has rendered this field of study primarily correlative in nature. 

 

1.5.2 The human physiological stress response 

 The response to psychosocial and physiological stressors in humans is controlled by the 

hypothalamic-pituitary-adrenal (HPA) axis (Figure 1.6). During stress, the HPA axis responds 

with an increase in activity (70). The activation of the HPA axis is observed with the release of  
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Figure 1.6: The HPA axis of the human stress response.  
During periods of stress, corticotrophin-releasing hormone (CRH) is released from the 
parvocellular neurosecretory nerve terminals of the hypothalamic paraventricular nucleus (PVN). 
Through the hypothalamic-hypophyseal portal system, CRH translocates to the anterior lobe of 
the pituitary where it stimulates the synthesis of pro-opiomelanocortin (POMC), thus inducing the 
secretion of adrenocorticotrophic hormone (ACTH), a cleavage product of POMC, from the 
anterior pituitary. ACTH stimulates the adrenal cortex to synthesize and secrete cortisol, the 
primary human stress hormone. Cortisol binds to its cytoplasmic receptor, the glucocorticoid 
receptor (GR), and subsequently induces a range of metabolic effects via regulation of GR target 
genes. Increased glucocorticoid levels induce negative feedback of the HPA axis by 1. binding 
GR in the hippocampus and regulating expression of genes involved in the stress response, 2. 
binding membrane-bound GR in the parvocellular neurons and inhibiting secretion of CRH, 
and/or 3. inhibiting expression of the POMC gene via a GR-mediated transrepression mechanism. 
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corticotrophin-releasing hormone (CRH) from the parvocellular neurosecretory nerve terminals 

of the hypothalamic paraventricular nucleus (PVN), which extend into the median eminence, part 

of the inferior boundary of the hypothalamus (71). CRH translocates via the hypothalamic-

hypophyseal portal system into the anterior lobe of the pituitary where it stimulates the synthesis 

of pro-opiomelanocortin (POMC) in the corticotroph cells, and subsequently induces the 

secretion of adrenocorticotrophic hormone (ACTH), a cleavage product of POMC, from the 

anterior pituitary (71). ACTH stimulates the adrenal cortex to synthesize and secrete 

corticosteroids, such as the glucocorticoid hormone cortisol, the primary human stress hormone 

(70). Cortisol generates a cellular response to the stress signal by binding to its cytoplasmic 

receptor, the glucocorticoid receptor (GR) (discussed in Section 1.6). Increased glucocorticoid 

levels lead to enhanced GR signaling and induce direct GR-mediated negative feedback. When 

functioning normally, negative feedback results in the return to homeostasis. 

 There are multiple levels of negative feedback at the HPA axis. Non-genomic 

mechanisms, which occur at or near neural cell membranes, are referred to as “fast feedback” 

(72). Glucocorticoids bind membrane-bound GR on PVN CRH neurons, eliciting an intracellular 

cascade that mobilizes endocannabinoids. Endocannabinoid release subsequently causes 

presynaptic inhibition of glutamate release, which reduces the neural activity of parvocellular 

neurons, thus inhibiting the release of CRH and suspending further HPA axis activity (72, 73).  

 Feedback control of the HPA axis has also been linked to structures of the limbic system, 

including the hippocampus and the medial prefrontal cortex (74, 75). Circulating glucocorticoid 

levels can be reduced by electrical or chemical stimulation of these brain areas (76), and lesion 

studies indicate that destruction of these regions prolongs HPA axis responses to psychogenic 

stress (77). Both the hippocampus and prefrontal cortex express high levels of GR (78), and mice 

bearing a forebrain-specific deletion of GR exhibited delayed termination of HPA axis responses 
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to acute stress (79), suggesting that expression of GR in this brain region is critical for the control 

of negative feedback inhibition of the HPA axis. 

 GR itself mediates direct effects on the expression of genes involved in the stress 

response. Expression of the preproglucagon (gcg) gene, which encodes the HPA-excitatory 

neuropeptide glucagon-like peptide 1 (GLP-1), is downregulated by GR following stress-induced 

glucocorticoid secretion (80). Loss of gcg gene expression is accompanied by a reduction in 

GLP-1 expression in the PVN, and reduced capacity for PVN excitation by a subsequent stressor 

(80). Finally, multimers of GR were shown to bind a negative glucocorticoid response element 

(nGRE; discussed in Section 1.6.3.2) within the promoter of POMC, the precursor to ACTH 

synthesized by the anterior pituitary, and to cause transcriptional repression of this gene (81). The 

nGRE site was found to overlap with a site that is involved in the transcriptional regulation of 

POMC (82). Consequently, binding of GR to this region appears to repress POMC expression by 

blocking the binding of positive factors necessary for gene activation. This would be an effective 

mechanism of HPA negative feedback since reduced expression of POMC would result in 

decreased ACTH synthesis, and ultimately, reduced cortisol production. 

 In its ordinary physiological role, cortisol has protective effects by regulating immune 

function, promoting vigilance and memory of salient events, increasing blood pressure and heart 

rate to meet the physical demands of a fight or flight response, and making fuel available for 

sustaining increased physical activity (83). However, prolonged stress-response conditions, 

similar to those induced by stressful life events, have been shown to predispose for illnesses such 

as hypertension, atherosclerosis, osteoporosis, immune dysfunction, and cancer in a number of 

studies (83-85). While the molecular or physiological pathways linking prolonged and increased 

cortisol production to cancer development are poorly understood, a few models have been 

suggested to address this correlation.  
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1.5.3 Stress and cancer development: models 

 

1.5.3.1 Stress and immune system function  

 The immune system plays an important role in surveillance against tumour initiation and 

growth, and in controlling metastatic spread (86). It has been suggested that cortisol release in 

response to psychological stress produces a shift in the levels of T-helper 1 (Th1) and T-helper 2 

(Th2) cytokines towards an anti-inflammatory Th2 response, a decline in natural killer (NK) cell 

activity, and a decrease in interferon (IFN)-γ production, all of which would affect the ability of 

the immune system to detect and respond to the presence of tumour cells (87). However, very 

limited data exists linking psychological stress to hormonal and immune alterations sufficient in 

magnitude to alter the progression of cancer.  

 

1.5.3.2 Stress and apoptosis 

 Apoptosis modulation has also been suggested as a mechanism to explain the correlation 

between stress and cancer risk (88). Cortisol has been known to induce apoptotic death in cells of 

the vascular system, thus reflecting its central anti-inflammatory function (89). However, studies 

have suggested that in certain non-hematologic tissues such as the breast, ovary, and liver, as well 

as in fibroblast cells, cortisol actually promotes cell survival by suppressing apoptosis (90, 91). 

These findings suggest the possibility of tissue-specific effects; prolonged exposure to stress may 

facilitate tumour progression in certain tissues, such as the mammary glands, by suppressing the 

removal of genetically altered cells. 
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1.5.3.3 Stress and altered DNA repair pathways 

 Psychological stress has been demonstrated to impair DNA repair capacity in peripheral 

blood lymphocytes (92). Levels O-6-methylguanine-DNA methyltransferase, an enzyme capable 

of removing alkylating agents in the human direct reversal DNA repair pathway (93), were found 

to be significantly lower in lymphocytes from stressed rats as compared to unstressed control rats 

(92). Similarly, a higher rate of DNA mutation has been found in stressed subjects from both 

human and animal studies (12, 94). Flawed DNA repair mechanisms have been previously 

demonstrated to lead to an increased incidence of cancer (95); therefore, stress-induced 

impairment of DNA damage response pathways is another possible causal model for the 

correlation between stress and breast cancer.  

 

1.6 The glucocorticoid receptor (GR) 

 

1.6.1 GR expression and isoforms 

 Cortisol generates a response to a stress signal through binding to its intracellular 

receptor, the glucocorticoid receptor (GR), which is considered to be constitutively expressed in 

most cell types (96). Alternatively referred to as Nuclear Receptor Subfamily 3 Group C Member 

1 (NR3C1), GR is a member of the steroid receptor superfamily of nuclear receptors, and is 

expressed in humans as two isoforms, GR alpha (GRα) and GR beta (GRβ) (97). Both GRα and 

GRβ are products of the same gene, NR3C1, consisting of 10 exons and located on chromosome 

5, and are the result of differential splicing through alternative usage of two distinct terminal 

exons, 9α and 9β, respectively (98). As a result of this alternative exon usage, the GRα and GRβ 

proteins differ only at the C-terminus, being identical through amino acid 727 but then diverging, 

with GRα having an additional 50 amino acids and GRβ having an additional, non-homologous, 
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15 amino acids (98). While GRα is capable of binding glucocorticoids, the truncated GRβ protein 

cannot bind ligand, and lacks transcriptional activity (99, 100). GRβ has been shown to be 

expressed in lung, liver, and thymus tissue (101), and has been reported to reside in the nucleus of 

these cells in the absence of hormone treatment (101). It has been reported that in the nucleus, 

GRβ can act as a dominant negative of GRα (99), but this is subject to controversy (100). While 

the expression pattern of GRβ is unclear, GRα is constitutively expressed in almost all 

mammalian cell types (102). Therefore, GRα is considered to be the wild-type receptor, and the 

abbreviation GR will henceforth refer to the alpha isoform. 

 

1.6.2 GR protein function, structure, and activation 

 Due to its ubiquitous expression, GR plays an important role during development and in 

many physiological and pathological processes, including regulation of energy homeostasis, 

adaptation to stress, and modulation of central nervous system functions (103). In addition, GR is 

a major modulator of the immune system due to its proficient anti-inflammatory and 

immunosuppressive activities. These properties are often exploited in the treatment of 

inflammatory diseases, autoimmune disorders, and leukemia with glucocorticoids (104). 

  GR has a modular protein structure in which its individual domains perform distinct 

functions, a typical characteristic of the nuclear receptor family (105) (Figure 1.7). The N-

terminal region encompasses a constitutive transcriptional activation domain (TAD) with ligand-

independent activation function (103). The specific region required for full activation lies 

between amino acids 77 and 262, and is defined as the activation function (AF)-1 domain (103). 

This region contains multiple serine phosphorylation sites and plays an important role in the 

interaction of the receptor with molecules necessary for the initiation of transcription, such as 

coactivator complexes like p160 and p300/CREB-binding protein (CBP), as well as RNA 
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Figure 1.7: Structural and functional domains of the glucocorticoid receptor.  
A. The GRα protein is comprised of 777 amino acid residues. The N-terminus contains a 
constitutive transcriptional activation domain (TAD) with ligand-independent activation function 
(AF-1). The central region contains a hinge region (HR) necessary for receptor dimerization as 
well as a DNA-binding domain (DBD) consisting of two zinc finger motifs. The C-terminus 
encodes the ligand-binding domain (LBD) with two separate ligand-dependent activation regions 
(AF-2). GR also contains a bipartite nuclear localization sequence (NLS) overlapping and 
extending C-terminally from the DNA-binding domain (NLS-1), as well as a less well-defined 
NLS located in the ligand-binding domain (NLS-2). B. The GRβ protein is comprised of 742 
amino acids, and contains TAD, DBD, and HR sequences identical to those of GRα, but the C-
terminal LBD is truncated, and as a result, cannot bind ligand. The exon 9 boundary at amino acid 
727, at which point the GRα and GRβ sequences diverge as a result of alternative exon usage, is 
indicated for both proteins (exon 9α for GRα and exon 9β for GRβ). The numbers indicate amino 
acid residues.  
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polymerase II (98, 106-108). The central region of GR contains a DNA-binding domain (DBD), 

which is highly conserved across the steroid receptor family. This region corresponds to amino 

acids 420-480, and consists of two zinc finger motifs that are able to tetrahedrally coordinate a 

zinc atom, which is held by four cysteine residues (103). Amino acids within the first zinc finger 

are responsible for recognition of conserved sequences within promoters of target genes 

(glucocorticoid response elements, GREs), while the second zinc-finger appears to be required for 

the interaction between GR and other transcription factors, such as NF-κB (109). The hinge 

region (HR) is a flexible region between the DNA-binding domain and the ligand-binding domain 

(LBD) that is required for receptor dimerization (110). This region confers structural flexibility 

and allows a single GR dimer to interact with multiple GREs (106, 107). The C-terminal region 

encodes the ligand-binding domain between amino acids 526-777, which possesses ligand-

dependent activation function (110). This region also contains a second transactivation domain, 

termed AF-2, which is comprised of two distinct regions of the LBD (111). GR also contains a 

bipartite nuclear localization sequence (NLS) overlapping and extending C-terminally from the 

DNA-binding domain (NLS-1), as well as a less well-defined NLS located in the ligand-binding 

domain (NLS-2) (98, 110).  

In the traditional model of steroid hormone receptor activation, GR is located in the 

cytoplasm in the absence of glucocorticoid ligand. The ligand-binding domain of apo-GR is 

associated with a molecular chaperone complex, which includes a dimer of Hsp90, 

immunophilins, and p23 (112-115). Upon hormone binding, GR undergoes a conformational 

change that results in its release from the chaperone complex, thereby exposing its nuclear 

localization signals and dimerization interface (116, 117). Liganded GR dimerizes and 

subsequently translocates from the cytoplasm to the nucleus, where it functions as a 

transcriptional regulator (118) (Figure 1.8A). 
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Figure 1.8: Depiction of glucocorticoid receptor activation and gene regulation.  
A. Cortisol binding initiates a conformational change in GR, which results in its dissociation from 
the molecular chaperone complex, and the exposure of its nuclear localization signals and 
dimerization domain. Upon dimerization, the ligand-receptor complex is translocated to the 
nucleus. Once in the nucleus, GR can either stimulate or repress the expression of target genes. B. 
GR mediates gene transactivation by i. direct binding to a GRE site present on the target gene or 
ii. through physical interaction between GR and a secondary transcription factor and activating 
the target gene without contacting the DNA itself. Gene transactivation by GR often involves the 
recruitment of coactivator complexes, such as CBP/p300. C. GR mediates transrepression by i. 
direct binding to an nGRE site present on the target gene and displacement of a positively acting 
transcription factor (TF) through occlusion of an adjacent binding site or ii. through physical 
tethering of GR and a secondary transcription factor and causing repression the target gene 
without contacting the DNA itself. This may occur via recruitment of a corepressor (coR) or 
competition for coactivator (ex. CBP/p300) binding. Gene transactivation by GR is most often 
accomplished by GRE binding, and transrepression is usually fulfilled by interactions with 
promoter-bound transcription factors.   
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1.6.3 GR signaling  

 

1.6.3.1 Gene transactivation by GR 

 GR signaling, either transactivation or transrepression, can occur through either direct 

DNA binding as a homodimer to conserved GREs or negative GREs (nGREs) in the promoters of 

target genes, or through the interaction of monomeric or dimeric GR with other transcription 

factors present at the promoter without GR itself contacting DNA (119). Transactivation by GR 

most often occurs via binding of ligand-bound, homodimeric GR to a GRE sequence (Figure 

1.8Bi). The consensus GRE sequence is a palindromic 15 bp motif: AGAACAnnnTGTTCT 

(where “n” is any nucleotide) (120). Both the number of GREs and their relative proximity to the 

TATA box determine the level of glucocorticoid-inducibility of gene expression (121). Binding 

of GR to a GRE results in a conformational change in GR that promotes the recruitment of 

several coactivators to the GR-DNA complex (104, 122). These coactivators, such as CBP/p300 

and steroid receptor coactivator-1 (SRC-1), contain histone acetylase (HAT) activity, which 

appears to be critical for remodeling of chromatin structure and full manifestation of 

glucocorticoid effects. Acetylation of histones results in nucleosomal rearrangement and DNA 

unwinding which allows the basal transcription machinery access to the promoter. GR has also 

been shown to be capable of stimulating nucleosomal rearrangement by interacting with non-

HAT containing cofactors, such as SWI/SNF, which can alter nucleosome binding by HATS 

(123). Although it is less common than transactivation via GRE-binding, physical interactions 

between GR and a secondary transcription factor can also activate target gene expression (Figure 

1.8Bii). Physical tethering of GR to STAT1, STAT3, STAT5, and STAT6 has been reported to 

synergistically induce certain STAT-activated genes, such as β-casein and IL-4 (reviewed in 

(123)).  
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1.6.3.2 Gene transrepression by GR 

 Gene transrepression can be accomplished by direct binding of GR to a negative GRE 

(nGRE) (Figure 1.8Ci). Whereas the GRE consensus sequence is highly conserved, nGRE 

sequences are highly variable. GR binding to a nGRE may prevent binding of other factors 

necessary for transcription initiation, as in the case of the osteocalcin gene, where the binding site 

for the TATA box binding protein (TBP) overlaps with the nGRE (124). Since very few 

glucocorticoid-regulated genes have been reported to contain negative GREs, the majority of GR-

mediated gene repression actually occurs through protein-protein interactions between GR and 

other transcription factors (Figure 1.8Cii). Well-documented examples of this process include 

GR-mediated inhibition of Nuclear Factor-κB (NF-κB) and Activator Protein-1 (AP-1) target 

genes (119, 123, 125, 126).  

 GR represses NF-κB transcriptional activity by physically interacting with the p65 

(RelA) subunit. Some studies suggest that the physical interaction between GR and NF-κB 

inhibits NF-κB binding to its putative sites on target DNA (127), and that this may require the 

participation of a corepressor (128), while others have reported that GR may out-compete NF-κB 

for coactivator proteins, such as CBP/p300 and SRC-1 (119). GR also represses NF-κB activity 

by upregulating expression of the NF-κB inhibitor IκB-α via GRE binding within the IκB-α 

promoter.  Increased IκB expression results in the sequestration of NF-κB in the cytoplasm (119). 

 GR can repress AP-1 through direct protein interactions with the c-Jun subunit, which 

results in antagonism of AP-1 transcription (129). While competition for nuclear coactivators 

does not appear to play a role in GR-mediated transrepression of AP-1 (130), it has been reported 

that by physically associating with AP-1, GR negatively regulates AP-1 inhibition of the 

activation/phosphorylation of JNK and subsequent phosphorylation of c-Jun, thereby repressing 

AP-1 activity (131).  
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 GR transrepression can further be accomplished through histone modifications or 

chromatin remodeling, for example, by interaction of the receptor with the histone deacetylase-2 

(HDAC-2) (119). GR-mediated deacetylation of histones results in increased tightening of DNA 

around histones, reduced access of transcription factors to their binding sites, and thus gene 

repression. GR can also directly inhibit the function of the transcriptional machinery by 

interfering with the phosphorylation of the RNA polymerase II C-terminal domain, which is 

necessary for polymerase activation (128).  

 

1.7 Ligand-independent activity of steroid receptors 

 While it has traditionally been accepted that nuclear receptors such as GR are activated 

specifically in response to ligand binding, many receptors in the steroid receptor superfamily have 

demonstrated regulatory functions in the nucleus even in the absence of ligand. Since the signals 

that activate steroid receptors induce protein phosphorylation, altered phosphorylation of the 

receptors themselves and/or proteins that associate with the receptors is most widely accepted to 

be the key to promoting ligand-independent receptor activation (132). It has been reported that 

activation of protein kinase A (PKA) by treatment with 8-Bromo-cAMP resulted in activation of 

the progesterone receptor (PR) independently of hormone (133). Subsequent treatment with the 

PKA inhibitor PKI caused a reduction in the ligand-independent activation (133). In support of 

this, the phosphatase inhibitors calyculin A and vanadate were found to activate PR in the 

absence of hormone (134). The unliganded estrogen receptor α (ERα) was shown to inhibit breast 

cancer cell proliferation through its interaction with cyclin-dependent kinase inhibitor p21 (135). 

GR has been reported to be activated by various stimuli in the absence of glucocorticoid ligands 

(136-139), and the unliganded GR has recently been found to bind directly to and exert a 

repressive effect on the IL-6 promoter in response to TNF-alpha in endocervical cells (140). It has 
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also been reported that regardless of ligand presence, a dynamic equilibrium exists between 

cytosolic and nuclear GR (141), and in certain cell types, such as liver cells and fibroblasts, a 

large proportion of GR resides in the nucleus in the absence of glucocorticoid ligand (142, 143). 

However, ligand-independent positive transcriptional activity of GR has not thus far been 

observed for the native receptor in the absence of an endogenous stimulus. 

 

1.8 Hypothesis 

We hypothesize that the unliganded glucocorticoid receptor plays a role in the 

transcriptional regulation of BRCA1 and potentially other genes in mammary epithelial cells.  

 

1.9 Objectives 

1) To characterize the molecular basis of the effect of both unliganded GR and HC on 

BRCA1/Brca1. 

2) To investigate the role of unliganded GR in cellular processes in the breast. 

3) To identify other genes regulated by unliganded GR in the same manner as Brca1. 

!  
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Chapter 2 

The unliganded glucocorticoid receptor positively regulates the tumour 

suppressor BRCA1 through GABP beta 

 

2.1 Statement of Co-Authorship 

 This manuscript has been published - Ritter et al., Molecular Cancer Research 2012, 

10(4): 558-569. The authors are Heather D. Ritter, Lilia Antonova, and Christopher R. Mueller. 

The experiments shown in Figures 2.1A and 2.1C were performed by LA. All remaining 

experiments were conducted by HDR. All Figures and Tables were prepared by HDR. A portion 

of the Discussion was written by CRM, and all other sections were written by HDR. Both HDR 

and CRM were involved in the editing of the manuscript.  

 

2.2 Abstract 

 Loss of BRCA1 tumour suppressor function is a critical event in breast tumourigenesis. 

We have previously identified the stress hormone hydrocortisone (HC) as a negative regulator of 

BRCA1 expression in non-malignant mammary cells. Here, we have identified a direct role for the 

unliganded glucocorticoid receptor (GR) in BRCA1 upregulation in the absence of HC. The 

positive regulatory effect of GR is lost upon the addition of HC. We have demonstrated that GR 

interacts with the BRCA1 promoter only in the absence of HC, and that this interaction is 

mediated through the beta subunit of the Ets transcription factor GABP at the RIBS promoter 

element. GR and GABPβ interact in both co-immunoprecipitation and mammalian two-hybrid 

assays, and this interaction involves the N-terminal to central regions of both proteins. This work 

presents the first evidence of a ligand-independent role for GR as a positive regulator of gene 

expression, and loss of GR from the BRCA1 promoter in response to stress hormones leads to 
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decreased BRCA1 expression. Since low levels of BRCA1 have been implicated in the 

development of sporadic breast cancer, this may represent a novel mechanism through which 

prolonged stress signaling increases breast cancer risk. 

 

2.3 Introduction 

 Germ-line mutations in the BRCA1 tumour suppressor contribute to familial breast 

tumour formation but BRCA1 mutations do not appear to occur in sporadic breast cancer tumours 

(27). Instead, sporadic breast tumours exhibit decreased levels of BRCA1 expression, and the 

degree of downregulation seems to be correlated with tumour grade, rate of tumour progression, 

and risk of metastasis (28-31, 33). This implies that loss of BRCA1 function, either through 

decreased activity or downregulation of expression, is a critical event in the etiology of breast 

cancer. Phenotypically normal breast epithelial cells from individuals harbouring a BRCA1 germ-

line mutation (a so called “one-hit” mutation accompanied by a 50% decrease in BRCA1 

function) express an altered mRNA profile compared with normal cells from individuals without 

a BRCA1 mutation (144). This suggests that decreases in functional BRCA1 levels on the order of 

50% are biologically significant. The importance of BRCA1 in breast cancer is attributable to its 

involvement in a number of regulatory processes important for maintenance of genomic stability 

and prevention of cell transformation (145). More recently, BRCA1 has been shown to be 

required for mammary stem/progenitor cell differentiation, whereby loss of BRCA1 results in 

expansion of the stem/progenitor population (40). Consistent with this, some genes enriched in 

mutant BRCA1 one-hit cells are expressed in stem and progenitor cells (40, 144). Since BRCA1 

also participates in maintaining genomic integrity, loss of BRCA1 function could lead to cancer 

development through the production of genetically unstable stem/progenitor cells (40). 
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 The transcriptional regulation of BRCA1 is modulated by a variety of hormones, 

developmental cues and other effectors (34). We have demonstrated that the RIBS (EcoRI Band 

Shift) element is required for maximal BRCA1 promoter activity and contains two binding sites 

for the Ets transcription factor GA Binding Protein (GABP) (50). Human GABP exists as a 

heterodimer consisting of an Ets helix-loop-helix DNA-binding domain subunit (GABP alpha, 

GABPα) and a Notch-Ankyrin repeat subunit (GABP beta, GABPβ) which contains the 

activation domain as well as a domain required for the formation of tetrameric complexes (146). 

GABP has been implicated in the regulation of genes in response to cell growth, activation of 

respiration related genes (61), as a downstream mediator of ErbB3 and ErbB4 signaling (147), 

and recently in connecting mitochondrial metabolism and breast differentiation (148). The 

interaction of the alpha and beta subunits with each other and with other transcription factors 

defines the ability of GABP to regulate the expression of its target genes.  

 BRCA1 can be considered as a central rheostat of breast cancer risk, with its 

transcriptional regulation being controlled by a variety of factors, one of which is psychological 

stress. Various epidemiological studies have indicated that psychological stress produces a 

significant increase in breast cancer risk, and that the nature and magnitude of the effect of stress 

on risk is comparable to that of other well-known risk factors for breast cancer (65). Furthermore, 

specific studies have suggested that the cancer-causing effects of stress may be fairly specific to 

the breast (149, 150). We previously presented the first molecular evidence for a connection 

between stress and breast cancer with our observation that BRCA1 expression is repressed by the 

synthetic stress hormone hydrocortisone (HC) in non-malignant mouse mammary cells (13). This 

work was the first breast-specific molecular mechanism linking stress and breast cancer 

development. 
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 In response to a stress signal, the primary human stress hormone cortisol binds to its 

intracellular receptor, the glucocorticoid receptor (GR), which is a member of the steroid receptor 

superfamily of nuclear receptors (97). While it has traditionally been accepted that nuclear 

receptors are activated in response to ligand binding, several reports exist of progesterone and 

estrogen receptor activation and nuclear activity even in the absence of hormone (139). GR has 

been reported to be activated by various stimuli in the absence of glucocorticoid ligands (136-

139), and the unliganded GR has recently been found to bind directly to and exert a repressive 

effect on the IL-6 promoter in response to TNF-alpha in endocervical cells (140). Additionally, it 

has been suggested that breast cancer progression may be associated with an accumulation of GR 

in the cytoplasm of tumour cells (151). 

 In this report, we present, for the first time, evidence for a ligand-independent role for GR 

in the activation of BRCA1 expression in breast cells. We demonstrate that this effect is mediated 

through an interaction between GR and GABPβ at the RIBS element of the BRCA1 promoter, 

which occurs only in the absence of hydrocortisone ligand. This interaction and the associated 

positive regulatory effect are lost upon addition of HC, which may represent a novel mechanism 

through which stress signaling increases breast cancer risk. The unliganded GR plays a previously 

unknown role in gene activation with profound implications for our understanding of GR-

mediated processes. 
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2.4 Materials and Methods 

 

2.4.1 Cell culture and treatments 

 The non-tumourigenic murine mammary epithelial cell line EPH-4, and the 

karyotypically normal, human telomerase reverse transcriptase-immortalized mammary epithelial 

cell line 184-hTERT were gifts of Dr. Calvin Roskelley (University of British Columbia, 

Canada). The tumourigenic human breast cell lines MCF-10A and MCF-7 were obtained from 

ATCC (Manassas, VA, USA). All cells were cultured as previously described (13, 148). Cell 

treatments were completed using media lacking fetal bovine or horse serum and containing either 

1 µg/ml hydrocortisone (Sigma, Oakville, ON, Canada), 1µM, 5µM, or 10µM RU-486 (Sigma), 

or ethanol vehicle for 24 or 48 hours.  

 

2.4.2 DNA constructs 

 Creation of the L6-pRL, L6ΔR-pRL, L6mUPmE2F-pRL, L6ΔRmUPmE2F-pRL, RIBSn-

pRL, and GF-TATA-pRL BRCA1 promoter constructs has been described previously (56). 

 The rat constructs GRwt (wild-type GR) and GRL501P (GR with a leucine to proline 

mutation at amino acid position 501, which abolishes its DNA-binding ability) were gifts of Dr. 

Keith Yamamoto (University of California), and their construction has been described previously 

(152, 153).  

 Construction of the H1-2 vector has been described previously (56). To construct the 

shGR vector, the oligos GRshRNA5’ and GRshRNA3’ were annealed (Table 2.1). The product 

was cut with Bam HI and Hind III (New England Biolabs (NEB), Ipswich, MA, USA), and 

ligated into the H1-2 vector.  
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Table 2.1: Primers used to construct shGR 

Primer Name Sequence 5’ to 3’ 
GRshRNA5’ GATCCAAGTGATTGCAGCAGTGAAATTTCAAGAGA 

ATTTCACTGCTGCAATCACTTTTTGGAAA 
GRshRNA3’ AGCTTTTCCAAAAAGTGATTGCAGCAGTGAAATTC 

TCTTGAAATTTCACTGCTGCAATCACTTG 
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 The constructs PRR, PRR-M1, PRR-M2, and PRR-M3 were gifts of Dr. Calvin 

Roskelley. 

 To construct pFLAG-GRα, the GRα gene was PCR-amplified from MCF-7 cDNA in two 

separate reactions. The 5’ end was amplified using primers GRα5’(+) and GRα5’(-) (Table 2.2). 

The 3’ end was amplified using primers GRα3’(+) and GRα3’(-) (Table 2.2). The 5’ section was 

cut with Not I and Pst I (NEB), and the 3’ section was cut with Pst I and Bam HI (NEB). The 5’ 

and 3’ sections were simultaneously ligated together and into the p3X-FLAG (pFLAG) 

expression vector (Sigma). 

Mammalian two hybrid vectors pACT and pBIND, as well as firefly luciferase reporter 

pG5-luc were obtained from Promega (Madison, WI, USA). Full length GRα, as well as its 

individual domains, were PCR amplified from pFLAG-GRα using primers listed in Table 2.3. 

Each PCR product was cut with Not I and Bam HI, and ligated into pACT. Similarly, full length 

GABPβ, as well as its individual domains, were PCR amplified from pFLAG-GABPβ 

(construction described previously (148)) using primers listed in Table 2.4. PCR products were 

cut with Bam HI and Not I, and ligated into pBIND.  

 

2.4.3 Transient transfections and luciferase assays 

 Transfections were carried out as described previously (13, 148). For standard 

transfection assays, control CMV-luc vector (Promega, Madison, WI, USA) was used at 25 ng 

per well, as were GR expression vectors and empty vector controls. The remainder of the 250 ng 

per well was allotted to the appropriate renilla luciferase reporter vector. For knockdown 

transfections, 50 ng of the shRNA construct or its empty vector were used. For mammalian two-

hybrid transfections, 50 ng of each pBIND-GABPβ construct was used along with 25 ng of each 

pACT-GR construct. For all cell lines, cells were treated with hydrocortisone, RU-486, or ethanol  
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Table 2.2: Primers used to construct pFLAG-GRα 

Primer Name Sequence 5’ to 3’ 
GRα5’(+) GGGCGGCCGCGATGGACTCCAAAGAATCATTAACTCC 
GRα5’(-) GAGCAAATGCCATAAGAAACATCC 
GRα3’(+) GGCAATACCAGGTTTCAGGAACTTACACC 
GRα3’(-) GGGGATCCGTCACTTTTGATGAAACAGAAG 
 
 

Table 2.3: Primers used to construct GR deletion series 

Primer Name Sequence 5’ to 3’ 
hGRa 5’ TAD GGGGATCCTTATGGACTCCAAAGAATCATTAACTCC 
hGRa 5’ DBD GGGGATCCTCTGCCTGGTGTGCTCTGATGAAGC 
hGRa 5’ Hinge GGGGATCCTTCAGGCTGGAATGAACCTGGAAGCTCG 
hGRa 5’ LBD  GGGGATCCCACAACTCACCCCTACCCTGG 
hGRa 3’ TAD GGGCGGCCGCTCAGAGTTTGGGAGGTGGTCC 
hGRa 3’ DBD GGGCGGCCGCTCACATTCCAGCCTGAAGACATTTTCG 
hGRa 3’ Hinge GGGCGGCCGCTCATGGTAACGTTGCAGGAACTATTG 
hGRa 3’ LBD  GGGCGGCCGCTCACTTTTGATGAAACAGAAG 
 
 

Table 2.4: Primers used to construct GABPβ deletion series 

Primer Name Sequence 5’ to 3’ 
hGABPβ 5’ ANK GGGGATCCTTATGTCCCTGGTAGATTTGGGAAAGAAGC 
hGABPβ 5’ CT GGGGATCCAAAGTAAATTTTGTAAAACTGC 
hGABPβ 5’ AD GGGGATCCTTGATGGTGCCATTCAGCAAGTAG 
hGABPβ 5’ LZ GGGGATCCTTGAGAGAGAAGCTCTTCAGAAACAGC 
hGABPβ 3’ ANK GGGCGGCCGCTTATTTGCGTGTGTACATCAGCAC  
hGABPβ 3’ CT GGGCGGCCGCTTACACAGATTCTGCAGTAACTACTTC 
hGABPβ 3’ AD GGGCGGCCGCTTAAGCTGGTGGTTCTTCACTTATAACAG 
hGABPβ 3’ LZ GGGCGGCCGCTTAAACAGCTTCTTTATTAGTCTG 
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vehicle (as described above) in serum-free medium 24 hours following transfection. Either 24 or 

48 hours post-treatment, cells were harvested for the Dual-Luciferase® Reporter Assay 

(Promega) as previously described (148). 

 

2.4.4 Quantitative real-time reverse transcription PCR 

 RNA and RT products were prepared as described previously (13, 148). Quantitative 

real-time reverse transcription PCR (qRT-PCR) reactions for human BRCA1 were performed as 

described previously (148), with the exception that HPRT1 was used as an internal control instead 

of TBP (primers listed in Table 2.5). BRCA1 expression for each cell line was calculated relative 

to the results for the untreated sample for each cell line using the Pfaffl method (154). 

Quantitative RT-PCR reactions for mouse Brca1 (with Tbp as an internal control) were 

performed as described previously (13) (primers listed in Table 2.6). Brca1 expression for each 

cell line was calculated relative to the results for the untreated sample using the comparative Ct 

(ΔΔCt) method presented by PE Applied Biosystems (Perkin Elmer, Forster City, CA, USA). 

 

2.4.5 Immunoprecipitation assay 

 MCF-7 cells were transfected as described above with different combinations of GABPα, 

GABPβ, and FLAG-GRα. Cells were treated 24 hours after transfection with either ethanol 

vehicle or 1 µg/ml hydrocortisone in serum-free medium. Following a 24 hour incubation, whole 

cell lysates were prepared in modified RIPA buffer as described previously (56). 50 µg of protein 

was incubated with 1 µg of either anti-GABPβ (sc-28684; Santa Cruz Biotechnology Inc, Santa 

Cruz, CA, USA) or anti-FLAG (sc-807; Santa Cruz) for 4 hours at 4°C. The protein-antibody 

mixture was incubated overnight with 20 µl of Protein A/G PLUS-Agarose Immunoprecipitation 
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Table 2.5: Real-time qRT-PCR primers for human BRCA1 assay 

Primer Name Sequence 5’ to 3’ 
BRCA1 5697 FU AGATGTGTGAGGCACCTGTGG 
BRCA1 5728 RL CACTCTAAGCTCCTGGCACTGGTAGAG(FAM)G 
HPRT1 273 FU GCTGAGGATTTGGAAAGGGTGT 
HPRT1 318 RL CCATCTCCTTCATCACATCT(JOE)G 
Note: FAM and JOE are fluorescent dyes used to label the primers 
 
 

Table 2.6: Real-time qRT-PCR primers for mouse Brca1 assay 

Primer Name Sequence 5’ to 3’ 
mBRCA1-fwd GCAGCTGTGTGGGGCTTCCGTG 
mBRCA1-rev GTTGCTGTCTTCTGTCCAGGCGC 
mTBP-fwd GGCCTCTCAGAAGCATCACTA 
mTBP-fwd GCCAAGCCCTGAGCATAA 
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 Reagent (sc-2003; Santa Cruz) at 4°C. Beads were washed with PBS and incubated with 50 µl of 

1X SDS loading buffer at 98°C for 15 minutes to elute bound protein. 

 

2.4.6 Western blot 

 Lysates were prepared in 1X SDS loading buffer, and analyzed by standard Western 

blotting procedures. Polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA) were 

probed with the appropriate primary antibody: anti-GR (1:500; ab3579; Abcam, Cambridge, MA, 

USA), anti-TBP (1:2,000; ab818; Abcam), anti-GABPβ (1:5,000; sc-28684; Santa Cruz) or anti-

FLAG (1:1500; sc-807; Santa Cruz). The secondary antibodies used included goat anti-rabbit 

(1:10,000; sc-2004; Santa Cruz) to detect GR, goat anti-mouse (1:10,000; 115-035-003; Jackson 

ImmunoResearch, West Grove, PA, USA) to detect TBP, and Clean-Blot® IP Detection Reagent 

(1:700; Thermo Scientific/Fisher, Nepean, ON, Canada) for all immunoprecipitated lysates. 

Secondary antibody detection was performed by chemiluminescence (Thermo Scientific/Fisher). 

 

2.4.7 ChIP assay 

 EPH-4 cells were plated and treated as described above. ChIP assays were performed 

with the ChIP-ITTM Express Enzymatic kit (Active Motif, Carlsbad, CA, USA). Each reaction 

was performed using chromatin from 2 x 106 cells and 2 µg per reaction of affinity-purified 

antibody (or water as a negative control). The following antibodies were used: anti-GR (ab3579; 

Abcam), anti-GABPα (sc-22810; Santa-Cruz), anti-GABPβ (sc-28684; Santa Cruz) anti-

haemaglutinin (sc-805; Santa-Cruz), anti-acetylated histone H3 (06-599; Upstate Biotechnology, 

Lake Placid, NY, USA), anti-GST (sc-459; Santa-Cruz), anti-Fra2 (sc-604; Santa-Cruz), anti-

USF-2 (sc-861; Santa-Cruz), anti-RYBP (ab5976; Abcam). The PCR primers amplified the 
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mouse Brca1 promoter from position -335 to +73 ((+) 5’-TCCGGGAGCGATTCCCACCC and  

(-) 5’-AAGATCCGTACTTCCAAGCG). A water blank (no template) and EPH-4 input 

chromatin were also subjected to PCR amplification as controls.  ChIP DNA was quantified by 

quantitative PCR using the QuantiTect SYBR Green PCR kit using 7.5 µL of ChIP DNA and the 

ChIP PCR primers for mouse Brca1 above. The PCR protocol consisted of 1 cycle of 900 sec at 

94°C followed by 40 cycles of (30 sec at 94°C, 30 sec at 60°C, 30 sec at 72°C). 

 

2.4.8 Transient ChIP assay 

 MCF-10A cells were plated in serum-containing medium on 12-well culture dishes at a 

density of 5 x 104 cells/ml. After 24 hours, cells were transfected in triplicate with combinations 

of FLAG-GRα, GABPα and GABPβ, and a series of BRCA1 promoter constructs. Cells were 

treated 24 hours after transfection with either ethanol vehicle or 1 µg/mL hydrocortisone in 

serum-free medium. ChIP was performed as described above. Each reaction was performed using 

chromatin from 2 x 106 cells and 1 µg per reaction of anti-FLAG antibody (sc-807, Santa Cruz) 

or no antibody as a negative control. Primers used during PCR analysis spanned the pRL vector 

insert ((+) 5’-GCAACGCGGCCTTTTTACGG and (-) 5’-CCTTAAACCTGTCTTGTAACC).  

 

2.5 Results 

 

2.5.1 The glucocorticoid receptor upregulates BRCA1 promoter activity in the absence of 

ligand 

 We have previously demonstrated that BRCA1 promoter activity is repressed in the 

presence of hydrocortisone in EPH-4 mouse mammary cells (13). To elucidate the mechanism 
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through which this repression occurs, we evaluated the key stress signaling protein GR in 

regulating the expression of BRCA1 in breast cells. In transient co-transfection experiments in 

both EPH-4 mouse and 184-hTERT human mammary epithelial cells, over-expression of either 

the wild-type rat GR (GRwt) or a rat GR mutant that cannot bind DNA (GRL501P) (153) resulted 

in a dramatic increase in human BRCA1 promoter (L6-pRL) activity in the absence of HC (Figure 

2.1A, black bars). Treatment with HC eliminated this increase in BRCA1 promoter activity 

(Figure 2.1A, white bars). In the classically accepted model of GR function, HC binds to GR in 

the cytoplasm, which subsequently translocates to the nucleus and regulates gene expression 

through specific elements or via bound transcription factors. In contrast, our observations suggest 

that GR acts as a positive regulator of BRCA1 in the nucleus in the absence of HC ligand. To 

determine whether the endogenous GR behaves as an activator of BRCA1 expression, we 

transiently transfected EPH-4 cells with the BRCA1 promoter (L6-pRL) and an shRNA vector 

directed against mouse GR (shGR), which is able to reduce GR protein expression (Figure 2.1B). 

Knockdown of GR by shGR repressed BRCA1 promoter activity in the absence but not in the 

presence of HC (Figure 2.1C), implicating GR as a positive regulator only in the absence of 

ligand.  

 

2.5.2 Promoter sites involved in GR-induced upregulation of BRCA1 promoter activity 

 We have previously shown that the RIBS (EcoRI Band Shift), CREB (cAMP Responsive 

Element Binding) and UP (Upstream) promoter sites appear to play a role in the HC mediated 

regulation of BRCA1 expression, based on changes in complex formation in untreated and HC-

treated nuclear extracts (13). We concentrated on the RIBS element as it is a potent site of 

positive regulation and it contains a binding element for heterodimeric Ets transcription factor 

GABP. To characterize GR-responsive promoter elements, and to determine whether one or more 
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Figure 2.1: The unliganded glucocorticoid receptor is a positive regulator of BRCA1 
expression.  
A. EPH-4 and 184-hTERT cells were transiently transfected with the L6 BRCA1 promoter 
reporter construct and expression vectors for wild-type rat GR (GRwt) and rat GR with a 
mutation of leucine to proline at amino acid position 501 (GRL501P), which abolishes its DNA-
binding ability. Cells were treated 24 hours after transfection with either ethanol vehicle (-HC) or 
1 µg/mL HC (+HC), and assayed for luciferase activity following a 48 hour incubation. B-C. 
EPH-4 cells were transiently transfected with the L6 BRCA1 promoter reporter construct and 
either an empty vector (H1-2) or an shRNA vector directed against the endogenous 
glucocorticoid receptor (shGR). Cells were B. lysed after 48 hours and subjected to Western 
blotting to determine GR expression or C. treated and assayed as above. D. Schematic of BRCA1 
promoter fragments (PRR, wild type RIBS and CREB sites; PRR-M1, mutant RIBS; PRR-M2, 
mutant CREB; PRR-M3, RIBS and CREB double mutant). E-F. EPH-4 cells were transiently 
transfected with a BRCA1 promoter fragment and an expression vector for wild-type rat GR 
(GRwt) in the E. absence or the F. presence of HC. Cells were treated and assayed as above. EV, 
empty vector.  
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 of these sites are involved in the upregulation of BRCA1 by GR, EPH-4 cells were co-transfected 

with GRwt and various BRCA1 promoter mutant constructs (Figure 2.1D). The addition of GRwt 

increased the activity of a construct containing only the RIBS and CREB sites (Figure 2.1E, PRR) 

in the absence of ligand. Compared to the PRR promoter construct, mutation of the RIBS element 

(Figure 2.1E, PRR-M1) eliminated activation while mutation of the CREB site (Figure 2.1E, 

PRR-M2) did not. Mutation of both sites (Figure 2.1E, PRR-M3) reduced BRCA1 upregulation to 

a level similar to that obtained with the PRR-M1 RIBS mutation construct alone. Therefore, RIBS 

is a key element in controlling BRCA1 expression in the presence of GR and the absence of 

ligand. In comparison, none of the BRCA1 mutant reporters were activated by GR in the presence 

of HC ligand (Figure 2.1F), suggesting that liganded GR is recruited away from the BRCA1 

promoter. 

 

2.5.3 GR interacts directly with the Brca1 promoter 

 BRCA1 regulation by GR is not dependent on the DNA-binding ability of GR, since a GR 

mutant deficient in DNA binding (GRL501P) still activates BRCA1 expression in transient 

transfection assays (Figure 2.1A, black bars). Furthermore, there are no defined GRE sequences 

within the BRCA1 promoter. Therefore, it is likely that GR exerts its effect on BRCA1 

transcriptional activity by interacting with proteins present at the BRCA1 promoter, particularly at 

the RIBS element. ChIP analysis of endogenous GR in EPH-4 cells revealed that GR was present 

on the Brca1 promoter in the absence of HC (Figure 2.2A, top). Transcription factors, GABPβ, 

Fra-2 (Fos-related AP-1 transcription factor), and USF-2 (basic helix-loop-helix leucine zipper 

transcription factor), which are factors known to bind to the BRCA1 promoter through various 

elements, interacted with the Brca1 promoter in the absence of HC, while the polycomb repressor 

RYBP did not (Figure 2.2A, top). In the presence of HC, GR dissociated from the promoter  
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Figure 2.2: The glucocorticoid receptor interacts directly with the BRCA1 promoter via the 
RIBS element only in the absence of hydrocortisone.  
A. Chromatin was prepared from EPH-4 cells 24 hours after treatment with either ethanol vehicle 
(-HC) or 1 µg/mL HC (+HC) in serum-free medium. ChIP analysis was carried out with the 
indicated antibodies and primers spanning the mouse Brca1 promoter. B. Schematic of BRCA1 
promoter constructs. C. MCF-10A cells were transiently transfected with each of the BRCA1 
promoter constructs and different combinations of FLAG-tagged GR (FLAG-GRα), GABPα, and 
GABPβ. Cells were treated 24 hours after transfection with either ethanol vehicle or 1 µg/mL HC 
in serum-free medium, and chromatin was prepared following a 24 hour incubation. The 
interaction of FLAG-GRα with elements of the BRCA1 promoter was examined through 
chromatin immunoprecipitation using FLAG antibody and subsequent PCR analysis of the 
immunoprecipitated DNA using primers spanning each promoter construct. Ab, antibody; GST, 
glutathione S-transferase; HA, hemagglutinin; H3, acetylated histone H3.  
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 (Figure 2.2A bottom), as did GABPβ and Fra-2, which may be a result of loss of GR binding. 

USF-2 and RYBP bound Brca1 in the presence of HC (Figure 2.2A, bottom). The ChIP DNA 

samples were analyzed via quantitative PCR and values obtained reflect the pattern of band 

intensities on the ChIP gel (Table 2.7). In general, there appears to be less transcription factor 

binding to Brca1 in the presence of HC. This, and the fact that the repressor RYBP binds Brca1 

in this case may reflect the reduced activity of the Brca1 promoter in the presence of HC. 

 In order to further characterize the promoter elements involved in the interaction between 

GR and the BRCA1 promoter, we performed transient ChIP assays in non-malignant MCF-10A 

human mammary epithelial cells. Cells were transiently transfected with a FLAG-tagged human 

GR construct, human GABPα and GABPβ, and various BRCA1 promoter mutant constructs 

(Figure 2.2B). GR was immunoprecipitated with an anti-FLAG antibody to pull down GR, and 

BRCA1 constructs were detected via PCR using primers flanking the promoter inserts. FLAG-

tagged GR co-immunoprecipitated the L6 BRCA1 construct only when exogenous GABPα and 

GABPβ were added (Figure 2.2C, L6-pRL), indicating the requirement for this transcription 

factor in the interaction between GR and BRCA1, and demonstrating the limiting quantities 

present in transient transfections. A RIBS multimeric construct (Figure 2.2C, RIBSn-GF-TATA-

pRL) and a BRCA1 promoter construct in which a number of important sites, but not the RIBS 

element, had been mutated (Figure 2.2C, L6mUPmE2F-pRL) were also co-immunoprecipitated 

by GR in the presence of GABPα and GABPβ. In contrast, various RIBS deletion mutants were 

not immunoprecipitated by GR (Figure 2.2C, L6∆R-pRL, GF-TATA-pRL, and L6∆RmUPmE2F-

pRL). GR was found to interact with the RIBS promoter constructs only in the absence of HC; 

when cells were treated with HC, the interaction was abolished (Figure 2.2C). In this context, 

these experiments demonstrate that the interaction between GR and the BRCA1 promoter is 

dependent on GABP and the RIBS element. Knockdown of GABP and subsequent transient ChIP 
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Table 2.7: Quantitative PCR analysis of ChIP DNA products.  
Data for each ChIP sample in EPH-4 -HC and +HC chromatin is expressed as relative Ct values. 

 Chromatin 
ChIP sample EPH-4 -HC EPH-4 +HC 

Input 34.41 35.58 
No Ab >40 >40 
GST >40 >40 
HA >40 >40 

Histone H3 34.78 35.63 
GABPβ 36.05 >40 

Fra-2 35.15 37.40 
USF-2 34.52 36.02 
RYBP >40 36.64 

GR 35.70 >40 
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would be ideal to establish the requirement for this transcription factor in the GR-BRCA1 

interaction; however, knockdown of the GABP subunits results in significant cell death, limiting 

the ability to assess BRCA1 expression. Furthermore, BRCA1 expression is otherwise dependent 

on GABP binding outside of the GR context (50, 148). Since knockdown of GABP dramatically 

decreases BRCA1 expression, the assessment of GABP dependence in this context is not feasible. 

We have thus developed a novel model of BRCA1 regulation in which GR binds to the BRCA1 

promoter via the RIBS site in the absence of HC to activate expression, and in the presence of 

HC, BRCA1 levels decrease due to the dissociation of GR from the promoter.  

 

2.5.4 The interaction between GR and the BRCA1 promoter is mediated by GABPβ 

 Since GR interacts with the BRCA1 promoter through the GABP-binding RIBS element, 

and appears to require functional GABPα/β, its regulatory effect on BRCA1 may be via a protein-

protein interaction with this multi-subunit transcription factor. In order to determine whether GR 

interacts with GABP, we performed co-immunoprecipitation experiments using lysates from 

human MCF-7 cells co-transfected with a FLAG-tagged GR construct along with untagged 

vectors for the alpha and beta subunits of GABP. These experiments revealed that GABPβ, which 

contains the activation domain of the GABP protein, interacts with GR in the absence of HC, both 

on its own and in combination with the DNA-binding alpha subunit (Figure 2.3A). Moreover, GR 

and GABPβ interact in the presence of HC (Figure 2.3B), suggesting that this interaction may be 

maintained during ligand binding to GR. This possibility is reflected by the ChIP results, which 

indicate that like GR, GABPβ interacts with BRCA1 only in the absence of HC (Figure 2.2A). In 

contrast, GR was not shown to interact with GABPα, either in the absence or presence of HC. 

 We further investigated the interaction between GR and GABP through the use of a 

mammalian two-hybrid system for which we created a mammalian expression vector consisting  
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Figure 2.3: The glucocorticoid receptor interacts directly with the beta subunit of the Ets 
transcription factor GABP.  
MCF-7 cells were transiently transfected with GABPα, GABPβ, and/or FLAG-GRα. Cells were 
treated 24 hours after transfection with either A. ethanol vehicle (-HC) or B. 1 µg/mL HC (+HC) 
in serum-free medium, and whole cell lysates were prepared following a 24 hour incubation. 
Lysates were immnoprecipitated (IP) with 1 µg of either anti-GABPβ or anti-FLAG antibody, 
and the presence of either FLAG (GR) or GABPβ in the eluted fractions was examined by 
Western blot (WB). C. EPH-4 and D. MCF-7 cells were transiently transfected with GAL4 
expression vectors for GABPα or GABPβ (GAL4-GABPα and GAL4-GABPβ, respectively) and 
expression vectors for both rat and human GR (GRwt and FLAG-GRα, respectively). Cells were 
treated 24 hours after transfection with either ethanol vehicle or 1 µg/mL HC in serum-free 
medium, and assayed for luciferase activity following a 24 hour incubation. E. EPH-4 and F. 
MCF-7 cells were transiently transfected with a GAL4 expression vector for GABPβ (pBIND-
GABPβ FL) and a VP16 expression vector for human GR (pACT-GR FL). Cells were treated and 
assayed as above. EV, empty vector; FL, full length.  
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of the GAL4 DNA-binding domain fused to GABPα or GABPβ, and used vectors for either wild-

type rat GR (GRwt) or human GR (GRα) to complete the system. Co-transfection of the GAL4-

GABPβ expression vector along with expression vectors for either GRwt or GRα in EPH-4 

mouse (Figure 2.3C) or MCF-7 human (Figure 2.3D) mammary cells resulted in a dramatic 

increase in luciferase activity from a GAL4 responsive reporter in the absence of HC, indicating 

an interaction between GABPβ and unliganded GR. The increase in activity of the GAL4 

responsive promoter was presumed to be the result of the endogenous transactivation domain of 

GR, since the wild-type protein was used in place of a VP16 activation domain fusion. Treatment 

with HC abolished the increase in luciferase activity, indicating that the transactivation by GR 

and GABPβ had been disrupted. No increase in luciferase activity was observed using GAL4-

GABPα as a target (Figure 2.3C-D), indicating that the alpha subunit of GABP alone does not 

interact with GR. When a VP16 activation domain was attached to the GRα construct (pACT-GR 

FL), a similar increase in reporter activity was observed in EPH-4 mouse (Figure 2.3E) or MCF-7 

human (Figure 2.3F) mammary cells in only the presence of the GAL4-GABPβ fusion, and this 

activation was lost with HC addition. 

 In order to further characterize the interaction between GR and GABPβ, we created a 

domain-specific deletion series of both GR and GABPβ based on the previously characterized 

domain structure of both proteins (Figure 2.4). The GR deletion mutants, including the full length 

protein (FL), and different combinations of the transcriptional activation domain (TAD), DNA-

binding domain (DBD), hinge region (HR), and ligand-binding domain (LBD), were cloned into a 

VP16 activation domain containing vector (pACT) to create pACT-GR fusions. Similarly, the 

GABPβ deletion mutants, including the full length protein (FL), the ankyrin repeat region (ANK), 

the region C-terminal to the ankyrin repeats (CT), the activation domain (AD), and the leucine 

zipper region (LZ), were cloned into a GAL4 DNA-binding domain containing vector (pBIND) to  
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Figure 2.4: The interaction between the glucocorticoid receptor and GABPβ requires the 
amino terminal to central regions of both proteins.  
EPH-4 and MCF-7 cells were transiently transfected with A-C. full length pACT-GR and various 
domain constructs of pBIND-GABPβ and D-F. full length pBIND-GABPβ and various domain 
constructs of pACT-GR. Cells were treated 24 hours after transfection with ethanol vehicle in 
serum-free medium, and assayed for luciferase activity following a 24 hour incubation. GR 
domain abbreviations: TAD, transcriptional activation domain; DBD, DNA-binding domain; HR, 
hinge region; LBD, ligand-binding domain. GABPβ domain abbreviations: ANK, ankyrin repeat 
region; CT, region C-terminal to the ankyrin repeats; AD, activation domain; LZ, leucine zipper 
region. EV, empty vector; FL, full length.  
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create pBIND-GABPβ fusions. Transient transfections involving each set of deletion mutants 

with the complementary full length protein and a GAL4-responsive reporter revealed that the N-

terminal to central region of GABPβ (including the activation domain) was involved in the 

interaction with the full length GR (Figure 2.4A-C, ANK-CT-AD). The increase in luciferase 

activity from the GAL4 responsive reporter is given as the ratio of each GABPβ deletion mutant 

plus full length pACT-GR versus each mutant alone, to control for the basal activity of each 

fragment. Likewise, the N-terminal to central region (DNA-binding domain and hinge region) of 

GR was involved in the interaction with GABPβ (Figure 2.4D-F, TAD-DBD-HR). The increase 

in luciferase activity from the GAL4 responsive reporter is given as the ratio of each deletion 

mutant plus full length pBIND-GABPβ versus each mutant alone. 

 To test whether GR lacking the entire ligand binding region can activate the BRCA1 

promoter, the pACT-GR fusion series, plus deletion mutants containing the DBD cloned into the 

pFLAG vector, were transiently transfected into EPH-4 cells along with the BRCA1 promoter. 

GR domain mutants, either VP16 (pACT) or FLAG (pFLAG) tagged, containing the N-terminal 

to central region of GR protein, specifically either the full length (FL) or TAD-DBD-HR, 

activated BRCA1 in the absence of ligand (Figure 2.5A). In a transient transfection of EPH-4 

cells, both VP16 and FLAG-tagged versions of a GR mutant lacking the entire ligand binding 

region (TAD-DBD-HR) activated BRCA1 in both the absence and presence of HC, emphasizing 

that in contrast to the wild-type protein, it is now immune to the effects of HC (Figure 2.5B, GR 

TAD-DBD-HR black and white bars). This mutant is unable to bind ligand, but can still interact 

with GABPβ via its N-terminal to central hinge region, and activate BRCA1 expression via its N-

terminal transactivation domain. This mutant also activated BRCA1 expression in the presence of 

titrated concentrations of the GR antagonist mifepristone (RU-486) (Figure 2.6A, GR TAD-

DBD-HR), while the full length GR did not (Figure 2.6A, GR FL). RU-486 is a HC analogue that  
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Figure 2.5: Glucocorticoid receptor domains activate the BRCA1 promoter in the absence of 
ligand binding.  
A. EPH-4 cells were transiently transfected with the L6 BRCA1 promoter reporter construct and 
expression vectors for full length FLAG-GR, full length pACT-GR, and various domain 
constructs GR either fused to VP16 (pACT) or without the VP16 fusion (pFLAG). Cells were 
treated 24 hours after transfection with ethanol vehicle in serum-free medium, and assayed for 
luciferase activity following a 24 hour incubation. GR domain abbreviations are as in Figure 2.4. 
B. EPH-4 cells were transiently transfected with the L6 BRCA1 promoter reporter construct and 
both pFLAG and pACT expression vectors for each the full length GR (GR FL) and GR lacking 
the ligand-binding domain (GR TAD-DBD-HR), as well as empty vectors (pFLAG EV and 
pACT EV). Cells were treated 24 hours after transfection with either ethanol vehicle (-HC) or 1 
µg/mL HC (+HC), and assayed for luciferase activity following a 24 hour incubation. EV, empty 
vector; FL, full length. 
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Figure 2.6: The glucocorticoid receptor antagonist RU-486 decreases BRCA1 expression. 
A. EPH-4 cells were transiently transfected with the L6 BRCA1 promoter reporter construct and 
expression vectors for full length GR (GR FL) and GR lacking the ligand-binding domain (GR 
TAD-DBD-HR). Cells were treated 24 hours after transfection with either ethanol vehicle (UT) or 
1 µM or 10 µM RU-486 and assayed for luciferase activity following a 24 hour incubation. B. 
184-hTERT, MCF-10A, and EPH-4 cells were treated 24 hours after plating with either ethanol 
vehicle (UT) or 5 µM RU-486, and RNA was harvested following a 48 hour incubation. 
Quantitative real-time PCR analysis of endogenous BRCA1/Brca1 expression was performed 
using primers for either human or mouse BRCA1/Brca1. Raw BRCA1/Brca1 Ct values were 
normalized to raw Ct values for either human HPRT1 (for 184-hTERT and MCF-10A) or mouse 
Tbp (EPH-4) internal controls for triplicate samples, and are presented as the level of expression 
relative to untreated cells for each cell line. EV, empty vector; FL, full length. 
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is able to bind to GR but inhibits the transcription of GR target genes (155). As with HC, 

treatment of human and mouse mammary cells with a comparable concentration of RU-486 

(~3µM HC (1 µg/mL) compared to 5 µM RU-486) resulted in decreased expression of 

endogenous BRCA1/Brca1 (Figure 2.6B), indicating that ligand binding, even of a non-signaling 

ligand, to GR is the key physiological stimulus for decreased BRCA1 expression. The repressive 

ability of RU-486 may be partly due to its capacity to disrupt unliganded GR binding at the 

promoters of its target genes.  

 

2.6 Discussion 

 BRCA1 has been associated with a wide variety of cellular functions, most recently the 

ability to regulate luminal breast cell differentiation and satellite DNA expression (40, 41). 

Regardless of the means by which BRCA1 blocks tumour formation, it is clear that its functional 

loss through mutational inactivation or by transcriptional downregulation leads to breast 

tumourigenesis. We have previously demonstrated that BRCA1 expression is negatively regulated 

by hydrocortisone (13), and suggested that this could provide a breast specific molecular 

mechanism to explain the increased risk associated with psychological stress (65). In this paper 

we have continued to explore the molecular mechanisms involved and have determined that, 

contrary to expectations, the glucocorticoid receptor is actually a positive regulator of the BRCA1 

promoter in the absence of ligand (Figure 2.7-1). This represents a novel mechanism of GR 

function and suggests that it plays a role in the basal transcription of the BRCA1 gene. Our 

original model suggested that long-term stress would result in the protracted elevation of cortisol 

levels and the consequent ongoing repression of BRCA1 (Figure 2.7-2). While this is still a 

feasible model, these new results also imply that the basal levels of GR may play a role in 

determining BRCA1 levels. That is, reduced GR levels would lead to reduced transactivation of  
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Figure 2.7: Model of GR regulation.  
1. In the absence of stress (black), the unliganded nuclear GR (GRnuc) interacts with and 
positively regulates BRCA1 via GABP. 2. Stress (red) increases production of corticotropin 
releasing hormone (CRH), which induces release of adrenocorticotropic hormone (ACTH), which 
results in cortisol secretion. The binding of cortisol to both nuclear and cytoplasmic GR (GRcyto) 
causes them (GRcortisol) to relocate to regular GR target genes. This results in reduced BRCA1 
expression. The presence of cortisol negatively feeds back (blue) to both the hypothalamus and 
the pituitary, reducing the secretion of both CRH and ACTH. 3. As a result of prolonged stress 
exposure, methylation of the GR promoter in the brain decreases GR expression, resulting in loss 
of negative feedback at the HPA axis. Sustained production of cortisol results in loss of BRCA1 
positive regulation by unliganded GR. 4. In breast tissue, systemic methylation of the GR 
promoter, or other factors, such as long-term glucocorticoid exposure and/or increased rate of 
protein turnover, leads to decreased GR expression, and subsequently to decreased BRCA1 
activation. 

  

Hypothalamus
Anterior
Pituitary

Adrenal
Cortex Breast

CRH ACTH Cortisol GR BRCA1

GABP

GR GR
+GR TARGET

-GR TARGETGR

Methyl or 
Other Factors

Methyl

Stress

HPA Axis

1

2

3

4

nuc

cyto cortisol
cortisol



 

  56 

the BRCA1 promoter, which may be associated with an increased risk of breast cancer 

development. It has been reported that GR is differentially expressed in a variety of breast tissues, 

with strong expression in normal myoepithelial cells, and rare expression in non-metaplastic 

carcinomas (156). Similarly, GR status has been negatively correlated with histological tumour 

grade in ER-negative/PR-negative ductal intraepithelial neoplasia and invasive breast carcinoma 

tumours (157). Nuclear immunoreactivity to GR was found to decrease significantly with both 

tumour development and histologic grade (151, 157), suggesting a connection between functional 

GR levels and tumourigenesis. However, it has also been reported that GR expression is elevated 

in stage 3 infiltrating ductal carcinomas (158), and GR expression has also been correlated with 

patient age, with its expression being significantly higher in tumours from patients older than 50 

(159).  

 Our hypothesis that reduced GR levels may result in reduced BRCA1 expression is of 

particular interest given recent work suggesting that glucocorticoid receptor levels may be under 

long term epigenetic regulation (160), and that repression of GR expression may be associated 

with specific stressful events occurring at various times during development (161). Both human 

and rat experiments have found that perinatal stress can result in methylation of GR promoter in 

the brain (161, 162) (Figure 2.7-3), though it also appears that this may occur systemically, being 

detectable in peripheral blood (163). This raises the possibility that events in utero, perinatally, 

and/or during puberty in humans could result in the long-term reduction in GR levels either via 

systemic methylation of the GR promoter, or via any other mechanism which would bring about a 

decrease in GR levels, including long-term glucocorticoid exposure or increased rate of protein 

turnover (Figure 2.7-4). Reduction in GR levels would subsequently result in decreased BRCA1 

levels due to the loss of positive regulation by GR. These reduced BRCA1 levels would then be 

reflected in increased breast cancer risk. Elevated progesterone levels have been suggested to lead 
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to an increase in the breast stem cell population (164, 165); altered BRCA1 levels as a 

consequence of altered GR levels may produce the same effect through decreased BRCA1 

blocking differentiation.  

 We have demonstrated that GR interacts with the beta subunit of the Ets transcription 

factor GABP, and that this interaction requires the N-terminal to central regions of both proteins 

(GR TAD-DBD-HR; GABPβ ANK-CT-AD). Several proteins have been reported to interact with 

GABPβ. The coactivator HCF binds the TAD of GABPβ via its central region to coordinate the 

assembly of the herpes simplex virus enhancer complex (166). The second zinc finger motif 

(CR2) of YEAF1 (YY1 and E4TF1/hGABP associated factor 1) interacts with a small internal 

region of GABPβ to repress GABP dependent transcription (167). The N-terminus of GABPβ 

interacts with the C-terminus of E2F1, including its transactivation and pRb binding domain 

(168). GR physically interacts with and negatively regulates the transcriptional activity of 

proteins such as NF-κB and AP-1 via the second zinc finger of its DBD. In contrast, GR interacts 

with nuclear receptor coactivators of the p160 family as well as the CBP/p300 family mainly 

through its secondary activating function domain (AF-2), located in the C-terminal ligand-binding 

domain (LBD) of the protein (169). Positive interactions with ligand-bound GR have been shown 

to occur through the LBD, and we have demonstrated that the interaction between the unliganded 

GR and GABPβ is not dependent on GR LBD. It is therefore possible that separate domains in 

GR may exist for targets of liganded and unliganded GR, while a region common to multiple 

protein interactions may be involved with GABPβ.  

 Classic models of GR signaling include ligand-induced binding to both positive and 

negative recognition elements (118), as well as directly binding and repressing other transcription 

factors such as NF-κB and AP-1 (170). The observation of a constitutive positive regulatory role 

for GR in the absence of ligand is unique and adds a new dimension to the GR pathway. A recent 
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publication has reported negative regulation of the IL-6 gene by GR in the absence of ligand 

(140), but this effect is dependent on TNF-alpha and is thus not a constitutive change as we have 

observed. Indeed, reports of ligand-independent activation by other steroid hormone receptors 

have typically been in response to other stimuli (171). Our studies indicate that unliganded GR is 

recruited to promoters through its interaction with GABP. This suggests that a fourth class of GR 

regulated genes exist, possibly overlapping with GABP target genes. ChIP-seq analysis of GR 

binding sites in A549 lung cells has revealed some 2600 genes that are bound by unliganded GR, 

though with a much lower signal compared to liganded GR targets (172), suggesting this may be 

a widespread mechanism for gene regulation. The regulation of basal expression of target genes 

by unliganded GR suggests that in some contexts the endogenous levels of GR may be significant 

for gene regulation. That is, the level of unliganded nuclear GR in a given cell will help to 

determine the expression level of its target genes. This is in contrast to genes regulated by 

liganded GR where gene activation is dependent primarily on cortisol levels rather than GR 

levels. Given the wide degree of variability seen in GR protein levels across different cell types 

and its complex transcriptional regulation (with numerous 5' exons) (160), the regulation of genes 

by unliganded GR may be specific to a particular tissue or cell. 

 Glucocorticoid signaling in the breast is associated with growth as well as the regulation 

of involution after lactation (173), where it appears to primarily suppress apoptosis (174). The 

nature of this regulation may actually change depending on the differentiation state, since 

dexamethasone induces cell cycle inhibitors such as p21 in undifferentiated cells, while in 

differentiated cells, it reduces their expression and inhibits apoptosis (175). The target genes of 

unliganded GR appear to be downregulated in the presence of glucocorticoids, suggesting that 

these genes may be opposing the function of liganded GR target genes. Given the known role of 

BRCA1 in regulating apoptosis (176), its induction by unliganded GR may represent a pro-
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apoptotic signal which is then lost in response to the anti-apoptotic signal from HC treatment. It is 

possible that the stress induced downregulation of BRCA1, as well as other pro-apoptotic genes 

also regulated by unliganded GR, results in reduced monitoring and elimination of abnormal cells 

either during normal cellular turnover or during post-lactational regression. This work provides 

new insight into the possible mechanisms responsible for the stress induced increased risk of 

breast cancer as well as having wide implications for understanding the action of the 

glucocorticoids and the glucocorticoid receptor.  
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Chapter 3 

The unliganded glucocorticoid receptor as a regulator of cellular 

processes and gene expression in mammary epithelial cells  

 

3.1 Statement of Co-Authorship 

 This manuscript has been prepared for peer review. The authors are Heather D. Ritter and 

Christopher R. Mueller. The microarray was completed using services provided by the Queen’s 

Laboratory for Molecular Pathology. All other experiments, including analysis of the microarray 

data, were conducted by HDR. HDR participated in the study design and drafted the manuscript. 

CRM conceived of the study, participated in its design, and edited the manuscript.  

 

3.2 Abstract 

While glucocorticoids have a well-established role in the maintenance of differentiation 

and suppression of apoptosis in breast tissue, the involvement of the glucocorticoid receptor (GR) 

in these processes is less clear. Our previous studies implicated unliganded GR as a positive 

regulator of the BRCA1 tumour suppressor gene in the absence of glucocorticoid hormone, and 

were suggestive of a role for the unliganded receptor in the regulation of a subset of genes in this 

manner, concomitantly with BRCA1. To further characterize the role of GR in breast cells, we 

used an shRNA vector directed against GR to create mouse mammary cell lines with depleted 

endogenous levels of this receptor. GR depletion resulted in an impaired capacity of cells to 

differentiate into acini, but a differentiated morphology was recapitulated upon the addition of 

glucocorticoids, implicating both the liganded and unliganded forms of GR as key regulators 

during differentiation. We subsequently performed an expression microarray screen for targets of 

unliganded GR using our GR-depleted cell lines. This analysis revealed 260 upregulated and 343 
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downregulated entities in cells lacking endogenous GR. Several targets of positive regulation by 

unliganded GR were involved in pro-apoptotic networks, and opposed the activity of liganded GR 

targets. We propose that the balance between targets of liganded and unliganded GR is 

responsible for controlling differentiation and apoptosis, respectively. Validation and further 

analysis of five candidates from the microarray indicated that two of these, Hsd11b1 and Ch25h, 

were regulated by unliganded GR in a manner similar to Brca1, both during glucocorticoid 

treatment and during differentiation in the presence and absence of GR. The role of the enzyme 

Hsd11b1 in cortisol metabolism merited further study, and subsequent hormone treatments 

indicated that Hsd11b1 inactivates cortisol in mammary cells, which may be indicative of a 

protective role for this enzyme in the breast during stress. This work presents the first screen for 

targets of unliganded GR, and suggests that gene regulation by unliganded GR may represent a 

mechanism of reducing the risk of breast tumourigenesis.  

 

3.3 Introduction 

 Hormonal signals play an integral role in regulation of mammary gland function and 

differentiation. In vivo, the glucocorticoid hormone cortisol is involved in the maintenance of 

breast functional differentiation during the latter stages of pregnancy, where it induces the 

formation of the rough endoplasmic reticulum (14), and regulates the release of milk proteins 

(19). Following weaning, a decrease in circulating levels of cortisol is responsible for the onset of 

the apoptotic process of involution, where the mammary tissue morphology is reverted to a 

quiescent state (20). The nature of cortisol’s ability to suppress apoptosis in the breast appears to 

be dependent on the cellular differentiation state, since glucocorticoids induce cell cycle 

inhibitors such as p21 in undifferentiated cells, while they reduce their expression and inhibit 

apoptosis in differentiated cells (175). It is clear that glucocorticoids are essential for the growth 
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and differentiation of the mammary gland, as well as the suppression of apoptosis; however, the 

role of the glucocorticoid receptor (GR) in these processes has not been clearly defined.  

 GR exhibits nearly ubiquitous expression in the human breast, being observed in the 

nuclei of myoepithelial cells surrounding lobular and ductal units as well as in the nuclei of 

stromal and endothelial cells (156). GR has also been detected in the nuclei of adipocytes and 

also in the nuclei and cytoplasm of luminal epithelial cells (157). GR-knockout mice die shortly 

after birth, illustrating that expression of GR is essential for life (177). Consequently, mutagenesis 

and Cre-LoxP recombination targeting breast epithelial cells in adult mice have been used to 

explore the role of GR in mammary gland development and function (14, 174, 178, 179). While 

the DNA-binding function of GR was shown to be critical for cell proliferation during 

lobuloalveolar development (178), and for ductal development in virgin breast tissue (14), 

epithelial GR was not required for lobuloalveolar differentiation or milk production, as mice with 

targeted deletions of GR in breast epithelial cells exhibit delayed development of the 

lobuloalveolar compartment, but this tissue eventually fully differentiates and produces milk 

proteins (174). GR has been reported to contribute to mammary lobular unit spatial formation 

through its ability to stimulate the expression of the integrin beta-4 subunit, an extracellular 

matrix-cell contact protein essential for the spatial organization of the acini (180). Therefore, GR 

appears to be involved in breast differentiation, but the mechanism remains unclear. 

 Our previous studies indicated that unliganded GR is recruited to and positively regulates 

the BRCA1 promoter through its interaction with the beta subunit of GABP (181). This regulatory 

effect appeared to be constitutive, involving basal GR levels within breast cells, since no stimulus 

or secondary messenger was required for the activation of unliganded GR, unlike other reports of 

ligand-independent activation by other steroid hormone receptors which have typically been in 

response to other stimuli (171). Consequently, our model of BRCA1 activation by unliganded GR 
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is a novel mechanism of GR regulation, and it is possible that the unliganded receptor may be 

involved in the upregulation of multiple genes in this manner. Previous efforts to identify targets 

of GR regulation have involved expression microarray following treatment of human breast cells 

with dexamethasone, thus revealing genes both positively and negative regulated by liganded GR 

(ie. glucocorticoid-regulated genes) (182). ChIP-chip analysis was used to investigate promoter 

occupancy by GR at specific GREs in a subset of genes known to be glucocorticoid-responsive in 

A549 human lung cells. This revealed that GR was bound predominately near genes responsive to 

glucocorticoids in A549 cells and not at genes regulated by GR in other cell types examined 

(183). ChIP-seq analysis of GR binding sites in A549 lung cells has previously revealed 

approximately 2600 genes that are weakly bound by unliganded GR (172), and although the 

identities of these genes were not investigated, this study set a precedent and suggested to us that 

gene regulation by unliganded GR is not only plausible but it may be widespread. Furthermore, 

the target genes of unliganded GR in this study appeared to be downregulated in the presence of 

glucocorticoids, suggesting that these genes may be opposing the function of liganded GR target 

genes. A study of global gene expression in response to GR knockdown to specifically identify 

targets of unliganded GR regulation in breast cells has not thus far been conducted.  

 In this study, we used an shRNA directed against GR to create mouse mammary 

epithelial cell lines with depleted endogenous GR expression. These cell lines were used to define 

a role for GR in mammary epithelial cell differentiation, where its expression was found to be 

required for normal mammary acinar formation. We further exploited one knockdown cell line to 

identify genes up and downregulated in the absence of endogenous GR expression using 

expression microarray. We found that in cells depleted of GR, 260 genes were significantly 

upregulated, while 343 genes were significantly downregulated. Since the downregulated genes 

represented those which are positively regulated by unliganded GR, potentially through a 
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mechanism similar to that reported for Brca1 (181), we examined the most significant networks 

comprised of this gene set via pathway analyses, and determined that several of these genes were 

involved in pro-apoptotic networks. We have identified five potential targets of unliganded GR 

regulation, and investigated their expression in response to glucocorticoid treatment and induction 

of differentiation. The expression of one candidate in particular, Hsd11b1, was further 

characterized in mammary epithelial cells in response to hormonal treatments, and appeared to be 

responsible for the inactivation of glucocorticoids in these cells.  

 

3.4 Materials and Methods 

 

3.4.1 Cell culture and treatments 

 EPH-4 cells were obtained and cultured as previously described (13, 181). EPH-4 cells 

stably transfected with H1-2 empty vector or shGR (see below) were maintained in serum-free 

media with 2 µg/mL puromycin (Sigma). Cell treatments were completed using media lacking 

serum and containing either 1 µg/mL hydrocortisone (HC) (Sigma), 1 µg/mL cortisone (CO) 

(Sigma), 10 µM carbenoxolone (CBX) (Sigma), or ethanol and/or water vehicle for 48 hours.  

 

3.4.2 DNA constructs 

 Creation of the L6-pRL BRCA1 promoter construct, as well as the H1-2 and shGR 

vectors, has been described previously (56, 181). 
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3.4.3 Transient transfection and luciferase assay 

 Approximately 24 hours prior to transfection, EPH-4 cells were plated in serum-

containing medium on 12-well culture dishes at a density of 5 x 104 cells/mL. Cells were 

transfected in triplicate with 1 µL per well of FuGENE®6 transfection reagent (Roche Applied 

Science) along with 25 ng per well of control cytomegalovirus (CMV)-luc vector (Promega) and 

225 ng per well of L6-pRL Renilla luciferase reporter vector. Cells were treated with 

hydrocortisone or ethanol vehicle (as described above) in serum-free medium 24 hours following 

transfection. Forty-eight hours after treatment, cells were harvested for the Dual-Luciferase® 

Reporter Assay (Promega) as previously described (148, 181).  

 

3.4.4 Creation of EPH-4 shGR stable cells 

 Approximately 24 hours prior to transfection, EPH-4 cells were plated in serum-

containing medium on 100mm culture dishes at a density of 5 x 104 cells/mL. Cells were 

transfected with 11.25 µL per plate of FuGENE®6 transfection reagent along with 380 ng of 

pBABE-puro selectable marker and 3420 ng of either H1-2 empty vector or shGR (1:10 ratio). 

Following a 24 hour incubation, cells were lifted, diluted 1:20 and re-plated, and subsequently put 

into 2 µg/mL puromycin selection following another 24 hours. Colonies were lifted using filter 

paper, expanded, and cell lysates were screened by Western blot for GR protein levels. The 

resultant stable cell lines EV-50, shGR-73, and shGR-19 were maintained with 2 µg/mL 

puromycin in media without serum. 

 

3.4.5 Western blot 

 Lysates were prepared in 1X SDS loading buffer and analyzed by standard Western 

blotting procedures. Polyvinylidene fluoride membranes (Millipore) were probed with the 
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appropriate primary antibody: anti-GR (1:500; ab3579; Abcam), anti-TBP (1:2,000; ab818; 

Abcam), anti-GABPβ (1:5,000; sc-28684; Santa Cruz Biotechnology Inc.), anti-GABPα (1:1,000; 

sc-22810; Santa Cruz Biotechnology Inc.), anti-ERα (1:500; sc-7207; Santa Cruz Biotechnology 

Inc.), anti-Epcam (1:2,500, ab32392; Abcam), anti-E-cadherin (1:1,000; 610181; BD 

Biosciences), anti-β-catenin (1:1,000; 9582S; Cell Signaling Technology), anti-β-casein (1:500; 

sc-166520; Santa Cruz Biotechnology Inc.). The secondary antibodies used included goat anti-

rabbit (1:10,000; sc-2004; Santa Cruz Biotechnology Inc.) and goat anti-mouse (1:10,000; 115-

035-003; Jackson ImmunoResearch). Secondary antibody detection was performed by 

chemiluminescence (SuperSignal West Pico, Thermo Scientific/Fisher).  

 

3.4.6 Quantitative real-time reverse transcription PCR 

 RNA and RT products were prepared as described previously (13, 148, 181). Quantitative 

real-time reverse transcription PCR (qRT-PCR) reactions were performed using TaqMan® gene 

expression assays (Life Technologies) for mouse Nr3c1 (GR) (Mm00433832_m1) Brca1 

(Mm01249840_m1), Oas2 (Mm00460961_m1), Ces1 (Mm00491334_m1), Hsd11b1 

(Mm00476182), Ch25h (Mm00515486_s1), Slc5a9 (Mm00523837_m1). Mouse Tbp was used as 

an internal control for all qRT-PCR experiments (Mm00446971_m1; Life Technologies). 

Quantitative RT-PCR reactions were performed using the SuperScript® III Platinum® One-Step 

Quantitative RT-PCR system (Invitrogen) with 50-250 ng RNA in triplicate and 1 µL TaqMan® 

gene expression assay per reaction. The PCR protocol consisted of 1 cycle of (900 sec at 50°C 

and 120 sec at 95°C), followed by 40 cycles of (15 sec at 95°C and 30 sec at 60°C), and was run 

on an Eppendorf Mastercycler®. Gene expression was calculated relative to the results for the 

untreated or empty vector sample with the comparative Ct (ΔΔCt) method presented by PE 

Applied Biosystems (Perkin Elmer).  
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3.4.7 Mammary epithelial cell differentiation: acini 

 EPH-4 cells were plated at a density of 1.9 x 105 cells/mL on 12-well plates coated with 

Matrigel (BD Biosciences) in media supplemented with 1% serum and the lactogenic hormones 

hydrocortisone (1 µg/mL), insulin (5 µg/mL) (Sigma), and prolactin (3 µg/mL) (Sigma). 

Following a 24 hour incubation, serum was withdrawn from the media. Acini were imaged using 

an inverted phase contrast microscope (OLYMPUS CKX41) with camera (OLYMPUS U-

CMAD3) at magnification of 4 X and 40 X. For the HC titration experiment, cells were plated as 

above, with the exception that a range of HC concentrations were used in the differentiation 

media, including 0.5, 1, 2, 4, and 8 µg/mL. Serum was withdrawn from the media following a 24 

hour incubation, and acini were imaged as described above. To prepare protein lysates and RNA, 

acini were washed twice with PBS, then incubated shaking on ice in PBS with EDTA for 20 min. 

The acini were flushed from the Matrigel layer by pipetting, and transferred to a centrifuge tube. 

Cells were pelleted at 600 rpm for 5 min at 4 °C, then lysed in either 1X SDS loading buffer (for 

protein prep) or Lysis Solution (Sigma) with β-mercaptoethanol (for RNA prep). 

 

3.4.8 Microarray analysis 

 RNA was prepared as described previously (13, 148, 181) from EPH-4 EV-50 and shGR-

19 stable cell lines. The quality of total RNA was determined with an Agilent 2100 Bioanalyzer 

(Agilent Technologies). The samples were selected for microarray analysis or for qRT-PCR 

provided that they had an RNA integrity number (RIN) >7.0, a clear gel image, and no DNA 

contamination observed on the histogram. A total of 300 ng quality-checked total RNA from each 

sample (in duplicate) was amplified and labeled with Cy3 using the Agilent QuickAmp kit 

(Agilent Technologies). Cy3 labeling efficiency and amplification efficiency were assessed using 

a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). 1.65 µg of Cy3-labeled 
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cRNA for each sample was hybridized to an Agilent Whole Mouse Genome 4 x 44K gene 

expression array (G2519F-014868, Agilent Technologies). After 17 hours of hybridization, arrays 

were washed and scanned according to the Agilent gene expression array protocol. The data was 

normalized by the Feature Extraction software (10.5.1.1) with default parameter settings for one-

colour oligonucleotide microarrays and then transferred to GeneSpring GX version 9.0.2 (Agilent 

Technologies) for further statistical evaluation. In GeneSpring, normalization and data 

transformation steps for one-colour data were applied as recommended by Agilent Technologies. 

The data were analyzed using GeneSpring, and genes with >2.0 fold differential expression (both 

increased and decreased; p<0.01) between EV-50 and shGR-19 were ranked by fold. 

 Functional analysis of differentially expressed genes from microarray data was performed 

using the Gene Ontology Enrichment Analysis Software Toolkit (GOEAST) program, which 

adjusts the raw p-values into a false discovery rate using the Benjamini-Yekutieli method (184). 

In addition to classifying genes based on biological process, molecular function, and cellular 

component ontologies, we employed Ingenuity Pathway Analysis (IPA; 

http://www.ingenuity.com) to identify biological networks regulated by GR. IPA is a knowledge 

database generated from >1.7 million peer-reviewed scientific publications that enables discovery 

of biological networks in gene expression data and determines the functions most significant to 

those networks. The upregulated and downregulated gene sets between EPH-4 EV-50 and shGR-

19, as well as both differentially expressed sets together, were used for network analysis. 

Following GeneSpring analysis, Agilent probe set IDs were uploaded into IPA and queried with 

all other genes stored in the Ingenuity Knowledge Base. IPA uses Fisher's exact test to calculate 

p-values for the probability of finding a set of genes within an annotated pathway or network 

from the Knowledge Base. An IPA network significance score is calculated for each network hub 

according to the fit of the user’s significant genes; the higher the score, the higher the 
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composition of genes from the user’s experimental data in the network (indicated as shaded 

molecules), and the less likely it is that the assembly of genes in the network was generated by 

random chance. In reporting our results, we focused on networks with high IPA network scores, 

which demonstrate strong evidence for a given biological pathway being regulated by GR. The 

results of our GeneSpring differential analysis, as well as the GOEAST and IPA functional 

analyses, were coalesced in order to construct a list of candidate genes that may be regulated 

similarly to Brca1. Five candidate genes exhibiting decreased differential expression between 

EV-50 and shGR-19 were chosen for validation and subsequent analyses. 

 

3.4.9 Statistical analysis 

 The level of GR knockdown in the EPH-4 stable cell lines shGR-73 and shGR-19 

(relative to EV-50) was quantified by densitometric analysis of the GR and TBP Western blots 

using ImageJ. Standard deviation between triplicates from qRT-PCR experiments were calculated 

according to the ΔΔCt method presented by Applied Biosystems. Standard deviation between 

triplicates in luciferase assays was calculated using Microsoft Excel 2010. Statistical significance 

calculations for qRT-PCR experiments and luciferase assays were performed with GraphPad 

Prism 5 Software, using the unpaired, two-tailed t-test function assuming equal variances of the 

averaged data. 

 

3.5 Results 

 

3.5.1 GR and Brca1 levels are decreased in cells stably expressing shGR 

 We have previously shown that unliganded GR positively regulates BRCA1 promoter 

activity in EPH-4 mouse mammary cells (181) (Chapter 2). This effect may be representative of a 
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novel role for unliganded GR as a transcriptional activator of multiple genes in the breast. In 

order to address this hypothesis as well as study the involvement of unliganded GR in cellular 

processes, we stably transfected the non-malignant mouse mammary cell line EPH-4 with a short 

hairpin RNA (shRNA) vector directed against human/mouse GR (shGR) as well as empty H1-2 

vector as a control (EV). Protein lysates and RNA were prepared from puromycin-selected clonal 

isolates maintained in the absence of glucocorticoids, and GR expression was examined by 

Western blot and qRT-PCR. The stable cell lines shGR-73 and shGR-19 exhibited reduced levels 

of GR protein (Figure 3.1A) and expression of Nr3c1 (GR) mRNA (Figure 3.1B) relative to the 

empty vector control cell line EV-50, with shGR-19 exhibiting the greatest degree of GR 

knockdown at both the protein and mRNA levels. Both shGR-73 and shGR-19 cells displayed 

reduced endogenous Brca1 expression compared with EV-50 (Figure 3.1C), which reflects the 

positive regulatory effect that GR normally has on this gene. Furthermore, in a transient 

transfection and subsequent dual-luciferase assay, L6 BRCA1 promoter activity was reduced by 

approximately 50% in shGR-19 cells compared to EV-50 cells in the absence of HC, indicating 

that the level of endogenous GR in these cells is insufficient to positively regulate BRCA1 

expression (Figure 3.2). In support of this, treatment of shGR-19 cells with HC did not result in 

any additional repression of BRCA1 activity. 

 

3.5.2 GR is required for breast epithelial cell differentiation 

 The glucocorticoid receptor has been reported to be required for differentiation in a 

variety of cell types (185), but its involvement in mammary cell differentiation has not been 

studied extensively. To further investigate the role of GR during this process, and to test the 

biological effect of the shGR on cellular morphology, EPH-4 stable clones EV-50, shGR-73, and 

shGR-19 were plated on Matrigel and supplied with lactogenic hormones to stimulate  
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Figure 3.1: Expression of GR and Brca1 is decreased in cells stably expressing an shRNA 
vector against endogenous GR.  
EPH-4 cells were stably transfected with a puromycin selectable marker and either an empty 
vector (H1-2; EV) or an shRNA vector directed against the endogenous glucocorticoid receptor 
(shGR). Cells were puromycin-selected and expanded. A. EV-50, shGR-19, and shGR-73 stable 
clone lines were lysed and subjected to Western blotting to determine GR expression. 
Densitometric analysis was performed to quantify the level of GR protein knockdown in shGR-73 
and shGR-19 relative to EV-50 (shown in right panel; numbers indicate protein levels relative to 
EV-50). B-C. RNA was prepared from EPH-4 stable cell lines EV-50, shGR-73, and shGR-19, 
and qRT-PCR analysis of mouse B. Nr3c1 (GR) and C. Brca1 expression was conducted using 
TaqMan gene expression assays for each gene. Raw Ct values for each gene were normalized to 
raw Ct values for mouse Tbp internal control for triplicate samples, and are presented as the level 
of expression relative to the EV-50 sample. Bars represent the mean of technical replicates, and 
error bars represent standard deviation (N = 3). Statistically significant changes in gene 
expression relative to EV-50 are indicated for each gene: one asterisk, p<0.05 (significant); two 
asterisks, p<0.005 (very significant).   
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Figure 3.2: BRCA1 promoter activity is reduced and no longer repressed in the presence of 
HC in cells stably expressing shGR. 
EPH-4 EV-50 and shGR-19 stable cells were transiently transfected with the L6 BRCA1 promoter 
reporter construct, treated 24 hours after transfection with either ethanol vehicle (-HC) or 1 
µg/mL HC (+HC), and assayed for luciferase activity following a 48 hour incubation. Bars 
represent the mean of technical replicates, and error bars represent standard deviation (N = 3). 
Statistically significant changes in BRCA1 promoter activity relative to EV-50 (-HC) are 
indicated: one asterisk, p<0.05 (significant); two asterisks, p<0.005 (very significant).  
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differentiation into acini (Figure 3.3). Compared to EV-50, the GR knockdown cell lines shGR-

73 and shGR-19 exhibited a smaller morphology and a marked decrease in the number of cells 

per acinar structure, indicating a reduced capacity to differentiate. It is of note that shGR-73 acini 

were slightly larger in size than the shGR-19 acini, which is reflective of the intermediate level of 

GR knockdown in this cell line compared to shGR-19. Due to the short time period of the 

experiment, none of the acini, including those of the EV-50 control cell line, reached the stage of 

a fully hollowed lumen. These results support a role for GR in breast differentiation, as stable 

knockdown of endogenous GR resulted in impaired mammary cell differentiation, specifically 

resulting in incomplete acinar formation. 

 

3.5.3 The block to differentiation in shGR cells can be rescued by increasing the concentration 

of glucocorticoids 

 Glucocorticoids are required for maintenance of acinar integrity during mammary 

epithelial cell differentiation (180). Consequently, we postulated that the differentiation block 

observed in the shGR cell lines could be overcome by increasing the availability of 

glucocorticoids during acinar differentiation. To evaluate this hypothesis, EV-50, shGR-73, and 

shGR-19 were plated on Matrigel and the concentration of HC in the differentiation media was 

titrated from the original 1 µg/mL to 0.5, 2, 4, and 8 µg/mL. Acinar morphology was imaged on 

Days 1, 2, 4, and 6 of differentiation (Figure 3.4). As early as Day 1, complementation of shGR-

73 and shGR-19 cells with higher levels of HC resulted in acini that more closely resembled EV-

50 acini at corresponding concentrations of HC, with larger individual acinar structures observed 

in the presence of 2, 4, and 8 µg/mL HC than in the presence of the standard 1 µg/mL HC (Figure 

3.4A). The shGR-73 and shGR-19 acini further increased in size at Day 2, and this increase was 

positively correlated with the concentration of HC (Figure 3.4B). The phenotypes of the Day 4  



 

  74 

 
 

Figure 3.3: GR is required for breast epithelial cell differentiation.  
EPH-4 EV-50, shGR-73, and shGR-19 stable cells were plated on Matrigel and differentiated in 
the presence of lactogenic hormones. Serum was removed from the media 24 hours after plating, 
and acini were imaged on Days 1, 2, 3, and 4 using an inverted phase contrast microscope.  
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Figure 3.4: An increased concentration of HC during differentiation reverses the 
morphological phenotype of shGR stable cells.  
EPH-4 EV-50, shGR-73, and shGR-19 stable cells were plated on Matrigel and differentiated in 
the presence of lactogenic hormones. HC was titrated at 0.5, 1, 2, 4, and 8 µg/mL. Serum was 
removed from the media 24 hours after plating, and acini were imaged on Days A. 1, B. 2, C. 4, 
and D. 6 using an inverted phase contrast microscope.  

A.
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Figure 3.4 continued. Refer to figure caption on pg. 75.  

B.
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Figure 3.4 continued. Refer to figure caption on pg. 75.  

C.
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Figure 3.4 continued. Refer to figure caption on pg. 75.  
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shGR-73 and shGR-19 acini even more closely resembled the EV-50 acinar structures, especially 

in the presence of 4 and 8 µg/mL HC (Figure 3.4C). By Day 6, the presence of 8 µg/mL HC 

transformed the acinar morphology and size of both shGR-73 and shGR-19 such that they 

appeared nearly identical to that of EV-50 at this concentration of HC (Figure 3.4D). However, 

the Day 6 acini of shGR-73 and shGR-19 at 0.5 and 1 µg/mL HC were small and incomplete, 

emphasizing the inability of these cell lines to differentiate under standard conditions, and 

suggesting that the morphological changes observed in the shGR acini were directly dependent on 

the concentration of HC. It appears that saturating the media with excess glucocorticoids resulted 

in increased GR signaling in shGR cells despite the reduction in endogenous GR, and this 

compensation lead to a more normal differentiation pattern in these cell lines. Although the level 

of GR knockdown differs between shGR-19 and shGR-73 cells, the addition of 8 µg/mL HC was 

sufficient to overcome the differentiation block to the same degree in both cell lines at the final 

time point. However, with lower concentrations of HC, the shGR-73 acini more closely 

resembled EV-50 acini than did shGR-19 acini, reflecting the intermediate level of GR 

knockdown in shGR-73 cells. The size and morphology of the EV-50 acini remained relatively 

consistent throughout differentiation and at each of the titrated HC concentrations, suggesting that 

the addition of excess glucocorticoids did not have an effect on differentiation in cells with 

normal levels of endogenous GR.  

 

3.5.4 Levels of various protein markers of differentiated epithelial cells are decreased in shGR 

cells relative to EV-50 cells 

 To further investigate the effect of GR depletion on differentiation, the levels of various 

proteins known to be involved in epithelial cell differentiation were examined in a time course 

where cell lysates were prepared from EV-50, shGR-73, and shGR-19 cells grown in monolayer  
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 (ie. Day 0) and from EV-50 and shGR-19 acini during differentiation on Matrigel (ie. Days 1, 2, 

and 4). Compared with the TBP loading control (Figure 3.5A), GR protein levels were virtually 

abolished from the cell monolayer at Day 0 in both shGR-73 and shGR-19 lysates (Figure 3.5B), 

indicating a significant level of GR depletion in these cell lines. GR levels increased slightly 

during differentiation of both EV-50 and shGR-19 acini. Although its expression was consistently 

lower in shGR-19 lysate than EV-50 at each time point, the fact that its expression increased in 

shGR-19 throughout differentiation may suggest that the efficiency of the shGR was altered 

during this process. Estrogen receptor alpha (ERα), which is a nuclear hormone receptor sharing 

sequence and structural homologies with GR, plays a role during growth and differentiation of 

breast cells (186). Accordingly, ERα protein was not expressed in the undifferentiated monolayer 

of EV-50, shGR-73, or shGR-19 (Figure 3.5C). ERα increased during differentiation of both EV-

50 and shGR-19 acini, indicating that its expression is controlled independently of GR levels, and 

is induced during differentiation regardless of impaired differentiation capacity. Epcam (epithelial 

cell adhesion molecule) is cell surface molecule that is a known marker of luminal cell 

differentiation (187). A very low level of Epcam was observed in the lysate of undifferentiated 

EV-50 cells, and as expected, this level increased throughout differentiation of EV-50 acini 

(Figure 3.5D). Epcam expression was not observed in shGR-19 at any time point, which is 

reflective of the impaired capacity for differentiation in these cells due to the lack of endogenous 

GR. E-cadherin is a cell-cell adhesion protein, and its expression correlates with normal 

differentiation in breast tissue (188). E-cadherin protein levels increased during differentiation, 

most notably in EV-50 acini at the later time points (Figure 3.5E). As with Epcam, the fact that E-

cadherin expression in the shGR-19 acini is consistently lower than that in EV-50 acini reflects 

the reduced ability of shGR-19 cells to differentiate properly. β-catenin is a key mediator of the 

Wnt-signaling pathway, which regulates cell proliferation and differentiation; expression of  
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Figure 3.5: EPH-4 shGR stable cell differentiation time course and Western blotting series.  
EPH-4 EV-50, shGR-73, and shGR-19 stable cells were plated on Matrigel and differentiated in 
the presence of lactogenic hormones. Serum was removed from the media 24 hours after plating. 
Cell lysates were prepared from cells in monolayer on Day 0 (EV-50, shGR-73, and shGR-19), 
and from acini (EV-50 and shGR-19) on Days 1, 2, and 4 and subjected to Western blotting for 
A. TBP, B. GR, C. ERα, D. Epcam, E. E-cadherin, F. β-catenin, G. β-casein. 
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β-catenin is indicative of an increased state of cellular differentiation (189). Levels of this protein 

were fairly similar in undifferentiated EV-50, shGR-73, and shGR-19 cells in monolayer (Figure 

3.5F). During differentiation, β-catenin increased gradually in both EV-50 and shGR-19 acini, but 

this was more noticeable in EV-50 than in shGR-19, emphasizing the fact that shGR-19 acini did 

not differentiate to the same degree as EV-50 cells. Lastly, β-casein is a phosphoprotein that is 

major component of mammalian milk, and its expression is induced during pregnancy and 

lactation in response to an increase in prolactin and cortisol. Therefore, its expression is positively 

correlated with functional luminal cell differentiation (18). β-casein is also normally expressed 

during differentiation of EPH-4 cells on Matrigel (190). As anticipated, β-casein was not 

expressed in the undifferentiated cell monolayer of EV-50, shGR-73, or shGR-19 (Figure 3.5G). 

During differentiation, β-casein levels increased in both EV-50 and shGR-19 acini, but were 

consistently lower in shGR-19 compared to EV-50 at each time point. Cumulatively, these results 

provide evidence for a differentiation block in cells depleted of GR, since these cells lacked 

expression of various proteins known to be representative of normally differentiated epithelial 

cells. Thus, these experiments further emphasize the requirement for GR during differentiation. 

 

3.5.5 Expression microarray analysis 

 The creation of the stable cell lines EV-50 and shGR-19 afforded us the ability to identify 

targets exclusively regulated by unliganded GR by comparing gene expression in cells depleted 

of GR (shGR-19) to that in cells expressing normal endogenous levels of this transcription factor 

(EV-50). Whole genome expression microarray analysis resulted in the identification of a total of 

603 entities (genes or transcripts) with at least a 2-fold change and p<0.01 between EPH-4 EV-50 

and shGR-19 cells, including 260 upregulated genes (Appendix B, Table B.1) and 343 
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downregulated genes (Appendix B, Table B.2) in shGR-19 relative to EV-50. Genes upregulated 

in shGR-19 compared to EV-50 are likely negatively regulated by GR, since they are increased in 

the absence of endogenous GR expression. In contrast, we presume that genes downregulated in 

shGR-19 compared to EV-50 are positively regulated by GR, since they are decreased in the 

absence of endogenous GR expression. Among the genes downregulated in shGR-19, the GR 

gene, Nr3c1, was decreased approximately 4-fold, confirming the stability of GR knockdown in 

this cell line. While Brca1 did not qualify for the analysis following the 2-fold cutoff, its 

expression was decreased approximately 1.5-fold in shGR-19, confirming our previous report that 

GR positively regulates Brca1 activity, since GR depletion results in decreased expression of 

endogenous Brca1. 

 

3.5.5.1 Gene Ontology 

  In order to analyze potential functional trends in our microarray data, we performed a 

functional analysis of the lists of differentially expressed up and downregulated genes using 

GOEAST (Gene Ontology Enrichment Analysis Software Toolkit) (184). This program enabled 

the determination of the most highly represented gene ontology (GO) categories in response to 

GR depletion, and the number of genes in each set (up and downregulated) belonging to those 

categories. This analysis revealed that a large number of the 260 upregulated genes were involved 

in various developmental and morphogenetic processes (total >200 genes; false discovery rate 

(FDR) < 1%), as well as “protein binding” (>50 genes; FDR < 1%) (Figure 3.6). The most 

abundantly enriched categories for the 343 downregulated genes were “binding” (>120 genes; 

FDR < 1%), “cytoplasm” (>80 genes; FDR < 1%), and “metabolic processes” (>80 genes; FDR < 

1%), as well as various processes related to immune system regulation and signaling (total >300 

genes; FDR < 1%) (Figure 3.7). Given the known role of GR in the regulation of inflammation 
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Figure 3.6: Gene Ontology (GO) functional analysis of upregulated genes.  
Statistically enriched Gene Ontology terms of upregulated genes in shGR-19 cells relative to EV-
50 control cells as determined by the Gene Ontology Enrichment Analysis Software Toolkit 
(GOEAST). Numbers represent the percentages of genes identified associated with a GO 
biological process, cellular component or molecular function.  
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Figure 3.7: Gene Ontology (GO) functional analysis of downregulated genes.  
Statistically enriched Gene Ontology terms of downregulated genes in shGR-19 cells relative to 
EV-50 control cells as determined by the Gene Ontology Enrichment Analysis Software Toolkit 
(GOEAST). Numbers represent the percentages of genes identified associated with a GO 
biological process, cellular component or molecular function.  
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and the innate immune response, loss of its expression was expected to downregulate certain 

factors in these processes. It was of note that virtually no overlap of GO categories existed 

between the up and downregulated sets of genes. 

 

3.5.5.2 Ingenuity Pathway Analysis 

 In order to examine the structure of regulatory networks underlying the response to 

depleted endogenous GR expression, we performed Ingenuity Pathway Analysis (IPA) using both 

up and downregulated sets of genes between EPH-4 EV-50 and shGR-19, as well as both 

differentially regulated gene sets together. IPA identifies gene interaction networks representing 

potential regulatory pathways by integrating a list of experimentally determined differentially 

expressed genes with a vast knowledge base composed of peer-reviewed scientific literature that 

characterizes several types of gene-gene interactions. Unlike GO analysis, which classifies 

individual genes based on function, IPA networks represent gene relationships and interactions 

that are linked to specific molecular and cellular mechanisms.  

 IPA analysis revealed that there was a high probability for finding our upregulated 

candidate genes (ie. genes negatively regulated by GR) in a network hub centered on 

prostaglandin-endoperoxide synthase 2 (cyclooxygenase (COX)-2) and chemokine signaling 

(Figure 3.8). Genes in this “top” network had p-values of <0.05 based on Fisher’s exact test, and 

were associated with cardiovascular system development and function, cellular movement, and 

organismal development, indicating that unliganded GR, either directly or indirectly, negatively 

regulates these processes. This network was composed primarily of upregulated candidate genes 

identified in our microarray study, as indicated by the shaded entities, while the white entities 

represent factors imputed from the IPA Knowledge Base (IPA network score = 41). 
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Figure 3.8: Ingenuity Pathway Analysis (IPA) of upregulated genes.  
IPA identified this hub as the top signaling network among candidate genes upregulated in EPH-4 
shGR-19 compared to EV-50 (IPA network score = 41). This network was associated with 
cardiovascular system development and function, cellular movement, and organismal 
development. Solid lines indicate a physical interaction between molecules. A solid line with an 
arrow indicates that one factor acts on the other, while a solid line with a perpendicular bar at the 
end denotes that one factor inhibits the other. Dotted lines indicate an indirect cellular interaction 
between factors. Shaded molecules represent candidate genes revealed to be upregulated between 
EPH-4 EV-50 and shGR-19 in our microarray analysis, while white molecules represent factors 
imputed from the Ingenuity Knowledge Base. The different shapes of the molecules represent 
their different functional activities: square, cytokine; circle, other; triangle, kinase/phosphatase; 
rectangle, G protein coupled receptor; oval, transcription regulator; diamond, enzyme. A full 
explanation of IPA annotation can be found at 
http://www.springerimages.com/Images/LifeSciences/1-10.1007_s12014-010-9053-0-2. 
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According to IPA, the downregulated candidate genes from our study (ie. genes 

positively regulated by GR) had a high probability of being found a “top” network signaling hub 

involving interferon and immune system signaling. Genes in this network, with p-values of <0.05, 

were associated with dermatological diseases and conditions, inflammatory disease, and 

neurological disease (Figure 3.9). This network was comprised almost entirely of candidate 

downregulated genes from the present study (IPA significance score = 41). The GR gene (Nr3c1), 

which was downregulated approximately 4-fold in shGR-19, was central in this pathway, 

establishing its direct involvement in the positive regulation of these processes. Members of the 

oligoadenylate synthetase (Oas), interferon regulatory factor (IRF), and interferon-induced 

tetratricopeptide repeat (Ifit) families of genes were prominently featured in this network.  

 When all entities, both up and down differentially regulated genes between EV-50 and 

shGR-19, were analyzed together, there was a high probability for finding candidate genes from 

the present study in a network hub involving interferon and immune signaling (Figure 3.10). 

Notably, this pathway involved several of the same genes as in the top downregulated network, 

suggesting that these biological signaling pathways predominantly involve factors that are 

positively regulated by GR. Genes that exhibited decreased expression in the absence of 

endogenous GR expression (ie. in shGR-19 relative to EV-50) may be positively regulated by 

unliganded GR, potentially through the same mechanism as Brca1. As such, we focused on the 

set of downregulated genes, and selected five of these genes for validation and further analysis. 

 

3.5.5.3 Candidate gene selection 

 Five candidate genes were selected for microarray validation and further characterization 

based on the combined results of the GeneSpring differential analysis and both the GOEAST and 

IPA functional analyses, and included Hsd11b1, Ch25h, Ces1, Oas2, and Slc5a9. The Hsd11b1 
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Figure 3.9: Ingenuity Pathway Analysis (IPA) of downregulated genes.  
IPA identified this hub as a top signaling network among candidate genes downregulated in EPH-
4 shGR-19 compared to EV-50 (IPA network score = 41). This network was associated with 
dermatological diseases and conditions, inflammatory disease, and neurological disease. 
Annotation of IPA network shapes and molecular relationships as specified in Figure 3.8.  
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Figure 3.10: Ingenuity Pathway Analysis (IPA) of both up and downregulated genes.  
IPA identified this hub as a top signaling network among candidate genes (both upregulated and 
downregulated) in EPH-4 shGR-19 compared to EV-50 (IPA network score = 41). This network 
was associated with cancer, gastrointestinal disease, and dermatological diseases and conditions. 
Annotation of IPA network shapes and molecular relationships as specified in Figure 3.8.   
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gene encodes the enzyme 11β-hydroxysteroid dehydrogenase type 1, which is responsible for the 

interconversion of glucocorticoids between inactive cortisone and active cortisol in humans and 

between inactive 11-dehydrocorticosterone and active corticosterone in rodents (191). This role, 

and that fact that its expression was downregulated approximately 10-fold in shGR-19, qualified 

it as an ideal candidate for further analysis in this study. Ch25h encodes the enzyme cholesterol 

25-hydroxylase, which catalyzes the synthesis of 25-hydroxycholesterol from cholesterol and 

molecular oxygen (192), and has a role in the regulation of the innate immune system, where its 

expression is induced in the presence of TLR ligands (193, 194). Ch25h was selected for further 

investigation since its expression was downregulated 10-fold in shGR-19, and it appeared in the 

top network hub composed of downregulated genes. The enzyme carboxylesterase 1 is encoded 

by the Ces1 gene, which was downregulated approximately 10-fold in shGR-19. Ces1 is a serine 

esterase that hydrolyzes aromatic and aliphatic esters and thus maintains the level of free lipids 

within cells by monitoring cholesterol esterification levels (195). The Oas2 gene encodes 2’,5’-

oligoadenylate synthetase 2, which is a member of a family of essential proteins involved in the 

innate immune response to viral infection (196). Oas2 is induced by interferons to synthesize 

2',5'-oligoadenylates, which activate latent RNase L, resulting in viral RNA degradation and the 

inhibition of viral replication (197). Expression of Oas2 was downregulated approximately 60-

fold in shGR-19 and was chosen for further analysis as one member of several Oas genes that 

were downregulated in shGR-19 and that appeared in the top IPA network hub of downregulated 

genes. The protein encoded by Slc5a9 is a sodium-dependent glucose transporter that is essential 

for the transport of mannose, 1,5-anhydro-D-glucitol, and fructose (198). Slc5a9 expression was 

downregulated approximately 10-fold in shGR-19, and like Oas2, was selected as a representative 

of a larger group of solute carrier genes that appeared in our downregulated gene set (comprised 

of targets of unliganded GR positive regulation).  
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3.5.5.4 Microarray candidate gene validation 

 To validate the microarray, quantitative real-time reverse transcription PCR (qRT-PCR) 

was performed to assess the mRNA expression of the five selected genes that exhibited decreased 

differential expression between EPH-4 EV-50 and shGR-19 cells, Hsd11b1, Ch25h, Ces1, Oas2, 

and Slc5a9, as well as Brca1 and Nr3c1 (Figure 3.11A-G). Microarray and qRT-PCR resulted in 

similar levels (ie. relative expression in shGR-19 compared to EV-50) of downregulation for all 

of these genes, confirming the reliability of our microarray results at the mRNA level (Table 3.1). 

 

3.5.6 Expression of microarray candidate genes in response to hydrocortisone treatment 

 We have previously demonstrated that unliganded GR is a positive constitutive regulator 

of Brca1, and that treatment with HC removes this positive regulation and results in decreased 

Brca1 expression. Through our microarray analysis, we have identified other genes that are 

potentially regulated by unliganded GR through this mechanism. To verify whether ligand 

binding to GR exerts the same effect on these genes as on Brca1, we investigated the expression 

of each of the candidate genes in the presence of HC. EPH-4 cells were treated with HC, and 

RNA was prepared at 0, 24, and 48 hours for qRT-PCR analysis. As expected, treatment with HC 

downregulated Brca1 by about 50% at both 24 and 48 hours (Figure 3.12A). Expression of 

Hsd11b1 was reduced by about 60% after 24 hours of HC treatment, and by 40% at 48 hours 

(Figure 3.12B). Notably, Hsd11b1 expression increased nearly 3-fold between 0 and 48 hours in 

untreated (-HC) cells. HC treatment resulted in a decrease in Ch25h expression by approximately 

80% after 24 and 48 hours (Figure 3.12C). Ces1 expression was also downregulated by HC at 

both 24 and 48 hours, but large standard deviations indicate that this assay was not easily 

reproducible (Figure 3.12D). The raw cycle threshold values from this experiment approached the 

maximum number of programmed cycles, which generated large variation between the triplicate 
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Figure 3.11: Validation of microarray candidate genes.  
qRT-PCR validation of microarray candidate gene expression was conducted using RNA 
prepared from EPH-4 EV-50 and shGR-19 stable cells and TaqMan mouse gene expression 
assays for each gene: A. Hsd11b1, B. Ch25h, C. Ces1, D. Oas2, E. Slc5a9, F. Brca1, and G. 
Nr3c1. Raw Ct values for each gene were normalized to raw Ct values for mouse Tbp internal 
control for triplicate samples, and are presented as the level of expression relative to the EV-50 
sample. Bars represent the mean of technical replicates, and error bars represent standard 
deviation (N = 3). Statistically significant changes in gene expression relative to EV-50 are 
indicated for each gene: one asterisk, p<0.05 (significant); two asterisks, p<0.005 (very 
significant); three asterisks, p<0.0005 (very highly significant). 
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Table 3.1: Relative expression of candidate genes in EPH-4 shGR-19 RNA compared to EV-
50 RNA in expression microarray vs. qRT-PCR experiments.  
The fold change output for each gene between shGR-19 and EV-50 from the microarray data was 
converted to relative expression by taking the base-2 logarithm of the absolute fold change and 
setting this value as the negative exponent of 2. The relative expression values for each gene 
between shGR-19 and EV-50 in the qRT-PCR were obtained directly during the experimental 
analysis (ΔΔCt method). 

 Relative Expression: shGR-19 vs. EV-50 
Gene Expression Microarray qRT-PCR Validation 

Hsd11b1 0.11 0.07 
Ch25h 0.10 0.08 
Ces1 0.10 0.21 
Oas2 0.02 0.004 

Slc5a9 0.07 0.12 
Brca1 0.77 0.55 
Nr3c1 0.26 0.19 
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Figure 3.12: Expression of microarray candidate genes in response to HC treatment. 
EPH-4 cells were treated 24 hours after plating (ie. at 0 hrs) with either ethanol vehicle (-HC) or 1 
µg/mL HC (+HC) in serum-free media for a period of 48 hours. RNA was prepared every 24 
hours, and qRT-PCR analysis of microarray candidate gene expression was conducted using 
TaqMan mouse gene expression assays for each gene: A. Brca1 B. Hsd11b1, C. Ch25h, D. Ces1, 
E. Oas2, F. Slc5a9, and G. Nr3c1. Raw Ct values for each gene were normalized to raw Ct values 
for mouse Tbp internal control for triplicate samples, and are presented as the level of expression 
relative to the -HC sample at 0 hrs. Bars represent the mean of technical replicates, and error bars 
represent standard deviation (N = 3). Statistically significant changes in gene expression relative 
to the -HC sample for each time point are indicated for each gene: one asterisk, p<0.05 
(significant); two asterisks, p<0.005 (very significant); three asterisks, p<0.0005 (very highly 
significant).    
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samples, and suggests that this gene may not be highly expressed in EPH-4 cells. Expression of 

Oas2 increased with HC treatment, by 6- and 8-fold at 24 and 48 hours, respectively (Figure 

3.12E). Slc5a9 was also positively affected by HC treatment, with expression of this gene 

increasing 4-fold after 24 hours and 13-fold after 48 hours (Figure 3.12F). Expression of Slc5a9 

also increased in untreated cells, but this effect was less dramatic than in HC-treated cells. Since 

HC appears to have an upregulating effect on Oas2 and Slc5a9 expression rather than a 

repressing effect, it is possible that these genes are not regulated by unliganded GR through 

precisely the same mechanism as Brca1. Instead, it is possible that unliganded GR may be poised 

on a GRE within these promoters but may not activate transcription until ligand binding, making 

these genes HC-responsive. Expression of Nr3c1 was unaltered by HC treatment (Figure 3.12G), 

indicating that ligand binding to the GR protein has no effect on the expression of its mRNA 

transcript.  

 

3.5.7 Expression of microarray candidate genes during differentiation 

 In order to evaluate the roles of each of the candidate genes in developmental regulation, 

we investigated the expression of each of these genes during mammary epithelial cell 

differentiation on Matrigel. As the differentiation of EPH-4 acini requires glucocorticoids, this 

experiment was conducted in the presence of HC. Expression of Nr3c1 increased moderately over 

the time course (Figure 3.13A), which is consistent with its requirement during differentiation, 

and is in agreement with the slight increase in GR protein levels observed during mammary cell 

differentiation experiments (Figure 3.5B). Brca1 expression decreased by approximately 75% 

following the first two days of differentiation, as was expected due to the presence of HC, but it 

increased moderately from Day 2 to Day 4, reaching about 50% of its original expression in 

undifferentiated cells in monolayer (Figure 3.13B). Similarly, Hsd11b1 expression decreased  
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Figure 3.13: Expression of microarray candidate genes during differentiation.  
EPH-4 cells were plated on Matrigel and differentiated in the presence of lactogenic hormones. 
RNA was prepared at Day 0 from undifferentiated cells in monolayer (mono). Serum was 
removed from the media 24 hours after plating (ie. at Day 1), and RNA was prepared from 
differentiated acini at Days 1, 2, and 4 (acini). qRT-PCR analysis of microarray candidate gene 
expression was conducted using TaqMan mouse gene expression assays for each gene: A. Nr3c1 
B. Brca1, C. Hsd11b1, D. Oas2, E. Slc5a9, F. Ch25h, and G. Ces1. Raw Ct values for each gene 
were normalized to raw Ct values for mouse Tbp internal control for triplicate samples, and are 
presented as the level of expression relative to the Day 0 (undifferentiated monolayer) sample. 
Bars represent the mean of technical replicates, and error bars represent standard deviation (N = 
3). Statistically significant changes in gene expression relative to the Day 0 sample are indicated 
for each gene: one asterisk, p<0.05 (significant); two asterisks, p<0.005 (very significant); three 
asterisks, p<0.0005 (very highly significant).   
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initially from the undifferentiated cell state to Day 1 of acinar differentiation, but subsequently 

increased approximately 2-fold between Days 1 and 2, and 4-fold between Days 2 and 4 during 

differentiation (Figure 3.13C). Oas2 increased from the undifferentiated to differentiated cell 

states, and continued to increase throughout differentiation, reaching an approximately 20-fold 

increase by Day 4 relative to its expression in the undifferentiated monolayer at Day 0 (Figure 

3.13D). Slc5a9 also increased dramatically over the course of differentiation, reaching nearly a 

100-fold induction in expression at Day 4 of acinar growth compared to that at Day 0 (Figure 

3.13E). The increase in expression of both Oas2 and Slc5a9 during differentiation is suggestive of 

a common mechanism of regulation by unliganded GR, since the expression of both of these 

genes also increased following HC treatment (Figure 3.12E-F). The pattern of Ch25h expression 

is complex, displaying a transient 10-fold increase in expression from the undifferentiated 

monolayer cell state at Day 0 to Day 1 of differentiation, which diminished at the subsequent time 

points of differentiation to a level comparable to that observed at Day 0 (Figure 3.13F). It is 

unlikely that the presence of HC during this experiment played a role in this complicated pattern, 

since previous observations indicated that the addition of HC repressed Ch25h at each time point 

(Figure 3.12C). Expression of Ces1 appears to decrease during differentiation, but as these data 

are associated with large standard deviations, they must be interpreted with caution (Figure 

3.13G). As previously mentioned, it is likely that the expression of Ces1 in EPH-4 cells is below 

the threshold for accurate measurement with qRT-PCR. 

 

3.5.8 Expression of microarray candidate genes during differentiation is reduced in shGR cells 

compared to EV-50 cells 

 We were able to examine the effect of GR depletion on the target genes during 

differentiation with the use of the EPH-4 stable cell lines, EV-50, shGR-73, and shGR-19. The 
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candidate genes Ces1 and Oas2 were not included in this investigation, since these did not appear 

to exhibit high enough expression levels to be confident in our qRT-PCR results (ie. standard 

deviations between triplicates were too large due to cycle threshold values that approached the 

maximum number of PCR cycles). In undifferentiated cells grown in monolayer, all genes were 

expressed at lower levels in both shGR cell lines than in EV-50 cells, which was expected since 

the regulation of these genes is dependent on GR, the expression of which is reduced in both 

shGR-73 and shGR-19. For each candidate gene, the pattern of expression between 

undifferentiated cells grown in monolayer at Day 0 and differentiated acini at Days 1, 2, and 4 

was identical between EV-50 cells shown in this experiment and wild-type EPH-4 cells 

(presented in Figure 3.13), which emphasizes that EV-50 cells are comparable to the wild-type 

EPH-4 cell line. As expected, the expression of the GR gene (Nr3c1) was reduced in shGR-73 

and shGR-19 in comparison with EV-50 in undifferentiated cells as well as during acinar 

differentiation (Figure 3.14A). At each time point, Nr3c1 expression was moderately higher in 

shGR-73 than in shGR-19, reflecting the gradient of GR depletion in these cell lines. However, its 

expression increased slightly in all cell lines during differentiation, which parallels the pattern of 

GR protein levels observed during differentiation (Figure 3.5B). Like Nr3c1, Brca1 expression 

was reduced in shGR-73 and shGR-19 cells compared to EV-50 cells at all time points, 

emphasizing the link between GR and Brca1 (Figure 3.14B). Within shGR-73 and shGR-19 cells, 

expression of Brca1 decreased from the undifferentiated to differentiated cell states, which was 

expected due to the presence of HC in the differentiation media, and was previously observed 

during differentiation of wild-type EPH-4 acini (Figure 3.13B). Additionally, expression of Brca1 

increased slightly between Days 2 and 4 in both EV-50 and shGR-73 acini, but not in shGR-19 

acini, where its expression continued to decrease from Day 2 to Day 4. EPH-4 shGR-19 cells 

possess the lowest level of endogenous GR of all the cell lines examined, and thus experience the  
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Figure 3.14: Expression of microarray candidate genes during differentiation of EPH-4 
stable cells.  
EPH-4 EV-50, shGR-73, and shGR-19 stable cells were plated on Matrigel and differentiated in 
the presence of lactogenic hormones. RNA was prepared at Day 0 from undifferentiated cells in 
monolayer (mono). Serum was removed from the media 24 hours after plating (ie. at Day 1), and 
RNA was prepared from differentiated acini at Days 1, 2, and 4 (acini). qRT-PCR analysis of 
microarray candidate gene expression was conducted using TaqMan mouse gene expression 
assays for each gene: A. Nr3c1 B. Brca1, C. Hsd11b1, D. Slc5a9, and E. Ch25h. Raw Ct values 
for each gene were normalized to raw Ct values for mouse Tbp internal control for triplicate 
samples, and are presented as the level of expression relative to the to the Day 0 (undifferentiated 
monolayer) sample in the EV-50 cell line. Bars represent the mean of technical replicates, and 
error bars represent standard deviation (N = 3). Statistically significant changes in gene 
expression relative to EV-50 at each time point (Day) are indicated for each gene: one asterisk, 
p<0.05 (significant); two asterisks, p<0.005 (very significant); three asterisks, p<0.0005 (very 
highly significant).  
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greatest differentiation block and collapse of development. Therefore, it was anticipated that gene 

expression in these cells might not exhibit the same pattern during differentiation as wild-type 

EPH-4, EV-50, or shGR-73 cells, which each display higher levels of endogenous GR. The 

expression of Hsd11b1 was consistently lower in undifferentiated and differentiated shGR-73 and 

shGR-19 cells relative to EV-50 cells at each time point, and Hsd11b1 expression increased in all 

3 cell lines between Days 2 and 4 of acinar growth (Figure 3.14C). Despite this increase in all cell 

lines, the relative expression of Hsd11b1 in shGR-19 acini remained considerably lower than in 

both EV-50 and shGR-73 acini, which reflects the substantial loss of endogenous GR in these 

cells. Hsd11b1 expression was previously observed to increase between Days 1 and 4 of 

differentiation in wild-type EHP-4 cells (Figure 3.13C), and as with the present experiment, this 

increase occurred following an initial decrease in expression that we attribute to the necessary 

presence of HC during differentiation. The fact that Hsd11b1 also increased in cells possessing 

depleted levels of endogenous GR may be indicative of induction by a non GR-mediated 

mechanism that is also not specific to cellular differentiation, since shGR-19 cells do not exhibit 

normal acinar growth and Hsd11b1 expression was previously observed to increase slightly 

between 24 and 48 hours of HC treatment in wild-type EPH-4 cells (Figure 3.12B). Expression of 

Slc5a9 in the shGR cell lines reflected the same pattern during differentiation as in EV-50 cells, 

albeit at lower expression levels (Figure 3.14D). The pattern of expression of Ch25h in EV-50 

cells appeared similar to that observed in wild-type EPH-4 cells, with a peak in expression at Day 

1 of differentiation (Figure 3.14E). However, its expression increased at the later time points of 

differentiation in the shGR-73 and shGR-19 cell lines, and this a corresponding increase was not 

observed in EV-50 cells, nor did it occur during the differentiation of wild-type EPH-4 cells 

(Figure 3.13F). This suggests that knockdown of GR results in induction of Ch25h during 



 

  102 

differentiation, and contradicts the activity of the other candidate genes, which are downregulated 

during differentiation of the shGR cell lines. 

 

3.5.9 Hsd11b1 expression increases over time, and this is cell-density dependent  

 According to the experiments described above, Hsd11b1 appears to be the most likely 

candidate of positive regulation by unliganded GR, and is of the most relevance to us in terms of 

its function in cortisol metabolism. Therefore, we aimed to further characterize the expression of 

this gene in breast cells, and compare this to Brca1. We have previously shown that Hsd11b1 

expression increases substantially over time after plating in the absence of hormonal treatments in 

EPH-4 non-malignant mouse mammary cells (Figure 3.12B). We tested whether this increase was 

dependent on cell density by plating cells in a range of densities between 5 x 103 and 1 x 105 

cells/mL and harvesting RNA at 24 hour intervals for a total duration of 72 hours. In cells 

originally plated at 5 x 103 cells/mL (ie. 10 times fewer cells than the standard plating density of 

5 x 104 cells/mL), Hsd11b1 expression increased approximately 7-fold by the end of 72 hours 

(Figure 3.15A). Expression of Hsd11b1 increased by 10-fold after 72 hours in cells originally 

plated at 1 x 104 cells/mL. In cells plated at 2.5 x 104 cells/mL, Hsd11b1 increased approximately 

4-fold after 48 hours, and reached 20-fold by 72 hours. In cells plated at the standard density of 5 

x 104 cells/mL, Hsd11b1 increased 12-fold by 48 hours, and reached an increase of 30-fold by 72 

hours. Lastly, Hsd11b1 expression in cells originally plated at 1 x 105 cells/mL increased 30-fold 

after 48 hours, and nearly 50-fold after 72 hours. These results indicate that Hsd11b1 expression 

increases over time, and that the degree of this escalation in expression is proportional to the 

starting cell density; in cells plated at higher densities, the increase in Hsd11b1 is greater and 

occurs more quickly than in cells originally plated at lower densities, suggesting that cell density 

and/or cell contacts influence Hsd11b1 expression levels. Comparatively, cell density had no  
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Figure 3.15: Cell plating density affects Hsd11b1 but not Brca1 expression.  
EPH-4 cells were plated at various densities (5 x 103, 1 x 104, 2.5 x 104, 5 x 104, and 1 x 105 
cells/mL). Serum was removed from the media 24 hours after plating (ie. at 0 hrs), and RNA was 
prepared every 24 hours for a period of 72 hours. qRT-PCR analysis of A. Hsd11b1 and B. Brca1 
expression was conducted using TaqMan mouse gene expression assays for each gene. Raw Ct 
values for each gene were normalized to raw Ct values for mouse Tbp internal control for 
triplicate samples, and are presented as the level of expression relative to the lowest density 
sample, 5 x 103 cells/mL, at 0 hrs. Bars represent the mean of technical replicates, and error bars 
represent standard deviation (N = 3). Statistically significant changes in gene expression relative 
to the 0 hrs sample for each density are indicated for each gene: one asterisk, p<0.05 (significant); 
two asterisks, p<0.005 (very significant); three asterisks, p<0.0005 (very highly significant).  
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influence on Brca1, as the expression of this gene remained fairly consistent over time for each of 

the starting cell densities (Figure 3.15B). 

 

3.5.10 The increase in Hsd11b1 expression can be negated by HC 

 Treatment of EPH-4 mouse mammary epithelial cells with HC represses Hsd11b1 

(Figure 3.12B). We investigated whether addition of HC at 24 hour intervals would negate the 

increase in Hsd11b1 that occurs over time in cells plated at the standard density of 5 x 104 

cells/mL. All cells were treated as “-HC” with ethanol vehicle at 0 hrs, then re-treated with either 

ethanol vehicle or HC at 24 hour intervals and RNA was prepared every 24 hours for a period of 

96 hours. As expected, expression of Hsd11b1 in the “-HC” treated cells increased over the 96 

hour period (Figure 3.16A). Treatment with HC for 24 hours following 24 hours of cell growth in 

“-HC” conditions repressed Hsd11b1 expression by approximately 70%. The addition of HC after 

48 hours of “-HC” treatment repressed Hsd11b1 by 30%. Lastly, HC addition after 72 hours of “-

HC” cell growth repressed Hsd11b1 by 60%. While Brca1 expression remains relatively constant 

over time during “-HC” treatment, the addition with HC at any point in the experiment is able to 

repress Brca1 by approximately 50% (Figure 3.16B), as expected according to previous results. 

These experiments confirmed the repressive effect of HC on both Hsd11b1 and Brca1. 

 

3.5.11 Cortisone does not affect Hsd11b1 or Brca1 expression 

 The enzyme Hsd11b1 is responsible for the reversible conversion of cortisol into its 

inactive metabolite, cortisone (CO). Thus, Hsd11b1 is able to act as both an oxo-reductase 

(activating cortisol from cortisone) and a dehydrogenase (producing cortisone from cortisol), and 

the directionality of its enzymatic activity appears to be dependent on the physiological or  
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Figure 3.16: The increase in Hsd11b1 expression over time is abrogated by the addition of 
HC. 
EPH-4 cells were treated 24 hours after plating (ie. at 0 hrs) with ethanol vehicle (-HC). RNA 
was prepared at 0 hrs. Following another 24 hours, one time point was re-treated with 1 µg/mL 
HC (+HC) in serum-free media. RNA was prepared from this sample as well as its corresponding 
-HC control following another 24 hours. This HC addition was repeated 48 and 72 hours after the 
original -HC treatment, and RNA was prepared from -HC control samples and +HC-treated 
samples every 24 hours for a period of 96 hours. In each +HC case, cells were treated for a 
variable time with -HC, and then a subsequent 24 hour period with HC. qRT-PCR analysis of A. 
Hsd11b1 and B. Brca1 gene expression was conducted using TaqMan mouse gene expression 
assays for each gene. Raw Ct values for each gene were normalized to raw Ct values for mouse 
Tbp internal control for triplicate samples, and are presented as the level of expression relative to 
the 0 hrs sample. Bars represent the mean of technical replicates, and error bars represent 
standard deviation (N = 3). Statistically significant changes in gene expression following 24 hrs 
+HC treatment are indicated relative to each corresponding -HC sample for each gene: one 
asterisk, p<0.05 (significant); two asterisks, p<0.005 (very significant). 
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developmental status of a particular cell type (199-206) (as discussed later). However, the 

directionality of Hsd11b1 has not been extensively investigated in breast cells. Cortisone is 

reported to be biologically inert, having minimal glucocorticoid activity (207), while our results 

suggest that cortisol (HC) represses genes normally positively regulated by unliganded GR, such 

as Hsd11b1 and Brca1. To investigate the effect of cortisone on these genes, and compare this 

with its active form, hydrocortisone, in our cell system and on Hsd11b1 and Brca1 expression, as 

well as to potentially examine the directionality of Hsd11b1 enzymatic activity, EPH-4 cells were 

treated with ethanol vehicle (UT), cortisone (CO), or hydrocortisone (HC), and RNA was 

prepared every 24 hours for a period of 96 hours. In accordance with previous reports, CO did not 

significantly affect expression of Hsd11b1 (Figure 3.17A) or Brca1 (Figure 3.17B) at any point 

during this experiment. As expected, HC repressed both Hsd11b1 and Brca1 after the first 24 

hours, and this level of repression was very highly significant after 48 hours. Interestingly, the 

level of repression of both genes by HC became less significant after 72 and 96 hours. This 

suggests that by the later time points, the enzymatic activity of Hsd11b1 had converted HC into 

CO, making the repressive effect of the HC treatment the expression of these genes appear 

weaker. Therefore, these results are indicative of Hsd11b1 enzymatic activity in the 

dehydrogenase direction, since HC appeared to be inactivated over time, leading to reduced levels 

of gene repression by HC. In comparison, CO treatment did not result in any significant 

downregulation of Hsd11b1 and Brca1 expression even at the later time points, which indicates 

that it was not converted into cortisol through reductase activity of Hsd11b1. 

 

3.5.12 Hsd11b1 exhibits dehydrogenase enzymatic activity in mammary cells 

 The above observations suggest that Hsd11b1 inactivates glucocorticoids in mammary 

cells, thus acting specifically as a dehydrogenase. To further test this theory, and to ensure the  
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Figure 3.17: Cortisone has a no effect on Hsd11b1 and Brca1 expression, but HC-induced 
gene repression becomes less significant over time.  
EPH-4 cells were treated 24 hours after plating (ie. at 0 hrs) with either ethanol vehicle (UT), 1 
µg/mL cortisone (CO), or 1 µg/mL hydrocortisone (HC) in serum-free media. RNA was prepared 
every 24 hours for a period of 96 hours, and qRT-PCR analysis of A. Hsd11b1 and B. Brca1 
expression was conducted using TaqMan mouse gene expression assays for each gene. Raw Ct 
values for each gene were normalized to raw Ct values for mouse Tbp internal control for 
triplicate samples, and are presented as the level of expression relative to the UT sample at 0 hrs. 
Bars represent the mean of technical replicates, and error bars represent standard deviation (N = 
3). Statistically significant changes in gene expression relative to the UT sample for each time 
point are indicated for each gene: one asterisk, p<0.05 (significant); two asterisks, p<0.005 (very 
significant); three asterisks, p<0.0005 (very highly significant).   
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reduced effect of HC observed over time was not simply the result of HC degradation, we took 

advantage of the fact that intracellular glucocorticoid metabolism can be influenced 

pharmacologically by the inhibition of Hsd11b1. One of the most well-documented inhibitors of 

Hsd11b1 is carbenoxolone (CBX), which is a water-soluble derivative of the liquorice root 

extract, 18-α-glycyrrhetinic acid (208). CBX shares structural similarities with steroid hormones, 

effectively making it a competitive inhibitor of Hsd11b1 enzymatic activity in both the reductase 

and dehydrogenase directions (209, 210). To evaluate the effect of Hsd11b1 inhibition on 

Hsd11b1 and Brca1 expression during cortisone and hydrocortisone treatment, cells were treated 

with ethanol/water vehicle (UT), CBX alone (CBX), cortisone alone (CO), hydrocortisone alone 

(HC), CBX and cortisone (CBX + CO), or CBX and hydrocortisone (CBX + HC), and RNA was 

prepared every 24 hours for a period of 96 hours. As previously observed, expression of Hsd11b1 

in the UT control increased steadily over the course of the experiment, reaching approximately 

20-fold by 96 hours (Figure 3.18A). At the earlier time points, 24 and 48 hours, CBX increased 

Hsd11b1 expression. However, after 72 and 96 hours of treatment, CBX repressed the expression 

of this gene. In response to CO treatment, Hsd11b1 exhibited a pattern of increase in expression 

over time that was identical to that observed in response to the UT control, indicating that this 

treatment had no effect on Hsd11b1 expression relative to the UT control at the same time points. 

Compared to the UT control, HC treatment repressed Hsd11b1 over the course of the experiment; 

however, Hsd11b1 expression increased at the later time points, potentially due to the inactivation 

of HC via Hsd11b1 enzymatic activity. Treatment with CBX in combination with CO increased 

Hsd11b1 expression after 24 hours, similar to the effect of CBX alone, and no further fluctuations 

in expression were observed with this treatment combination over time. However, treatment with 

CBX in combination with HC resulted in decreased Hsd11b1 expression compared to the UT 

control, and this was sustained over the course of the experiment. Hsd11b1 gene expression did 
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Figure 3.18: Addition of carbenoxolone in combination with HC treatment results in 
sustained repression of Hsd11b1 and Brca1 over time.  
EPH-4 cells were treated 24 hours after plating (ie. at 0 hrs) with either ethanol/water vehicle 
(UT), 10 µM carbenoxolone (CBX), 1 µg/mL cortisone (CO), 1 µg/mL hydrocortisone (HC), 10 
µM CBX + 1 µg/mL CO, or 10 µM CBX + 1 µg/mL HC in serum-free media. RNA was prepared 
every 24 hours for a period of 96 hours, and qRT-PCR analysis of A. Hsd11b1 and B. Brca1 
expression was conducted using TaqMan mouse gene expression assays for each gene. Raw Ct 
values for each gene were normalized to raw Ct values for mouse Tbp internal control for 
triplicate samples, and are presented as the level of expression relative to the UT sample at 0 hrs. 
Bars represent the mean of technical replicates, and error bars represent standard deviation (N = 
3). Statistically significant changes in gene expression relative to the UT sample for each time 
point are indicated for each gene: one asterisk, p<0.05 (significant); two asterisks, p<0.005 (very 
significant); three asterisks, p<0.0005 (very highly significant).   
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not increase as in the case of HC treatment alone, presumably since the presence of CBX 

prohibited Hsd11b1 from inactivating HC, resulting in maintained repression of Hsd11b1. 

 As expected, expression of Brca1 remained unaltered in the UT control over the course 

of this experiment (Figure 3.18B). CBX had a slight repressive effect on Brca1, especially 24 and 

48 hours after treatment. Treatment with CO did not affect Brca1 expression at any time point. 

HC repressed Brca1 at all time points relative to the UT control; however, the degree of this 

repression decreased at the later time points, and this is attributed to its inactivation by Hsd11b1. 

Treatment with CBX in combination with CO had a slight repressive effect on Brca1, presumably 

due to the effect of CBX. Lastly, as observed with Hsd11b1 expression, treatment with CBX in 

combination with HC resulted in repression of Brca1 at each time point, since CBX prevented 

Hsd11b1 from inactivating HC.  

 

3.6 Discussion 

 The regulation of breast differentiation in vivo is dependent on the intracellular 

concentration of glucocorticoids. By suppressing apoptosis and involution in the mammary gland, 

glucocorticoids maintain a state of functional differentiation in breast tissue (90). Furthermore, 

glucocorticoids support acinus formation and spatial organization both in vivo and in 3D cell 

culture models by regulating the expression of proteins required for maintenance of tight 

junctional complexes, including those involved in cell-cell and ECM-cell contacts, such as 

adherens junctions proteins ZO-1 and β-catenin (180, 211, 212). As a consequence of their 

essential role in the maintenance of acinar integrity, our model of mouse mammary cell 

differentiation included glucocorticoids, and thus encompassed signaling and gene regulation by 

both liganded and unliganded GR. Transactivation and transrepression of GR target genes most 
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often occurs by liganded GR binding to canonical GREs and nGREs, respectively, or by physical 

tethering of liganded GR to another transcription factor, without GR itself contacting DNA. 

Additionally, we and others have reported a role for unliganded GR in the regulation of gene 

expression, either constitutively or in response to intermediate stimuli (140, 181). The 

requirement for glucocorticoids during mammary differentiation implies that liganded GR is a 

key regulator during this process. However, we suggest that unliganded GR is perhaps equally 

essential, since the presence of ligand would negate signaling via unliganded GR. In this model, 

all available GR would be ligand bound, and this would result in the downregulation of targets 

normally positively regulated by unliganded GR. This type of mechanism would be advantageous 

if a large proportion of these targets are involved in pro-apoptotic pathways, as their expression 

would oppose differentiation (213), or if their expression directly interfered with the 

differentiation process. We propose that in quiescent cells, a balance exists between expression of 

genes regulated by liganded and unliganded GR (Figure 3.19A). During differentiation, this 

balance shifts in favour of liganded GR targets, since they are dependent on intracellular 

glucocorticoids, which are required for differentiation and to suppress apoptosis (Figure 3.19B). 

For example, signal transducer and activator of transcription 5 (STAT5) is a key signaling factor 

in both pregnancy-induced lobuloalveolar development and the differentiation of mammary 

epithelial cells prior to lactation (214). Following glucocorticoid treatment, GR enhances STAT5-

dependent transcription by forming a complex with STAT5 which may bind to DNA 

independently of a GRE (143, 215), and this protein-protein interaction has been associated with 

enhancement of β-casein gene transcription (143). We suggest that the differentiation block 

observed in shGR cells is a result of the loss of liganded GR signaling to factors necessary for 

normal epithelial differentiation, such as STAT5, as well as the derepression of unliganded GR 

targets, which may be involved in various pathways that suppress differentiation (Figure 3.19C). 
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Figure 3.19: The balance between liganded and unliganded GR signaling and regulation. 
A. In quiescent cells, a balance exists between expression of genes regulated by liganded and 
unliganded GR. B. During differentiation, this balance shifts in favour of liganded GR targets, 
since they are dependent on intracellular glucocorticoids, which are required for differentiation 
and the suppression of apoptosis. C. We propose that cells depleted of endogenous GR 
experience a shift in the balance between liganded and unliganded GR targets, resulting in the 
loss of liganded GR signaling to factors necessary for normal epithelial differentiation, as well as 
the derepression of unliganded GR targets, which may be involved in various pathways that 
suppress differentiation. 
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Disruption of the balance between liganded and unliganded GR targets is thus postulated to be 

responsible for the compromised differentiation exhibited by cells with depleted GR expression. 

Accordingly, increasing the availability of glucocorticoid ligands in shGR cells resulted in an 

equilibrium shift back towards signaling by liganded GR, and this recapitulated the morphology 

characteristic of normal acini during differentiation. 

 This study represents the first microarray-based screen for potential targets of unliganded 

GR. In preparation for the expression microarray, cells were maintained in media depleted of 

glucocorticoids, thus narrowing our focus to genes specifically regulated in the absence of ligand 

(ie. targets of unliganded GR). Expression microarray analysis revealed 343 downregulated genes 

in shGR-19 relative to EV-50. These genes were presumed to be positively regulated by 

unliganded GR, potentially in a manner similar to that reported for Brca1 (181). Notably, a large 

proportion of these genes were involved in immune system processes, including immune 

signaling and regulation, as determined via GOEAST and IPA functional analyses. This is in 

contrast to the upregulated gene set (ie. genes negatively regulated by unliganded GR), which 

appeared to be involved in various developmental and morphogenetic processes. According to 

GOEAST, there was little to no overlap in GO terms between the two gene lists, which suggests 

that processes positively and negatively regulated by unliganded GR oppose each other. Among 

the targets of positive regulation by unliganded GR included several Interferon Regulatory 

Factors (IRFs) and members of the 2’,5’-oligoadenylate synthetase (Oas) gene family, which are 

collectively induced in response to interferons (IFNs) (216-218). IFN-inducible genes are often 

associated with apoptotic pathways, and some of these factors have been reported to be regulated 

by BRCA1 (219), which is known to participate in the maintenance of genomic integrity through 

mediation of both DNA repair and apoptosis mechanisms in the breast (220, 221). The 

involvement of these targets, including BRCA1, in pro-apoptotic pathways is pertinent to our 
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differentiation model, since their expression would have been suppressed during differentiation of 

EV-50 cells. The presence of glucocorticoids would have negated signaling through unliganded 

GR, thus allowing differentiation to proceed. However, in cells lacking endogenous GR, these 

targets may have been activated, and their expression may have partially accounted for the 

phenotype observed in shGR cells during differentiation. Several other members of pro-apoptotic 

pathways were identified by our microarray as targets of positive regulation by unliganded GR, 

including Dnase2a, Casp1, Casp4, Card11, and multiple members of the Tnf family of genes. 

Moreover, several of these factors were included in the top IPA network signaling hub composed 

of genes downregulated in the absence of GR, encompassing pathways involved in immune 

system regulation and inflammatory responses. This suggests that unliganded GR may be a 

facilitator of apoptosis in these pathways, through its ability to positively regulate pro-apoptotic 

genes, including BRCA1. 

 We selected five targets of positive regulation by unliganded GR for validation and 

further analysis, based on the degree of differentially downregulated expression between shGR-

19 and EV-50 as determined by GeneSpring, as well as the relevance of their functions to our 

study, as determined by functional analyses. Analysis of the candidate genes revealed that 

Hsd11b1 and Ch25h are likely targets of unliganded GR that appear to be regulated in the same 

manner as Brca1. Both Hsd11b1 and Ch25h are significantly repressed in shGR-19 cells 

(implying they are positively regulated by GR), are negatively regulated by hydrocortisone, and 

increase during differentiation, dependently on the availability of glucocorticoids.  

 The Hsd11b1 gene encodes the enzyme Hsd11b1, which is responsible for controlling the 

biological activity of glucocorticoids in target tissues. Hsd11b1 is extensively expressed, 

specifically in metabolic tissues such as liver, muscle, and adipose (222). This enzyme is 

involved in mechanisms of both innate and acquired immune system modulation, with its 
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expression being enhanced in response to a variety of cytokines and inflammatory stimuli (223, 

224). Accordingly, IPA analysis revealed that Hsd11b1 was associated with a network of factors 

involved in regulation of immune system, inflammatory response, and apoptotic pathways, 

including Dnase2a and several members of the IRF and Oas gene families (data not shown). As a 

target of positive regulation by unliganded GR, this adds further evidence to support a role for 

unliganded GR in the governing of apoptosis modulation. 

 The Hsd11b1 enzyme is located within the membrane of the endoplasmic reticulum (ER), 

with its catalytic domain orientated towards the ER lumen (225). The activity of Hsd11b1 

requires the cofactor NADP(H) and is bidirectional, able to act as both an oxo-reductase 

(activating cortisol from cortisone) and a dehydrogenase (producing cortisone from cortisol) 

(Appendix D, Figure D.1). The directionality of Hsd11b1 appears to be dependent on the 

physiological or developmental status of a particular cell type. In general, the level of the co-

factor NADPH, generated by the enzyme hexose-6-phosphate dehydrogenase (H6PDH) within 

the ER lumen, determines the activity of Hsd11b1, with high levels conferring Hsd11b1 with 

reductase activity (201). Furthermore, expression of the H6PDH enzyme has been correlated with 

differentiation in human adipose cells, where Hsd11b1 reductase activity activates 

glucocorticoids, which are integral in maintaining differentiated cells (199, 202, 203). Hsd11b1 

reductase activity has also been described for differentiating monocyte-derived macrophages 

(204). Conversely, in undifferentiating cells and in H6PDH-null mice, Hsd11b1 acts primarily as 

a dehydrogenase, inactivating glucocorticoids in liver and adipose tissues (205, 206). The 

directionality of Hsd11b1 enzymatic activity has not yet been characterized in breast tissue. 

 Our results suggest that in mouse mammary epithelial cells, Hsd11b1 exhibits 

dehydrogenase activity, inactivating cortisol (HC). This is most clearly demonstrated by Hsd11b1 

and Brca1 gene expression in response to CO/HC treatment over time (Figure 3.17). While 
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treatment with the inactive metabolite CO had little effect on both Hsd11b1 and Brca1 at all time 

points examined, treatment with HC resulted in significant repression of Brca1 after 24 hours and 

of Hsd11b1 after 48 hours. Conversely, after 72 hours, a shift was apparent, where the level of 

HC repression of both Brca1 and Hsd11b1 decreased. This suggests that after 72 hours of 

hormone treatment, Hsd11b1-mediated glucocorticoid inactivation occurs, in which the 

dehydrogenase activity of Hsd11b1 inactivates HC, enabling the re-expression of Hsd11b1 and 

Brca1, which are each initially downregulated in response to HC. These results begged the 

question of whether this loss of repression by HC is a result of its inactivation by Hsd11b1 

enzymatic activity, or simply degradation of the active compound over time. We addressed this 

issue during our concomitant hormone treatments with the competitive Hsd11b1 inhibitor 

carbenoxolone (Figure 3.18). Whereas treatment with HC alone in this experiment resulted in loss 

of repression of Brca1 and Hsd11b1 after 72 and 96 hours, treatment with both HC and CBX 

together resulted in the sustained repression of both genes over the course of the experiment, 

indicating that Hsd11b1 dehydrogenase activity had been inhibited by CBX, thus maintaining HC 

in its active form. This persistent gene repression would not have been observed if HC was 

degraded. In comparison, treatment with CO in concert with CBX has no further effect on 

Hsd11b1 and Brca1 gene expression than CBX alone, indicating that inhibition of Hsd11b1 does 

not alter the ability of CO to regulate these genes, and suggesting that Hsd11b1 does not exhibit 

reductase activity in mouse mammary cells.  

 The Ch25h gene is present in the majority of vertebrate species, being expressed at low 

levels in brain, lung, heart, and kidney tissues, but is absent from lower organisms such as yeast 

and flies (226). While Ch25h gene expression is quiescent in resting cells, it is induced several 

hundred-fold when cells are activated with various toll-like receptor (TLR) ligands, suggesting a 

role for this enzyme in immune system regulation (193, 194). According to IPA analysis, Ch25h 
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appeared in the top network signaling hub centered on immune system and inflammatory 

signaling. In this network, Ch25h shared indirect interactions with various factors known to be 

involved in pro-apoptotic pathways, such as Dnase2a (227), as well as several members of the 

IRF and Oas families. In this study, the expression patterns of Ch25h indicate that it is regulated 

similarly to Brca1 in both the presence and absence of HC. However, its expression appears to be 

slightly more complex during differentiation, as it was transiently induced after Day 1 in wild-

type EPH-4 and EV-50 cells, but exhibited extended induction over the duration of acinar 

differentiation in the shGR cell lines relative to EV-50. In accordance with the model proposed 

above, it is possible that as a target of unliganded GR positive regulation involved in pro-

apoptotic events, Ch25h expression is turned off while targets of liganded GR are expressed 

during differentiation. In the absence of GR, the expression of Ch25h may become derepressed, 

resulting in the extended increase in its expression that was observed in shGR, but not EV-50, 

cells during differentiation. However, this theory may only apply to Ch25h, as this particular 

pattern of expression was not observed for any of the other candidate genes, the expression of 

which was consistently lower in shGR cells relative to EV-50 cells during differentiation. 

 With respect to the remaining candidate genes, expression of Ces1 appeared to decrease 

with HC treatment and during mammary epithelial cell differentiation, but was ultimately left out 

of further experiments since its apparent low level of expression in EPH-4 cells rendered the 

results questionable. Both Oas2 and Slc5a9 were selected as representatives of larger families of 

genes that were downregulated in shGR-19, and thus positively regulated by GR.  

 When activated, Oas enzymes catalyze the polymerization of ATP into 2'-5'-linked 

oligomers, leading to subsequent activation of a latent endogenous endoribonuclease (RNaseL). 

Activated RNaseL cleaves both cellular and viral mRNA resulting in ribotoxic stress, JNK 

activation and apoptosis (228). Several members of the Oas family of genes were identified by 
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our microarray differential analysis as being downregulated in the absence of GR, including 

Oas1a, Oas1c, Oas2, Oas3, Oasl1, and Oasl2, which implies that this group contains many 

targets of positive regulation by unliganded GR. Interestingly, various OAS family members have 

been suggested as facilitators of BRCA1/IFN-γ -induced apoptosis in human cells (228). Since 

OAS proteins are the only known upstream regulators of RNaseL, which itself is a potent inducer 

of apoptosis (229), it is possible that BRCA1 acts in concert with IFN-γ to transcriptionally 

activate the OAS family, leading to the downstream activation of RNaseL and apoptosis. 

Therefore, unliganded GR may regulate cellular fate in breast tissue via an apoptotic mechanism 

involving the OAS/RNaseL pathway.  

 The solute-carrier gene (SLC) superfamily encodes membrane-bound transporters. The 

SLC superfamily comprises 55 gene families having at least 362 putatively functional protein-

coding genes. The gene products include passive transporters, symporters and antiporters, located 

in all cellular and organelle membranes (230). Transport substrates include amino acids and 

oligopeptides, glucose and other sugars, inorganic cations and anions, bile salts, carboxylate and 

other organic anions, acetyl coenzyme A, essential metals, biogenic amines, neurotransmitters, 

vitamins, fatty acids and lipids, nucleosides, ammonium, choline, thyroid hormone and urea 

(230). The facilitative glucose transporter (GLUT) family, SLC5, is comprised of 12 Na+/glucose 

symporters, one of which is Slc5a9 (231). Several members of this family exhibit tumour 

suppressor functions and are involved in apoptotic pathways (232-234), and their involvement in 

these processes links their regulation to unliganded GR. 

 Somewhat unexpectedly, expression of both Oas2 and Slc5a9 increased following HC 

treatment as well as during acinar differentiation, suggesting that these genes may not be 

positively regulated by unliganded GR through precisely the same mechanism as Brca1, though 

they may be regulated similarly to each other. It has been previously documented that nuclear 
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receptors transiently interact with DNA response elements on the time scale of seconds (235), and 

that in some cases, this transient binding increases the steady-state binding levels of other 

proteins, termed assisted loading (236). During assisted loading, GR increases the accessibility of 

DNA by recruiting the Swi/Snf complex to remodel chromatin at a GRE site, while the receptor 

itself is ejected from the DNA, leaving the GRE transiently available for binding by other 

transcription factors (237). GR has been reported to assist the loading of the ER pBox protein at a 

GRE site on the mouse Slc5a5 promoter (236). Consequently, the behaviour exhibited by Oas2 

and Slc5a9 in the present study is characteristic of a variation on the assisted loading mechanism. 

We suggest that in the absence of hormone, these genes are bound by unliganded GR, which 

recruits chromatin remodeling factors to increase the accessibility of these promoters for other 

transcription factors via assisted loading to contribute to the positive regulation of these genes 

observed in our microarray analysis. During HC treatment, we suggest that GR remains bound to 

the promoter and functions as a transcriptional regulator through canonical GRE activation. This 

offers an explanation for the HC-responsiveness of both Oas2 and Slc5a9, which each display 

kinetics characteristic of a canonical GRE in response to glucocorticoid binding, such as in the 

case of the IκB-α gene, which is induced 23-fold in response to dexamethasone (238). Thus, 

Oas2 and Slc5a9 are activated to their full extent following ligand binding. Analysis of predicted 

transcription factor binding sites by Alibaba2.1 (http://www.gene-regulation.com) revealed that 

both Oas2 and Slc5a9 contain one or more GRE consensus sequences within their promoter 

regions. While the binding of unliganded GR to a canonical GRE has not been reported thus far, 

ChIP-seq analysis of GR binding sites in A549 lung cells has previously revealed approximately 

2600 genes that are weakly bound by unliganded GR (172), and the assisted loading model 

represents a potential mechanism through which the unliganded receptor upregulates genes both 

in the absence and presence of hormone. This theory merits further investigation. 
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 In conclusion, this study offers additional insight into the roles of both liganded and 

unliganded GR during various cellular processes in mammary tissue, as well as affords us 

knowledge of a previously uncharacterized network of transcriptional regulation by unliganded 

GR. While glucocorticoids and liganded GR appear to suppress apoptosis and facilitate 

differentiation in the breast, a large proportion of targets of positive regulation by unliganded GR 

appear to be involved in pro-apoptotic pathways (Figure 3.20), and we suggest that signaling 

through unliganded GR may represent a mechanism of reducing the risk of tumourigenesis in the 

breast. This work provides further evidence for our previously reported role for unliganded GR as 

a positive regulator of gene expression as it appears to upregulate expression of multiple genes, 

including Hsd11b1. The fact that Hsd11b1 appears to inactivate glucocorticoids in mammary 

cells is suggestive of a protective function for this factor in this tissue, although further 

investigation is required to confirm this theory. Additional study is warranted to determine the 

precise mechanism of Hsd11b1 regulation by unliganded GR; of particular interest would be to 

examine whether GR physically interacts with the promoter of Hsd11b1 in the absence of HC, 

and whether this involves GABP. 
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Figure 3.20: Summary of signaling networks and pathways regulated by the glucocorticoid 
receptor.  
Targets of liganded and unliganded GR appear to possess opposing functions in the breast. While 
liganded GR regulates differentiation, several unliganded GR targets appear to be pro-apoptotic. 
Factors in blue represent known targets of liganded GR signaling. Factors in purple represent 
targets revealed by our microarray to be positively regulated by unliganded GR. Targets in bold 
purple represent candidates investigated during our microarray validation.  
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Chapter 4 

General Discussion 

 

4.1 Overview 

 Stress has been proposed as a risk factor for breast cancer in numerous epidemiological 

studies. Previous work in the Mueller lab has provided evidence that the expression of the tumour 

suppressor gene BRCA1 is regulated by components of the stress response pathway, including 

hydrocortisone and the intracellular glucocorticoid receptor. Since BRCA1 is known to play an 

important role in both DNA repair and apoptosis, and has been shown to be crucial for the 

prevention of genomic instability and malignant transformation in breast cells (24), we propose 

that BRCA1 expression is the link between the physiological stress response and breast cancer 

development. In this work, we have furthered our understanding of glucocorticoid signaling in the 

breast by identifying a role for unliganded GR as a transcriptional regulator of multiple genes in 

mammary epithelial cells.  

The observation of a positive regulatory role for GR in the absence of ligand is novel and 

adds a new dimension to the GR pathway. While ligand-independent activity has been previously 

reported for other nuclear receptors, including GR, this activity has been in response to other 

stimuli (136-138, 140, 171). In contrast, our work indicates that unliganded GR constitutively 

regulates basal expression of target genes, which suggests that the endogenous levels of GR may 

be significant for gene regulation. That is, the level of unliganded nuclear GR in a given cell may 

determine the expression level of its target genes; thus, the regulation of genes by unliganded GR 

may vary across different tissue or cell types. This is in contrast to genes regulated by liganded 

GR where gene activation is dependent primarily on cortisol levels rather than GR levels.  
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Research presented in this thesis indicates that a proportion of genes positively regulated 

by unliganded GR are involved in pro-apoptotic pathways. This is in contrast to the known role of 

liganded GR and its targets in the suppression of apoptosis and involution in the mammary gland, 

and the requirement for glucocorticoids during functional differentiation. Thus, we suggest that 

both the unliganded and liganded receptor have a physiological purpose in the breast that involves 

gene regulation, and disruption of the balance between signaling through unliganded and liganded 

GR may contribute to disease development. According to our model, downregulation or loss of 

constitutive activity of unliganded GR would be selected for during cellular transformation since 

this would confer cells with the ability to resist apoptosis. In support of this theory, the GR gene 

NR3C1 has been reported to be mutated in triple-negative breast cancers, indicating that 

inactivation of GR is part of the transformation process in these tumours (239). Thus, we suggest 

that the activity of unliganded GR in the breast is primarily anti-tumourigenic, and we propose 

that stress initiates malignant transformation in breast cells since binding of cortisol abolishes the 

activities of unliganded GR, the result being similar to mutation-induced loss of GR gene 

expression.  

 

4.2 Unliganded GR signaling in the normal breast: low stress model 

Our studies indicate that in normal mammary epithelial cells, unliganded GR regulates 

the expression of multiple genes, and our microarray revealed targets of both positive and 

negative regulation by unliganded GR. We concentrated on the positively regulated targets, as 

these were postulated to encompass genes regulated by unliganded GR potentially through the 

same mechanism as Brca1. Our functional analyses indicated that many of these genes were 

involved in upregulation of immune system processes as well as pro-apoptotic pathways. In 

contrast, targets of negative regulation by unliganded GR (ie. upregulated in shGR-19 cells 
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relative to EV-50 control cells) appeared to be involved in developmental and morphogenetic 

processes. This appears to corroborate our theory of unliganded GR as a regulator of pro-

apoptotic processes and an inhibitor of differentiation and development. While the negatively 

regulated gene list was not investigated through further experimentation, the fact that there was 

virtually no overlap in the functional categorization between the two gene sets suggests that 

processes positively and negatively regulated by unliganded GR oppose each other. As proposed 

in Chapter 3, we suggest that differentiation and developmental processes are dependent on 

signaling through liganded GR, while unliganded GR appears to upregulate apoptotic networks 

and inhibit pathways involved in morphogenesis. The apparent disparate roles of liganded and 

unliganded forms of the receptor emphasize that the balance between these two means of GR 

signaling is necessary to maintain normal breast epithelium. For instance, during lactation, when 

cortisol levels are elevated, targets of positive regulation by unliganded GR would be repressed as 

a result of liganded GR signaling, thus preventing apoptosis and involution. Interestingly, Brca1 

expression is decreased during lactation in the mouse mammary gland (34). In comparison, a 

decrease in circulating cortisol levels induces involution upon the cessation of suckling, 

presumably due to the loss of signaling by liganded GR and the re-establishment of signaling by 

unliganded GR, thus upregulating pro-apoptotic factors, and repressing factors involved in 

differentiation. Accordingly, the decrease in cortisol associated with induction of involution 

coincides with an increase in Brca1 expression (34).  

 We have determined that unliganded GR positively regulates expression of several 

genes, most notably Brca1 and Hsd11b1, as well as others involved in pro-apoptotic pathways 

(Fig. 4.1-1). Preliminary investigation of Hsd11b1 expression in mammary cells has indicated 

that that this gene is regulated by unliganded GR in a similar manner to Brca1, specifically, it is 

positively regulated by unliganded GR, and is repressed in response to glucocorticoid treatment.  
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Figure 4.1: Model of GR signaling and regulation in the breast.  
1. In the absence of stress (black), unliganded nuclear GR (GRnuc) interacts with and positively 
regulates Brca1, enabling the tumour suppressor functions of the Brca1 protein. Unliganded GR 
also positively regulates Hsd11b1, enabling Hsd11b1 to inactivate cortisol by converting it into 
cortisone. Furthermore, our studies suggest that unliganded GR upregulates multiple genes 
involved in pro-apoptotic pathways, the expression of which opposes differentiation. 2. The 
inactivation of cortisol by Hsd11b1 may be representative of a mechanism of protection against 
stress in the breast (green). The production of cortisone maintains the activity and positive 
regulatory ability of unliganded GRnuc and inhibits the activity of liganded GR (GRcortisol) in the 
breast. 3. Stress (red) increases production of corticotropin releasing hormone (CRH), which 
induces the release of adrenocorticotropic hormone (ACTH), which results in cortisol secretion. 
The binding of cortisol to both nuclear (GRnuc) and cytoplasmic GR (GRcyto) causes them 
(GRcortisol) to relocate to target genes of liganded GR, which support differentiation and oppose 
apoptosis. Cortisol binding to GR results in reduced Brca1 expression, and this may be associated 
with decreased tumour suppressor activity of Brca1. Additionally, cortisol decreases expression 
of Hsd11b1, potentially leading to the reduced ability of the Hsd11b1 enzyme to inactivate 
cortisol, and thus decreasing its protective effect in the breast. 4. SNPs in Hsd11b1 may decrease 
Hsd11b1 activity, thus similarly decreasing the protective effect of Hsd11b1 by lessening its 
ability to inactivate cortisol. The reduced ability of Hsd11b1 to inactivate cortisol as a 
consequence of either 3. or 4. may result in the prolonged presence of cortisol in the breast, 
leading to a sustained decrease in expression of both Brca1 and Hsd11b1, as well as other targets 
of positive regulation by unliganded GR, including those involved in pro-apoptotic networks. 
Normally, cortisol production by the adrenal cortex negatively feeds back (blue) to both the 
hypothalamus and the pituitary, reducing the secretion of both CRH and ACTH. 
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Our results suggest that the Hsd11b1 enzyme inactivates glucocorticoids in breast cells, 

converting cortisol into its metabolite, cortisone. By limiting the effects of glucocorticoids in this 

tissue, the activity of Hsd11b1 may be partially responsible for protecting the breast from cortisol, 

thus maintaining expression of Brca1, since the local inactivation of cortisol would enable 

unliganded GR to maintain its positive regulatory role. We suggest that this mechanism of 

protection against the effects of cortisol specifically applies to the breast during periods of no 

stress or low levels of stress. Given the role of cortisol in downregulating Brca1 expression in 

breast cells (13) and the related correlation with decreased Brca1 expression and increased risk of 

sporadic breast cancer development, the ability of Hsd11b1 to inactivate glucocorticoids is 

suggestive of potential anti-tumourigenic activity of this enzyme, as well as of unliganded GR 

itself as a positive regulator of Hsd11b1 expression (Figure 4.1-2). In this model, the degree of 

protection from cortisol is dependent on the availability of unliganded GR, as its constitutive 

activation of Hsd11b1 determines the extent to which cortisol is inactivated through Hsd11b1 

dehydrogenase activity. Thus, we consider this as a cooperative feedback situation in which 

greater availability (ie. higher levels) of unliganded GR leads to an increased level of protection 

against cortisol in the breast, and a higher degree of this protection facilitates the maintenance of 

the constitutive activity of unliganded GR. This theory offers a plausible explanation for the 

variation in stress susceptibility between individuals, and suggests levels of unliganded GR 

and/or Hsd11b1 in the breast as a potential biological indicator(s) of this susceptibility.  

 

4.3 Unliganded GR signaling in the stressed breast: high stress model 

We have demonstrated that in the presence of stress hormones, the binding of cortisol to 

GR removes GR from the Brca1 promoter, leading to a decrease in Brca1 expression that may be 

accompanied by an increased risk of sporadic breast cancer. Cortisol also downregulates Hsd11b1 
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expression, presumably through the same mechanism involving dissociation of unliganded GR 

from the Hsd11b1 promoter, although this has yet to be confirmed. Loss of Hsd11b1 gene 

expression may result in loss of Hsd11b1 enzymatic activity, and our results suggest that this 

would lead to the maintenance of active glucocorticoids. Thus, we suggest that during stress, 

Hsd11b1 is less able to fulfill its protective role as a reducer of cortisol levels as in the normal 

breast, resulting in the sustained presence of cortisol during periods when cortisol levels are 

already elevated. We propose that there is a “critical threshold” of cortisol at which Hsd11b1 no 

longer exerts its protective effect. Referring to the cooperative feedback mechanism proposed 

above, this threshold represents the level of cortisol required to disrupt this cooperation, and is 

dependent on the existing levels of unliganded GR and Hsd11b1. Thus, an individual possessing 

elevated levels of these factors would require a higher level of cortisol to perturb the GR-

Hsd11b1 protective loop. As discussed in Chapter 2, long-term epigenetic regulation of GR 

(specifically promoter methylation) represents a mechanism through which an individual’s 

susceptibility to stress may be altered. A reduction in GR levels as a consequence of promoter 

methylation would subsequently result in decreased Hsd11b1 levels due to the loss of positive 

regulation by unliganded GR, thus lowering the critical threshold for the negative effects of 

cortisol signaling in the breast. Moreover, loss of GR through this type of epigenetic 

programming would lead to decreased Brca1 expression, further potentiating the risk of 

tumourigenesis.  

Aspects of this model may additionally help to account for the findings of many 

epidemiological studies, which indicate that specifically high levels of stress (death of a relative 

or friend) are associated with increased breast cancer risk (66). Lower levels of stress, such as 

those experienced on a day-to-day basis, may not increase breast cancer risk since the level of 

cortisol does not exceed the critical threshold, and Hsd11b1 is able to inactive cortisol and protect 
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the breast. The low to high stress switch described here offers a mechanism to account for clinical 

outcomes observed exclusively in women who have experienced extremely stressful life events, 

although the particular threshold level of the “switch” would likely vary among individuals, as 

discussed above. Accordingly, breast tumourigenesis may be a function of the prolonged presence 

of cortisol in the breast during these periods of high stress. The sustained activity of cortisol is 

proposed to be a result of its levels surpassing the critical threshold, which would ultimately 

result in the long-term loss of constitutive positive regulation of gene expression by unliganded 

GR (Fig. 4.1-3).  

 

4.4 HSD11β1 and breast cancer 

While BRCA1 has been a target of investigation in the breast cancer research field since 

the declaration of its tumour suppressor status in 1994, HSD11β1 has not been extensively 

studied as a candidate gene for breast cancer risk. Single nucleotide polymorphisms (SNPs) in 

human HSD11β1 have previously been associated with hypertension and type 2 diabetes (240). 

However, SNPs in HSD11β1 have been reported to be associated with breast cancer in a few 

recent genome-wide association studies. In a case-control study among postmenopausal women 

from the American Cancer Society Cancer Prevention Study II Nutrition Cohort, two out of five 

tagging SNPs in HSD11β1 were significantly associated with breast cancer (241). The minor 

allele (allele frequency = 18% among controls) of one of these was associated with a nearly two-

fold increase in risk for breast cancer, and in haplotype analysis, only haplotypes containing the 

minor allele of this SNP were associated with breast cancer (241) This particular SNP, rs932335, 

was located within the intron between exons 5 and 6 of the HSD11β1 coding region. A similar 

connection between HSD11β1 and breast cancer was found in a pathway-based multi-SNP 

association analysis of the estrogen metabolic pathway. Variation in HSD11β1, along with the 
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aromatase-encoding gene CYP19A1 and glucuronosyltransferase family member UGT2B4, was 

associated with postmenopausal sporadic breast cancer (242). This particular SNP, rs11576775, 

was located approximately 5 kb upstream of the HSD11β1 transcription start site, and has 

previously been investigated as a risk variant for hypercortisolism (243). It is clear that SNPs in 

HSD11β1 mark regions of the genome that may harbor risk alleles for breast cancer; however, the 

mechanism through which this occurs has yet to be proposed. It is possible that these SNPs 

decrease HSD11β1 activity, thus lessening its ability to inactivate cortisol in the breast. 

Consequently, we suggest that these SNPs may make the breast more sensitive to cortisol, by 

decreasing the protective effect of HSD11β1, and that this may lead to sustained decreases in 

expression of both BRCA1 and HSD11β1, as described above (Fig. 4.1-4). 

 

4.5 Conclusion 

The contributions of this work to the field of breast cancer research are multi-faceted. 

The importance of BRCA1 in breast cancer etiology is underscored by the fact that loss of its 

function, whether by mutation or decreased expression, leads to breast tumourigenesis. Our 

finding that Brca1 is a target of positive regulation by unliganded GR, and the fact that this 

regulation is negated in the presence of the stress hormone cortisol provides a direct link between 

stress signaling and breast cancer development, and offers a molecular mechanism to account for 

the association reported by epidemiological studies. Furthermore, the role of unliganded GR as a 

transcriptional regulator of gene expression introduces a novel dimension to current knowledge 

regarding the function of this receptor in intracellular stress signaling. The ability of unliganded 

GR to regulate pro-apoptotic pathways and inhibit differentiation is suggestive of a protective 

role for this protein in the breast. The identification of Hsd11b1 as a target of unliganded GR 

positive regulation similar to Brca1 may be representative of an even larger role for the 
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unliganded receptor in the prevention of tumourigenesis, where its levels may be coordinately 

regulated with Hsd11b1 during both periods of low and high stress. Through this mechanism, 

Hsd11b1 presents as a potential new target for the design of therapeutic strategies to combat 

breast cancer progression, since the response to cortisol may be modifiable through regulation of 

its metabolism.  

In conclusion, the investigation of the mechanisms through which psychological stress is 

able to result in altered biological functions is important with respect to increasing our 

understanding of breast cancer etiology. Information obtained throughout this project may 

eventually be used to assess and possibly alter a woman’s risk of breast cancer development. This 

work could ultimately lead to the development of biological markers of increased and/or 

decreased breast cancer risk, as well as strategies through which this risk may be reduced. 
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Appendix A 

Supplementary data for Chapter 2 

 

Statement of Co-Authorship 

 This appendix contains unpublished experiments that support our previously published 

data contained in Chapter 2. The MCF-7 pTOA-1 stable cell line was created by Rachael 

Klinoski. The pTRE-Tight-GRα DNA construct was created by Alyssa Cull. The MCF-7 pTOA 

GR-21 stable cell line was created by Valerie Kelly-Turner and Rachael Klinoski. All 

experiments shown were performed by Heather D. Ritter. 

 

Materials and Methods 

 

Creation of MCF-7 pTOA stable cells 

 Approximately 24 hours prior to transfection, MCF-7 cells were plated in appropriate 

serum-containing medium on a 100 mm culture dish at a density of 1 x 105 cells/mL. Cells were 

transfected with 11.25 µL per plate of FuGENE®6 transfection reagent (Roche Applied Science) 

along with 2 µg of pTET-ON Advanced (pTOA) vector (Clontech). Following a 24 hour 

incubation, cells were put into 400 µg/mL G418 (Sigma) selection. Colonies were selected using 

cloning cylinders and expanded. To test the degree of doxycycline-induction, cells were 

transfected in triplicate with 0.75 µL per well of FuGENE®6 transfection reagent (Roche Applied 

Science) along with 12.5 ng per well of control cytomegalovirus (CMV)-pRL Renilla luciferase 

vector and 112.5 ng per well of pTRE-Tight-luc luciferase reporter vector (Clontech). Cells were 

treated with 1 µg/mL doxycycline (DOX) or water vehicle in serum-containing medium 24 hours 

following transfection. Forty-eight hours after treatment, cells were harvested for the Dual-
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Luciferase® Reporter Assay (Promega) as previously described. The resultant stable cell line 

MCF-7 pTOA-1 was maintained with 400 µg/mL G418 in appropriate media.  

 

Creation of pTRE-Tight-GRα 

 pTRE-Tight-GRα was constructed by cutting both the pFLAG-GRα construct (181) and 

the pTRE-Tight vector (Clontech) with Sac I and Xma I (NEB) and ligating together.  

 

Creation of MCF-7 pTOA GR-21 stable cells 

 Approximately 24 hours prior to transfection, MCF-7 pTOA-1 cells were plated in 

appropriate serum-containing medium on a 12-well culture dish at a density of 1 x 105 cells/mL. 

Cells were transfected with 11.25 µL per plate of FuGENE®6 transfection reagent along with 380 

ng of pBABE-hygro selectable marker and 3420 ng of pTRE-Tight-GRα (1:10 ratio). Following a 

24 hour incubation, cells were put into 400 µg/mL G418 and 50 µg/mL hygromycin B (Sigma) 

selection. Colonies were selected using filter paper and expanded. Cells were treated for 48 hours 

with 1 µg/mL DOX or water vehicle in serum-containing medium, and cell lysates were screened 

by Western blot for GR expression. The resultant double stable cell line MCF-7 pTOA GR-21 

was maintained with 200 µg/mL G418 and 50 µg/mL hygromycin B in appropriate media. 
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Figure A.1: GR expression is inducible in a doxycycline (DOX)-inducible stable cell line.  
MCF7-pTOA GR-21 cells were treated 24 hours after plating with water vehicle (UT), 100 
ng/mL DOX, or 1 µg/mL DOX. This treatment was repeated after a 24 hour incubation. 
Following another 24 hour incubation, cells were lysed and A. subjected to Western blotting to 
determine GR and FLAG levels. Both GR and FLAG (ie. FLAG-tagged GR) protein levels 
increased substantially in the presence of 1 µg/mL DOX, indicating that GR protein expression is 
inducible in these cells. Following the DOX treatment as above, RNA was prepared for 
quantitative real-time PCR (qRT-PCR). B. qRT-PCR analysis of GR (NR3C1) mRNA expression 
was conducted using primers for human NR3C1. Raw NR3C1 Ct values were normalized to raw 
Ct values for human HPRT1 internal control for triplicate samples, and are presented as the level 
of expression in relative to the UT sample. NR3C1 mRNA expression increased approximately 
30-fold with DOX-induction in this cell line. Bars represent the mean of technical replicates, and 
error bars represent standard deviation (N = 3). Statistically significant changes in NR3C1 
expression relative to un-induced (UT) cells are indicated: two asterisks, p<0.005 (very 
significant). 
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Figure A.2: GR interacts with GABPβ  in the presence of GR-induction by DOX and 
absence of ligand in a cell line with low endogenous expression of GR.  
MCF7-pTOA GR-21 cells were transiently transfected with the pG5-luc GAL4-responsive 
reporter and either pBIND empty vector (pBIND-EV) or full-length pBIND-GABPβ (pBIND-
GABPβ FL). Cells were treated 24 hours after transfection with either water vehicle/ethanol 
vehicle (-DOX/-HC), water vehicle/1 µg/mL HC (-DOX/+HC), 1 µg/mL DOX/ethanol vehicle 
(+DOX/-HC), or 1 µg/mL DOX/1 µg/mL HC (+DOX/+HC) in serum-free medium. Following a 
24 hour incubation, this treatment was repeated. Cells were assayed for luciferase activity 
following another 24 hour incubation. The interaction between GR and GABPβ in the absence of 
HC is reflected by the increase in luciferase expression observed for pBIND-GABPβ FL on the 
pG5-luc reporter in the presence of DOX and absence of HC (+DOX/-HC). In this cell context, 
only when GR expression was induced several fold could its interaction with GABPβ be 
observed. Bars represent the mean of technical replicates, and error bars represent standard 
deviation (N = 3). Statistically significant changes in promoter activity relative to the -DOX/-HC 
treatment are indicated for each pBIND construct (EV and GABPβ FL): one asterisk, p<0.05 
(significant); three asterisks, p<0.0005 (very highly significant). 
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Figure A.3: Glucocorticoid receptor domains activate the Brca1 promoter in the absence of 
ligand binding.  
EPH-4 cells were transiently transfected with pFLAG expression vectors for each the full length 
human GR (GR FL) and GR lacking the LBD (GR TAD-DBD-HR) as well as empty pFLAG 
(pFLAG EV). Cells were treated 24 hours after transfection with either ethanol vehicle (-HC) or 1 
µg/mL HC (+HC) in serum-free medium, and RNA was prepared after a 24 hour incubation. 
qRT-PCR analysis of endogenous Brca1 expression was conducted using primers for mouse 
Brca1. Raw Brca1 Ct values were normalized to raw Ct values for mouse Tbp internal control for 
triplicate samples and are presented as the level of expression relative to the pFLAG EV-
transfected sample. Both the full-length GR and the mutant lacking the LBD region activated 
Brca1 in the absence of HC, but GR TAD-DBD-HR was additionally able to activate Brca1 in 
the presence of HC, emphasizing that in contrast to the wild-type protein, it is immune to the 
effects of HC. This mutant is unable to bind ligand, but can still interact with GABPβ via its N-
terminal to central hinge region, and activate Brca1 expression via its N-terminal transactivation 
domain. Bars represent the mean of technical replicates, and error bars represent standard 
deviation (N = 3). Statistically significant changes in Brca1 gene expression are indicated: one 
asterisk, p<0.05 (significant); two asterisks, p<0.005 (very significant). 
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Appendix B 

Expression microarray data 

 

 The following data represents the normalized differential analysis performed using GeneSpring GX version 9.0.2 (discussed in Chapter 3). 

The absolute fold change (up or downregulation) represents expression in shGR-19 relative to EV-50. 

 

Table B.1: Genes upregulated in shGR-19 cells relative to EV-50 cells as determined by GeneSpring GX 9.0.2 differential analysis. 
 

ProbeName Fold change 
Log Fold 
change 

Absolute 
Fold change Regulation GeneSymbol Description 

A_52_P414138 89.08204 6.47706 89.08204 up Zfp704 Mus musculus zinc finger protein 704 (Zfp704), mRNA [NM_133218] 
A_51_P399853 86.30811 6.43142 86.30811 up Zfp704 Mus musculus zinc finger protein 704 (Zfp704), mRNA [NM_133218] 
A_51_P296796 65.50114 6.03345 65.50114 up Nt5dc2 Mus musculus 5'-nucleotidase domain containing 2 (Nt5dc2), mRNA [NM_027289] 

A_52_P84814 56.79281 5.82764 56.79281 up Prl2c3 
Mus musculus prolactin family 2, subfamily c, member 3 (Prl2c3), mRNA 
[NM_011118] 

A_52_P525107 47.47878 5.56921 47.47878 up Col1a1 Mus musculus collagen, type I, alpha 1 (Col1a1), mRNA [NM_007742] 

A_52_P619248 42.76871 5.41848 42.76871 up Prl2c5 
Mus musculus prolactin family 2, subfamily c, member 5 (Prl2c5), mRNA 
[NM_181852] 

A_51_P377094 34.33099 5.10144 34.33099 up Col1a1 Mus musculus collagen, type I, alpha 1 (Col1a1), mRNA [NM_007742] 

A_51_P312779 25.07368 4.64810 25.07368 up Prl2c3 
Mus musculus prolactin family 2, subfamily c, member 3 (Prl2c3), mRNA 
[NM_011118] 

A_51_P342926 22.83138 4.51295 22.83138 up Omd Mus musculus osteomodulin (Omd), mRNA [NM_012050] 

A_52_P237948 21.21000 4.40667 21.21000 up Tm6sf1 
Mus musculus transmembrane 6 superfamily member 1 (Tm6sf1), mRNA 
[NM_145375] 

A_52_P161630 21.08265 4.39798 21.08265 up St6gal1 
Mus musculus beta galactoside alpha 2,6 sialyltransferase 1 (St6gal1), mRNA 
[NM_145933] 

A_51_P136355 18.33301 4.19637 18.33301 up Gng11 
Mus musculus guanine nucleotide binding protein (G protein), gamma 11 (Gng11), 
mRNA [NM_025331] 
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A_52_P247185 17.42442 4.12304 17.42442 up Masp1 

Mus musculus 13 days embryo male testis cDNA, RIKEN full-length enriched 
library, clone:6030458D19 product:mannan-binding lectin serine protease 1, full 
insert sequence. [AK031598] 

A_51_P389650 16.55929 4.04957 16.55929 up Mrgprb2 Mus musculus MAS-related GPR, member B2 (Mrgprb2), mRNA [NM_175531] 

A_52_P367760 16.14736 4.01323 16.14736 up Calml4 
Mus musculus calmodulin-like 4 (Calml4), transcript variant 1, mRNA 
[NM_138304] 

A_51_P401683 15.13908 3.92021 15.13908 up Tm6sf1 
Mus musculus transmembrane 6 superfamily member 1 (Tm6sf1), mRNA 
[NM_145375] 

A_51_P263473 13.95545 3.80276 13.95545 up 03-Sep Mus musculus septin 3 (Sept3), mRNA [NM_011889] 
A_51_P242403 13.94225 3.80139 13.94225 up Ldhc Mus musculus lactate dehydrogenase C (Ldhc), mRNA [NM_013580] 
A_52_P499158 13.09073 3.71047 13.09073 up Tex101 Mus musculus testis expressed gene 101 (Tex101), mRNA [NM_019981] 

A_51_P117865 11.95711 3.57980 11.95711 up Fam20c 
Mus musculus family with sequence similarity 20, member C (Fam20c), mRNA 
[NM_030565] 

A_51_P339793 11.34357 3.50380 11.34357 up Il1rl1 
Mus musculus interleukin 1 receptor-like 1 (Il1rl1), transcript variant 2, mRNA 
[NM_010743] 

A_52_P643674 11.22408 3.48853 11.22408 up A630043P06 
Mus musculus adult male bone cDNA, RIKEN full-length enriched library, 
clone:9830144B01 product:unclassifiable, full insert sequence. [AK162653] 

A_52_P307874 10.80004 3.43296 10.80004 up   
RIKEN cDNA E030011O05 gene Gene [Source:MGI Symbol;Acc:MGI:2442867] 
[ENSMUST00000062899] 

A_51_P182303 9.63449 3.26821 9.63449 up Col1a2 Mus musculus collagen, type I, alpha 2 (Col1a2), mRNA [NM_007743] 

A_52_P576208 9.54990 3.25549 9.54990 up A930018M24Rik 
Mus musculus adult retina cDNA, RIKEN full-length enriched library, 
clone:A930018M24 product:unclassifiable, full insert sequence. [AK044523] 

A_51_P468231 8.80343 3.13807 8.80343 up Ptprd 
Mus musculus protein tyrosine phosphatase, receptor type, D (Ptprd), transcript 
variant b, mRNA [NM_011211] 

A_52_P140005 8.77694 3.13372 8.77694 up Nipal1 Mus musculus NIPA-like domain containing 1 (Nipal1), mRNA [NM_001081205] 

A_51_P307840 7.93561 2.98834 7.93561 up Cst8 
Mus musculus cystatin 8 (cystatin-related epididymal spermatogenic) (Cst8), mRNA 
[NM_009978] 

A_52_P350786 7.70188 2.94521 7.70188 up Phlda2 
Mus musculus pleckstrin homology-like domain, family A, member 2 (Phlda2), 
mRNA [NM_009434] 

A_52_P661412 7.43039 2.89344 7.43039 up Adora1 
Mus musculus adenosine A1 receptor (Adora1), transcript variant 1, mRNA 
[NM_001008533] 

A_52_P320394 7.07251 2.82222 7.07251 up Mrgprb3 Mus musculus MAS-related GPR, member B3 (Mrgprb3), mRNA [NM_207537] 
A_51_P486121 6.99486 2.80630 6.99486 up Aff3 Mus musculus AF4/FMR2 family, member 3 (Aff3), mRNA [NM_010678] 

A_51_P448618 6.97136 2.80144 6.97136 up Slc16a10 
Mus musculus solute carrier family 16 (monocarboxylic acid transporters), member 
10 (Slc16a10), transcript variant 1, mRNA [NM_001114332] 

A_51_P450623 6.93544 2.79399 6.93544 up Phlda2 
Mus musculus pleckstrin homology-like domain, family A, member 2 (Phlda2), 
mRNA [NM_009434] 

A_51_P447785 6.91346 2.78941 6.91346 up Cyp2c55 
Mus musculus cytochrome P450, family 2, subfamily c, polypeptide 55 (Cyp2c55), 
mRNA [NM_028089] 

A_52_P885499 6.69924 2.74400 6.69924 up Mtap6 
Mus musculus microtubule-associated protein 6 (Mtap6), transcript variant 3, 
mRNA [NM_001043355] 

A_51_P172502 6.61942 2.72671 6.61942 up Cxcl12 Mus musculus chemokine (C-X-C motif) ligand 12 (Cxcl12), transcript variant 3, 
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mRNA [NM_001012477] 

A_51_P497263 6.54203 2.70974 6.54203 up Mtap6 
Mus musculus microtubule-associated protein 6 (Mtap6), transcript variant 3, 
mRNA [NM_001043355] 

A_51_P415070 6.27917 2.65057 6.27917 up Cyp2ab1 
Mus musculus cytochrome P450, family 2, subfamily ab, polypeptide 1 (Cyp2ab1), 
mRNA [NM_183158] 

A_51_P288558 6.19915 2.63207 6.19915 up Wdr16 Mus musculus WD repeat domain 16 (Wdr16), mRNA [NM_027963] 
A_52_P611132 6.16934 2.62512 6.16934 up Cdh26 Mus musculus cadherin-like 26 (Cdh26), mRNA [NM_198656] 

A_52_P550147 5.86722 2.55268 5.86722 up Sned1 
sushi, nidogen and EGF-like domains 1 Gene [Source:MGI 
Symbol;Acc:MGI:3045960] [ENSMUST00000062202] 

A_51_P173114 5.81942 2.54088 5.81942 up Cdhr1 Mus musculus cadherin-related family member 1 (Cdhr1), mRNA [NM_130878] 
A_52_P54261 5.77030 2.52865 5.77030 up Tmem56 Mus musculus transmembrane protein 56 (Tmem56), mRNA [NM_178936] 
A_51_P290986 5.57775 2.47968 5.57775 up Dhcr7 Mus musculus 7-dehydrocholesterol reductase (Dhcr7), mRNA [NM_007856] 

A_51_P462428 5.56932 2.47750 5.56932 up Galntl2 

UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-
acetylgalactosaminyltransferase-like 2 Gene [Source:MGI 
Symbol;Acc:MGI:1926004] [ENSMUST00000022460] 

A_52_P64687 5.44710 2.44549 5.44710 up Camk2n1 
Mus musculus calcium/calmodulin-dependent protein kinase II inhibitor 1 
(Camk2n1), mRNA [NM_025451] 

A_52_P535946 5.38027 2.42768 5.38027 up Dhcr7 Mus musculus 7-dehydrocholesterol reductase (Dhcr7), mRNA [NM_007856] 

A_52_P274591 5.32283 2.41219 5.32283 up Slc25a29 

Mus musculus solute carrier family 25 (mitochondrial carrier, palmitoylcarnitine 
transporter), member 29 (Slc25a29), nuclear gene encoding mitochondrial protein, 
mRNA [NM_181328] 

A_51_P506297 5.28728 2.40253 5.28728 up Cst9 Mus musculus cystatin 9 (Cst9), mRNA [NM_009979] 
A_51_P104392 5.22788 2.38623 5.22788 up Rpp25 Mus musculus ribonuclease P 25 subunit (human) (Rpp25), mRNA [NM_133982] 

A_51_P103435 4.98059 2.31632 4.98059 up Rsph4a 
Mus musculus radial spoke head 4 homolog A (Chlamydomonas) (Rsph4a), mRNA 
[NM_001162957] 

A_52_P191567 4.97606 2.31501 4.97606 up Plcl1 Mus musculus phospholipase C-like 1 (Plcl1), mRNA [NM_001114663] 

A_51_P383399 4.78823 2.25949 4.78823 up Aldh1a7 
Mus musculus aldehyde dehydrogenase family 1, subfamily A7 (Aldh1a7), mRNA 
[NM_011921] 

A_52_P601021 4.77631 2.25590 4.77631 up C1qtnf2 
Mus musculus C1q and tumor necrosis factor related protein 2 (C1qtnf2), mRNA 
[NM_026979] 

A_51_P497280 4.75599 2.24975 4.75599 up Dbndd1 
Mus musculus dysbindin (dystrobrevin binding protein 1) domain containing 1 
(Dbndd1), transcript variant 1, mRNA [NM_028146] 

A_51_P158018 4.74656 2.24688 4.74656 up Bend5 
Mus musculus BEN domain containing 5 (Bend5), transcript variant 1, mRNA 
[NM_026279] 

A_51_P175018 4.71652 2.23772 4.71652 up Apcdd1 

Mus musculus activated spleen cDNA, RIKEN full-length enriched library, 
clone:F830213N15 product:Ethanol induced gene product, full insert sequence. 
[AK157407] 

A_52_P200458 4.64786 2.21657 4.64786 up Fut4 Mus musculus fucosyltransferase 4 (Fut4), mRNA [NM_010242] 

A_51_P404755 4.57161 2.19270 4.57161 up Armcx3 
Mus musculus armadillo repeat containing, X-linked 3 (Armcx3), mRNA 
[NM_027870] 

A_52_P224348 4.56332 2.19008 4.56332 up Kctd12b Mus musculus potassium channel tetramerisation domain containing 12b (Kctd12b), 
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mRNA [NM_175429] 

A_51_P302890 4.55945 2.18886 4.55945 up 1700013F07Rik 
RIKEN cDNA 1700013F07 gene Gene [Source:MGI Symbol;Acc:MGI:1922754] 
[ENSMUST00000029485] 

A_51_P295085 4.40182 2.13810 4.40182 up Ogn Mus musculus osteoglycin (Ogn), mRNA [NM_008760] 

A_52_P354744 4.35177 2.12160 4.35177 up Slc2a3 
Mus musculus solute carrier family 2 (facilitated glucose transporter), member 3 
(Slc2a3), mRNA [NM_011401] 

A_51_P155458 4.26272 2.09177 4.26272 up   
docking protein 7 Gene [Source:MGI (curated);Acc:MGI:3584043] 
[ENSMUST00000114270] 

A_52_P325444 4.16462 2.05818 4.16462 up Palm Mus musculus paralemmin (Palm), transcript variant 1, mRNA [NM_023128] 

A_52_P54274 4.16231 2.05738 4.16231 up Masp1 

Mus musculus 7 days neonate cerebellum cDNA, RIKEN full-length enriched 
library, clone:A730051H16 product:mannan-binding lectin serine protease 1, full 
insert sequence. [AK043055] 

A_51_P288315 4.13921 2.04936 4.13921 up Hmga2 Mus musculus high mobility group AT-hook 2 (Hmga2), mRNA [NM_010441] 

A_51_P150964 4.09619 2.03428 4.09619 up Pdgfrb 
Mus musculus platelet derived growth factor receptor, beta polypeptide (Pdgfrb), 
transcript variant 2, mRNA [NM_008809] 

A_51_P275435 4.07657 2.02736 4.07657 up 2310007B03Rik 
Mus musculus RIKEN cDNA 2310007B03 gene (2310007B03Rik), transcript 
variant 1, mRNA [NM_172411] 

A_51_P517843 4.04977 2.01784 4.04977 up Glipr2 Mus musculus GLI pathogenesis-related 2 (Glipr2), mRNA [NM_027450] 
A_51_P322941 4.01821 2.00655 4.01821 up Dok7 Mus musculus docking protein 7 (Dok7), mRNA [NM_172708] 

A_51_P466229 4.01466 2.00528 4.01466 up Pdgfrl 
Mus musculus platelet-derived growth factor receptor-like (Pdgfrl), mRNA 
[NM_026840] 

A_52_P383577 3.97904 1.99242 3.97904 up Sp6 Mus musculus trans-acting transcription factor 6 (Sp6), mRNA [NM_031183] 
A_51_P218335 3.96284 1.98654 3.96284 up Tbx1 Mus musculus T-box 1 (Tbx1), mRNA [NM_011532] 

A_51_P244492 3.95592 1.98401 3.95592 up Nbl1 
Mus musculus neuroblastoma, suppression of tumorigenicity 1 (Nbl1), mRNA 
[NM_008675] 

A_52_P300730 3.93480 1.97629 3.93480 up Hmga2 Mus musculus high mobility group AT-hook 2 (Hmga2), mRNA [NM_010441] 
A_51_P165834 3.93290 1.97559 3.93290 up Dclk2 Mus musculus doublecortin-like kinase 2 (Dclk2), mRNA [NM_027539] 
A_51_P464530 3.87252 1.95327 3.87252 up 05-Sep Mus musculus septin 5 (Sept5), mRNA [NM_213614] 
A_52_P517928 3.85068 1.94511 3.85068 up Lemd1 Mus musculus LEM domain containing 1 (Lemd1), mRNA [NM_001033250] 

A_51_P299400 3.79173 1.92286 3.79173 up 6720475J19Rik 
PREDICTED: Mus musculus RIKEN cDNA 6720475J19 gene (6720475J19Rik), 
mRNA [XM_001474896] 

A_52_P263068 3.78392 1.91988 3.78392 up Rhog Mus musculus ras homolog gene family, member G (Rhog), mRNA [NM_019566] 

A_51_P423880 3.73797 1.90226 3.73797 up Smarcd3 
Mus musculus SWI/SNF related, matrix associated, actin dependent regulator of 
chromatin, subfamily d, member 3 (Smarcd3), mRNA [NM_025891] 

A_51_P372112 3.69142 1.88418 3.69142 up Gpc6 Mus musculus glypican 6 (Gpc6), transcript variant 1, mRNA [NM_001079844] 

A_52_P423380 3.68045 1.87988 3.68045 up Armcx3 
Mus musculus armadillo repeat containing, X-linked 3 (Armcx3), mRNA 
[NM_027870] 

A_51_P346543 3.66621 1.87429 3.66621 up Tle4 
Mus musculus transducin-like enhancer of split 4, homolog of Drosophila E(spl) 
(Tle4), mRNA [NM_011600] 

A_51_P171180 3.61431 1.85372 3.61431 up Fam65c 
Mus musculus adult male tongue cDNA, RIKEN full-length enriched library, 
clone:2310033K02 product:weakly similar to DJ530I15.2 (NOVEL PROTEIN 
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SIMILAR TO PLACENTAL PROTEIN DIFF40) (FRAGMENT) [Homo sapiens], 
full insert sequence. [AK009597] 

A_51_P324450 3.61206 1.85282 3.61206 up Pbp2 
Mus musculus phosphatidylethanolamine binding protein 2 (Pbp2), mRNA 
[NM_029595] 

A_51_P299393 3.60854 1.85142 3.60854 up 6720475J19Rik 
PREDICTED: Mus musculus RIKEN cDNA 6720475J19 gene (6720475J19Rik), 
mRNA [XM_001474896] 

A_52_P594756 3.59727 1.84690 3.59727 up Asb4 
Mus musculus ankyrin repeat and SOCS box-containing 4 (Asb4), mRNA 
[NM_023048] 

A_51_P444447 3.57685 1.83869 3.57685 up Cebpd 
Mus musculus CCAAT/enhancer binding protein (C/EBP), delta (Cebpd), mRNA 
[NM_007679] 

A_51_P334209 3.56110 1.83232 3.56110 up Eya2 Mus musculus eyes absent 2 homolog (Drosophila) (Eya2), mRNA [NM_010165] 
A_51_P510891 3.53808 1.82296 3.53808 up Afp Mus musculus alpha fetoprotein (Afp), mRNA [NM_007423] 

A_51_P488910 3.50637 1.80998 3.50637 up 4831426I19Rik 
Mus musculus RIKEN cDNA 4831426I19 gene (4831426I19Rik), transcript variant 
1, mRNA [NM_001042699] 

A_51_P162162 3.48527 1.80127 3.48527 up Inmt Mus musculus indolethylamine N-methyltransferase (Inmt), mRNA [NM_009349] 

A_51_P393699 3.48147 1.79970 3.48147 up Ptpla 
Mus musculus protein tyrosine phosphatase-like (proline instead of catalytic 
arginine), member a (Ptpla), transcript variant 1, mRNA [NM_013935] 

A_52_P907073 3.47490 1.79697 3.47490 up Neo1 
Mus musculus 10 days embryo whole body cDNA, RIKEN full-length enriched 
library, clone:2610028H22 product:unclassifiable, full insert sequence. [AK019159] 

A_52_P251623 3.47076 1.79525 3.47076 up BC057022 Mus musculus cDNA sequence BC057022 (BC057022), mRNA [NM_001004180] 

A_51_P125009 3.44454 1.78431 3.44454 up Pvrl3 
Mus musculus poliovirus receptor-related 3 (Pvrl3), transcript variant alpha, mRNA 
[NM_021495] 

A_52_P618173 3.42097 1.77441 3.42097 up Limch1 
Mus musculus LIM and calponin homology domains 1 (Limch1), mRNA 
[NM_001001980] 

A_52_P295067 3.39452 1.76321 3.39452 up Snn Mus musculus stannin (Snn), mRNA [NM_009223] 

A_51_P162326 3.26876 1.70874 3.26876 up Gm5933 
PREDICTED: Mus musculus similar to LOC635138 protein (LOC546271), mRNA 
[XM_001478408] 

A_51_P381086 3.22330 1.68854 3.22330 up B930041F14Rik 
Mus musculus RIKEN cDNA B930041F14 gene (B930041F14Rik), mRNA 
[NM_178699] 

A_52_P1165070 3.20132 1.67867 3.20132 up   
Mus musculus adult male thymus cDNA, RIKEN full-length enriched library, 
clone:5830447G06 product:unclassifiable, full insert sequence. [AK161748] 

A_52_P484194 3.16993 1.66445 3.16993 up Il1rl1 
Mus musculus interleukin 1 receptor-like 1 (Il1rl1), transcript variant 1, mRNA 
[NM_001025602] 

A_52_P354509 3.16359 1.66156 3.16359 up Klhdc8a Mus musculus kelch domain containing 8A (Klhdc8a), mRNA [NM_144810] 
A_52_P416341 3.15767 1.65886 3.15767 up Cdh23 Mus musculus cadherin 23 (otocadherin) (Cdh23), mRNA [NM_023370] 

A_51_P270904 3.12347 1.64315 3.12347 up 9930023K05Rik 
Mus musculus RIKEN cDNA 9930023K05 gene (9930023K05Rik), transcript 
variant 1, mRNA [NM_172641] 

A_52_P407280 3.04512 1.60650 3.04512 up Adamtsl5 
Mus musculus ADAMTS-like 5 (Adamtsl5), transcript variant 1, mRNA 
[NM_001113548] 

A_52_P263518 3.03397 1.60121 3.03397 up Gng2 
Mus musculus guanine nucleotide binding protein (G protein), gamma 2 (Gng2), 
transcript variant 1, mRNA [NM_010315] 

A_51_P209771 3.00995 1.58974 3.00995 up Prrx1 Mus musculus paired related homeobox 1 (Prrx1), transcript variant 2, mRNA 
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[NM_175686] 

A_52_P569608 3.00329 1.58654 3.00329 up Usp47 
Mus musculus 12 days embryo spinal ganglion cDNA, RIKEN full-length enriched 
library, clone:D130005F08 product:unclassifiable, full insert sequence. [AK083763] 

A_52_P15495 2.99490 1.58251 2.99490 up Pvrl3 
Mus musculus poliovirus receptor-related 3 (Pvrl3), transcript variant beta, mRNA 
[NM_021496] 

A_51_P220813 2.99393 1.58204 2.99393 up Gng2 
Mus musculus guanine nucleotide binding protein (G protein), gamma 2 (Gng2), 
transcript variant 1, mRNA [NM_010315] 

A_51_P356871 2.98052 1.57557 2.98052 up     
A_51_P438165 2.97187 1.57137 2.97187 up Arhgap22 Mus musculus Rho GTPase activating protein 22 (Arhgap22), mRNA [NM_153800] 

A_51_P493886 2.95479 1.56306 2.95479 up Gpt2 
Mus musculus glutamic pyruvate transaminase (alanine aminotransferase) 2 (Gpt2), 
mRNA [NM_173866] 

A_51_P391466 2.93373 1.55274 2.93373 up Pfn2 Mus musculus profilin 2 (Pfn2), mRNA [NM_019410] 

A_51_P311648 2.92797 1.54990 2.92797 up   
FERM domain containing 5 Gene [Source:MGI (curated);Acc:MGI:2442557] 
[ENSMUST00000110592] 

A_52_P361338 2.91086 1.54145 2.91086 up 1700012B15Rik 

Mus musculus adult male testis cDNA, RIKEN full-length enriched library, 
clone:1700012B15 product:hypothetical Proline-rich region containing protein, full 
insert sequence. [AK005891] 

A_51_P497171 2.89616 1.53414 2.89616 up Ly9 Mus musculus lymphocyte antigen 9 (Ly9), mRNA [NM_008534] 
A_51_P224485 2.87707 1.52460 2.87707 up     

A_52_P724015 2.87100 1.52155 2.87100 up   
vb49e11.y1 Soares mouse lymph node NbMLN Mus musculus cDNA clone 
IMAGE:752300 5'. [AI508575] 

A_52_P28960 2.86865 1.52037 2.86865 up Gdf6 Mus musculus growth differentiation factor 6 (Gdf6), mRNA [NM_013526] 
A_51_P378298 2.85689 1.51444 2.85689 up Faim3 Mus musculus Fas apoptotic inhibitory molecule 3 (Faim3), mRNA [NM_026976] 

A_51_P415675 2.84676 1.50932 2.84676 up Gdf5 
Mus musculus CD-1 putative growth factor GDF5 (Gdf5) mRNA, complete cds. 
[U08337] 

A_51_P349015 2.81147 1.49132 2.81147 up Pacrg Mus musculus PARK2 co-regulated (Pacrg), mRNA [NM_027032] 

A_52_P15490 2.79858 1.48470 2.79858 up Pvrl3 
Mus musculus poliovirus receptor-related 3 (Pvrl3), transcript variant beta, mRNA 
[NM_021496] 

A_52_P619903 2.78439 1.47736 2.78439 up Tmem216 Mus musculus transmembrane protein 216 (Tmem216), mRNA [NM_026798] 
A_51_P339943 2.77257 1.47123 2.77257 up Nid1 Mus musculus nidogen 1 (Nid1), mRNA [NM_010917] 

A_51_P297858 2.76679 1.46821 2.76679 up Vwa2 
Mus musculus von Willebrand factor A domain containing 2 (Vwa2), mRNA 
[NM_172840] 

A_52_P235102 2.75118 1.46005 2.75118 up Gm5595 Mus musculus predicted gene 5595 (Gm5595), mRNA [NM_001008427] 
A_51_P380178 2.74458 1.45659 2.74458 up Id3 Mus musculus inhibitor of DNA binding 3 (Id3), mRNA [NM_008321] 
A_51_P498267 2.72051 1.44387 2.72051 up Ankrd29 Mus musculus ankyrin repeat domain 29 (Ankrd29), mRNA [NM_001190371] 

A_51_P412579 2.69734 1.43154 2.69734 up Tmem182 
Mus musculus adult male tongue cDNA, RIKEN full-length enriched library, 
clone:2310079P10 product:unclassifiable, full insert sequence. [AK010233] 

A_51_P408932 2.68483 1.42483 2.68483 up Ssbp2 
Mus musculus single-stranded DNA binding protein 2 (Ssbp2), transcript variant 1, 
mRNA [NM_024186] 

A_51_P165504 2.67924 1.42183 2.67924 up Twist2 Mus musculus twist homolog 2 (Drosophila) (Twist2), mRNA [NM_007855] 
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A_51_P168395 2.66914 1.41638 2.66914 up Ttc30a1 
Mus musculus tetratricopeptide repeat domain 30A1 (Ttc30a1), mRNA 
[NM_030188] 

A_52_P453374 2.66489 1.41408 2.66489 up Lrrn4cl Mus musculus LRRN4 C-terminal like (Lrrn4cl), mRNA [NM_001013019] 

A_51_P233160 2.65206 1.40711 2.65206 up Lysmd2 
Mus musculus LysM, putative peptidoglycan-binding, domain containing 2 
(Lysmd2), mRNA [NM_027309] 

A_51_P189361 2.63986 1.40046 2.63986 up Osgin1 
Mus musculus oxidative stress induced growth inhibitor 1 (Osgin1), mRNA 
[NM_027950] 

A_51_P293715 2.63807 1.39948 2.63807 up Fgfrl1 
Mus musculus fibroblast growth factor receptor-like 1 (Fgfrl1), transcript variant 1, 
mRNA [NM_054071] 

A_51_P287069 2.63632 1.39852 2.63632 up Serpinh1 
Mus musculus serine (or cysteine) peptidase inhibitor, clade H, member 1 
(Serpinh1), transcript variant 1, mRNA [NM_009825] 

A_52_P194382 2.63373 1.39711 2.63373 up Fank1 
Mus musculus fibronectin type 3 and ankyrin repeat domains 1 (Fank1), mRNA 
[NM_025850] 

A_51_P375680 2.62853 1.39426 2.62853 up Pcsk5 Mus musculus mRNA for PC6B, partial sequence. [D17583] 
A_52_P361165 2.62407 1.39180 2.62407 up Ass1 Mus musculus argininosuccinate synthetase 1 (Ass1), mRNA [NM_007494] 
A_51_P161054 2.62205 1.39070 2.62205 up Itgb6 Mus musculus integrin beta 6 (Itgb6), transcript variant 2, mRNA [NM_021359] 

A_51_P386189 2.60694 1.38235 2.60694 up Tnk2 
Mus musculus tyrosine kinase, non-receptor, 2 (Tnk2), transcript variant 1, mRNA 
[NM_016788] 

A_52_P613087 2.60404 1.38075 2.60404 up     

A_51_P331805 2.60380 1.38062 2.60380 up Kctd15 
Mus musculus potassium channel tetramerisation domain containing 15 (Kctd15), 
mRNA [NM_146188] 

A_51_P133229 2.58764 1.37164 2.58764 up Sulf2 Mus musculus sulfatase 2 (Sulf2), mRNA [NM_028072] 
A_51_P219505 2.55518 1.35342 2.55518 up Slc41a2 Mus musculus solute carrier family 41, member 2 (Slc41a2), mRNA [NM_177388] 
A_51_P120830 2.55496 1.35330 2.55496 up Mmp10 Mus musculus matrix metallopeptidase 10 (Mmp10), mRNA [NM_019471] 
A_51_P432779 2.54549 1.34794 2.54549 up Tmem231 Mus musculus transmembrane protein 231 (Tmem231), mRNA [NM_001033321] 
A_51_P388478 2.54448 1.34737 2.54448 up Efnb1 Mus musculus ephrin B1 (Efnb1), mRNA [NM_010110] 

A_52_P145993 2.53152 1.34000 2.53152 up Ccdc74a 
Mus musculus coiled-coil domain containing 74A (Ccdc74a), mRNA 
[NM_001166164] 

A_51_P307979 2.52743 1.33767 2.52743 up Etv1 Mus musculus ets variant gene 1 (Etv1), transcript variant 1, mRNA [NM_007960] 
A_51_P487298 2.51900 1.33285 2.51900 up Vasn Mus musculus vasorin (Vasn), mRNA [NM_139307] 

A_52_P70395 2.51742 1.33195 2.51742 up Stk36 
Mus musculus serine/threonine kinase 36 (fused homolog, Drosophila) (Stk36), 
mRNA [NM_175031] 

A_52_P576854 2.50516 1.32490 2.50516 up Osgin1 
Mus musculus oxidative stress induced growth inhibitor 1 (Osgin1), mRNA 
[NM_027950] 

A_51_P348832 2.50192 1.32303 2.50192 up Smok2a Mus musculus sperm motility kinase 2A (Smok2a), mRNA [NM_013741] 
A_51_P293087 2.49848 1.32105 2.49848 up Mmp11 Mus musculus matrix metallopeptidase 11 (Mmp11), mRNA [NM_008606] 
A_51_P325904 2.48447 1.31294 2.48447 up Inhbb Mus musculus inhibin beta-B (Inhbb), mRNA [NM_008381] 
A_52_P666930 2.47678 1.30847 2.47678 up Thra Mus musculus thyroid hormone receptor alpha (Thra), mRNA [NM_178060] 
A_52_P619192 2.47663 1.30838 2.47663 up Rundc3b Mus musculus RUN domain containing 3B (Rundc3b), mRNA [NM_198620] 
A_51_P228722 2.47237 1.30589 2.47237 up Sec23a Mus musculus SEC23A (S. cerevisiae) (Sec23a), mRNA [NM_009147] 
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A_52_P224829 2.45225 1.29410 2.45225 up Gpc6 Mus musculus glypican 6 (Gpc6), transcript variant 1, mRNA [NM_001079844] 

A_51_P168392 2.44938 1.29242 2.44938 up Ttc30a1 
Mus musculus tetratricopeptide repeat domain 30A1 (Ttc30a1), mRNA 
[NM_030188] 

A_51_P114067 2.44115 1.28756 2.44115 up Ncs1 
neuronal calcium sensor 1 Gene [Source:MGI (curated);Acc:MGI:109166] 
[ENSMUST00000000199] 

A_52_P101852 2.43843 1.28595 2.43843 up Sparc 
Mus musculus secreted acidic cysteine rich glycoprotein (Sparc), mRNA 
[NM_009242] 

A_52_P193925 2.42899 1.28035 2.42899 up Sulf2 Mus musculus sulfatase 2 (Sulf2), mRNA [NM_028072] 

A_52_P668810 2.42738 1.27940 2.42738 up Fgfr1 
Mus musculus fibroblast growth factor receptor 1 (Fgfr1), transcript variant 1, 
mRNA [NM_010206] 

A_51_P249471 2.42621 1.27870 2.42621 up 9530028C05 

Mus musculus adult male urinary bladder cDNA, RIKEN full-length enriched 
library, clone:9530028C05 product:similar to HISTOCOMPATIBILITY 2, CLASS 
II ANTIGEN E BETA [Mus musculus], full insert sequence. [AK035387] 

A_51_P157994 2.42404 1.27741 2.42404 up Dab2 
Mus musculus disabled homolog 2 (Drosophila) (Dab2), transcript variant 3, mRNA 
[NM_001037905] 

A_51_P423444 2.41584 1.27253 2.41584 up Fez2 
Mus musculus fasciculation and elongation protein zeta 2 (zygin II) (Fez2), mRNA 
[NM_199448] 

A_52_P127465 2.40683 1.26713 2.40683 up Ypel1 Mus musculus yippee-like 1 (Drosophila) (Ypel1), mRNA [NM_023249] 
A_52_P102248 2.40551 1.26634 2.40551 up Mex3b Mus musculus mex3 homolog B (C. elegans) (Mex3b), mRNA [NM_175366] 
A_52_P259174 2.40082 1.26353 2.40082 up     

A_52_P176634 2.40056 1.26337 2.40056 up Taf9b 
Mus musculus TAF9B RNA polymerase II, TATA box binding protein (TBP)-
associated factor (Taf9b), transcript variant 2, mRNA [NM_001001176] 

A_52_P592230 2.39975 1.26288 2.39975 up Dnaja4 
Mus musculus DnaJ (Hsp40) homolog, subfamily A, member 4 (Dnaja4), mRNA 
[NM_021422] 

A_51_P218774 2.38369 1.25319 2.38369 up Rgs10 Mus musculus regulator of G-protein signalling 10 (Rgs10), mRNA [NM_026418] 

A_51_P331781 2.38086 1.25148 2.38086 up Fam151b 
Mus musculus family with sequence similarity 151, member B (Fam151b), mRNA 
[NM_001163627] 

A_51_P410260 2.37957 1.25070 2.37957 up Pip5k1b 
Mus musculus phosphatidylinositol-4-phosphate 5-kinase, type 1 beta (Pip5k1b), 
mRNA [NM_008846] 

A_51_P322123 2.37570 1.24835 2.37570 up 1700012B15Rik 
Mus musculus RIKEN cDNA 1700012B15 gene (1700012B15Rik), non-coding 
RNA [NR_015551] 

A_51_P204252 2.37213 1.24618 2.37213 up Efhb Mus musculus EF hand domain family, member B (Efhb), mRNA [NM_172497] 
A_52_P366980 2.36603 1.24247 2.36603 up Tspan17 Mus musculus tetraspanin 17 (Tspan17), mRNA [NM_028841] 

A_52_P297642 2.35536 1.23595 2.35536 up Pdia5 
Mus musculus protein disulfide isomerase associated 5 (Pdia5), mRNA 
[NM_028295] 

A_51_P381558 2.33423 1.22295 2.33423 up Rasa4 
Mus musculus RAS p21 protein activator 4 (Rasa4), transcript variant 1, mRNA 
[NM_133914] 

A_51_P254855 2.32858 1.21945 2.32858 up Ptgs2 
Mus musculus prostaglandin-endoperoxide synthase 2 (Ptgs2), mRNA 
[NM_011198] 

A_51_P109469 2.32643 1.21812 2.32643 up Fgfr1 
Mouse basic fibroblast growth factor receptor (bFGF-R) mRNA, complete cds. 
[M28998] 

A_51_P475995 2.31974 1.21396 2.31974 up Thra Mus musculus thyroid hormone receptor alpha (Thra), mRNA [NM_178060] 
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A_51_P260504 2.31503 1.21103 2.31503 up Arhgef4 
Mus musculus Rho guanine nucleotide exchange factor (GEF) 4 (Arhgef4), mRNA 
[NM_183019] 

A_51_P130595 2.30381 1.20402 2.30381 up Gm10345 

Mus musculus adult male testis cDNA, RIKEN full-length enriched library, 
clone:1700010G02 product:inferred: 5-OXOPROLINASE (EC 3.5.2.9) (5-OXO-L-
PROLINASE) (PYROGLUTAMASE) (5-OPASE). [Rat] {Rattus norvegicus}, full 
insert sequence. [AK005822] 

A_51_P502614 2.29363 1.19763 2.29363 up Dusp6 Mus musculus dual specificity phosphatase 6 (Dusp6), mRNA [NM_026268] 

A_51_P116906 2.28633 1.19304 2.28633 up Rapgef3 
Mus musculus Rap guanine nucleotide exchange factor (GEF) 3 (Rapgef3), 
transcript variant 2, mRNA [NM_144850] 

A_51_P439403 2.28392 1.19151 2.28392 up Padi1 Mus musculus peptidyl arginine deiminase, type I (Padi1), mRNA [NM_011059] 

A_52_P418489 2.28303 1.19095 2.28303 up Tinagl1 
Mus musculus tubulointerstitial nephritis antigen-like 1 (Tinagl1), transcript variant 
1, mRNA [NM_023476] 

A_52_P464315 2.28047 1.18933 2.28047 up Ctsa Mus musculus cathepsin A (Ctsa), transcript variant 1, mRNA [NM_008906] 
A_51_P265016 2.27610 1.18656 2.27610 up Ypel1 Mus musculus yippee-like 1 (Drosophila) (Ypel1), mRNA [NM_023249] 
A_51_P438711 2.25377 1.17234 2.25377 up Tbx18 Mus musculus T-box18 (Tbx18), mRNA [NM_023814] 

A_52_P229316 2.25338 1.17209 2.25338 up Galnt4 
Mus musculus UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-
acetylgalactosaminyltransferase 4 (Galnt4), mRNA [NM_015737] 

A_51_P509971 2.25237 1.17144 2.25237 up Plekho1 
Mus musculus pleckstrin homology domain containing, family O member 1 
(Plekho1), mRNA [NM_023320] 

A_51_P269375 2.24517 1.16682 2.24517 up Ank1 
Mus musculus ankyrin 1, erythroid (Ank1), transcript variant 2, mRNA 
[NM_031158] 

A_51_P273433 2.24500 1.16671 2.24500 up Prkg2 
Mus musculus protein kinase, cGMP-dependent, type II (Prkg2), mRNA 
[NM_008926] 

A_51_P345649 2.24169 1.16459 2.24169 up Pdgfra 
Mus musculus platelet derived growth factor receptor, alpha polypeptide (Pdgfra), 
transcript variant 1, mRNA [NM_011058] 

A_52_P303161 2.22717 1.15521 2.22717 up Tuba8 Mus musculus tubulin, alpha 8 (Tuba8), mRNA [NM_017379] 

A_52_P498231 2.22449 1.15348 2.22449 up Sema3f 
Mus musculus sema domain, immunoglobulin domain (Ig), short basic domain, 
secreted, (semaphorin) 3F (Sema3f), mRNA [NM_011349] 

A_51_P191909 2.22102 1.15122 2.22102 up Rem2 
Mus musculus rad and gem related GTP binding protein 2 (Rem2), mRNA 
[NM_080726] 

A_51_P419117 2.21581 1.14784 2.21581 up Rab15 
Mus musculus RAB15, member RAS oncogene family (Rab15), mRNA 
[NM_134050] 

A_51_P183571 2.21125 1.14487 2.21125 up Serpine1 
Mus musculus serine (or cysteine) peptidase inhibitor, clade E, member 1 
(Serpine1), mRNA [NM_008871] 

A_52_P224760 2.20916 1.14350 2.20916 up Ptgs2 
Mus musculus prostaglandin-endoperoxide synthase 2 (Ptgs2), mRNA 
[NM_011198] 

A_51_P299632 2.20180 1.13869 2.20180 up Spef1 Mus musculus sperm flagellar 1 (Spef1), mRNA [NM_027641] 

A_51_P364391 2.19833 1.13641 2.19833 up Fam125b 
Mus musculus family with sequence similarity 125, member B (Fam125b), mRNA 
[NM_175184] 

A_51_P199354 2.18640 1.12856 2.18640 up Lamc1 Mouse laminin B2 chain mRNA, complete cds. [J03484] 
A_51_P152550 2.18196 1.12562 2.18196 up Iqcg Mus musculus IQ motif containing G (Iqcg), mRNA [NM_178378] 
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A_51_P332939 2.17562 1.12143 2.17562 up Farp1 
Mus musculus FERM, RhoGEF (Arhgef) and pleckstrin domain protein 1 
(chondrocyte-derived) (Farp1), mRNA [NM_134082] 

A_51_P427926 2.16353 1.11339 2.16353 up Smad6 Mus musculus MAD homolog 6 (Drosophila) (Smad6), mRNA [NM_008542] 

A_52_P843910 2.15988 1.11095 2.15988 up   
Mus musculus adult male testis cDNA, RIKEN full-length enriched library, 
clone:4930525M22 product:unclassifiable, full insert sequence. [AK076876] 

A_52_P598835 2.15090 1.10494 2.15090 up 2010109K11Rik 
Mus musculus RIKEN cDNA 2010109K11 gene (2010109K11Rik), mRNA 
[NM_001162903] 

A_51_P425401 2.14569 1.10144 2.14569 up Kif27 Mus musculus kinesin family member 27 (Kif27), mRNA [NM_175214] 

A_52_P368262 2.14160 1.09869 2.14160 up   
B-cell CLL/lymphoma 7C Gene [Source:MGI (curated);Acc:MGI:1332237] 
[ENSMUST00000106282] 

A_52_P158527 2.13601 1.09492 2.13601 up Bcl2l11 
Mus musculus BCL2-like 11 (apoptosis facilitator) (Bcl2l11), transcript variant 1, 
mRNA [NM_207680] 

A_51_P239766 2.12725 1.08899 2.12725 up Plcd1 Mus musculus phospholipase C, delta 1 (Plcd1), mRNA [NM_019676] 
A_51_P114062 2.12673 1.08864 2.12673 up Ncs1 Mus musculus neuronal calcium sensor 1 (Ncs1), mRNA [NM_019681] 
A_52_P561671 2.12316 1.08621 2.12316 up Msx1 Mus musculus homeobox, msh-like 1 (Msx1), mRNA [NM_010835] 
A_52_P437076 2.11914 1.08348 2.11914 up     
A_52_P302544 2.11801 1.08271 2.11801 up Col8a2 Mus musculus collagen, type VIII, alpha 2 (Col8a2), mRNA [NM_199473] 

A_52_P114905 2.11498 1.08065 2.11498 up   
RIKEN cDNA 6330512M04 gene Gene [Source:MGI Symbol;Acc:MGI:2444776] 
[ENSMUST00000105988] 

A_51_P255142 2.11325 1.07946 2.11325 up Blcap 
Mus musculus bladder cancer associated protein homolog (human) (Blcap), mRNA 
[NM_016916] 

A_52_P706060 2.11259 1.07901 2.11259 up Mex3a Mus musculus mex3 homolog A (C. elegans) (Mex3a), mRNA [NM_001029890] 
A_51_P225845 2.10605 1.07454 2.10605 up     

A_51_P473734 2.10403 1.07316 2.10403 up H2-DMa 
Mus musculus histocompatibility 2, class II, locus DMa (H2-DMa), mRNA 
[NM_010386] 

A_52_P334562 2.09340 1.06585 2.09340 up Vdr Mus musculus vitamin D receptor (Vdr), mRNA [NM_009504] 
A_52_P476602 2.08777 1.06196 2.08777 up Ahi1 Mus musculus Abelson helper integration site 1 (Ahi1), mRNA [NM_026203] 

A_51_P269216 2.08667 1.06120 2.08667 up Atf5 
Mus musculus activating transcription factor 5 (Atf5), transcript variant 1, mRNA 
[NM_030693] 

A_51_P189269 2.08521 1.06019 2.08521 up Mbnl2 
Mus musculus muscleblind-like 2 (Mbnl2), transcript variant 1, mRNA 
[NM_175341] 

A_52_P72654 2.08091 1.05721 2.08091 up Slc25a17 

Mus musculus solute carrier family 25 (mitochondrial carrier, peroxisomal 
membrane protein), member 17 (Slc25a17), nuclear gene encoding mitochondrial 
protein, mRNA [NM_011399] 

A_51_P408410 2.07610 1.05387 2.07610 up Ctsa Mus musculus cathepsin A (Ctsa), transcript variant 1, mRNA [NM_008906] 

A_52_P199446 2.07136 1.05058 2.07136 up Csmd3 
Mus musculus CUB and Sushi multiple domains 3 (Csmd3), mRNA 
[NM_001081391] 

A_51_P511646 2.07007 1.04968 2.07007 up Ndfip2 Mus musculus Nedd4 family interacting protein 2 (Ndfip2), mRNA [NM_029561] 
A_51_P266683 2.06271 1.04454 2.06271 up Efna1 Mus musculus ephrin A1 (Efna1), transcript variant 1, mRNA [NM_010107] 

A_51_P472608 2.06253 1.04441 2.06253 up Vangl2 
vang-like 2 (van gogh, Drosophila) Gene [Source:MGI 
(curated);Acc:MGI:2135272] [ENSMUST00000111263] 
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A_52_P32121 2.06085 1.04324 2.06085 up Ckap4 Mus musculus cytoskeleton-associated protein 4 (Ckap4), mRNA [NM_175451] 

A_51_P365139 2.05798 1.04123 2.05798 up Micalcl 
MICAL C-terminal like Gene [Source:MGI (curated);Acc:MGI:1918127] 
[ENSMUST00000106645] 

A_51_P193336 2.05596 1.03981 2.05596 up Nucb2 Mus musculus nucleobindin 2 (Nucb2), transcript variant 2, mRNA [NM_016773] 

A_52_P24896 2.05580 1.03970 2.05580 up   
staufen (RNA binding protein) homolog 2 (Drosophila) Gene [Source:MGI 
(curated);Acc:MGI:1352508] [ENSMUST00000115359] 

A_52_P161591 2.04880 1.03478 2.04880 up   
Mus musculus adult male spinal cord cDNA, RIKEN full-length enriched library, 
clone:A330063N03 product:unclassifiable, full insert sequence. [AK039565] 

A_51_P395546 2.04858 1.03462 2.04858 up Phldb1 
Mus musculus pleckstrin homology-like domain, family B, member 1 (Phldb1), 
mRNA [NM_153537] 

A_51_P222381 2.03938 1.02813 2.03938 up Tmeff1 
Mus musculus transmembrane protein with EGF-like and two follistatin-like 
domains 1 (Tmeff1), mRNA [NM_021436] 

A_52_P644972 2.03844 1.02746 2.03844 up 2410129H14Rik 
Mus musculus RIKEN cDNA 2410129H14 gene (2410129H14Rik), mRNA 
[NM_175245] 

A_52_P448936 2.03621 1.02589 2.03621 up Ppp2r5e 

Mus musculus adult male cecum cDNA, RIKEN full-length enriched library, 
clone:9130002I04 product:protein phosphatase 2, regulatory subunit B (B56), 
epsilon isoform, full insert sequence. [AK078894] 

A_51_P440327 2.02861 1.02049 2.02861 up Efhc1 
Mus musculus EF-hand domain (C-terminal) containing 1 (Efhc1), mRNA 
[NM_027974] 

A_52_P541175 2.02566 1.01839 2.02566 up Marveld1 
Mus musculus MARVEL (membrane-associating) domain containing 1 (Marveld1), 
mRNA [NM_183195] 

A_52_P315345 2.02412 1.01730 2.02412 up Lats2 
Mus musculus large tumor suppressor 2 (Lats2), transcript variant A, mRNA 
[NM_015771] 

A_51_P204845 2.02295 1.01646 2.02295 up   
CUG triplet repeat, RNA binding protein 1 Gene [Source:MGI 
(curated);Acc:MGI:1342295] [ENSMUST00000111451] 

A_52_P269158 2.02294 1.01645 2.02294 up Pid1 
Mus musculus phosphotyrosine interaction domain containing 1 (Pid1), mRNA 
[NM_001003948] 

A_52_P296095 2.01929 1.01385 2.01929 up Ptprk 

Mus musculus 2 days neonate sympathetic ganglion cDNA, RIKEN full-length 
enriched library, clone:7120449H18 product:protein tyrosine phosphatase, receptor 
type, K, full insert sequence. [AK078614] 

A_52_P502461 2.01069 1.00769 2.01069 up 5930434B04Rik 
Mus musculus RIKEN cDNA 5930434B04 gene (5930434B04Rik), mRNA 
[NM_029862] 

A_51_P234421 2.00842 1.00606 2.00842 up Smpd2 
Mus musculus sphingomyelin phosphodiesterase 2, neutral (Smpd2), mRNA 
[NM_009213] 

A_51_P476492 2.00455 1.00328 2.00455 up Plcxd2 
Mus musculus phosphatidylinositol-specific phospholipase C, X domain containing 
2 (Plcxd2), mRNA [NM_001134480] 
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Table B.2: Genes downregulated in shGR-19 cells relative to EV-50 cells as determined by GeneSpring GX 9.0.2 differential analysis. 
 

ProbeName Fold change 
Log Fold 
change 

Absolute 
Fold change Regulation GeneSymbol Description 

A_51_P498483 -116.38290 -6.86274 116.38290 down Frmd3 
Mus musculus FERM domain containing 3 (Frmd3), transcript variant 1, mRNA 
[NM_172869] 

A_51_P274461 -112.79376 -6.81754 112.79376 down Ott Mus musculus ovary testis transcribed (Ott), mRNA [NM_011022] 

A_51_P380129 -69.55264 -6.12003 69.55264 down Dnase2a 

Mus musculus adult male cecum cDNA, RIKEN full-length enriched library, 
clone:9130026D18 product:syntrophin associated serine/threonine kinase, full insert 
sequence. [AK018651] 

A_51_P277994 -63.45988 -5.98777 63.45988 down Oas2 Mus musculus 2'-5' oligoadenylate synthetase 2 (Oas2), mRNA [NM_145227] 
A_52_P337357 -54.77076 -5.77533 54.77076 down Oas1a Mus musculus 2'-5' oligoadenylate synthetase 1A (Oas1a), mRNA [NM_145211] 
A_51_P235945 -36.99097 -5.20910 36.99097 down Hp Mus musculus haptoglobin (Hp), mRNA [NM_017370] 

A_51_P204924 -32.96619 -5.04292 32.96619 down 1700016M24Rik 
Mus musculus RIKEN cDNA 1700016M24 gene (1700016M24Rik), mRNA 
[NM_001177437] 

A_51_P440852 -26.56974 -4.73171 26.56974 down Mtrf1 
Mus musculus mitochondrial translational release factor 1 (Mtrf1), nuclear gene 
encoding mitochondrial protein, mRNA [NM_145960] 

A_51_P145171 -25.20973 -4.65591 25.20973 down 2610018G03Rik 
Mus musculus RIKEN cDNA 2610018G03 gene (2610018G03Rik), mRNA 
[NM_133729] 

A_52_P311597 -20.76385 -4.37600 20.76385 down Slc7a4 
Mus musculus solute carrier family 7 (cationic amino acid transporter, y+ system), 
member 4 (Slc7a4), mRNA [NM_144852] 

A_52_P430179 -19.95461 -4.31865 19.95461 down Plekha6 
Mus musculus pleckstrin homology domain containing, family A member 6 
(Plekha6), transcript variant 1, mRNA [NM_182930] 

A_51_P487628 -16.26373 -4.02359 16.26373 down Pramef12 Mus musculus PRAME family member 12 (Pramef12), mRNA [NM_029948] 

A_52_P387237 -15.32497 -3.93781 15.32497 down Dhrs3 
Mus musculus dehydrogenase/reductase (SDR family) member 3 (Dhrs3), transcript 
variant 1, mRNA [NM_011303] 

A_52_P516296 -14.89487 -3.89674 14.89487 down Oas3 Mus musculus 2'-5' oligoadenylate synthetase 3 (Oas3), mRNA [NM_145226] 

A_51_P283473 -14.81997 -3.88947 14.81997 down Fibin 
Mus musculus fin bud initiation factor homolog (zebrafish) (Fibin), mRNA 
[NM_026271] 

A_51_P123630 -14.65200 -3.87303 14.65200 down Irg1 Mus musculus immune-responsive gene 1 (Irg1) mRNA, 3' end of cds. [L38281] 
A_51_P286737 -14.35487 -3.84347 14.35487 down Ccl2 Mus musculus chemokine (C-C motif) ligand 2 (Ccl2), mRNA [NM_011333] 
A_51_P174215 -13.92199 -3.79929 13.92199 down Dhrs2 Mus musculus dehydrogenase/reductase member 2 (Dhrs2), mRNA [NM_027790] 
A_51_P421876 -13.91128 -3.79818 13.91128 down Irf7 Mus musculus interferon regulatory factor 7 (Irf7), mRNA [NM_016850] 

A_52_P349116 -13.74375 -3.78070 13.74375 down Slc5a9 
Mus musculus solute carrier family 5 (sodium/glucose cotransporter), member 9 
(Slc5a9), mRNA [NM_145551] 

A_51_P517695 -13.64350 -3.77014 13.64350 down Ly6f 
Mus musculus lymphocyte antigen 6 complex, locus F (Ly6f), mRNA 
[NM_008530] 

A_51_P105068 -13.34590 -3.73832 13.34590 down Lypd6b Mus musculus LY6/PLAUR domain containing 6B (Lypd6b), mRNA [NM_027990] 

A_51_P118225 -13.18843 -3.72120 13.18843 down Igsf5 
Mus musculus immunoglobulin superfamily, member 5 (Igsf5), transcript variant 3, 
mRNA [NM_028078] 
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A_51_P418375 -13.09608 -3.71106 13.09608 down Jam2 Mus musculus junction adhesion molecule 2 (Jam2), mRNA [NM_023844] 
A_51_P410387 -13.09193 -3.71061 13.09193 down Apol10b Mus musculus apolipoprotein L 10b (Apol10b), mRNA [NM_177820] 
A_52_P472324 -12.60490 -3.65591 12.60490 down Slpi Mus musculus secretory leukocyte peptidase inhibitor (Slpi), mRNA [NM_011414] 

A_52_P313523 -12.40457 -3.63280 12.40457 down 4930452B06Rik 
Mus musculus RIKEN cDNA 4930452B06 gene (4930452B06Rik), mRNA 
[NM_028934] 

A_52_P244956 -11.43049 -3.51482 11.43049 down Aicda 
Mus musculus activation-induced cytidine deaminase (Aicda), mRNA 
[NM_009645] 

A_51_P419226 -10.73418 -3.42414 10.73418 down S100a14 
Mus musculus S100 calcium binding protein A14 (S100a14), transcript variant 2, 
mRNA [NM_025393] 

A_51_P115715 -10.58973 -3.40459 10.58973 down Asb2 
Mus musculus ankyrin repeat and SOCS box-containing 2 (Asb2), mRNA 
[NM_023049] 

A_51_P253481 -10.39588 -3.37794 10.39588 down Ces1 Mus musculus carboxylesterase 1 (Ces1), mRNA [NM_021456] 
A_51_P112966 -10.36013 -3.37297 10.36013 down Ch25h Mus musculus cholesterol 25-hydroxylase (Ch25h), mRNA [NM_009890] 
A_52_P245962 -10.22845 -3.35452 10.22845 down Ces1 Mus musculus carboxylesterase 1 (Ces1), mRNA [NM_021456] 

A_51_P430929 -10.18236 -3.34800 10.18236 down Fam20a 
Mus musculus family with sequence similarity 20, member A (Fam20a), mRNA 
[NM_153782] 

A_51_P249930 -10.00778 -3.32305 10.00778 down Tceal1 
Mus musculus transcription elongation factor A (SII)-like 1 (Tceal1), mRNA 
[NM_146236] 

A_51_P282947 -9.98045 -3.31911 9.98045 down Dhrs3 
Mus musculus dehydrogenase/reductase (SDR family) member 3 (Dhrs3), transcript 
variant 1, mRNA [NM_011303] 

A_51_P256827 -9.56876 -3.25833 9.56876 down S100a8 
Mus musculus S100 calcium binding protein A8 (calgranulin A) (S100a8), mRNA 
[NM_013650] 

A_51_P304607 -9.51029 -3.24949 9.51029 down Slc5a9 
Mus musculus solute carrier family 5 (sodium/glucose cotransporter), member 9 
(Slc5a9), mRNA [NM_145551] 

A_51_P127297 -9.06241 -3.17989 9.06241 down Hsd11b1 
Mus musculus hydroxysteroid 11-beta dehydrogenase 1 (Hsd11b1), transcript 
variant 1, mRNA [NM_008288] 

A_52_P119947 -8.89117 -3.15237 8.89117 down Fam20a 
Mus musculus family with sequence similarity 20, member A (Fam20a), mRNA 
[NM_153782] 

A_52_P525207 -8.87931 -3.15045 8.87931 down   
RIKEN cDNA C130073F10 gene Gene [Source:MGI Symbol;Acc:MGI:3045359] 
[ENSMUST00000051043] 

A_51_P483544 -8.63866 -3.11081 8.63866 down Aass 
Mus musculus aminoadipate-semialdehyde synthase (Aass), nuclear gene encoding 
mitochondrial protein, mRNA [NM_013930] 

A_51_P391432 -8.58623 -3.10202 8.58623 down Ifi27l2b 
Mus musculus interferon, alpha-inducible protein 27 like 2B (Ifi27l2b), mRNA 
[NM_145449] 

A_51_P476767 -8.55095 -3.09609 8.55095 down Nnmt Mus musculus nicotinamide N-methyltransferase (Nnmt), mRNA [NM_010924] 
A_52_P381553 -8.48080 -3.08420 8.48080 down Btbd17 Mus musculus BTB (POZ) domain containing 17 (Btbd17), mRNA [NM_028055] 

A_52_P227267 -8.32571 -3.05757 8.32571 down Atp1a2 
Mus musculus ATPase, Na+/K+ transporting, alpha 2 polypeptide (Atp1a2), mRNA 
[NM_178405] 

A_51_P440238 -8.29378 -3.05203 8.29378 down Ggt6 Mus musculus gamma-glutamyltransferase 6 (Ggt6), mRNA [NM_027819] 
A_52_P382886 -8.12395 -3.02218 8.12395 down Gjb2 Mus musculus gap junction protein, beta 2 (Gjb2), mRNA [NM_008125] 
A_51_P249848 -8.09526 -3.01708 8.09526 down Dsg2 Mus musculus desmoglein 2 (Dsg2), mRNA [NM_007883] 
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A_51_P454008 -8.08969 -3.01608 8.08969 down Lbp Mus musculus lipopolysaccharide binding protein (Lbp), mRNA [NM_008489] 

A_51_P140641 -8.08799 -3.01578 8.08799 down Fam176a 
Mus musculus family with sequence similarity 176, member A (Fam176a), mRNA 
[NM_145570] 

A_52_P519569 -8.07067 -3.01269 8.07067 down Gstt4 Mus musculus glutathione S-transferase, theta 4 (Gstt4), mRNA [NM_029472] 
A_51_P402909 -8.04688 -3.00843 8.04688 down Ncf2 Mus musculus neutrophil cytosolic factor 2 (Ncf2), mRNA [NM_010877] 

A_51_P469401 -7.92833 -2.98702 7.92833 down Tnfrsf18 
Mus musculus tumor necrosis factor receptor superfamily, member 18 (Tnfrsf18), 
transcript variant 1, mRNA [NM_009400] 

A_52_P416046 -7.86166 -2.97483 7.86166 down Dnali1 
Mus musculus dynein, axonemal, light intermediate polypeptide 1 (Dnali1), mRNA 
[NM_175223] 

A_52_P109352
9 -7.65165 -2.93577 7.65165 down Pik3r5 

Mus musculus phosphoinositide-3-kinase, regulatory subunit 5, p101 (Pik3r5), 
mRNA [NM_177320] 

A_51_P405912 -7.61425 -2.92870 7.61425 down Lmcd1 Mus musculus LIM and cysteine-rich domains 1 (Lmcd1), mRNA [NM_144799] 

A_52_P817257 -7.58590 -2.92332 7.58590 down Gm5480 
PREDICTED: Mus musculus predicted gene, EG432995 (EG432995), mRNA 
[XM_488763] 

A_51_P267622 -7.57228 -2.92073 7.57228 down Gjb2 Mus musculus gap junction protein, beta 2 (Gjb2), mRNA [NM_008125] 
A_52_P253044 -7.52546 -2.91178 7.52546 down Syt13 Mus musculus synaptotagmin XIII (Syt13), mRNA [NM_030725] 
A_51_P193185 -7.38623 -2.88484 7.38623 down Mb Mus musculus myoglobin (Mb), transcript variant 2, mRNA [NM_013593] 
A_51_P377452 -7.32287 -2.87241 7.32287 down Ncf4 Mus musculus neutrophil cytosolic factor 4 (Ncf4), mRNA [NM_008677] 

A_51_P343517 -7.08504 -2.82478 7.08504 down Ly6d 
Mus musculus lymphocyte antigen 6 complex, locus D (Ly6d), mRNA 
[NM_010742] 

A_51_P133260 -7.04634 -2.81687 7.04634 down Vsnl1 Mus musculus visinin-like 1 (Vsnl1), mRNA [NM_012038] 
A_52_P602987 -6.72470 -2.74947 6.72470 down Prlr Mus musculus prolactin receptor (Prlr), mRNA [NM_011169] 
A_51_P387123 -6.67695 -2.73919 6.67695 down Oasl2 Mus musculus 2'-5' oligoadenylate synthetase-like 2 (Oasl2), mRNA [NM_011854] 

A_52_P199633 -6.62458 -2.72783 6.62458 down Trim79 
Mus musculus tripartite motif-containing 79 (Trim79), transcript variant 1, mRNA 
[NM_199146] 

A_51_P308298 -6.43064 -2.68496 6.43064 down Myl9 
Mus musculus myosin, light polypeptide 9, regulatory (Myl9), mRNA 
[NM_172118] 

A_52_P661503 -6.34331 -2.66524 6.34331 down Depdc6 
DEP domain containing 6 Gene [Source:MGI (curated);Acc:MGI:2146322] 
[ENSMUST00000096433] 

A_52_P532006 -6.29527 -2.65427 6.29527 down Gabrb3 
Mus musculus gamma-aminobutyric acid (GABA) A receptor, subunit beta 3 
(Gabrb3), transcript variant 1, mRNA [NM_008071] 

A_51_P134228 -6.27885 -2.65050 6.27885 down Hlf Mus musculus hepatic leukemia factor (Hlf), mRNA [NM_172563] 

A_51_P509643 -6.20701 -2.63390 6.20701 down Snca 
Mus musculus synuclein, alpha (Snca), transcript variant 1, mRNA 
[NM_001042451] 

A_52_P497625 -6.11558 -2.61249 6.11558 down A630001G21Rik 
Mus musculus RIKEN cDNA A630001G21 gene (A630001G21Rik), mRNA 
[NM_177055] 

A_51_P500215 -5.85708 -2.55018 5.85708 down Apol9b 
Mus musculus apolipoprotein L 9b (Apol9b), transcript variant 2, mRNA 
[NM_173743] 

A_51_P308048 -5.85169 -2.54885 5.85169 down Cmtm8 
Mus musculus CKLF-like MARVEL transmembrane domain containing 8 (Cmtm8), 
mRNA [NM_027294] 

A_51_P181751 -5.81282 -2.53924 5.81282 down Tmsb15b1- Mus musculus Tmsb15b1-Tmsb15b2 readthrough transcript (Tmsb15b1-
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Tmsb15b2 Tmsb15b2), mRNA [NM_207267] 

A_51_P103222 -5.69947 -2.51083 5.69947 down Slc39a4 
Mus musculus solute carrier family 39 (zinc transporter), member 4 (Slc39a4), 
mRNA [NM_028064] 

A_51_P105124 -5.67515 -2.50466 5.67515 down P2ry6 
Mus musculus pyrimidinergic receptor P2Y, G-protein coupled, 6 (P2ry6), mRNA 
[NM_183168] 

A_52_P186033 -5.62588 -2.49208 5.62588 down Spn Mus musculus sialophorin (Spn), transcript variant 1, mRNA [NM_009259] 

A_51_P195066 -5.61660 -2.48970 5.61660 down Sema4a 

Mus musculus sema domain, immunoglobulin domain (Ig), transmembrane domain 
(TM) and short cytoplasmic domain, (semaphorin) 4A (Sema4a), transcript variant 
1, mRNA [NM_013658] 

A_51_P473383 -5.48370 -2.45515 5.48370 down Odz4 Mus musculus odd Oz/ten-m homolog 4 (Drosophila) (Odz4), mRNA [NM_011858] 

A_51_P316042 -5.47097 -2.45180 5.47097 down Card11 
Mus musculus caspase recruitment domain family, member 11 (Card11), mRNA 
[NM_175362] 

A_52_P198435 -5.46836 -2.45111 5.46836 down Rasgrp3 
Mus musculus RAS, guanyl releasing protein 3 (Rasgrp3), transcript variant 2, 
mRNA [NM_207246] 

A_51_P165244 -5.46359 -2.44985 5.46359 down Gbp3 Mus musculus guanylate binding protein 3 (Gbp3), mRNA [NM_018734] 
A_51_P345549 -5.37129 -2.42527 5.37129 down Nkd2 Mus musculus naked cuticle 2 homolog (Drosophila) (Nkd2), mRNA [NM_028186] 
A_51_P110301 -5.34576 -2.41840 5.34576 down C3 Mus musculus complement component 3 (C3), mRNA [NM_009778] 
A_52_P534361 -5.32234 -2.41206 5.32234 down Duoxa1 Mus musculus dual oxidase maturation factor 1 (Duoxa1), mRNA [NM_145395] 

A_52_P211197 -5.30288 -2.40678 5.30288 down 2410066E13Rik 
Mus musculus RIKEN cDNA 2410066E13 gene (2410066E13Rik), mRNA 
[NM_026629] 

A_52_P512201 -5.26093 -2.39532 5.26093 down Sp110 Mus musculus Sp110 nuclear body protein (Sp110), mRNA [NM_175397] 
A_51_P291260 -5.22830 -2.38634 5.22830 down Mgam Mus musculus maltase-glucoamylase (Mgam), mRNA [NM_001171003] 

A_51_P153734 -5.21876 -2.38371 5.21876 down   
kinesin family member 23 Gene [Source:MGI Symbol;Acc:MGI:1919069] 
[ENSMUST00000055275] 

A_51_P471362 -5.18337 -2.37389 5.18337 down Ccdc64b Mus musculus coiled-coil domain containing 64B (Ccdc64b), mRNA [NM_153784] 

A_51_P494744 -5.12475 -2.35748 5.12475 down Grip1 
Mus musculus glutamate receptor interacting protein 1 (Grip1), transcript variant 1, 
mRNA [NM_028736] 

A_51_P512085 -5.10131 -2.35087 5.10131 down Colec12 Mus musculus collectin sub-family member 12 (Colec12), mRNA [NM_130449] 

A_51_P511787 -4.96391 -2.31148 4.96391 down Casp4 
Mus musculus caspase 4, apoptosis-related cysteine peptidase (Casp4), mRNA 
[NM_007609] 

A_52_P522427 -4.90570 -2.29446 4.90570 down Hsh2d 
Mus musculus hematopoietic SH2 domain containing (Hsh2d), mRNA 
[NM_197944] 

A_51_P116940 -4.84236 -2.27571 4.84236 down Ephx2 Mus musculus epoxide hydrolase 2, cytoplasmic (Ephx2), mRNA [NM_007940] 

A_51_P287810 -4.83397 -2.27321 4.83397 down Mgst1 
Mus musculus microsomal glutathione S-transferase 1 (Mgst1), mRNA 
[NM_019946] 

A_52_P338066 -4.71908 -2.23850 4.71908 down Ubd Mus musculus ubiquitin D (Ubd), mRNA [NM_023137] 

A_52_P549827 -4.63749 -2.21334 4.63749 down Mgst1 
Mus musculus microsomal glutathione S-transferase 1 (Mgst1), mRNA 
[NM_019946] 

A_51_P265495 -4.62345 -2.20897 4.62345 down Ly6a 
Mus musculus lymphocyte antigen 6 complex, locus A (Ly6a), mRNA 
[NM_010738] 

A_52_P515880 -4.57704 -2.19441 4.57704 down Vsnl1 Mus musculus visinin-like 1 (Vsnl1), mRNA [NM_012038] 
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A_51_P258529 -4.57145 -2.19265 4.57145 down Pmp22 Mus musculus peripheral myelin protein 22 (Pmp22), mRNA [NM_008885] 
A_51_P515649 -4.50743 -2.17231 4.50743 down Pcdhb22 Mus musculus protocadherin beta 22 (Pcdhb22), mRNA [NM_053147] 
A_51_P317181 -4.50547 -2.17168 4.50547 down Pcdhb21 Mus musculus protocadherin beta 21 (Pcdhb21), mRNA [NM_053146] 

A_51_P141290 -4.47180 -2.16086 4.47180 down Plch2 
Mus musculus phospholipase C, eta 2 (Plch2), transcript variant 1, mRNA 
[NM_175556] 

A_51_P300657 -4.43215 -2.14801 4.43215 down Nefh Mus musculus neurofilament, heavy polypeptide (Nefh), mRNA [NM_010904] 
A_51_P467224 -4.42804 -2.14667 4.42804 down Fbn1 Mus musculus fibrillin 1 (Fbn1), mRNA [NM_007993] 
A_51_P235835 -4.38102 -2.13127 4.38102 down     

A_51_P408584 -4.38009 -2.13096 4.38009 down Enpp1 
ectonucleotide pyrophosphatase/phosphodiesterase 1 Gene [Source:MGI 
(curated);Acc:MGI:97370] [ENSMUST00000105520] 

A_52_P574668 -4.36287 -2.12528 4.36287 down Nt5e Mus musculus 5' nucleotidase, ecto (Nt5e), mRNA [NM_011851] 
A_51_P172231 -4.33175 -2.11495 4.33175 down Gsdmd Mus musculus gasdermin D (Gsdmd), mRNA [NM_026960] 

A_51_P359570 -4.32492 -2.11267 4.32492 down Ifit3 
Mus musculus interferon-induced protein with tetratricopeptide repeats 3 (Ifit3), 
mRNA [NM_010501] 

A_51_P197528 -4.32301 -2.11204 4.32301 down Ly6c2 
Mus musculus lymphocyte antigen 6 complex, locus C2 (Ly6c2), mRNA 
[NM_001099217] 

A_51_P110830 -4.29758 -2.10352 4.29758 down Adamts8 
Mus musculus a disintegrin-like and metallopeptidase (reprolysin type) with 
thrombospondin type 1 motif, 8 (Adamts8), mRNA [NM_013906] 

A_52_P666442 -4.28905 -2.10066 4.28905 down Gm8995 
PREDICTED: Mus musculus predicted gene, EG668139 (EG668139), misc RNA 
[XR_001627] 

A_51_P231499 -4.23263 -2.08155 4.23263 down Enpp1 
Mus musculus ectonucleotide pyrophosphatase/phosphodiesterase 1 (Enpp1), 
mRNA [NM_008813] 

A_52_P87900 -4.15628 -2.05529 4.15628 down Fam107a 
Mus musculus family with sequence similarity 107, member A (Fam107a), mRNA 
[NM_183187] 

A_52_P561650 -4.14316 -2.05073 4.14316 down Vwa1 
Mus musculus von Willebrand factor A domain containing 1 (Vwa1), mRNA 
[NM_147776] 

A_51_P258098 -4.12796 -2.04543 4.12796 down Tmem176a 
Mus musculus transmembrane protein 176A (Tmem176a), transcript variant 1, 
mRNA [NM_025326] 

A_51_P407165 -4.11808 -2.04197 4.11808 down Abhd5 Mus musculus abhydrolase domain containing 5 (Abhd5), mRNA [NM_026179] 

A_51_P329356 -4.11624 -2.04133 4.11624 down Mcts2 
Mus musculus malignant T cell amplified sequence 2 (Mcts2), mRNA 
[NM_025543] 

A_52_P609918 -4.11073 -2.03939 4.11073 down Ehf Mus musculus ets homologous factor (Ehf), mRNA [NM_007914] 
A_51_P381409 -4.09856 -2.03512 4.09856 down Vil1 Mus musculus villin 1 (Vil1), mRNA [NM_009509] 
A_51_P437309 -4.07337 -2.02622 4.07337 down Oasl1 Mus musculus 2'-5' oligoadenylate synthetase-like 1 (Oasl1), mRNA [NM_145209] 
A_51_P346668 -4.04932 -2.01768 4.04932 down Irf5 Mus musculus interferon regulatory factor 5 (Irf5), mRNA [NM_012057] 
A_52_P188851 -4.04099 -2.01471 4.04099 down Nefh Mus musculus neurofilament, heavy polypeptide (Nefh), mRNA [NM_010904] 

A_52_P399095 -4.00673 -2.00243 4.00673 down 9030224M15Rik 
Mus musculus RIKEN cDNA 9030224M15 gene (9030224M15Rik), mRNA 
[NM_177793] 

A_52_P653054 -3.96365 -1.98683 3.96365 down     
A_51_P284608 -3.90912 -1.96684 3.90912 down Cd74 Mus musculus CD74 antigen (invariant polypeptide of major histocompatibility 
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complex, class II antigen-associated) (Cd74), transcript variant 1, mRNA 
[NM_001042605] 

A_51_P493234 -3.90585 -1.96564 3.90585 down Cp Mus musculus ceruloplasmin (Cp), transcript variant 2, mRNA [NM_007752] 

A_51_P139538 -3.88822 -1.95911 3.88822 down 5330437I02Rik 
Mus musculus RIKEN cDNA 5330437I02 gene (5330437I02Rik), mRNA 
[NM_177028] 

A_52_P353905 -3.88752 -1.95885 3.88752 down Fam83a 
Mus musculus family with sequence similarity 83, member A (Fam83a), mRNA 
[NM_173862] 

A_51_P518600 -3.87787 -1.95527 3.87787 down Atp6v1c2 
Mus musculus ATPase, H+ transporting, lysosomal V1 subunit C2 (Atp6v1c2), 
transcript variant 2, mRNA [NM_133699] 

A_51_P263568 -3.83388 -1.93881 3.83388 down Prss27 Mus musculus protease, serine, 27 (Prss27), mRNA [NM_175440] 

A_52_P138090 -3.82789 -1.93655 3.82789 down Nr3c1 
Mus musculus nuclear receptor subfamily 3, group C, member 1 (Nr3c1), mRNA 
[NM_008173] 

A_52_P390241 -3.77655 -1.91707 3.77655 down Daam2 
Mus musculus dishevelled associated activator of morphogenesis 2 (Daam2), mRNA 
[NM_001008231] 

A_51_P240253 -3.77528 -1.91658 3.77528 down Rrad Mus musculus Ras-related associated with diabetes (Rrad), mRNA [NM_019662] 

A_52_P644320 -3.76977 -1.91448 3.76977 down Sema3e 
Mus musculus 7 days embryo whole body cDNA, RIKEN full-length enriched 
library, clone:C430045N03 product:unclassifiable, full insert sequence. [AK049580] 

A_51_P381784 -3.74449 -1.90477 3.74449 down Exosc7 Mus musculus exosome component 7 (Exosc7), mRNA [NM_001081188] 

A_52_P86693 -3.73101 -1.89956 3.73101 down Ifi27l1 
Mus musculus interferon, alpha-inducible protein 27 like 1 (Ifi27l1), transcript 
variant 1, mRNA [NM_026790] 

A_51_P209782 -3.69066 -1.88388 3.69066 down Cyp2c44 
Mus musculus cytochrome P450, family 2, subfamily c, polypeptide 44 (Cyp2c44), 
transcript variant 1, mRNA [NM_001001446] 

A_52_P86935 -3.67833 -1.87905 3.67833 down Mocos Mus musculus molybdenum cofactor sulfurase (Mocos), mRNA [NM_026779] 
A_51_P127412 -3.64594 -1.86629 3.64594 down Kif15 Mus musculus kinesin family member 15 (Kif15), mRNA [NM_010620] 
A_51_P220062 -3.63442 -1.86173 3.63442 down Mmp15 Mus musculus matrix metallopeptidase 15 (Mmp15), mRNA [NM_008609] 
A_51_P401659 -3.62576 -1.85828 3.62576 down Sspn Mus musculus sarcospan (Sspn), mRNA [NM_010656] 
A_51_P211506 -3.59215 -1.84485 3.59215 down Muc20 Mus musculus mucin 20 (Muc20), transcript variant 2, mRNA [NM_146071] 

A_51_P369803 -3.59106 -1.84441 3.59106 down Psmb9 
Mus musculus proteasome (prosome, macropain) subunit, beta type 9 (large 
multifunctional peptidase 2) (Psmb9), mRNA [NM_013585] 

A_51_P359636 -3.59013 -1.84404 3.59013 down Lgals3bp 
Mus musculus lectin, galactoside-binding, soluble, 3 binding protein (Lgals3bp), 
mRNA [NM_011150] 

A_51_P504991 -3.55501 -1.82985 3.55501 down Slfn10-ps Mus musculus schlafen 10, pseudogene (Slfn10-ps), mRNA [NM_181542] 

A_51_P345366 -3.54028 -1.82387 3.54028 down Psmb8 
Mus musculus proteasome (prosome, macropain) subunit, beta type 8 (large 
multifunctional peptidase 7) (Psmb8), mRNA [NM_010724] 

A_51_P219074 -3.50492 -1.80938 3.50492 down Id2 Mus musculus inhibitor of DNA binding 2 (Id2), mRNA [NM_010496] 
A_52_P301935 -3.49760 -1.80637 3.49760 down Il20rb Mus musculus interleukin 20 receptor beta (Il20rb), mRNA [NM_001033543] 

A_51_P302377 -3.48582 -1.80150 3.48582 down Fgfbp1 
Mus musculus fibroblast growth factor binding protein 1 (Fgfbp1), mRNA 
[NM_008009] 

A_51_P140321 -3.47784 -1.79819 3.47784 down Mocos Mus musculus molybdenum cofactor sulfurase (Mocos), mRNA [NM_026779] 

A_51_P345367 -3.47395 -1.79658 3.47395 down Psmb8 
Mus musculus proteasome (prosome, macropain) subunit, beta type 8 (large 
multifunctional peptidase 7) (Psmb8), mRNA [NM_010724] 
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A_51_P382347 -3.44626 -1.78503 3.44626 down Nphp3 
Mus musculus nephronophthisis 3 (adolescent) (Nphp3), transcript variant 2, mRNA 
[NM_172460] 

A_51_P485312 -3.42960 -1.77804 3.42960 down Ccl5 Mus musculus rantes mRNA, complete cds. [M77747] 
A_51_P110651 -3.41695 -1.77271 3.41695 down Zfp13 Mus musculus zinc finger protein 13 (Zfp13), mRNA [NM_011747] 
A_51_P220681 -3.41309 -1.77108 3.41309 down Aldoc Mus musculus aldolase C, fructose-bisphosphate (Aldoc), mRNA [NM_009657] 

A_51_P113242 -3.40668 -1.76837 3.40668 down Dync2h1 
Mus musculus dynein cytoplasmic 2 heavy chain 1 (Dync2h1), mRNA 
[NM_029851] 

A_51_P293665 -3.40565 -1.76793 3.40565 down Cxx1b 

Mus musculus 18-day embryo whole body cDNA, RIKEN full-length enriched 
library, clone:1110012O05 product:weakly similar to LDOC1 PROTEIN 
(LEUCINE ZIPPER PROTEIN DOWN-REGULATED IN CANCER CELLS) 
[Homo sapiens], full insert sequence. [AK003646] 

A_52_P638459 -3.35132 -1.74473 3.35132 down Ccl5 Mus musculus chemokine (C-C motif) ligand 5 (Ccl5), mRNA [NM_013653] 
A_51_P250058 -3.33721 -1.73864 3.33721 down Epas1 Mus musculus endothelial PAS domain protein 1 (Epas1), mRNA [NM_010137] 

A_51_P413866 -3.32416 -1.73299 3.32416 down Cfb 
Mus musculus complement factor B (Cfb), transcript variant 1, mRNA 
[NM_008198] 

A_52_P21459 -3.30872 -1.72627 3.30872 down Tmem176b 
Mus musculus transmembrane protein 176B (Tmem176b), transcript variant 1, 
mRNA [NM_023056] 

A_51_P489192 -3.29556 -1.72052 3.29556 down Postn Mus musculus periostin, osteoblast specific factor (Postn), mRNA [NM_015784] 
A_51_P475138 -3.28083 -1.71406 3.28083 down Duox1 Mus musculus dual oxidase 1 (Duox1), mRNA [NM_001099297] 
A_51_P497090 -3.26877 -1.70875 3.26877 down Enho Mus musculus energy homeostasis associated (Enho), mRNA [NM_027147] 

A_51_P184928 -3.23852 -1.69533 3.23852 down Ifitm7 
Mus musculus interferon induced transmembrane protein 7 (Ifitm7), mRNA 
[NM_028968] 

A_51_P383991 -3.22953 -1.69133 3.22953 down 04-Sep Mus musculus septin 4 (Sept4), mRNA [NM_011129] 
A_51_P335146 -3.22620 -1.68984 3.22620 down H60a Mus musculus histocompatibility 60a (H60a), mRNA [NM_010400] 

A_51_P182572 -3.19805 -1.67719 3.19805 down Phactr1 
Mus musculus phosphatase and actin regulator 1 (Phactr1), transcript variant 3, 
mRNA [NM_001005748] 

A_51_P232371 -3.19347 -1.67512 3.19347 down Stab1 Mus musculus stabilin 1 (Stab1), mRNA [NM_138672] 
A_51_P305583 -3.19297 -1.67490 3.19297 down Sp100 Mus musculus nuclear antigen Sp100 (Sp100), mRNA [NM_013673] 

A_52_P664044 -3.17055 -1.66473 3.17055 down   
UI-M-GH0-chb-i-17-0-UI.r1 NIH_BMAP_GH0 Mus musculus cDNA clone 
IMAGE:30533104 5', mRNA sequence [CN524910] 

A_51_P127367 -3.16684 -1.66304 3.16684 down Irf9 
Mus musculus interferon regulatory factor 9 (Irf9), transcript variant 3, mRNA 
[NM_008394] 

A_52_P43943 -3.15635 -1.65826 3.15635 down Cpeb4 
cytoplasmic polyadenylation element binding protein 4 Gene [Source:MGI 
(curated);Acc:MGI:1914829] [ENSMUST00000020543] 

A_51_P328202 -3.15071 -1.65568 3.15071 down Daam2 
Mus musculus dishevelled associated activator of morphogenesis 2 (Daam2), mRNA 
[NM_001008231] 

A_51_P245090 -3.14456 -1.65286 3.14456 down Aqp3 Mus musculus aquaporin 3 (Aqp3), mRNA [NM_016689] 

A_52_P620742 -3.14193 -1.65165 3.14193 down Igf2bp1 
Mus musculus insulin-like growth factor 2 mRNA binding protein 1 (Igf2bp1), 
mRNA [NM_009951] 

A_52_P602406 -3.13542 -1.64866 3.13542 down   
zinc finger, DHHC domain containing 3 Gene [Source:MGI 
(curated);Acc:MGI:1926134] [ENSMUST00000140497] 
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A_52_P553316 -3.13323 -1.64765 3.13323 down Snrk Mus musculus SNF related kinase (Snrk), transcript variant 1, mRNA [NM_133741] 
A_51_P374726 -3.12859 -1.64551 3.12859 down Ptx3 Mus musculus pentraxin related gene (Ptx3), mRNA [NM_008987] 
A_51_P124550 -3.11526 -1.63935 3.11526 down Reep6 Mus musculus receptor accessory protein 6 (Reep6), mRNA [NM_139292] 

A_52_P522255 -3.11449 -1.63900 3.11449 down Pitx1 
Mus musculus paired-like homeodomain transcription factor 1 (Pitx1), mRNA 
[NM_011097] 

A_51_P323397 -3.11051 -1.63715 3.11051 down 1700061I17Rik 
RIKEN cDNA 1700061I17 gene Gene [Source:MGI Symbol;Acc:MGI:1920612] 
[ENSMUST00000029642] 

A_51_P206475 -3.10684 -1.63545 3.10684 down Lce1i Mus musculus late cornified envelope 1I (Lce1i), mRNA [NM_029667] 

A_51_P175303 -3.10276 -1.63355 3.10276 down Tle2 
Mus musculus transducin-like enhancer of split 2, homolog of Drosophila E(spl) 
(Tle2), mRNA [NM_019725] 

A_52_P15122 -3.09996 -1.63225 3.09996 down Egfl7 
Mus musculus EGF-like domain 7 (Egfl7), transcript variant a, mRNA 
[NM_178444] 

A_51_P494403 -3.08384 -1.62473 3.08384 down Xaf1 Mus musculus XIAP associated factor 1 (Xaf1), mRNA [NM_001037713] 
A_51_P260740 -3.04639 -1.60710 3.04639 down Pcdh7 Mus musculus protocadherin 7 (Pcdh7), transcript variant 2, mRNA [NM_018764] 

A_51_P503433 -3.02813 -1.59843 3.02813 down Ppap2b 
Mus musculus phosphatidic acid phosphatase type 2B (Ppap2b), mRNA 
[NM_080555] 

A_51_P385370 -3.02589 -1.59736 3.02589 down Prickle1 Mus musculus prickle homolog 1 (Drosophila) (Prickle1), mRNA [NM_001033217] 

A_51_P319917 -3.01984 -1.59447 3.01984 down Adam8 
Mus musculus a disintegrin and metallopeptidase domain 8 (Adam8), mRNA 
[NM_007403] 

A_51_P400366 -3.01692 -1.59308 3.01692 down Rhbg 
Mus musculus Rhesus blood group-associated B glycoprotein (Rhbg), mRNA 
[NM_021375] 

A_52_P650307 -3.00923 -1.58939 3.00923 down Rassf4 
Mus musculus Ras association (RalGDS/AF-6) domain family member 4 (Rassf4), 
mRNA [NM_178045] 

A_51_P266211 -3.00840 -1.58900 3.00840 down Snrk Mus musculus SNF related kinase (Snrk), transcript variant 1, mRNA [NM_133741] 

A_52_P535484 -2.99942 -1.58468 2.99942 down Gvin1 
Mus musculus GTPase, very large interferon inducible 1 (Gvin1), transcript variant 
A, mRNA [NM_029000] 

A_52_P392555 -2.99456 -1.58234 2.99456 down Cdcp1 Mus musculus CUB domain containing protein 1 (Cdcp1), mRNA [NM_133974] 

A_52_P484405 -2.95907 -1.56514 2.95907 down Twf1 
Mus musculus twinfilin, actin-binding protein, homolog 1 (Drosophila) (Twf1), 
mRNA [NM_008971] 

A_52_P117920 -2.95667 -1.56397 2.95667 down   
PREDICTED: Mus musculus hypothetical LOC545547 (LOC545547), mRNA 
[XM_622329] 

A_51_P414243 -2.94443 -1.55799 2.94443 down C85492 Mus musculus expressed sequence C85492 (C85492), mRNA [NM_153540] 
A_52_P111687
0 -2.93428 -1.55301 2.93428 down Twf1 

Mus musculus twinfilin, actin-binding protein, homolog 1 (Drosophila) (Twf1), 
mRNA [NM_008971] 

A_51_P315849 -2.90424 -1.53816 2.90424 down     
A_51_P200667 -2.90217 -1.53713 2.90217 down Clmn Mus musculus calmin (Clmn), transcript variant 1, mRNA [NM_053155] 
A_51_P279841 -2.90210 -1.53710 2.90210 down Blnk Mus musculus B-cell linker (Blnk), mRNA [NM_008528] 

A_51_P322273 -2.89782 -1.53497 2.89782 down Ptp4a3 
Mus musculus protein tyrosine phosphatase 4a3 (Ptp4a3), transcript variant 2, 
mRNA [NM_008975] 

A_52_P558344 -2.89176 -1.53195 2.89176 down Rnmt 
Mus musculus 11 days embryo head cDNA, RIKEN full-length enriched library, 
clone:6230421I24 product:similar to RNA (GUANINE-N7-) 
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METHYLTRANSFERASE [Homo sapiens], full insert sequence. [AK031780] 

A_52_P227391 -2.87790 -1.52501 2.87790 down Kif15 Mus musculus kinesin family member 15 (Kif15), mRNA [NM_010620] 

A_51_P323712 -2.86120 -1.51662 2.86120 down Agt 
Mus musculus angiotensinogen (serpin peptidase inhibitor, clade A, member 8) 
(Agt), mRNA [NM_007428] 

A_52_P648759 -2.84675 -1.50931 2.84675 down   
Mus musculus IFN-alpha induced mouse embryonic fibroblast mRNA, partial cds. 
[U76754] 

A_51_P238425 -2.84288 -1.50735 2.84288 down Cbr2 Mus musculus carbonyl reductase 2 (Cbr2), mRNA [NM_007621] 

A_52_P117922 -2.84135 -1.50658 2.84135 down   
PREDICTED: Mus musculus hypothetical LOC545547 (LOC545547), mRNA 
[XM_622329] 

A_51_P437289 -2.82621 -1.49887 2.82621 down BC017612 Mus musculus cDNA sequence BC017612 (BC017612), mRNA [NM_133214] 

A_51_P194476 -2.82112 -1.49627 2.82112 down 1110059G10Rik 
Mus musculus RIKEN cDNA 1110059G10 gene (1110059G10Rik), mRNA 
[NM_025419] 

A_51_P183197 -2.79640 -1.48357 2.79640 down 2310002J15Rik 
Mus musculus RIKEN cDNA 2310002J15 gene (2310002J15Rik), mRNA 
[NM_026415] 

A_51_P416295 -2.78761 -1.47903 2.78761 down Irgm2 
Mus musculus immunity-related GTPase family M member 2 (Irgm2), mRNA 
[NM_019440] 

A_52_P292481 -2.78654 -1.47847 2.78654 down Lce1h Mus musculus late cornified envelope 1H (Lce1h), mRNA [NM_026335] 

A_52_P611610 -2.77268 -1.47128 2.77268 down Cacna1g 
Mus musculus calcium channel, voltage-dependent, T type, alpha 1G subunit 
(Cacna1g), transcript variant 1, mRNA [NM_009783] 

A_51_P497113 -2.73110 -1.44948 2.73110 down Igf2bp1 
Mus musculus insulin-like growth factor 2 mRNA binding protein 1 (Igf2bp1), 
mRNA [NM_009951] 

A_51_P503494 -2.73038 -1.44910 2.73038 down Arc 
Mus musculus activity regulated cytoskeletal-associated protein (Arc), mRNA 
[NM_018790] 

A_52_P116018 -2.72584 -1.44670 2.72584 down Aldh3b2 
Mus musculus aldehyde dehydrogenase 3 family, member B2 (Aldh3b2), mRNA 
[NM_001177438] 

A_52_P118005
0 -2.72300 -1.44520 2.72300 down   

Mus musculus 7 days neonate cerebellum cDNA, RIKEN full-length enriched 
library, clone:A730054G07 product:unclassifiable, full insert sequence. [AK043081] 

A_51_P428582 -2.72267 -1.44502 2.72267 down Ak4 
Mus musculus adenylate kinase 4 (Ak4), nuclear gene encoding mitochondrial 
protein, transcript variant 4, mRNA [NM_009647] 

A_51_P519385 -2.71558 -1.44126 2.71558 down Sacm1l 
Mus musculus SAC1 (suppressor of actin mutations 1, homolog)-like (S. cerevisiae) 
(Sacm1l), mRNA [NM_030692] 

A_52_P229744 -2.70519 -1.43573 2.70519 down     

A_52_P676744 -2.69544 -1.43052 2.69544 down St6galnac6 

Mus musculus ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-N-
acetylgalactosaminide alpha-2,6-sialyltransferase 6 (St6galnac6), transcript variant 
1, mRNA [NM_016973] 

A_52_P70810 -2.68883 -1.42698 2.68883 down Pdia6 
Mus musculus protein disulfide isomerase associated 6 (Pdia6), mRNA 
[NM_027959] 

A_51_P164219 -2.66847 -1.41601 2.66847 down Usp18 Mus musculus ubiquitin specific peptidase 18 (Usp18), mRNA [NM_011909] 

A_51_P424550 -2.66551 -1.41441 2.66551 down Slc23a3 
Mus musculus solute carrier family 23 (nucleobase transporters), member 3 
(Slc23a3), mRNA [NM_194333] 

A_51_P297968 -2.66513 -1.41421 2.66513 down Pdia6 
Mus musculus protein disulfide isomerase associated 6 (Pdia6), mRNA 
[NM_027959] 
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A_52_P121502 -2.64622 -1.40393 2.64622 down Pllp Mus musculus plasma membrane proteolipid (Pllp), mRNA [NM_026385] 

A_52_P555723 -2.64553 -1.40356 2.64553 down Ywhag 
Mus musculus tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 
protein, gamma polypeptide (Ywhag), mRNA [NM_018871] 

A_51_P459070 -2.64415 -1.40280 2.64415 down Aplf 
Mus musculus aprataxin and PNKP like factor (Aplf), transcript variant 2, mRNA 
[NM_024251] 

A_51_P251022 -2.64054 -1.40083 2.64054 down Plscr2 Mus musculus phospholipid scramblase 2 (Plscr2), mRNA [NM_008880] 

A_51_P178131 -2.63027 -1.39521 2.63027 down Muc16 
mucin 16 Gene [Source:MGI Symbol;Acc:MGI:1920982] 
[ENSMUST00000034653] 

A_51_P171883 -2.63007 -1.39510 2.63007 down Palmd Mus musculus palmdelphin (Palmd), mRNA [NM_023245] 

A_51_P214747 -2.61941 -1.38924 2.61941 down Parp12 
Mus musculus poly (ADP-ribose) polymerase family, member 12 (Parp12), mRNA 
[NM_172893] 

A_52_P462350 -2.61729 -1.38808 2.61729 down Dr1 Mus musculus down-regulator of transcription 1 (Dr1), mRNA [NM_026106] 

A_51_P272283 -2.61541 -1.38703 2.61541 down Cmbl 
Mus musculus carboxymethylenebutenolidase-like (Pseudomonas) (Cmbl), mRNA 
[NM_181588] 

A_51_P109496 -2.59220 -1.37418 2.59220 down 1700029I01Rik 
Mus musculus RIKEN cDNA 1700029I01 gene (1700029I01Rik), mRNA 
[NM_027285] 

A_51_P243134 -2.59016 -1.37304 2.59016 down Adcy6 Mus musculus adenylate cyclase 6 (Adcy6), mRNA [NM_007405] 

A_51_P319070 -2.58150 -1.36821 2.58150 down Retsat 
Mus musculus retinol saturase (all trans retinol 13,14 reductase) (Retsat), mRNA 
[NM_026159] 

A_52_P372901 -2.58075 -1.36779 2.58075 down Plscr2 Mus musculus phospholipid scramblase 2 (Plscr2), mRNA [NM_008880] 
A_51_P157042 -2.57991 -1.36732 2.57991 down Ctgf Mus musculus connective tissue growth factor (Ctgf), mRNA [NM_010217] 

A_52_P604195 -2.57114 -1.36241 2.57114 down Mbp 
Mus musculus myelin basic protein (Mbp), transcript variant 8, mRNA 
[NM_001025245] 

A_52_P118802
8 -2.56578 -1.35940 2.56578 down   

Mus musculus adult male diencephalon cDNA, RIKEN full-length enriched library, 
clone:9330178I03 product:unclassifiable, full insert sequence. [AK034330] 

A_51_P147064 -2.56532 -1.35914 2.56532 down 1600014C23Rik 
RIKEN cDNA 1600014C23 gene Gene [Source:MGI Symbol;Acc:MGI:1919490] 
[ENSMUST00000039106] 

A_52_P654841 -2.56398 -1.35838 2.56398 down Plscr1 Mus musculus phospholipid scramblase 1 (Plscr1), mRNA [NM_011636] 
A_51_P423484 -2.55255 -1.35194 2.55255 down Rbp1 Mus musculus retinol binding protein 1, cellular (Rbp1), mRNA [NM_011254] 
A_51_P428529 -2.53873 -1.34411 2.53873 down Oas1c Mus musculus 2'-5' oligoadenylate synthetase 1C (Oas1c), mRNA [NM_033541] 

A_52_P281924 -2.52744 -1.33768 2.52744 down Vamp5 
Mus musculus vesicle-associated membrane protein 5 (Vamp5), transcript variant 1, 
mRNA [NM_016872] 

A_52_P524988 -2.52597 -1.33684 2.52597 down Olfr1433 Mus musculus olfactory receptor 1433 (Olfr1433), mRNA [NM_146685] 
A_51_P484111 -2.52024 -1.33356 2.52024 down Matn2 Mus musculus matrilin 2 (Matn2), mRNA [NM_016762] 

A_51_P345344 -2.51763 -1.33207 2.51763 down 2310043J07Rik 
Mus musculus RIKEN cDNA 2310043J07 gene (2310043J07Rik), mRNA 
[NM_027158] 

A_51_P501844 -2.51233 -1.32903 2.51233 down Cyp26b1 
Mus musculus cytochrome P450, family 26, subfamily b, polypeptide 1 (Cyp26b1), 
transcript variant 1, mRNA [NM_175475] 

A_51_P214882 -2.51114 -1.32834 2.51114 down Gpr180 Mus musculus G protein-coupled receptor 180 (Gpr180), mRNA [NM_021434] 

A_52_P431159 -2.50916 -1.32721 2.50916 down Il1rn 
Mus musculus interleukin 1 receptor antagonist (Il1rn), transcript variant 2, mRNA 
[NM_001039701] 
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A_52_P231610 -2.50052 -1.32223 2.50052 down Zc3hav1 
Mus musculus zinc finger CCCH type, antiviral 1 (Zc3hav1), transcript variant 2, 
mRNA [NM_028864] 

A_51_P442091 -2.49399 -1.31846 2.49399 down Snx13 Mus musculus sorting nexin 13 (Snx13), mRNA [NM_001014973] 
A_52_P260555 -2.49300 -1.31788 2.49300 down Vil1 Mus musculus villin 1 (Vil1), mRNA [NM_009509] 

A_51_P514712 -2.49132 -1.31691 2.49132 down Parp14 
Mus musculus poly (ADP-ribose) polymerase family, member 14 (Parp14), mRNA 
[NM_001039530] 

A_51_P390078 -2.49034 -1.31634 2.49034 down   
serine/threonine/tyrosine interaction protein Gene [Source:MGI 
Symbol;Acc:MGI:1891150] [ENSMUST00000111835] 

A_52_P98625 -2.48685 -1.31432 2.48685 down Ankrd57 Mus musculus ankyrin repeat domain 57 (Ankrd57), mRNA [NM_172939] 
A_51_P405397 -2.48402 -1.31268 2.48402 down Ecm1 Mus musculus extracellular matrix protein 1 (Ecm1), mRNA [NM_007899] 
A_51_P229676 -2.48111 -1.31099 2.48111 down Plscr1 Mus musculus phospholipid scramblase 1 (Plscr1), mRNA [NM_011636] 

A_51_P222664 -2.46705 -1.30279 2.46705 down D730001G18Rik 
Mus musculus RIKEN cDNA D730001G18 gene (D730001G18Rik), transcript 
variant 1, non-coding RNA [NR_027836] 

A_51_P185882 -2.46552 -1.30189 2.46552 down Ccdc68 Mus musculus coiled-coil domain containing 68 (Ccdc68), mRNA [NM_201362] 

A_51_P301804 -2.44466 -1.28963 2.44466 down St3gal1 
Mus musculus ST3 beta-galactoside alpha-2,3-sialyltransferase 1 (St3gal1), mRNA 
[NM_009177] 

A_51_P143805 -2.44311 -1.28872 2.44311 down Tmem42 
Mus musculus transmembrane protein 42 (Tmem42), transcript variant 1, mRNA 
[NM_025339] 

A_52_P553443 -2.44257 -1.28840 2.44257 down D730040F13Rik 
RIKEN cDNA D730040F13 gene Gene [Source:MGI Symbol;Acc:MGI:2445107] 
[ENSMUST00000107609] 

A_51_P123765 -2.43953 -1.28660 2.43953 down Renbp 
Mus musculus renin binding protein (Renbp), transcript variant 1, mRNA 
[NM_023132] 

A_51_P368591 -2.42322 -1.27693 2.42322 down Tle6 
Mus musculus transducin-like enhancer of split 6, homolog of Drosophila E(spl) 
(Tle6), mRNA [NM_053254] 

A_51_P517215 -2.42271 -1.27662 2.42271 down Grb14 
Mus musculus growth factor receptor bound protein 14 (Grb14), mRNA 
[NM_016719] 

A_52_P489295 -2.42249 -1.27649 2.42249 down Adamts1 
Mus musculus a disintegrin-like and metallopeptidase (reprolysin type) with 
thrombospondin type 1 motif, 1 (Adamts1), mRNA [NM_009621] 

A_51_P266224 -2.41892 -1.27436 2.41892 down Limd1 Mus musculus LIM domains containing 1 (Limd1), mRNA [NM_013860] 

A_51_P316103 -2.41882 -1.27430 2.41882 down Lima1 
Mus musculus LIM domain and actin binding 1 (Lima1), transcript variant b, mRNA 
[NM_023063] 

A_51_P517672 -2.41784 -1.27372 2.41784 down Rnf152 
Mus musculus ring finger protein 152 (Rnf152), transcript variant 1, mRNA 
[NM_178779] 

A_52_P336142 -2.40175 -1.26409 2.40175 down Abcg2 
Mus musculus ATP-binding cassette, sub-family G (WHITE), member 2 (Abcg2), 
mRNA [NM_011920] 

A_52_P633543 -2.40055 -1.26336 2.40055 down Xpo1 
Mus musculus exportin 1, CRM1 homolog (yeast) (Xpo1), transcript variant 1, 
mRNA [NM_134014] 

A_51_P327751 -2.39636 -1.26085 2.39636 down Ifit1 
Mus musculus interferon-induced protein with tetratricopeptide repeats 1 (Ifit1), 
mRNA [NM_008331] 

A_51_P259975 -2.37165 -1.24589 2.37165 down Aspa Mus musculus aspartoacylase (Aspa), mRNA [NM_023113] 

A_51_P401974 -2.36295 -1.24059 2.36295 down Enpp2 
Mus musculus ectonucleotide pyrophosphatase/phosphodiesterase 2 (Enpp2), 
transcript variant 2, mRNA [NM_015744] 
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A_52_P676510 -2.34074 -1.22697 2.34074 down Tgtp1 Mus musculus T-cell specific GTPase 1 (Tgtp1), mRNA [NM_011579] 
A_52_P59318 -2.33376 -1.22265 2.33376 down Rdh10 Mus musculus retinol dehydrogenase 10 (all-trans) (Rdh10), mRNA [NM_133832] 

A_51_P394802 -2.32078 -1.21461 2.32078 down Fam111a 
Mus musculus family with sequence similarity 111, member A (Fam111a), mRNA 
[NM_026640] 

A_51_P397426 -2.30265 -1.20330 2.30265 down Timm8b 
Mus musculus small zinc finger-like protein DDP2 (Ddp2) mRNA, complete cds. 
[AF196314] 

A_52_P293391 -2.30230 -1.20308 2.30230 down Tcam1 Mus musculus testicular cell adhesion molecule 1 (Tcam1), mRNA [NM_029467] 

A_51_P116309 -2.28859 -1.19446 2.28859 down Kdm3a 
Mus musculus lysine (K)-specific demethylase 3A (Kdm3a), transcript variant 1, 
mRNA [NM_173001] 

A_52_P102620 -2.28174 -1.19014 2.28174 down Limd1 Mus musculus LIM domains containing 1 (Limd1), mRNA [NM_013860] 
A_51_P240903 -2.27943 -1.18867 2.27943 down Tns1 Mus musculus tensin 1 (Tns1), mRNA [NM_027884] 

A_51_P202596 -2.27649 -1.18681 2.27649 down Sh3tc2 
Mus musculus SH3 domain and tetratricopeptide repeats 2 (Sh3tc2), mRNA 
[NM_172628] 

A_52_P261846 -2.27489 -1.18580 2.27489 down Col18a1 
Mus musculus collagen, type XVIII, alpha 1 (Col18a1), transcript variant 2, mRNA 
[NM_009929] 

A_51_P257134 -2.26418 -1.17899 2.26418 down Adar 
Mus musculus adenosine deaminase, RNA-specific (Adar), transcript variant 1, 
mRNA [NM_019655] 

A_51_P430585 -2.25622 -1.17391 2.25622 down Slc46a1 Mus musculus solute carrier family 46, member 1 (Slc46a1), mRNA [NM_026740] 
A_52_P513394 -2.25294 -1.17181 2.25294 down Brca2 Mus musculus breast cancer 2 (Brca2), transcript variant 2, mRNA [NM_009765] 

A_52_P56471 -2.24655 -1.16771 2.24655 down Egfr 
Mus musculus epidermal growth factor receptor (Egfr), transcript variant 2, mRNA 
[NM_007912] 

A_52_P661713 -2.23508 -1.16033 2.23508 down Gvin1 
Mus musculus GTPase, very large interferon inducible 1 (Gvin1), transcript variant 
A, mRNA [NM_029000] 

A_52_P520397 -2.23176 -1.15818 2.23176 down Timm8b 
Mus musculus translocase of inner mitochondrial membrane 8 homolog b (yeast) 
(Timm8b), nuclear gene encoding mitochondrial protein, mRNA [NM_013897] 

A_51_P390715 -2.22921 -1.15653 2.22921 down Tgfb1 Mus musculus transforming growth factor, beta 1 (Tgfb1), mRNA [NM_011577] 

A_51_P492625 -2.22662 -1.15485 2.22662 down Ppp2r3d 
Mus musculus protein phosphatase 2 (formerly 2A), regulatory subunit B'', delta 
(Ppp2r3d), transcript variant 1, mRNA [NM_001163415] 

A_51_P396570 -2.21510 -1.14737 2.21510 down Plod2 
Mus musculus procollagen lysine, 2-oxoglutarate 5-dioxygenase 2 (Plod2), 
transcript variant 2, mRNA [NM_011961] 

A_51_P519984 -2.21388 -1.14658 2.21388 down Stk38l Mus musculus serine/threonine kinase 38 like (Stk38l), mRNA [NM_172734] 

A_52_P569507 -2.20815 -1.14284 2.20815 down Styx 
Mus musculus serine/threonine/tyrosine interaction protein (Styx), mRNA 
[NM_019637] 

A_52_P220783 -2.20754 -1.14244 2.20754 down Tmem229b 
Mus musculus transmembrane protein 229B (Tmem229b), transcript variant 1, 
mRNA [NM_178745] 

A_52_P415215 -2.20048 -1.13782 2.20048 down Gstm1 Mus musculus glutathione S-transferase, mu 1 (Gstm1), mRNA [NM_010358] 

A_51_P225933 -2.19532 -1.13443 2.19532 down Inpp4b 

Mus musculus 0 day neonate eyeball cDNA, RIKEN full-length enriched library, 
clone:E130107I17 product:INOSITOL POLYPHOSPHATE 4-PHOSPHATASE 
TYPE II-ALPHA homolog [Rattus norvegicus], full insert sequence. [AK053554] 

A_51_P304170 -2.18614 -1.12839 2.18614 down Rtp4 Mus musculus receptor transporter protein 4 (Rtp4), mRNA [NM_023386] 
A_51_P506417 -2.18451 -1.12731 2.18451 down Krt14 Mus musculus keratin 14 (Krt14), mRNA [NM_016958] 
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A_51_P384148 -2.17826 -1.12317 2.17826 down Ryk 
Mus musculus receptor-like tyrosine kinase (Ryk), transcript variant 1, mRNA 
[NM_013649] 

A_52_P682707 -2.16836 -1.11661 2.16836 down Ncapd2 

Mus musculus 10, 11 days embryo whole body cDNA, RIKEN full-length enriched 
library, clone:2810465G24 product:similar to KIAA0159 PROTEIN [Homo 
sapiens], full insert sequence. [AK013380] 

A_52_P787894 -2.16361 -1.11344 2.16361 down   
Mus musculus activated spleen cDNA, RIKEN full-length enriched library, 
clone:F830006B06 product:unclassifiable, full insert sequence. [AK089636] 

A_51_P267593 -2.16243 -1.11265 2.16243 down 1700061G19Rik 
RIKEN cDNA 1700061G19 gene Gene [Source:MGI Symbol;Acc:MGI:1925875] 
[ENSMUST00000025048] 

A_51_P479311 -2.16146 -1.11200 2.16146 down Gstm1 Mus musculus glutathione S-transferase, mu 1 (Gstm1), mRNA [NM_010358] 

A_51_P184886 -2.15529 -1.10788 2.15529 down Abcg2 
Mus musculus ATP-binding cassette, sub-family G (WHITE), member 2 (Abcg2), 
mRNA [NM_011920] 

A_51_P232868 -2.15466 -1.10746 2.15466 down Neurl1B 
Mus musculus neuralized homolog 1B (Drosophila) (Neurl1B), mRNA 
[NM_001081656] 

A_51_P364274 -2.15177 -1.10552 2.15177 down Mitf 
Mus musculus microphthalmia-associated transcription factor (Mitf), transcript 
variant 2, mRNA [NM_008601] 

A_51_P248265 -2.15057 -1.10472 2.15057 down Thoc1 Mus musculus THO complex 1 (Thoc1), mRNA [NM_153552] 

A_51_P312095 -2.14944 -1.10396 2.14944 down Aak1 
Mus musculus AP2 associated kinase 1 (Aak1), transcript variant 1, mRNA 
[NM_001040106] 

A_51_P142861 -2.14350 -1.09997 2.14350 down Casp1 Mus musculus caspase 1 (Casp1), mRNA [NM_009807] 

A_51_P213532 -2.13655 -1.09528 2.13655 down Ppp3ca 
Mus musculus protein phosphatase 3, catalytic subunit, alpha isoform (Ppp3ca), 
mRNA [NM_008913] 

A_51_P297963 -2.12562 -1.08788 2.12562 down Recql Mus musculus RecQ protein-like (Recql), mRNA [NM_023042] 
A_51_P234907 -2.12170 -1.08522 2.12170 down Cep110 Mus musculus centrosomal protein 110 (Cep110), mRNA [NM_012018] 
A_51_P343833 -2.11139 -1.07819 2.11139 down Traf1 Mus musculus TNF receptor-associated factor 1 (Traf1), mRNA [NM_009421] 

A_52_P183239 -2.10885 -1.07646 2.10885 down Scn8a 
Mus musculus sodium channel, voltage-gated, type VIII, alpha (Scn8a), transcript 
variant 1, mRNA [NM_001077499] 

A_51_P259968 -2.09294 -1.06553 2.09294 down Aspa Mus musculus aspartoacylase (Aspa), mRNA [NM_023113] 

A_51_P392242 -2.08412 -1.05944 2.08412 down Egfr 
Mus musculus epidermal growth factor receptor (Egfr), transcript variant 2, mRNA 
[NM_007912] 

A_51_P160754 -2.07579 -1.05366 2.07579 down Apobec1 
Mus musculus apolipoprotein B mRNA editing enzyme, catalytic polypeptide 1 
(Apobec1), transcript variant 1, mRNA [NM_031159] 

A_52_P487599 -2.07509 -1.05317 2.07509 down Thnsl2 
Mus musculus threonine synthase-like 2 (bacterial) (Thnsl2), transcript variant 1, 
mRNA [NM_178413] 

A_51_P343129 -2.06321 -1.04489 2.06321 down Atad2 
Mus musculus ATPase family, AAA domain containing 2 (Atad2), mRNA 
[NM_027435] 

A_52_P53906 -2.06167 -1.04382 2.06167 down Ccnd2 Mus musculus cyclin D2 (Ccnd2), mRNA [NM_009829] 

A_52_P66205 -2.05869 -1.04173 2.05869 down Fancd2 
Fanconi anemia, complementation group D2 Gene [Source:MGI 
(curated);Acc:MGI:2448480] [ENSMUST00000036340] 

A_52_P590535 -2.05663 -1.04028 2.05663 down Fbln2 Mus musculus fibulin 2 (Fbln2), transcript variant 1, mRNA [NM_007992] 

A_51_P144024 -2.05428 -1.03863 2.05428 down Trpa1 
Mus musculus transient receptor potential cation channel, subfamily A, member 1 
(Trpa1), mRNA [NM_177781] 
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A_52_P441634 -2.04970 -1.03541 2.04970 down Idi1 
Mus musculus isopentenyl-diphosphate delta isomerase (Idi1), mRNA 
[NM_145360] 

A_51_P153565 -2.03830 -1.02736 2.03830 down Il18 Mus musculus interleukin 18 (Il18), mRNA [NM_008360] 
A_51_P112355 -2.03286 -1.02351 2.03286 down Igtp Mus musculus interferon gamma induced GTPase (Igtp), mRNA [NM_018738] 

A_52_P526724 -2.03087 -1.02209 2.03087 down Ppargc1b 
Mus musculus peroxisome proliferative activated receptor, gamma, coactivator 1 
beta (Ppargc1b), mRNA [NM_133249] 

A_51_P345316 -2.02335 -1.01674 2.02335 down Cep76 Mus musculus centrosomal protein 76 (Cep76), mRNA [NM_001081073] 

A_51_P191463 -2.00970 -1.00698 2.00970 down   
histocompatibility 2, M region locus 2 Gene [Source:MGI Symbol;Acc:MGI:95914] 
[ENSMUST00000077662] 

A_52_P251690 -2.00952 -1.00685 2.00952 down Gvin1 
Mus musculus GTPase, very large interferon inducible 1 (Gvin1), transcript variant 
A, mRNA [NM_029000] 

A_51_P201884 -2.00210 -1.00151 2.00210 down Dsp Mus musculus desmoplakin (Dsp), mRNA [NM_023842] 
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Appendix C 

Supplementary data for Chapter 3 

 

 The following figures represent the results of qRT-PCR experiments that were performed 

in conjunction with the qRT-PCR experiments shown for Brca1 and Hsd11b1 in Chapter 3. All 

experiments were performed by Heather D. Ritter. 
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Figure C.1: The effect of cell plating density on expression of candidate genes.  
EPH-4 cells were plated at various densities (5 x 103, 1 x 104, 2.5 x 104, 5 x 104, and 1 x 105 
cells/mL). Serum was removed from the media 24 hours after plating (ie. at 0 hrs), and RNA was 
prepared every 24 hours for a period of 72 hours. qRT-PCR analysis of A. Ch25h, B. Slc5a9, and 
C. Nr3c1 expression was conducted using TaqMan mouse gene expression assays for each gene. 
Raw Ct values for each gene were normalized to raw Ct values for mouse Tbp internal control for 
triplicate samples, and are presented as the level of expression relative to the lowest density 
sample, 5 x 103 cells/mL, at 0 hrs. Bars represent the mean of technical replicates, and error bars 
represent standard deviation (N = 3). Statistically significant changes in gene expression relative 
to the 0 hrs sample for each density are indicated for each gene: one asterisk, p<0.05 (significant); 
two asterisks, p<0.005 (very significant); three asterisks, p<0.0005 (very highly significant).  
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Figure C.2: The effect of HC addition on expression of candidate genes.  
EPH-4 cells were treated 24 hours after plating (ie. at 0 hrs) with ethanol vehicle (-HC). RNA 
was prepared at 0 hrs. Following another 24 hours, one time point was re-treated with 1 µg/mL 
HC (+HC) in serum-free media. RNA was prepared from this sample as well as its corresponding 
-HC control following another 24 hours. This HC addition was repeated 48 and 72 hours after the 
original -HC treatment, and RNA was prepared from -HC control samples and +HC-treated 
samples every 24 hours for a period of 96 hours. In each +HC case, cells were treated for a 
variable time with -HC, and then a subsequent 24 hour period with HC. qRT-PCR analysis of A. 
Ch25h, B. Ces1, C. Oas2, D. Slc5a9, and E. Nr3c1 gene expression was conducted using 
TaqMan mouse gene expression assays for each gene. Raw Ct values for each gene were 
normalized to raw Ct values for mouse Tbp internal control for triplicate samples, and are 
presented as the level of expression relative to the 0 hrs sample. Bars represent the mean of 
technical replicates, and error bars represent standard deviation (N = 3). Statistically significant 
changes in gene expression following 24 hrs +HC treatment are indicated relative to each 
corresponding -HC sample for each gene: one asterisk, p<0.05 (significant); two asterisks, 
p<0.005 (very significant); three asterisks, p<0.0005 (very highly significant).    

D.

A. B.

C.

E.                        Nr3c1              

0 h
rs

48
 hrs

 -H
C 

24
 hrs

 -H
C + 24

 hrs
 +HC

72
 hrs

 -H
C 

48
 hrs

 -H
C + 24

 hrs
 +HC

96
 hrs

 -H
C

72
 hrs

 -H
C + 24

 hrs
 +HC

0.0

0.5

1.0

1.5

2.0

R
el

at
iv

e 
ex

pr
es

si
on *

*

                       Ch25h

0 h
rs

48
 hrs

 -H
C 

24
 hrs

 -H
C + 24

 hrs
 +HC

72
 hrs

 -H
C 

48
 hrs

 -H
C + 24

 hrs
 +HC

96
 hrs

 -H
C

72
 hrs

 -H
C + 24

 hrs
 +HC

0.0

0.5

1.0

1.5

R
el

at
iv

e 
ex

pr
es

si
on

** *** ***

                       Ces1

0 h
rs

48
 hrs

 -H
C 

24
 hrs

 -H
C + 24

 hrs
 +HC

72
 hrs

 -H
C 

48
 hrs

 -H
C + 24

 hrs
 +HC

96
 hrs

 -H
C

72
 hrs

 -H
C + 24

 hrs
 +HC

0.0

0.5

1.0

1.5

2.0

2.5

R
el

at
iv

e 
ex

pr
es

si
on

*

                       Slc5a9

0 h
rs

48
 hrs

 -H
C 

24
 hrs

 -H
C + 24

 hrs
 +HC

72
 hrs

 -H
C 

48
 hrs

 -H
C + 24

 hrs
 +HC

96
 hrs

 -H
C

72
 hrs

 -H
C + 24

 hrs
 +HC

0

50

100

150

R
el

at
iv

e 
ex

pr
es

si
on **

                       Oas2

0 h
rs

48
 hrs

 -H
C 

24
 hrs

 -H
C + 24

 hrs
 +HC

72
 hrs

 -H
C 

48
 hrs

 -H
C + 24

 hrs
 +HC

96
 hrs

 -H
C

72
 hrs

 -H
C + 24

 hrs
 +HC

0

20

40

60

80

R
el

at
iv

e 
ex

pr
es

si
on

**
**

**



 184 

 
 
 

Figure C.3: The effect of cortisone treatment on expression of candidate genes.  
EPH-4 cells were treated 24 hours after plating (ie. at 0 hrs) with either ethanol vehicle (UT), 1 
µg/mL cortisone (CO), or 1 µg/mL hydrocortisone (HC) in serum-free media. RNA was prepared 
every 24 hours for a period of 96 hours, and qRT-PCR analysis of A. Ch25h, B. Slc5a9, and C. 
Nr3c1 expression was conducted using TaqMan mouse gene expression assays for each gene. 
Raw Ct values for each gene were normalized to raw Ct values for mouse Tbp internal control for 
triplicate samples, and are presented as the level of expression relative to the UT sample at 0 hrs. 
Bars represent the mean of technical replicates, and error bars represent standard deviation (N = 
3). Statistically significant changes in gene expression relative to the UT sample for each time 
point are indicated for each gene: one asterisk, p<0.05 (significant); two asterisks, p<0.005 (very 
significant); three asterisks, p<0.0005 (very highly significant).    
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Figure C.4: The effect of carbenoxolone treatment on expression of candidate genes.  
EPH-4 cells were treated 24 hours after plating (ie. at 0 hrs) with either ethanol/water vehicle 
(UT), 10 µM carbenoxolone (CBX), 1 µg/mL cortisone (CO), 1 µg/mL hydrocortisone (HC), 10 
µM CBX + 1 µg/mL CO, or 10 µM CBX + 1 µg/mL HC in serum-free media. RNA was prepared 
every 24 hours for a period of 96 hours, and qRT-PCR analysis of A. Ch25h, B. Slc5a9, and C. 
Nr3c1 expression was conducted using TaqMan mouse gene expression assays for each gene. 
Raw Ct values for each gene were normalized to raw Ct values for mouse Tbp internal control for 
triplicate samples, and are presented as the level of expression relative to the UT sample at 0 hrs. 
Bars represent the mean of technical replicates, and error bars represent standard deviation (N = 
3). Statistically significant changes in gene expression relative to the UT sample for each time 
point are indicated for each gene: one asterisk, p<0.05 (significant); two asterisks, p<0.005 (very 
significant); three asterisks, p<0.0005 (very highly significant).   
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Appendix D 

Reaction catalyzed by HSD11β1/Hsd11b1 

 

 

 
Figure D.1: Reversible reaction catalyzed by 11 beta-hydroxysteroid dehydrogenase 
(HSD11β1 in humans and Hsd11b1 in mice).  
HSD11β1/Hsd11b1 exhibits both oxo-reductase and dehydrogenase enzymatic activity. Oxo-
reductase activity (indicated above with the right-handed arrow) is dependent on the availability 
of NADPH as a reducing agent and results in glucocorticoid activation, as cortisone is converted 
into cortisol. Dehydrogenase activity (indicated above with the left-handed arrow) requires the 
reduction of NAD+ and results in glucocorticoid inactivation, as cortisol is converted into 
cortisone. The directionality of HSD11β1/Hsd11b1 is dependent on the cellular context. Numbers 
denote carbon position. Carbon 11 is indicated with an asterisk. 
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