
GLUCORTICOID RECEPTOR FUNCTION AND ITS ROLE IN 

TAMOXIFEN RESISTANCE 

 

 

 

by 

 

ERIN LILLIAN SELLARS 

 

 

 

 

 

A thesis submitted to the graduate program in Biochemistry 

In the Department of Biomedical and Molecular Sciences 

In conformity with the requirements for 

the degree of Master of Science 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(September, 2015) 

 

Copyright ©Erin Lillian Sellars, 2015 



ii 

 

Abstract 

The function of the glucocorticoid receptor (GR) is crucial for the development and proliferation 

of normal human breast cells. The primary activity of GR is in its binding to glucocorticoids and the 

subsequent activation of its transcriptional target genes. However, GR is also able to transcriptionally 

regulate target genes in the absence of ligand in EPH4 mouse mammary cells, which is termed the 

unliganded activity of GR. Unliganded GR stimulates the activity of the BRCA1 and CH25H promoters 

and is important in modulating apoptosis and cell growth. The activity of unliganded GR in normal 

human breast cell lines was investigated in this study in order to validate its regulatory role. Unliganded 

GR did not upregulate BRCA1 or CH25H expression in the human breast cell lines MCF-10A and 184-

hTERT. As well, no novel target genes of unliganded GR were identified in normal human breast cells, 

however both PRLR and CDKN1A were found to be negatively regulated by liganded and possibly 

unliganded GR respectively.  

The second portion of this study focused on the exploration of the role of GR in modulating 

tamoxifen response in ER+ breast cancer. GR was overexpressed in response to tamoxifen in ER+ breast 

cancer cells in the ER+ cell lines MCF-7 and T47D. As well, GSTM1 expression was increased by 

tamoxifen in a GR-dependent manner which suggests that downstream GR signaling is also increased in 

response to tamoxifen. This is crucial as it suggests that the increase in GR leads to increased GR activity 

and signaling. The ERα pioneer factor, FOXA1 was overexpressed by tamoxifen as well and may be 

responsible for activating GR overexpression. Finally, loss of GR may initiate a survival signal in ER+ 

cells as tamoxifen also increased the expression of cancer stem-like marker genes, EpCAM and 

ALDH1A3. EpCAM expression was found to be upregulated by tamoxifen and loss of GR expression and 

ALDH1A3 expression was increased 5-fold by tamoxifen alone. This upregulation of cancer stem-like 

markers suggests that tamoxifen resistance could occur through the formation of a stem-like 

chemotherapeutic resistant cell population.  
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Introduction 

1.1 Breast cancer 

Breast cancer is one of the most devastating diseases affecting women today and its reach 

is great. Outside of skin malignancies, breast cancer is the most commonly diagnosed cancer in 

women in Canada1. Approximately 1 in 9 women in Canada will be diagnosed with breast cancer 

in her lifetime which in 2014, accounted for 24,400 new cases1. Breast cancer survival rates are 

quite high with a 5-year relative survival rate of 80-90%2 however due to the extremely high 

prevalence, breast cancer stills accounts for approximately 5,000 deaths in Canada annually.  

Breast cancer can develop due to a number of different factors, both hereditary and 

environmental. Hereditary breast cancers account for 5-10% of all cases3 and are primarily a 

result of mutations in the breast cancer susceptibility genes, BRCA1 and BRCA24. BRCA1 

mutations increase lifetime risk to 55-65% and BRCA2 mutations can increase it to 45%. 

Sporadic breast cancer accounts for 90% of all cases and the risk of development is modified by a 

variety of factors. Biological factors such as age, early menarche, late menopause, and age of first 

pregnancy or nulliparity have been linked to increased breast cancer risk5. Other lifestyle factors 

such as hormone replacement therapy, oral contraceptive use, alcohol use and obesity as well as 

psychological stress6,7 have also been linked to higher risk1. Clearly breast cancer is a complex 

disease and it is critical to understand normal breast development and how normal processes 

become dysregulated during cancer formation.  

1.2 Glucocorticoid receptor 

Normal breast development is mediated by both intracellular and extracellular signals to 

stimulate growth and development. Of particularly importance in the breast is the steroid 

hormone cortisol which is a part of the glucocorticoid (GC) family of hormones. Cortisol is quite 
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versatile as it is responsible for both mediating the stress response and development in various 

tissues8. In human tissue, cortisol can bind two receptors, the mineralocorticoid receptor (MR) or 

the glucocorticoid receptor (GR)9. Both proteins are important in regulating cortisol activity 

however GR seems to be more important in responding to high levels of GCs found under stress 

conditions. GR only binds cortisol with a relatively low affinity (Kd  = 10-20nM) whereas MR 

can bind cortisol, corticosterone and aldosterone with equally high affinities (Kd = 0.5-2nM)10,11. 

MR activity is primarily focused on the regulation of sodium-potassium flux through modulation 

of the serum-and-glucocorticoid-regulated kinase (SGK-1) to maintain high blood pressure during 

stressful events12. In contrast, GR is primarily responsible for transcriptionally regulating 

expression of genes related to inflammation and immune response13. In the breast, GR regulates 

cellular proliferation and apoptosis and plays a role in breast differentiation and development14,15.  

GR functions primarily as a transcription factor (TF) and it can regulate gene expression 

in a number of ways. Prior to cortisol binding, GR resides in the cytoplasm where it is bound by 

heat-shock proteins HSP90/HSP70 and maintained in an inactive but primed state16. When 

cortisol enters the cell, it binds GR which induces a conformational change in GR and release of 

GR from the chaperone complex17. Multiple factors including HSP90 and HSP56 then function in 

conjunction with the cytoskeleton to translocate GR to the nucleus18,19 where it homodimerizes in 

preparation for DNA-binding20. GR can act as a transactivating or transrepressive factor through 

direct DNA binding or through binding partners (Figure 1.1). GR can bind directly to a consensus 

sequence termed the glucocorticoid response element (GRE) to turn on expression of target 

genes21,22 or it can bind in conjunction with TFs to activate genes that lack a GRE in their 

promoters23,24. GR can also bind to negative glucocorticoid response elements (nGREs)25 to 

repress gene expression, primarily by occluding binding of other TFs such as pro-inflammatory 

molecules, or by protein-protein interactions with factors such as nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) and activator protein 1 (AP-1)25–27.  
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Figure 1.1 Schematic representation of the function of the glucocorticoid receptor 

GR can function as a transactivating or transrepressive transcription factor. In the presence of 

glucocorticoids (GC), GR dimerizes and translocates to the nucleus where it can either bind directly to 

DNA elements or bind in conjunction with other factors to modulate expression. GR can bind directly to 

glucocorticoid response elements (GREs) or bind to non-GRE or composite GRE regions to activate 

expression of its target genes. GR can also bind directly to negative glucocorticoid response elements 

(nGREs) or bind with other factors at non-nGRE regions to occlude transcription factor binding and 

decrease expression of its targets. Adapted from Ritter, H. D. The unliganded glucocorticoid receptor as a 

transcriptional regulator. (2012)28. 

 

  

GC GC GC GC 

GC GC GC GC 
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1.3 GR function and breast development 

GR signaling is important in both early development and cell growth during pregnancy 

but both stages seem to depend on different GR functions. The majority of GR-/- knockout (KO) 

mice do not survive to maturity due to respiratory deficiency29 but in the breast, primordial 

mammary cells from GR KO virgin mice show altered morphogenesis, specifically distended 

lumena, increased layering of luminal epithelial cells and altered periductal stroma30. The DNA-

binding activity of GR seems to be particularly important in early breast development as a DNA-

binding defective GR construct resulted in aberrant ductal development of virgin female mice31. 

GR is also critical in the regulation of breast development throughout pregnancy. During 

pregnancy, the breast undergoes multiple stages of proliferation, development and apoptosis and 

these stages are controlled by a multiple lactogenic proteins, one of which is cortisol (Figure 1.2). 

In early pregnancy, cortisol level rise dramatically which causes a burst of proliferation in breast 

cells32. This allows for the development of lobuloalveolar structures in preparation for lactation 

and the expression of milk proteins WAP-1 and β-casein. This proliferation is clearly dependent 

on GR, particularly GR DNA-binding ability as loss of GR expression or impairment of the 

DNA-binding domain causes improper ductal proliferation31,33. Milk protein expression has been 

linked to GR function as GR binding sites have been found in the promoters of milk protein 

genes31,34. Following weaning, cortisol levels drop dramatically which causes widespread 

apoptosis that prunes the mammary tree in a process of programmed cell death called 

involution35. Cortisol supplementation inhibits involution in both rat36 and mouse37 lactating 

mammary glands which points to an anti-apoptotic function for liganded GR. Clearly, GR 

function is crucial throughout normal breast development both during puberty and pregnancy. 

1.4 GR and breast cancer 

GR is not only important in normal breast development and function, but it has been 

implicated in various aspects of cancer development. GR has been implicated in small cell lung  
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Figure 1.2 Cortisol and GR in breast development 

Cortisol is a critical factor in regulating breast development through puberty and pregnancy. A) and B) 

Cortisol levels are low during pre-pubertal and pubertal development. C) During early pregnancy, cortisol 

levels rise dramatically which leads to an upregulation of proliferation of the mammary epithelium and the 

formation of lobuloalveolar structures. D) Cortisol then stimulates these structures to secrete milk proteins, 

β-casein and WAP-1 for lactation. E) Following weaning, cortisol levels drop once more which causes 

widespread apoptosis in the epithelium which reverts the mammary tree to its pre-pregnancy state. This 

process is termed post-lactational regression or involution. Adapted from Ritter, H. D. The unliganded 

glucocorticoid receptor as a transcriptional regulator (2012)28. 
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cancer38, osteosarcoma39, androgen-independent prostate cancer40, and mutations that remove the 

ability of GR to transactivate expression from a GRE and the pro-apoptotic function of GR41 have 

been identified in leukemia cells42. In osteosarcoma, small cell lung cancer and certain leukemias, 

GCs are used to induce apoptosis and kill the tumour43 and thus loss of pro-apoptotic GR activity 

may be advantageous for the tumour to escape GC-mediated cell death. Most importantly 

however, GR expression and function has been connected to breast cancer development44. 

Particularly, it has been found that GR expression is decreased in a majority of breast cancers45,46. 

Nesset et al. found that in a cohort of breast cancer samples, in comparison to their matched 

normal samples, expression of GR was down-regulated in breast tumours. In a cohort of 59 

samples obtained from the Ontario Tumour Bank, 8 samples (13%) were found to be methylated 

at the proximal GR promoter at a region which was correlated to decreased GR expression45. 

There is also a clinical correlation between GR expression and tumour progression, as it was 

found that in primary invasive breast carcinomas, high GR expression was associated with 

features of good clinical prognosis such as lower grade and smaller tumour size47. Clearly, GR 

expression is an important factor in tumour formation and GR down-regulation is advantageous 

for breast carcinomas.  

In the breast, GR as bound to its ligand has a primarily anti-apoptotic effect and 

activation of liganded GR activity can lead to chemotherapeutic resistance. It has been identified 

that GR activity is associated with an anti-apoptotic expression profile in solid tumours as GR is 

associated with increased expression of SGK-1 and the mitogen-activated protein kinase 

phosphatase-1 (MKP-1)48,49 in breast cells15. As well, treatment with GCs has been shown to lead 

to increased resistance to a number of different chemotherapeutic agents, including cisplatin, 5-

fluorouracil, and paclitaxel49–51. Therefore, it appears that liganded GR signaling is beneficial to 

tumour survival and escape from apoptosis and it is unclear why down-regulation of GR 
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expression would be such a common event in breast carcinomas. This suggests that GR has an 

alternate activity that is disadvantageous to tumour development and survival.  

1.5 Unliganded GR 

GR activity is largely discussed in relation to binding to its ligand and it is thought to be 

inactive when not bound to cortisol. However, research has determined that GR may have a 

specific function in the absence of ligand, termed the unliganded (UL) activity of GR. Other 

steroid hormone receptors including the estrogen receptor (ER) have been shown to have ligand-

independent functions52,53. GR itself can also become active when not bound to its ligand under 

certain stimuli54,55. GR can also be translocated to the nucleus in response to heat shock56 and 

there is evidence to suggest that GR moves to the nucleus throughout tumourigenesis57. Work in 

the Mueller lab has identified that UL GR is able to positively regulate the activity of the BRCA1 

promoter in the absence of hydrocortisone (HC), a synthetic form of cortisol58,59. It was first 

identified that HC decreases the activity of the BRCA1 promoter in normal mouse mammary 

EPH4 cells59 and particularly that binding of GA-binding proteins alpha and beta (GABPα/β) to 

the RIBS and UP promoter regulatory elements is lost upon HC treatment. GABP is an ets 

transcription factor that largely functions as a gene co-regulator60. GR is able to interact with the 

β-subunit of GABP at the RIBS element in the absence of HC and together this complex 

increases BRCA1 promoter activity58. Activity at the BRCA1 promoter is clearly due to the UL 

activity of GR as transfection of a mutant form of GR lacking the ligand-binding domain (LBD) 

is able to up-regulate BRCA1 promoter activity and GR knockdown (KD) by a short hairpin 

RNA erases BRCA1 promoter activity58. Microarray analysis in EPH4 cells was completed to 

identify novel targets associated with UL GR activity. UL GR regulates a large variety of genes 

including genes related to immune response as well as some caspases, cyclin D2 (CCND2), 

BRCA1, cholesterol 25-hydroxylase (CH25H) as well as hydroxysteroid (11-beta) dehydrogenase 

1 (HSD11B1) which reduces inactive cortisone to cortisol and results in the regulation of 
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liganded GR activity. This gene subset seems to be connected to pro-apoptotic and anti-

proliferative effects61 (Figure 1.3).  

1.6 ER and the breast 

GR expression alone can be used as a biomarker in breast carcinomas however there 

seems to be some interplay between GR expression and response to anti-estrogens, particularly 

tamoxifen (TAM) in ER-positive (ER+) breast cancer. Breast cancers can be subdivided based on 

the expression patterns of various hormone receptors and these hormone receptor expression 

patterns determines treatment options62. There are three main receptors in breast cancer: estrogen 

receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 

(HER2)63. ER and PR expression patterns are often linked and cancers can be determined as 

ER+/PR+ through immunohistochemistry64. Approximately 70-75% of all breast cancers are 

ER+/PR+65 and they are the most indolent and survivable breast cancer subtype. In 1134 invasive 

breast cancer patients, at 7-years after diagnosis, the overall survival (OS) of ER+/PR+ tumours 

was 90.1% and the disease free survival (DFS) was 86.4% in comparison to ER-/PR- tumours 

that had 79.0% OS and 70.8% DFS66. ER+ tumours are treated with endocrine therapies, 

particularly aromatase inhibitors 67 and anti-estrogens68. The most successful and commonly used 

anti-estrogen is tamoxifen (TAM), a selective estrogen-receptor modulator (SERM)69,70.  

The second subtype of breast cancer is HER2+ breast cancer, a subtype that is 

characterized by an overexpression of the HER2 tyrosine kinase receptor and accounts for 

approximately 20-30% of breast carcinomas71. HER2+ cancers are aggressive and often result in 

recurrence following resection and treatment as the 7-year DFS of HER2+ tumours was 75.9% in 

comparison to 84.7% in HER2- carcinomas66. However these cancers also have specific targeted 

treatment options, specifically Herceptin (trastuzumab), a humanized mouse monoclonal antibody 

targeted to the HER2 receptor that has been found to significantly slow disease progression and 

was associated with better OS in combination with chemotherapeutic drugs72,73. Finally, breast  
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Figure 1.3 The liganded vs. unliganded function of GR 

Targets of liganded and unliganded GR seem to have opposing functions in the breast as liganded GR 

activity seems to tend towards lactation, differentiation, and proliferation and unliganded GR activity 

appears to be primarily pro-apoptotic. Blue bubbles represent known targets of liganded GR whereas purple 

targets are targets of unliganded GR discovered in through microarray with bolded targets representing 

targets investigated with alternate methods. Adapted from Ritter, H. D. & Mueller, C. R. BMC Cancer 14, 

275 (2014)61. 
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cancers with no expression of any of these receptors represents the third molecular subtypes of 

breast cancers. These cancers are termed triple negative breast cancer (TNBC) as they are ER-

/PR-, HER2-66. These tumours account for 10-15% of all breast cancers and these cancers are 

particularly challenging to treat as there is no specific target for treatment74. TNBC has the worst 

OS and DFS of all breast tumour types66.  

Although TNBC and HER2+ breast cancers are largely more aggressive and more 

difficult to treat, the study of ER+ tumours is important due to the extremely prevalent nature of 

their diagnosis. ER+ tumours primarily overexpress one form of ER, ER alpha (ERα), which is 

encoded by the ESR1 gene75. ER beta (ERβ) is an alternate form of ER but its role in breast 

cancer is still unexplained76. ER functions primarily as a dimer to transactivate gene expression; 

in the absence of ligand, ER subunits reside inactive in both the cytosol and the nucleus77,78. 17β-

estradiol (E2) binds to ER and it is crucial in controlling the proliferation and development of 

mammary tissue79,80. Upon E2 binding, ER undergoes a conformational change which is critical 

for its transcriptional activity81, and dimerizes, either as a homodimer or a heterodimer of the 

alpha and beta subunits82,83, which allows for binding to its recognition sequence, the estrogen 

receptor element (ERE). E2 is growth stimulatory in mammary glands, so overexpression of ERα 

allows for increased proliferative response to E2 and decreased apoptosis84. Due to the E2 growth 

dependency of ER+ tumours, targeting ERα is a critical treatment for ER+ tumours.  

1.7 Tamoxifen in breast cancer treatment 

The most common and one of the most effective treatments for ER+ breast cancers is 

endocrine therapy which directly targets and inhibits ER activity and signaling. There are two 

major subcategories of endocrine therapies: anti-estrogens and aromatase inhibitors. Aromatase 

inhibitors are often used to treat post-menopausal women; aromatase is the enzyme that converts 

testosterone to E2 or androstenedione to oestrone which is then converted to E267,85. Inhibition of 

aromatase prevents the formation of E2 and therefore decreases ER signaling. The second form of 
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endocrine therapy are anti-estrogens, molecules that mimic E2 and bind ER but do not allow 

activation of ER-responsive genes, the most common of which is TAM.   

TAM is classified as a SERM, as in endometrial tissue, it can act as a partial agonist for 

ER-responsive genes but in the breast it functions primarily as an antagonist70.  The effect of 

TAM on ER+ tumours is quite significant; it has been shown in multiple clinical trials that TAM 

treatment for multiple years following surgical intervention greatly reduced recurrence and 

increased DFS86–88. There is some OS advantage of TAM following 5-10 years treatment88 but the 

primary activity of TAM seems to be in the prevention of recurrence. The primary mechanism of 

TAM is cytostatic; TAM slows the growth of ER+ breast cancer and breast cancer cell lines but it 

does not induce tumour regression89–91. TAM stalls cell cycle progression by slowing the 

transition between the G0 and G1 phases of growth as well as extending the time for cells to exit 

G1 phase and enter S phase92,93. TAM is a significant step forward in the fine-tuning of breast 

cancer treatment but it is not without its drawbacks as well. A significant negative side effect of 

TAM is that long-term TAM treatment increases risk of developing uterine cancer approximately 

2-4 fold 88,94. As well, TAM treatment can induce the formation of steatohepatitis95 and increase 

the occurrence of venous thromboembolic events96 in breast cancer patients.  

It is also important to note that not all ER+ breast cancers respond to TAM and tumours 

can be become resistant to TAM. The primary method by which tumours become resistant to 

TAM is through loss of ERα expression either through down-regulation of total ERα 

expression89,97,98, mutation of ERα gene99 or methylation of the ERα promoter100. ERα expression 

can also be decreased by overexpression of microRNAs, particularly miRNA-221/222 in TAM 

resistant breast cancer101,102. There also may be some relation between increased ERβ expression 

and resistance to TAM103.  Finally, ERα interacts with a wide variety of co-activators and co-

repressor molecules and modulation of these factors can also induce resistance. The ER co-

activator protein “amplified in breast cancer-3” (AIB3), is often overexpressed in TAM-resistant 
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ER+ tumours104 whereas decreased expression of “nuclear receptor co-repressor” (N-CoR) is 

indicative of TAM resistance105. Clearly many factors are involved in the development of 

resistance and it is crucial to develop novel prognostic markers for TAM resistance.  

1.8 GR and Tamoxifen response 

The role of GR in the response to TAM in ER+ breast cancers is of particular interest for 

this study as there seems to be some interplay between GR expression and ER signaling. Pan et 

al. explored the role of GR expression in 1,378 early stage breast cancers, a subset that comprised 

both ER- and ER+ patients as previous research had identified a link between GR signaling and 

expression of anti-apoptotic proteins in ER- breast cancer cells106. Data was collated from 8 

Affymetrix microarray studies and tumours were subdivided into ER+ and ER- and GR high 

expressing and low expressing tumours. It was found that the relapse-free survival (RFS) of ER+ 

tumours was dependent on GR expression. GR high, ER+ tumours had better RFS over the course 

of 10-15 years in comparison to GR low, ER+ tumours. This difference was even more 

significant when patients treated with TAM were examined. GR high, ER+ tumours treated with 

TAM had approximately 70% 15-year RFS whereas GR low, ER+ tumours had a 15-year RFS of 

40%.  Further research showed that this difference in GR expression was not just a marker for 

TAM resistance but a driver for growth107. In the ER+ breast cancer cell line MCF-7, GR KD 

through the use of a doxycycline (DOX) induced shRNA targeted towards GR mRNA alleviated 

the effect of TAM on growth (Figure 1.4, green arrow)107. GR KD in the absence of TAM had no 

effect on growth suggesting that specifically GR expression is crucial in responding specifically 

to TAM. As well, a synergistic growth effect was seen in MCF-7 cells with overexpression of GR 

and TAM treatment; GR overexpression was induced by DOX treatment in the MCF-7 pTET-ON 

GR-21 cell line that overexpresses full length GR mRNA and increased GR expression decreased 

cell growth in conjunction with TAM107. Clearly there is a distinct relationship between GR 

expression and response to TAM in ER+ breast cancer cells that bears further investigation.   
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1.9 Rationale 

The first portion of the research done in this project was to explore the role of UL GR in 

a human model system of normal mammary development as previous studies had focused on the 

exploration of the system in a mouse mammary line, EPH4. As well, the aim was to validate 

novel UL GR targets from the EPH4 microarray to build a network of UL GR signaling. The 

second focus of this project was to explore the role of GR in TAM resistance in ER+ breast 

cancer cells and how loss of GR expression contributes to TAM insensitivity. 

The role of UL GR has been primarily explored and validated in the normal mouse 

mammary epithelial cell line, EPH4. UL GR occupation of the BRCA1 promoter has been 

identified in the presence of GABP and the absence of HC. As well BRCA1 promoter activity is 

decreased by the presence of the GR antagonist mifepristone (RU-486)58. In the normal human 

breast cell line 184-hTERT, transfection of WT GR or a form of GR lacking the LBD, GRL501P, 

was able to increase the activity of the BRCA1 promoter so there is some evidence to suggest that 

UL GR functions much the same in human breast cells as in the mouse mammary gland58. Further 

exploration must be performed to identify a functional role of UL GR in the human mammary 

gland in proliferation and apoptosis as well as to validate the expression of UL GR target genes. 

Targets of UL GR were identified by microarray analysis performed in EPH4 mouse 

mammary cells, stably expressing either an HI-2 empty vector (EV-50) or an HI-2 vector 

containing an shGR (shGR-19) which knocks down GR expression. From this microarray, 

GeneSpring differential analysis as well GOEAST and Ingenuity Pathway Analysis was 

performed to identify candidate genes including HSD11B1, CH25H, CAS1, OAS2 and SLC5A9. 

These targets were validated by qRT-PCR in EPH4 EV-50 and shGR-19 cells and their 

expression correlated with GR KD and HC treatment61. However, the identification of targets 

through microarray analysis was performed solely in EPH4 cells and thus target validation must 

be completed in human cell lines in order to clarify how UL GR functions in the human breast. 
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As well, since only a small subset of targets were investigated from the microarray, in order to 

develop a complete picture of additional targets of UL GR signaling must be explored.  

Not only is GR crucial normal breast development but changes in GR expression are a 

common event in cancer development. Of particular interest in the breast is the possible role of 

GR plays in responding cytostatic agents and in the acquisition of resistance to endocrine 

therapies in ER+ breast cancer. Previous studies completed by Amelia Perri showed that GR KD 

using the TRIPZ-shGR MOI 1 DOX-inducible system in ER+ MCF-7 breast cancer cells 

alleviated the growth inhibition of TAM. GR KD in conjunction with TAM in MCF-7 TRIPZ-

shGR MOI 1 cells alleviated TAM-induced repression of growth. Ami Perri validated GR KD in 

response to DOX in MCF-7 TRIPZ-shGR cells at both the mRNA and the protein level and 

therefore MCF-7 cells can function as a suitable model system for low GR expressing tumours107. 

Further research is required to explore how GR itself is modulated by TAM treatment and 

whether other GR target genes are affected by loss of GR expression and TAM treatment.  

Based on this rationale, the hypothesis explored throughout this research is that GR has 

function in normal human breast when unbound by cortisol similar to its function in mouse 

mammary gland and also that in ER+ breast cancers, UL GR is crucial in responding to TAM 

treatment and loss of UL GR activity and downstream GR signaling can lead to TAM-resistant 

growth.  
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Figure 1.4 GR expression and response to TAM 

Knocking down GR expression by DOX induction of an shRNA targeted towards GR relieves 

cytostatic effect of TAM in ER+ MCF-7 breast cancer cells. MCF-7 A) WT and B) TRIPZ-

Control cells treated with TAM showed decreased growth and there was no effect of DOX on 

growth either alone or in conjunction with TAM. In MCF-7 TRIPZ- C) shGR MOI 1 and D) 

shGR MOI 2 cells, GR KD by DOX alleviated TAM-induced growth repression as indicated by 

the green arrows. Adapted from Perri, A. M. Glucocorticoid receptor (NR3C1) promoter 

methylation as a circulating breast cancer biomarker and its role in tamoxifen sensitivity. 

(2014)107. 
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Experimental Methods 

2.1 Cell Culture and Treatments  

The human breast cell line MCF-10A was obtained from American Type Culture 

Collection (ATCC, Manassas, VA, USA). MCF-10A TRIPZ-shRNAmir cell lines were created 

by Rachael Klinoski. MCF-10A cells were cultured in resuspension media of Dulbecco’s 

Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12, Life Technologies, Burlington, 

ON, Canada) containing horse serum (20%, Life Technologies), and 100 units/mL penicillin, and 

100μg/mL streptomycin (Sigma Aldrich, Oakville, ON, Canada) and growth media of 

DMEM/F12 with L-glutamine (Life Technologies) containing 100 units/mL penicillin, and 

100μg/mL streptomycin (Sigma Aldrich), horse serum (Life Technologies, 5%), epidermal 

growth factor (EGF, 20ng/μL, Life Technologies), hydrocortisone (0.5μg/mL, Sigma Aldrich), 

cholera toxin (100ng/mL, Sigma Aldrich), insulin (10μg/mL, Sigma Aldrich). Horse serum was 

stripped using dextran-coated charcoal (Sigma Aldrich) for use in -HC experiments. MCF-10A 

TRIPZ-shRNAmir cells were maintained in 0.5μg/mL puromycin as a selection mechanism.  

The telomerase reverse transcriptase immortalized mammary epithelial non-tumourigenic 

human breast cell line 184-hTERT was a gift from Dr. Calvin Roskelley (University of British 

Columbia, Vancouver, Canada). 184-hTERT TRIPZ-shRNAmir cell lines were created by 

Rachael Klinoski. 184-hTERT cells were cultured in resuspension media of DMEM (Sigma 

Aldrich), fetal bovine serum (FBS; HyClone, Logan, UT, USA), and 100 units/mL penicillin, and 

100μg/mL streptomycin (Sigma Aldrich) and growth media of Clonetics® Mammary Epithelial 

Base Medium (MEBM) containing Clonetics® SingleQuot (Lonza, Basel, Switzerland), G418 

(400μg/mL, BioShop, Burlington, ON, Canada), 1μg/mL transferrin (BD Biosciences, 

Mississauga, ON, Canada) and 1.25μg/mL isoproteranol (Sigma Aldrich). Media was prepared 



 

17 

 

without HC or bovine pituitary extract (BPE) for -HC experiments. 184-hTERT TRIPZ-

shRNAmir cells were maintained in 0.5μg/mL puromycin as a selection mechanism. 

The tumourigenic, human mammary epithelial adenocarcinoma cell line MCF-7 as well 

as the cancerous T47D, MDA-MB-231 and SK-BR3 cell lines were obtained from ATCC 

(Manassas, VA, USA). MCF-7 pTOA GR-21 cells were prepared by Valerie Kelly-Turner and 

Rachael Klinoski. MCF-7 pTOA GR-65 cells created by Dr. Heather Ritter MCF-7 TRIPZ-

shRNAmir were created by Amelia Perri. MCF-7, T47D and MDA-MB-231 cells were cultured 

in growth media of RPM1-1640 (Sigma Aldrich) containing FBS (10%, HyClone), and 100 

units/mL penicillin, and 100μg/mL streptomycin (Sigma Aldrich). SK-BR3 cells were maintained 

in Dulbecco’s Modified Eagle Medium (DMEM, Sigma Aldrich), FBS (10%) HyClone, Logan, 

UT, USA), and 100 units/mL penicillin, and 100μg/mL streptomycin (Sigma Aldrich). MCF-7 

TRIPZ-shRNAmir cells were maintained in 0.125μg/mL puromycin as a selection mechanism.  

All cells were maintained at 37oC in an atmosphere of 5% CO2. Cell treatments include 

0.4μM 4-hydroxytamoxifen (TAM, Sigma Aldrich), 1nM β-estradiol (E2, Sigma Aldrich), and 

0.5mg/mL hydrocortisone (HC, Sigma Aldrich) for MCF-10A cells or 1mg/mL for MCF-7, 

T47D, MDA-MB-231, and SK-BR3 cells, and 1μg/mL doxycycline (DOX) for MCF-10A and 

184-hTERT cells and 0.5μg/mL for MCF-7 cells.  

2.2 Proliferation Assay 

MCF-10A wild-type (WT) and TRIPZ-shRNAmir cells were plated at 5.0 X 104 cells/mL 

in 6-well tissue culture plates in normal MCF-10A growth media. 24 hours post-plating (termed 

day 0, D0), normal growth media was removed and replaced with HC-free MCF-10A media and 

puromycin and DOX treatments were applied. HC was applied 48 hours post-plating (D1) and 

DOX was re-applied; these treatments were then re-applied every 48 hours following. Cells were 

washed with 1 X PBS, trypsinized and counted with a haemocytometer at 24, 48, and 72 hours 

(termed 24, 48, 72 hour timepoints). Two counts were taken for each condition. Data points 
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represent the average of multiple experiments and standard deviation (SD) was calculated for 

each condition. Doubling time was calculated using the following formula where cell number TF 

is the cell count at the final count and cell number T0 is the cell count at the initial plating: 

Doubling time (DT) = (incubation time)
ln(2)

ln(𝑐𝑒𝑙𝑙 # 𝑇𝐹 𝑐𝑒𝑙𝑙⁄ # 𝑇0)
 

MCF-7 pTOA GR-21 and GR-65 cells were plated at 1.0 X 105 cells/mL in normal MCF-

7 growth media. 24 hours post-plating (termed day 0, D0), treatments were applied and then re-

applied every 48 hours afterwards. Cells were trypsinized and counted with a haemocytometer at 

72 and 96 hours (termed 72 and 96 hour timepoints) post-plating. Two counts were taken for each 

condition and standard error (SEM) was calculated between duplicates. Data points represent the 

average of the two counts. DT was calculated using the above formula.  

2.3 Quantitative Reverse Transcriptase PCR (qRT-PCR) Analysis 

Cells were cultured in 6-well cell culture plates prior to RNA harvesting. MCF-10A and 

184-hTERT cells were plated at 5.0 X 104 cells/mL and MCF-7, T47D, SKBR-3, and MBA-MD-

231 cells were plated at 1.0 X 105 cells/mL. Cells were washed twice with cold 1 X PBS and 

RNA was harvested according to manufacturer instructions using the GenElute Mammalian Total 

RNA Miniprep Kit (Sigma Aldrich). Concentration and purity was assessed using the Ultrospec 

2100 pro, UV/Visible Spectrophotometer owned by Dr. Petkovich. RNA was converted to cDNA 

and amplified using the SuperScript®III One-Step RT-PCR System (Life Technologies, 

Carlsbad, CA, USA) and the following Taqman Gene Expression Assay probe and primer sets 

(Life Technologies: NR3C1 (Hs00353740), CCND2 (Hs00153380), CASP4 (Hs01031951), 

BCL2L11 (Hs00708019), RASSF4 (Hs00604698), XAF1 (Hs01550142), CDKN1A (Hs00355782), 

PRLR (Hs0106477), BRCA1 (Hs01556193), CH25H (Hs04187516), ESR1 (Hs00174860), 

GSTM1 (Hs02341468), TFF1 (Hs00907239), PGR (Hs01556702), NQO1 (Hs01045995), GABPα 

(Hs01022016), GAPBβ1 (Hs01065386), EPCAM (Hs542050), ALDH1A3 (Hs00167476), FOXA2 
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(Hs00232764), GATA3 (Hs00231122), CDKN1B (Hs01597588), and FOXA1 (Hs04187555) and 

hypoxanthine-guanine phosphoribosyltransferase (HPRT1; Hs99999909) as an internal control 

(Table 2.1). The qRT-PCR reaction included 25ng of sample RNA, 0.4μL of SuperScript®III 

RT/Platinum® Taq Mix, 1X Reaction mix, and 1X Taqman Gene Expression Assay. The reaction 

mixture was run in an Eppendorf Masterplex®ep realplex or the Applied Biosystems ViiA7 

Mastercycler at 50oC for 15min, 95oC for 2min followed by 40 cycles of denaturing at 95oC for 

15sec and annealing for 60oC for 30sec. Expression levels were quantified using the comparative 

Ct (∆∆Ct) method outline by PE Applied Biosystems (Perkin Elmer, Forster City, CA, USA).  

2.4 WCL Harvest and Western Blot Analysis 

Cells were cultured in 6-well cell culture plates prior to whole cell lysate harvesting. 

Cells were washed twice with cold 1 X PBS. MCF-10A and 184-hTERT cells were plated at 5.0 

X 104 cells/mL and MCF-7, T47D, SKBR-3, and MBA-MD-231 cells were plated at 1.0 X 105 

cells/mL. Cell were then lysed using 1 X sodium dodecyl sulfate (SDS) loading buffer containing 

1% Trasylol, 1μg/mL each of leupeptin and pepestatin, 0.1mM phenylmethylsulfonyl fluoride, 

1mM sodium fluoride (NaF), 0.5mM sodium orthovanadate (Na3VO4), and 20mM of β-

glycerophosphate and the lysates scraped and collected. Proteins were resolved on a 10% SDS-

polyacrylamide gel and then transferred to a polyinylidene fluoride membrane (Millipore, 

Billerica, MA, USA). Membranes were blocked using a solution of 1% skim milk and 1% bovine 

serum albumin (Thermo Fisher Scientific) in 1 X PBS and probed with antibodies. 

Chemiluminescent reagent (Thermo Fisher Scientific) was used to visualize antibody binding.  

The following primary antibodies were used: anti-GR (p20 sc-1002, 1:500, Santa Cruz 

Biotechnology), anti-poly (adenosine diphosphate ribose) polymerase (PARP; 9632S, 1:1000, 

Cell Signaling Technology, Beverly, MA, USA), anti-capase3 (9662, 1:1000, Cell Signaling 

Technology), anti-ALDH1a3 (sc-26713, 1:500, Santa Cruz Biotechnology), anti-epithelial cell 

adhesion molecule (EpCAM; ab32392, 1:1000, Abcam, Cambridge, MA, USA), and anti-TATA 
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binding protein as a loading control (TBP; ab818, 1:2000, Abcam). The following secondary 

antibodies were used: goat anti-mouse (115-035-062, 1:10000, Jackson ImmunoResearch, West 

Grove, PA, USA) to detect TBP, goat anti-rabbit (sc-2004, 1:10000, Santa Cruz Biotechnology) 

to detect GR, PARP, caspase-3, and EpCAM, and donkey anti-goat IgG-HRP (sc-2020, 1:10000, 

Santa Cruz Biotechnology) to detect ALDH1A3.  

2.5 Flow Cytometry  

MCF-7 cells were washed with 1 X PBS and trypsinized. Cells were resuspended in 

normal MCF-7 growth media and collected. Cells were pelleted at 800rpm for 5min at 4oC and 

then resuspended in 10mL/100mm plate ice-cold PBA (1 X PBS, 5μgmL bovine serum albumin 

(BSA), and 0.1% sodium azide (NaN3)). Cells were re-pelleted and resuspended in 1ml ice-cold 

PBA/100mm plate and counted using the inner chamber of a haemocytometer. Cell 

concentrations upwards of 5.0 X 106  cells/mL were used for analysis. Cells were then aliquoted 

into 12 X 75mm Corning tubes. In darkness, appropriate antibodies were added and cells were 

incubated on ice for 30min. 3ml of ice-cold PBA was added to each tube and cells centrifuged at 

500rpm for 5min at 4oC. Pellet was resuspended in 400μL of ice-cold PBA and cell sorting 

performed by Matt Gordon (Cytometry and Imaging, Queen’s University, Kingston, ON) using a 

Beckman Coulter Epics Altra HSS flow cytometer. Gates were established for EpCAM+/Cd49f+ 

cells based on unstained and single stained samples. The following antibodies were used: 

αEpCAM-FITC, catalogue # 10109 (Stem Cell Technologies, Vancouver, BC, Canada), and 

αCd49f-PE, catalogue # 313611 (BioLegend, San Diego, CA, USA).  

2.6 ALDEFLUOR Assay 

MCF-7 cells were washed with 1 X PBS and trypsinized. Cells were re-suspended in 

normal MCF-7 growth media and collected. Cells were pelleted by centrifugation at 800rpm for 

5min at 4oC and re-suspended in 1 X PBS. Cells were centrifuged again at 800rpm for 5min at 

4oC, re-suspended in room-temperature ALDEFLUOR assay buffer (STEMCELL Technologies   
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Table 2.1 Taqman Gene Expression Probes for qRT-PCR 

Name Exon Boundary Amplicon Size (bp) Dye 

NR3C1 

4-5 73 FAM Hs00353740 

CCND2 

3-4 69 FAM Hs00153380 

CASP4 

8-9 108 FAM Hs01031951 

BCL2L11 

2 92 FAM Hs00708019 

RASSF4 

9-10 66 FAM Hs00604698 

XAF1 

4-5/5-6/6-7 146 FAM Hs01550142 

CDKN1A 

2-3/3-4 66 FAM Hs00355782 

PRLR 

6-7/3-4/5-6/4-5 107 FAM Hs0106477 

BRCA1 

21-22/22-23/23-24 59 FAM Hs01556193 

CH25H 

1 74 FAM Hs04187516 

ESR1 

3-4/4-6/5-6 62 FAM Hs00174860 

GSTM1 

5-6 163 FAM Hs02341468 

TFF1 

2-3 79 FAM Hs00907239 

PGR 

2-3 77 FAM Hs01556702 

NQO1 

4-5/5-6 84 FAM Hs01045995 

GABPα 

2-3 109 FAM Hs01022016 

GABPβ1 

7-8/8-9 105 FAM Hs01065386 

EPCAM 

3-4 95 FAM Hs542050 

ALDH1A3 

2-3 60 FAM Hs00167476 

FOXA2 

1-2/2-3 66 FAM Hs00232764 

GATA3 

2-3 80 FAM Hs00231122 

CDKN1B 

2-3 151 FAM Hs01597588 

FOXA1 

1-2 59 FAM Hs04187555 

HPRT1 

6-7 100 VIC Hs99999909 
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Incorporated, Vancouver, BC, Canada) and counted. Cell concentrations upwards of 1.0 X 106 

cells/mL were used for analysis. Cells were incubated in the presence of either the activated 

ALDEFLUOR reagent BODIPY-aminoacetaldehyde (test samples) or the activated reagent and 

diethylaminobenzaldehyde (DEAB) (control samples) for 60min at 37oC and 5% CO2. Cells were 

centrifuged at 500rpm for 5min at 4oC and re-suspended in ALDEFLUOR assay buffer. Cells 

were sorted by Matt Gordon (Cytometry and Imaging, Queen’s University, Kingston, ON) using 

a Beckman Coulter Epics Altra HSS flow cytometer. Gates for ALDH+ cells were established 

based on flow histogram for control samples and the same gates were applied to the test samples.  

2.7 Statistical Analysis 

Standard deviation between qRT-PCR triplicates was calculated according to the ΔΔCt 

method outlined by PE Applied Biosystems. Statistical significance analysis for qRT-PCR was 

performed using GraphPad Prism 6 software using the two-way analysis of variance using 

Tukey’s multiple comparison test where p-values between 0.05 and 0.01 were considered 

statistically significant (*), p-values between 0.01 and 0.001 were considered very significant 

(**), p-values between 0.001 and 0.0001 were considered extremely significant (***) and p-

values less than 0.0001 were considered extremely significant (****).   
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Results 

3.1 Unliganded GR Activity in Normal Human Breast Cells 

3.1.1 Validation of NR3C1 expression in MCF-10A TRIPZ-shGR cell lines 

Prior to exploration of potential targets of UL GR in a human model system, the MCF-

10A TRIPZ-shRNAmir cell lines had to be validated as a model system. The DOX-inducible 

TRIPZ-shRNAmir MCF-10A cells contain copies of a lentiviral plasmid that expresses an 

shRNA targeted towards the gene of interest; these studies focused on the use of the TRIPZ-shGR 

cell lines that contain an shRNA targeted towards knocking down GR as well as the TRIPZ-

Control cell line that contains a non-silencing shRNAmir. These cells allow for the manipulation 

of endogenous GR in an inducible manner which represents a novel way to explore how GR 

levels modulate expression of liganded and UL GR target genes.  

Expression of NR3C1 mRNA expression was assayed by qRT-PCR and it was found that 

NR3C1 expression was significantly decreased by DOX induction (p<0.05) in MCF-10A TRIPZ-

shGR MOI 1 cells in a dose-dependent manner (Figure 3.1). It was found that NR3C1 expression 

was slightly decreased in response to DOX in TRIPZ-Control cells (Figure 3.1 A) as expression 

was decreased by 30-40% in 72 hour DOX, -HC cells. However in TRIPZ-shGR MOI 1 cells, 

NR3C1 expression was decreased by 70% in 48 hour DOX, -HC cells (p<0.05) and 85% in 72 

hour DOX, -HC cells (p<0.05). Total NR31 expression was decreased by HC (p<0.05) in both 

TRIPZ-Control and TRIPZ-shGR MOI 1 cells by 50%. Again, DOX had little effect on NR3C1 

expression in HC-treated TRIPZ-Control cells, but in TRIPZ-shGR MOI 1 cells, 48 and 72 hours 

DOX treatment reduced NR3C1 expression by 80% (p<0.05).   

This DOX-induced GR KD in TRIPZ-shGR cells was confirmed at the protein level 

through western blot analysis (Figure 3.1 B). GR is clearly able to be knocked down at the  
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Figure 3.1 mRNA and protein expression of GR in response to DOX treatment in MCF-10A 

TRIPZ-Control and TRIPZ-shGR MOI 1 cells. 

MCF-10A TRIPZ-Control and TRIPZ-shGR MOI 1 cells were grown in the presence of DOX for 

either 48 or 72 hours and HC for 24 hours immediately prior to RNA and WCL harvesting. DOX 

was administered to 72 hour DOX wells 72, 48, and 24 hours prior to harvesting and administered 

to 48 hour DOX wells only 48 and 24 hours prior to harvesting. HC was administered to all +HC 

wells 24 hours prior to harvesting and ethanol vehicle was added to –HC wells. A) Expression of 

NR3C1 was assessed by qRT-PCR and fold change in expression was calculated in comparison to 

–HC, UT for each cell line. HPRT1 was used as an internal control for total mRNA levels. P-

values between 0.05 and 0.01 were considered significant (***), p-values between 0.01 and 0.001 

were considered very significant (**), p-values between 0.001 and 0.0001 were considered 

extremely significant (***) and p-values less than 0.0001 were considered extremely significant 

(****). B) Expression of GR protein was assessed by Western blot. TBP was used as an internal 

control for total protein levels.  
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mRNA and the protein level by either 48 or 72 hr DOX treatment in MCF10A TRIPZ-shGR MOI 

1 cells and therefore they will function as a good model system.  

3.1.2 Proliferation is decreased by GR KD but apoptosis is not affected in MCF-10A cells 

Following the validation GR response to DOX in MCF-10A TRIPZ-shRNAmir cells, the 

initial experiment was to identify whether there were any changes in normal cellular proliferation 

in response to the expression of GR. MCF-10A cells were used which are normal human breast 

cells derived from fibrocystic breast tissue from the epithelium of a 36-year old woman108. MCF-

10A cells were plated in normal MCF-10A media containing or lacking HC and grown for 72 

hours in the presence of DOX. MCF-10A TRIPZ-Control cells showed no growth response to 

DOX but TRIPZ-shGR MOI 1 cells showed significantly increased doubling time (DT) (p<0.05) 

in response to GR KD (Figure 3.2). This suggests that GR has a positive effect on growth. HC 

alone did not have any effect on growth but when GR was knocked down, HC was able to 

somewhat alleviate the slowed growth (Figure 3.2). This HC effect could be due to action of the 

mineralocorticoid receptor stimulating cell growth or residual liganded GR is activating 

proliferation in MCF-10A cells. Therefore GR may contribute to normal proliferation in MCF-

10A normal breast cells similar to its effect in the human breast and in EPH4 cells.  

It is unclear whether decreased proliferation or increased cell death is responsible for this 

reduction in growth so further studies were completed to explore this relationship. WCLs were 

probed for expression and cleavage of apoptosis markers, poly (ADP-ribose) polymerase protein 

and the caspase-3 protein. PARP is associated with early-stage apoptosis as it binds to single 

strand DNA breaks and recruits other proteins to the site of damage. If there is an excess in PARP 

accumulation due to wide-spread DNA damage, cellular NAD+ is depleted and ATP levels 

decrease leading to apoptosis109. Caspase-3 is involved in the execution stage of apoptosis as it 

necessary for protein cleavage and DNA destruction near the end of apoptosis110. If GR KD alone 

is able to induce cell death, caspase-3 or PARP cleavage product will be present in harvested 
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protein from cells. WCLs were probed for both proteins however there did not appear to be any 

change in PARP and caspase-3 cleavage in response to DOX or HC in MCF-10A cells. Only full 

length product and no cleavage product was seen (Figure 3.3). Therefore it seems that GR KD 

alone is not able to induce apoptosis and that the effect of GR depletion is on cellular replication. 

3.1.3 Target selection from EPH4 microarray 

As UL GR activity was found to be important in regulating cell growth in MCF-10A 

cells, further exploration was needed to validate previously explored targets and identify novel 

targets of UL GR from the EPH4 microarray. From this microarray, 603 targets were found that 

had at least a 2-fold change in expression between the EV-50 and the shGR-19 cells, which 

resulted in 260 genes upregulated in shGR-19 cells and therefore likely down-regulated by UL 

GR and 343 genes down-regulated in shGR-19 cells and therefore potentially upregulated by UL 

GR. These gene lists were then analyzed using the David Functional Annotation tool online and 

sorted by functional activity. Targets related to apoptosis, cell cycle regulation, cell division, 

proliferation and development were then chosen for further exploration. The numbers following 

each gene name represent the fold change in expression in response to GR KD. The negatively 

regulated genes were sorted into three categories: apoptosis: CASP1 (-2), TGFB1 (-2), THOC (-

2), TRAF1 (-2), XAF1 (-3), CASP4 (-5), CARD11 (-5.5), DNASE2A (-70); mammary gland 

development: PRL2 (-6.7); and cell cycle progression: FANCD2 (-2), CCND2 (-2), RASSF4 (-3), 

SEPT4 (-3). The positively regulated genes were also sorted into three categories as follows: cell 

proliferation: FGFR1 (+2), PRL2C3 (+56, +25); apoptosis: BCL2L11 (+2), and cell division: 

HMGA2 (+4), LATS2 (+2). A short list was then generated by choosing one gene from each 

category to explore how GR may affect different pathways in proliferation, division and 

development. It was confirmed that each of these gene on the short list was expressed in human 

mammary tissue. The short list explored was CASP4 (-5), XAF1 (-3), RASSF4 (-3), CCND2 (-2)  
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Figure 3.2 Doubling time of MCF-10A TRIPZ-Control and TRIPZ-shGR MOI 1 cells 

treated with DOX and HC after 72 hours. 

MCF-10A cells were grown for 72 hours in normal MCF-10A containing or lacking HC in the 

presence or absence of DOX. Cells UT with HC were treated with ethanol vehicle as a control. 

Cell growth was assessed by counting using a Coulter counter and doubling time calculated. P-

values between 0.0001 and 0.001 were considered extremely significant (***) and p-values less 

than 0.0001 were considered extremely significant (****).  

 

 

Figure 3.3 Western blot for PARP and Caspase-3 cleavage in MCF-10A TRIPZ-Control 

and TRIPZ-shGR MOI 1 cells treated with DOX and HC.  

MCF-10A TRIPZ-Control and TRIPZ-shGR MOI 1 cells were grown in the presence of DOX for 

either 48 or 72 hours and HC for 24 hours immediately prior to RNA and WCL harvesting. DOX 

was administered to 72 hour DOX wells 72, 48, and 24 hours prior to harvesting and administered 

to 48 hour DOX wells only 48 and 24 hours prior to harvesting. HC was administered to all +HC 

wells 24 hours prior to harvesting and ethanol vehicle was added to –HC wells. WCLs were 

probed for expression and cleavage of A) the poly (ADP-ribose) polymerase protein and B) the 

caspase-3 protein as both of these are associated with cellular apoptosis.   
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and BCL2L11 (+2) as well as the PRLR gene which serves as a human analogue of the prolactin 

receptor in human cells. CDKN1A was also included based on the presence of cyclin D2 

(CCND2), a cyclin responsible for mediating cyclin-dependent kinases that control cell cycle 

regulation which are in turn inhibited by cyclin- dependent kinase inhibitors such as CDKN1A, as 

well as research conducted by Hoijman et al. which found a differential expression of CDKN1A 

in proliferating or differentiated cells111. 

3.1.4 Expression of additional targets is not responsive to UL GR in MCF-10A cells 

Having confirmed the viability of MCF-10A TRIPZ-Control and TRIPZ-shGR MOI 1 

cells as a model system that recreates the EPH4 system in a human context, targets were assessed 

for expression in MCF-10A RNA. The initial targets investigated were the subset described 

above: CCND2 (cyclin D2), CASP4 (caspase-4, apoptosis-related cysteine peptidase), BCL2L11 

(BCL2-like 11 (apoptosis facilitator)), RASSF4 (Ras associated (RaIGDS/AF-6) domain family 

membrane 4), XAF1 (XIAP associated factor 1), CDKN1A (cyclin-dependent kinase inhibitor 

1A), and PRLR (prolactin receptor). Of these targets there was no difference in expression of any 

of these target genes in response to GR KD or HC treatment (p>0.05) (Figure 3.4).  

CCND2 (Figure 3.4 A) and CASP4 (Figure 3.4 B) expression did not correlate to HC or 

DOX treatment and GR KD had no effect on CCDN2 expression. There was no significant 

change in expression seen in TRIPZ-Control or TRIPZ-shGR MOI 1 cells in response to HC 

treatment or DOX treatment (p>0.05). In TRIPZ-shGR cells 48 and 72 hours DOX decreased 

expression by approximately 10% (Figure 3.4 A) but this change was not significant (p>0.05).  

CASP4 expression also did not change significantly in response to HC or DOX treatment 

in TRIPZ-Control or TRIPZ-shGR cells. +HC, UT TRIPZ-Control cells showed no change in 

expression in comparison to –HC, UT TRIPZ-Control cells but 48 and 72 hours DOX had no 

significant effect on CASP4 expression. TRIPZ-shGR MOI 1 cells showed highly variable 

expression of CASP4. There was no change in expression of CASP4 in TRIPZ-shGR MOI 1 cells 
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between UT and -HC, 48 hours DOX but -HC, 72 hours DOX had 20% decreased CASP4 

expression. The SD was extremely high in TRIPZ-shGR MOI 1 cells +HC and therefore there 

was no significant change in expression in +HC cells (p>0.05) (Figure 3.4 B). 

BCL2L11 expression was decreased in TRIPZ-Control cells by both 48 and 72 hours 

DOX by 60% and 70% respectively. +HC had no effect on BCL2L11 expression in TRIPZ-

Control cells. TRIPZ-Control cells treated with 48 and 72 hours DOX, +HC showed 

approximately 50% BCL2L11 expression (Figure 3.4 C). –HC TRIPZ-shGR MOI 1 cells treated 

with 48 hours DOX showed no change in expression (p>0.05) although 72 hours DOX cells 

showed decreased expression by 20%. +HC had no effect on BCL2L11 expression in TRIPZ-

shGR MOI 1 cells. In TRIPZ-shGR MOI 1 cells treated with 48 and 72 hours DOX, +HC 

decreased expression by 20% in comparison to +HC, UT TRIPZ-shGR MOI 1 cells. DOX 

decreased BCL2L11 in both TRIPZ-Control and TRIPZ-shGR MOI 1 lines, particularly at 72 hrs 

but no direct GR effect was seen.  

XAF1 expression was extremely low or absent in TRIPZ-Control and TRIPZ-shGR MOI 

1 cells treated with HC (Figure 3.4 D). In TRIPZ-Control cells, 48 hours DOX, -HC decreased 

XAF1 expression to 25% and -HC, 72 hours DOX decreased expression by 90%. This DOX 

effect was also seen in TRIPZ-shGR MOI 1 cells as 48 hours DOX decreased expression by 30% 

and -HC, 72 hours DOX decreased expression by 20% suggesting that DOX alone may decrease 

XAF1 expression. As well, expression of XAF1 was absent or extremely low in all +HC 

conditions suggesting that HC may specifically decrease expression of XAF1. +HC, UT TRIPZ-

shGR MOI 1 cells showed extremely low expression of XAF1. The down-regulation of XAF1 

expression in response to HC was partially reversed by GR KD as 48 hours DOX, +HC increased 

XAF1 expression by 10% and 72 hours DOX, +HC increased expression by 15%. This suggest 

that HC may down-regulate XAF1 in MCF-10A cells and that GR KD partially reverses this 

effect however this result must be further explored.  
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Finally, RASSF4 expression was also down-regulated by HC in the TRIPZ-Control and 

TRIPZ-shGR MOI 1 cells (Figure 3.4 E) but not as dramatically as XAF1. In TRIPZ-Control 

cells, +HC decreased RASSF4 expression by 50%. In TRIPZ-shGR MOI 1 cells, -HC, 48 hours 

DOX increased expression by 40% whereas -HC, 72 hours DOX showed no change in RASSF4 

expression. +HC, UT TRIPZ-shGR MOI 1 cells also showed a significant decrease in RASSF4 

expression by approximately 50% decrease in comparison to –HC, UT and 48 and 72 hours 

DOX, +HC increased RASSF4 expression by 20% in comparison to +HC, UT although this 

change was not significant (p>0.05). These data suggest that HC may down-regulate expression 

of RASSF4 in MCF-10A cells though not to the degree seen in XAF and that loss of GR 

expression leads to alleviation of RASSF4 repression.  

3.1.5 Expression of BRCA1 and CH25H is not responsive to UL GR in MCF-10A cells 

Since it proved difficult to validate novel targets from the EPH4 microarray data in MCF-

10A normal human cells, the next course of action was to explore whether the previously 

validated targets, BRCA1 and CH25H behaved as expected in MCF-10A cells. BRCA1 

expression was found to be decreased by 50% in shGR-19 EPH4 cells whereas CH25H was 

decreased by 90% in response to GR KD. HC significantly reduced expression of BRCA1 and 

CH25H by 50% and 80% respectively28. Therefore, since BRCA1 and CH25H expression was 

well-validated, they were chosen as candidate genes to confirm UL GR action in MCF-10A cells. 

BRCA1 and CH25H expression was investigated however, neither BRCA1 nor CH25H 

expression correlated with GR expression levels or HC treatment (Figure 3.5). BRCA1 was 

somewhat increased by HC in TRIPZ-Control and TRIPZ-shGR MOI 1 cells (Figure 3.5 A). 

DOX also seemed to have an independent effect on BRCA1 expression as in TRIPZ-Control 

cells, -HC, 48 hours DOX increased expression by 60% whereas -HC, 72 hours DOX had no 

effect. +HC, UT TRIPZ-Control cells had a 90% increase in BRCA1 expression and  
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Figure 3.4 Expression of CCND2, CASP4, BCL2L11, XAF1, and RASSF4 in MCF-10A cells 

treated with DOX and HC 

MCF-10A TRIPZ-Control and TRIPZ-shGR MOI 1 cells were grown in the presence of DOX for 

either 48 or 72 hours and HC for 24 hours immediately prior to RNA and WCL harvesting. DOX 

was administered to 72 hour DOX wells 72, 48, and 24 hours prior to harvesting and administered 

to 48 hour DOX wells only 48 and 24 hours prior to harvesting. HC was administered to all +HC 

wells 24 hours prior to harvesting and ethanol vehicle was added to –HC wells. Expression of A) 

CCND2, B) CASP4, C) BCL2L11, D) XAF1, and E) RASSF4 was assessed by qRT-PCR. 

HPRT1 was used as an internal control for total mRNA levels. Fold change in expression was 

calculated in comparison to –HC, UT for each cell line.  
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48 hours DOX, +HC increased this even further to approximately 3-fold whereas 72 hours DOX, 

+HC showed approximately a 2.4-fold increase in BRCA1 expression. This contradicts findings 

that HC decreased the activity of the BRCA1 promoter. TRIPZ-shGR MOI 1 cells showed no 

change in expression in response to DOX in the absence of HC but cells UT, +HC showed a 2.5-

fold increase in BRCA1 expression which contradicts previous findings. 48 and 72 hours DOX, 

+HC had no effect on BRCA1 expression. BRCA1 expression is associated with growth 

repression and loss of its expression increases proliferation in cancer cells112–114. It may be 

therefore that HC is having an anti-proliferative effect on normal breast cell growth.  

CH25H expression showed no significant change in expression in response to various 

treatments (Figure 3.5 B). TRIPZ-Control cells treated with -HC, 48 hours DOX showed 

approximately 50% loss of CH25H expression and -HC, 72 hours DOX showed 75% loss of 

expression. +HC, UT TRIPZ-Control cells had 60% loss of CH25H expression which suggests 

that HC decreases the activity of the CH25H promoter as seen in EPH4 cells. In TRIPZ-shGR 

MOI 1 cells, 48 and -HC, 72 hours DOX had no significant effect on expression (p>0.05) 

suggesting that GR KD seems to have no consistent effect on CH25H expression in the absence 

of HC. HC had no significant effect on CH25H expression (p>0.05) which contradicts previous 

findings that HC decreased the activity of the CH25H promoter. Clearly BRCA1 and CH25H in 

MCF-10A cells are not regulated in the same manner as in EPH4 mouse cells. 

3.1.6 Validation of NR3C1 expression in MCF-10A TRIPZ-shGR cell lines in alternate 

growth scheme 

In order to confirm that aberrant expression of UL GR markers was not in response to 

errors in intracellular signaling due to overconfluence, MCF-10A cells were grown in an alternate 

growth scheme to attempt to maximize GR KD at an earlier time point while limiting 

overcrowding. MCF-10A cells were plated and either pre-treated or untreated with DOX for 48 

hours. Cells were then lifted and re-plated and once more either treated or untreated with DOX 
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for 48 additional hours. Cells treated with DOX for the first 48 hours were termed PRE, cells 

treated with DOX for the final 48 hours were termed RE, and cells treated with DOX during both 

periods were termed PRE/RE. NR3C1 expression was found to be largely unchanging in –HC 

TRIPZ-Control cells although NR3C1 expression was slightly increased in both PRE and 

PRE/RE treated cells (Figure 3.6).  NR3C1 expression was decreased by 45% by HC in TRIPZ-

Control cells NR3C1 expression did not change with PRE, RE and PRE/RE treatment. 

In TRIPZ-shGR MOI 1 cells, DOX significantly decreased NR3C1 expression. PRE, –

HC cells had 50% expression of NR3C1 whereas RE and PRE/RE treated cells had 10% 

expression of NR3C1 (Figure 3.6). In +HC cells, PRE had a lesser effect on NR3C1 expression 

but once again RE and PRE/RE treatment reduced expression to 10%. This regimen of pre- and 

re-induction with DOX could function as a system to replicate GR KD at an earlier time point.  

3.1.7 Expression of previous targets of UL GR in MCF-10A cells in alternate growth scheme 

is not responsive to UL GR 

Expression of BRCA1 and CH25H was examined in PRE/RE MCF-10A cells. BRCA1 

expression was largely unchanged in TRIPZ-Control cells both –HC and +HC which does not 

correspond to findings that UL GR increases the activity of the BRCA1 promoter. BRCA1 

expression was decreased in TRIPZ-shGR MOI 1 cells both –HC and +HC and did not respond to 

changes in GR expression (Figure 3.7 A). In –HC cells, BRCA1 expression was somewhat 

decreased by GR KD which was not replicated in +HC cells although no significance was 

observed (Figure 3.7). BRCA1 expression did not seem to respond to HC in either cell line and 

GR KD in TRIPZ-shGR MOI 1 cells had no impact on BRCA1 expression.  

CH25H expression was also not responsive to UL GR levels as expression of CH25H 

was not consistent with previous findings; in both –HC and +HC TRIPZ-Control cells, PRE and 

PRE/RE treatment caused a 2-fold increase in CH25H expression (Figure 3.7 B). As well, DOX 

alone seemed to impact CH25H expression in TRIPZ-Control cells in a GR-independent manner. 
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Figure 3.5 Expression of BRCA1 and CH25H in MCF-10A cells treated with DOX and HC  

MCF-10A TRIPZ-Control and TRIPZ-shGR MOI 1 cells were grown in the presence of DOX for 

either 48 or 72 hours and HC for 24 hours immediately prior to RNA and WCL harvesting. DOX 

was administered to 72 hour DOX wells 72, 48, and 24 hours prior to harvesting and administered 

to 48 hour DOX wells only 48 and 24 hours prior to harvesting. HC was administered to all +HC 

wells 24 hours prior to harvesting and ethanol vehicle was added to –HC wells. Expression of 

BRCA1 and CH25H was assessed by qRT-PCR. HPRT1 was used as an internal control for total 

mRNA levels. Fold change in expression was calculated in comparison to –HC, UT for each cell 

line.  
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In TRIPZ-shGR MOI 1 cells, no effect on CH25H expression was seen in response to 

DOX; in –HC TRIPZ-shGR MOI 1 cells, PRE and PRE/RE increased expression, and RE 

increased expression even further (Figure 3.7 B). +HC, UT cells showed higher expression of 

CH25H than –HC, UT which does not conform with findings that HC decreases CH25H 

expression. As well, PRE had no effect on CH25H expression in +HC cells whereas RE and 

PRE/RE caused CH25H levels to drop dramatically. Clearly, GR KD in response to various DOX 

treatments does not correspond to decreased CH25H expression.  

3.1.8 CDKN1A and PRLR are negatively regulated by GR in MCF-10As 

In the pursuit of identification of new targets of UL GR, target genes CDKN1A and 

PRLR were chosen for analysis in MCF-10A cells. CDKN1A expression was constant in 

response to DOX in –HC TRIPZ-Control cells and expression was slightly decreased by HC by 

approximately 40% (Figure 3.8). However, in TRIPZ-shGR MOI 1 cells, expression of CDKN1A 

was significantly increased (p<0.05) by GR KD in both –HC and +HC cells. This  

increase in CDKN1A expression occurred in a time-dependent manner; 72 hours DOX decreased 

expression even more than 48 hour DOX suggesting that lower GR expression allows for 

increased expression of CDKN1A. UT +HC cells showed slightly decreased expression of 

CDKN1A however GR KD once more increased expression of CDKN1A. 72 hours DOX in both 

the –HC and the +HC cells induced a 2-fold increase in CDKN1A expression and 48 hours DOX 

increased expression 1.5-fold. This suggests that GR is negatively regulating expression of 

CDKN1A in both –HC and +HC conditions. 

The second gene that exhibited similar behavior in response to GR KD in MCF-10A cells 

was PRLR. In the absence of HC, PRLR expression was quite high, although in the TRIPZ- 

Control cells, DOX for both 48 and 72 hours seemed to decrease expression of PRLR in a non-

specific manner to approximately 40% of UT cells (p<0.05) (Figure 3.9 A). However, HC alone 

seemed to have a dramatic effect on PRLR expression as UT +HC cells showed approximately  
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Figure 3.6 Expression of NR3C1 in MCF-10A cells pre- and re-induced with DOX and 

treated with HC 

MCF-10A cells were grown for 48 hours in either the presence or absence of DOX as pre-

treatment. Cells were then lifted and re-plated. Cells were re-treated with DOX for 48 hours prior 

to RNA harvesting; cells that solely been pre-treated were termed PRE, cells that were solely re-

treated were termed RE and cells that were pre-treated as well as re-treated were termed PRE/RE 

whereas cells were grown in the absence of DOX were termed UT. RNA and WCL were 

harvested and NR3C1 expression was assessed by qRT-PCR. HPRT1 was used as an internal 

control for total mRNA levels. Fold change in expression was calculated in comparison to –HC, 

UT for each cell line. 
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Figure 3.7 Expression of BRCA1 and CH25H in MCF-10A cells pre- and re-induced with 

DOX and treated with HC 

MCF-10A cells were grown for 48 hours in either the presence or absence of DOX as pre-

treatment. Cells were then lifted and re-plated. Cells were re-treated with DOX for 48 hours prior 

to RNA harvesting; cells that solely been pre-treated were termed PRE, cells that were solely re-

treated were termed RE and cells that were pre-treated as well as re-treated were termed PRE/RE 

whereas cells were grown in the absence of DOX were termed UT.RNA and WCL were 

harvested and A) BRCA1 and B) CH25H expression was assessed by qRT-PCR. HPRT1 was 

used as an internal control for total mRNA levels. Fold change in expression was calculated in 

comparison to –HC, UT for each cell line.  
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10% of the expression level of -HC, UT cells (p<0.05). This suggests that HC somehow may be 

negatively regulating expression of PRLR in MCF-10A cells. 

In TRIPZ-shGR MOI 1 cells, DOX in the absence of HC had no effect on PRLR 

expression. HC once again dramatically decreased expression of PRLR by approximately 80%. 

This repression was lost with GR KD in a dose-dependent manner; 48 hours DOX increased 

expression of PRLR approximately 1.5-fold whereas 72 hours DOX increased expression 3.5-fold 

(Figure 3.11 B). This suggests that like CDKN1A, liganded GR negatively regulates the 

expression of PRLR in MCF-10A cells.  

3.1.9 Validation of NR3C1 expression in 184-hTERT TRIPZ-shGR cell lines 

Since exploration of UL GR activity in MCF-10A cells proved challenging, this model 

was explored in the immortalized, normal human mammary cell line 184- hTERT. 184-hTERT 

cells are normal human breast cells that that have been transfected with a functional copy of the 

telomerase reverse transcriptase gene to make them immortal115. 184-hTERT cells are a normal 

karyotype and represent normal human breast cells115. UL GR activity at the BRCA1 promoter 

had previously been confirmed by Dr. Ritter in 184-hTERT cells transiently transfected with WT 

and LBD-deficient forms of GR Transfection of WT GR leads to increased BRCA1 promoter 

activity however this increase is abolished by HC treatment. Transfection of LBD-deficient GR 

however increases BRCA1 promoter activity in the presence and absence of HC which 

demonstrates this activation of the BRCA1 promoter is specific to UL GR. However, it had never 

been explored using 184-hTERT cells containing the DOX-inducible TRIPZ-shGR element. 

184-hTERT mRNA was assessed for NR3C1 expression (Figure 3.10) and it was found 

that NR3C1 expression was constant across –HC TRIPZ-Control cells and HC decreased NR3C1 

expression by 60%. TRIPZ-shGR MOI 1 cells showed a significant decrease in NR3C1 

expression in response to DOX in both –HC and +HC treated cells. -HC, 48 hours DOX in 

TRIPZ-shGR MOI 1 cells reduced NR3C1 expression by 70% and 72 hours DOX reduced  
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Figure 3.8 Expression of CDKN1A in MCF-10A cells treated with DOX and HC 

MCF-10A TRIPZ-Control and TRIPZ-shGR MOI 1 cells were plated at 5.0 X 104 cells/mL and 

grown in the presence of 1.0mg/mL DOX for either 48 or 72 hours and HC for 24 hours 

immediately prior to RNA and WCL harvesting. DOX was administered to 72 hour DOX wells 

72, 48, and 24 hours prior to harvesting and administered to 48 hour DOX wells only 48 and 24 

hours prior to harvesting. HC was administered to all +HC wells 24 hours prior to harvesting and 

ethanol vehicle was added to –HC wells. Expression of CDKN1A was assessed by qRT-PCR. 

HPRT1 was used as an internal control for total mRNA levels. Fold change in expression was 

calculated in comparison to –HC, UT for each cell line 
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Figure 3.9 Expression of PRLR in MCF-10A cells treated with DOX and HC 

MCF-10A TRIPZ-Control and TRIPZ-shGR MOI 1 cells were grown in the presence of 

1.0mg/mL DOX for either 48 or 72 hours and HC for 24 hours immediately prior to RNA and 

WCL harvesting. DOX was administered to 72 hour DOX wells 72, 48, and 24 hours prior to 

harvesting and administered to 48 hour DOX wells only 48 and 24 hours prior to harvesting. HC 

was administered to all +HC wells 24 hours prior to harvesting and ethanol vehicle was added to 

–HC wells. A) Expression of PRLR was assessed by qRT-PCR in TRIPZ-Control and TRIPZ-

shGR MOI 1 cells. HPRT1 was used as an internal control for total mRNA levels. B) Expression 

of PRLR in TRIPZ-Control and TRIPZ-shGR MOI 1 cells as compared in +HC, UT alone. Fold 

change in expression was calculated in comparison to –HC, UT for each cell line 
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NR3C1 expression by 80%. TRIPZ-shGR MOI 1 +HC, UT showed a 40% decrease in NR3C1 

expression and 48 and 72 hours DOX, +HC reduced expression further to 15%. Therefore, this 

system should serve as a practical model for reduced GR expression in normal tissue.  

3.1.10 Expression of BRCA1 and CH25H is not responsive to UL GR in 184-hTERT cells 

Following verification of NR3C1 expression, expression of UL GR validated targets 

BRCA1 and CH25H was explored. BRCA1 expression was unchanging in response to DOX or 

HC treatment in TRIPZ-Control 184-hTERT cells (Figure 3.11 A) which contradicts findings that 

HC decreases the activity of BRCA1 promoter through loss of UL GR activity. 48 and 72 hours 

DOX had no effect on BRCA1 expression in TRIPZ-shGR MOI 1 cells –HC which suggests no 

link between GR levels and BRCA1 expression. There was some evidence that HC reduced 

expression of BRCA1 in UT cells however this repression was alleviated by 48 and 72 hours 

DOX. Therefore, BRCA1 expression is unresponsive to HC or GR levels in 184-hTERT cells in 

this context in comparison with transfection of GR constructs into 184-hTERT cells.  

CH25H expression was unchanging in response to all forms of treatment in TRIPZ-

Control cells. In TRIPZ-shGR MOI 1 cells, -HC, UT cells showed extremely low expression of 

CH25H and 48 and 72 hours DOX treatment showed increased expression of CH25H (Figure 

3.11 B). 48 hours DOX increased CH25H expression 2-fold in comparison to TRIPZ-Control UT, 

and approximately 4-fold in comparison to UT TRIPZ-shGR MOI 1 cells. -HC, 72 hours DOX 

increased CH25H expression approximately 6-fold in comparison to -HC, UT suggesting that GR 

KD in the absence of HC increases CH25H. This contradicts previous findings that UL GR 

positively regulates expression of CH25H as it suggests that UL GR may be acting as a repressor 

of CH25H. TRIPZ-shGR MOI 1 UT, +HC cells showed increased CH25H expression in 

comparison to -HC, UT cells and DOX had no effect on expression in cells +HC which is 

opposite of findings that showed that HC decreases CH25H expression. This suggests that in 184-

hTERT cells, UL GR represses CH25H expression and HC alleviates this repression. 184-hTERT  
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Figure 3.10 Expression of NR3C1 in 184-hTERT cells treated with DOX and HC 

184-hTERT TRIPZ-Control and TRIPZ-shGR MOI 1 cells were grown in the presence of DOX 

for either 48 or 72 hours and HC for 24 hours immediately prior to RNA and WCL harvesting. 

DOX was administered to 72 hour DOX wells 72, 48, and 24 hours prior to harvesting and 

administered to 48 hour DOX wells only 48 and 24 hours prior to harvesting. HC was 

administered to all +HC wells 24 hours prior to harvesting and ethanol vehicle was added to –HC 

wells. RNA and WCL were harvested and NR3C1 expression assessed by qRT-PCR. HPRT1 was 

used as an internal control for total mRNA levels. Fold change in expression was calculated in 

comparison to –HC, UT for each cell line.  
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Figure 3.11 Expression of BRCA1 and CH25H in 184-hTERT cells treated with DOX and 

HC 

184-hTERT TRIPZ-Control and TRIPZ-shGR MOI 1 cells were grown in the presence of DOX 

for either 48 or 72 hours and HC for 24 hours immediately prior to RNA and WCL harvesting. 

DOX was administered to 72 hour DOX wells 72, 48, and 24 hours prior to harvesting and 

administered to 48 hour DOX wells only 48 and 24 hours prior to harvesting. HC was 

administered to all +HC wells 24 hours prior to harvesting and ethanol vehicle was added to –HC 

wells. RNA and WCL were harvested and A) BRCA1 and B) CH25H expression was assessed by 

qRT-PCR. HPRT1 was used as an internal control for total mRNA levels. Fold change in 

expression was calculated in comparison to –HC, UT for each cell line.   
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cells therefore do not recapitulate UL GR findings previously uncovered in EPH4 cells. 

3.2 Tamoxifen Resistance in Response to GR Expression 

3.2.1 Proliferation is decreased in MCF-7 cells by TAM and UL GR synergistically 

increases TAM effect 

Following the exploration of GR activity in normal human breast cells, the role of GR in 

response to TAM in ER+ breast cancer cells was explored. Since previous findings had shown 

that low GR expression was correlated with TAM-resistant growth in breast carcinoma cells106. 

Further research was needed to probe this connection as well as explore specifically what 

function of GR, either the liganded or UL activity of GR was responsible for modulating response 

to TAM. Since previous studies had shown that UL GR mediates apoptosis in mouse mammary 

breast cells and that liganded GR activity is associated with increased proliferation, it follows that 

loss of UL GR activity may be connected to TAM-resistance in this model. It may be that UL GR 

is functional in breast cancer cells as a mediator of cancer cell response to chemotherapeutics and 

may be a significant factor in responding specifically to TAM in ER+ breast cancer cells. 

Previous studies in the model using HC were inconclusive as the proliferation assay was not able 

to clearly differentiate between liganded and UL GR activity in this model107. Growth curves for 

MCF-7 cells treated with DOX, TAM, and HC showed that GR KD in either the presence or 

absence of HC reduced the growth inhibitory effect of TAM to a similar degree. Therefore no 

conclusions could be clearly drawn as to whether liganded or UL GR activity was responsible for 

growth inhibition in ER+ cells.  

In order to more clearly distinguish between liganded and UL GR activity in TAM 

resistance in ER+ breast cancer cells, MCF-7 cell lines pTOA GR-21 and GR-65 that overexpress 

either the full-length form of GR (GR-21) or a GR construct lacking the LBD (GR-65) in 

response to DOX were used.  MCF-7 pTOA cell lines overexpress GR approximately 100-fold in 

response to DOX in comparison with endogenous GR expression in WT cells. GR-21 cell growth 
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may change in response to HC as GR will be able to bind the ligand and UL activity will be lost. 

However since GR-65 overexpresses a form of GR that is unable to bind ligand in response to 

DOX, HC should have little effect on GR activity.  

 GR-21 cell growth was decreased by TAM as observed by a significant increase in DT 

(p<0.05) although there was no difference seen in the DT between TAM and DOX/TAM treated 

cells (Figure 3.12). HC alone or the presence of DOX had no significant effect on DT however 

HC in conjunction with TAM eliminated the cytostatic activity of TAM as no change in growth 

was seen in comparison to UT. However, overexpression of GR by DOX in TAM/HC treated 

cells slowed growth as shown by a significant increase in DT in comparison to UT (p<0.05).  

 In GR-65 cells, DOX alone increased DT although this change was not statistically 

significant (p<0.05). TAM reduced growth significantly in comparison to UT (p<0.05) and DOX 

in conjunction with TAM even further slowed cell growth (Figure 3.12) suggesting that 

overexpression of UL GR synergistically decreases growth with TAM. HC had no effect on 

growth. DOX/HC treated GR-65 cells showed decreased cell growth, and this decrease in cell 

growth was comparable to TAM/HC. UL GR overexpression in conjunction with TAM/HC 

synergistically slowed cell growth in a significant manner in comparison to UT (p<0.05) which 

suggests that specifically the UL function of GR is crucial in modulating response to TAM and 

that loss of UL GR function may lead to TAM resistance.  

3.2.2 GR is overexpressed in response to TAM treatment 

Further studies are also needed to explore the mechanism by which GR mediates TAM 

response in ER+ breast cancer cells. Since the primary activity of GR is that of a transcription 

factor it is logical to assume that GR may be mediating expression subset of factors control TAM 

response. Prior to exploration of GR targets in response to TAM treatment, it was essential to 

investigate NR3C1 expression to determine if GR was directly affected.  

NR3C1 expression was assessed in MCF-7 WT, TRIPZ-Control, TRIPZ-shGR MOI 1  
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Figure 3.12 Proliferation of MCF-7 GR-21 and GR-65 cells treated with DOX, TAM, and 

HC 

MCF-7 pTOA GR-21 and GR-65 cells were grown for 96 hours in the presence of HC, DOX, and 

TAM. Cells UT by either HC or TAM were treated with ethanol vehicle. Cell growth was 

assessed by counting using a haemocytometer and doubling time calculated.  
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and MOI 2 cells. It was found that NR3C1 expression was significantly increased by 

approximately 2-fold in all cell lines in response to TAM (p<0.05) (Figure 3.13). TAM increased 

NR3C1 expression 2-fold in WT cells and 2.5-fold in TRIPZ-Control. DOX and E2 had no 

significant effect on NR3C1 expression in WT and TRIPZ-Control cells (p>0.05). Therefore, it 

seems that TAM is able to significantly increase expression of NR3C1 in MCF-7 cells. 

In TRIPZ-shGR cells lines, both MOI 1 and MOI 2, TAM once again increased NR3C1 

expression and DOX is able to KD GR expression. DOX alone significantly decreased NR3C1 

expression (p<0.05) in both MOI 1 and MOI 2 cells. TAM again greatly increased expression of 

NR3C1 in MOI 1 and 2 cell lines, and DOX/TAM decreased expression back to approximately 

the same expression level observed in UT cells. Once again, E2 had no significant effect on  

NR3C1 expression and DOX/E2 decreased NR3C1 expression significantly. This relationship 

between TAM treatment and DOX induction is very clearly observed in TRIPZ-shGR MOI 2 

cells (Figure 3.14). The ability to manipulate GR expression in this cell line allows for the 

exploration of the role of decreased GR expression in TAM resistance and specifically investigate 

the signalling pathways influenced by GR KD in TAM-treated cells.  

It was confirmed that GR overexpression was induced by TAM in MCF-7 cells at the 

protein level as well (Figure 3.15). DOX had no effect on GR expression in WT cells however 

DOX strongly decreased expression of GR in TRIPZ-shGR MOI 1 cells.  TAM increased 

expression of GR at the protein level in both WT and TRIPZ-shGR MOI 1 cells. DOX/TAM 

greatly decreased GR expression in TRIPZ-shGR MOI 1 cells. E2 had no effect on GR 

expression in WT or TRIPZ-shGR MOI 1 cells, although DOX/E2 had decreased GR expression 

in TRIPZ-shGR MOI 1 cells only. Clearly, the induction of GR expression by TAM in MCF-7 

cells is apparent at both the mRNA and the protein level.  

 Next, it was investigated as to whether upregulation of GR is due to specific modulation 

of ERα signaling by TAM. Two ER+ cell lines were used, the previously used MCF-7 WT and 
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the luminal A, ER+ ductal carcinoma T47D cell line. Two ER- cell lines were also used, the 

triple-negative basal-like adenocarcinoma MBA-MD-231 cell line and the HER2+, ER- 

adenocarcinoma SK-BR-3 cell line to verify whether this effect was ER dependent but also to 

attempt to verify whether E2 had a competitive effect on TAM modulation of NR3C1 expression.  

  It was found that TAM was able to significantly upregulate NR3C1 expression in MCF-7 

WT cells by approximately 2-fold (p<0.05) (Figure 3.16). E2 expression somewhat decreased 

expression of NR3C1 in MCF-7 WT cells however TAM/E2 also induced a 2-fold increase in 

NR3C1 expression. This suggests that E2 is unable to compete with TAM for ERα occupation 

and the TAM effect on GR expression is dominant. T47D cells also showed response to TAM as 

TAM induced a 1.5-fold increase in NR3C1 expression (p<0.05) and although TAM/E2 treated 

cells also showed raised NR3C1 expression, this change was not significant (p>0.05) (Figure 

3.16). Clearly, therefore this effect of TAM on NR3C1 expression can be recapitulated in a 

second ER+ breast cancer cell line.MBA-MD-231 cells and SK-BR-3 cells showed no significant 

change in NR3C1 expression in response to either TAM, E2, or TAM/E2 treatment (p>0.05) 

(Figure 3.16). Clearly therefore, this effect of TAM treatment on NR3C1 and GR expression in 

breast cancer cell is only present in ER+ cell lines. This suggests that this effect is due to specific 

loss of ERα signaling rather than an off-target TAM effect.  

3.2.3 GR signaling is increased by TAM treatment  

Following the discovery that GR expression is increased at both the mRNA and the 

protein level in ER+ breast cancer cells treated with TAM, it was of interest to explore whether 

specific targets of GR are increased by TAM as well. Multiple targets were explored to 

investigate whether GR signaling is also amplified by TAM. Targets explored included targets of 

UL GR (GSTM1, BRCA1, CH25H) as well as other genes identified by the EPH4 microarray 

(NQO1) or identified as being negatively regulated by GR (CDKN1A) as well as genes that 

physically interact with GR (GABPα and GABPβ).  
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Figure 3.13 NR3C1 expression in MCF-7 WT, TRIPZ-Control, and TRIPZ-shGR MOI 1 

and MOI 2 cells treated with DOX, TAM, and E2 

MCF-7 WT, TRIPZ-Control, TRIPZ-shGR MOI 1 and 2 cells were grown for 72 hours in the 

presence of DOX, TAM, and E2. Cells that were UT by either TAM or E2 were treated with 

ethanol vehicle as a control. After 72 hours growth, RNA and WCL were harvested. Expression 

of NR3C1 was assessed by qRT-PCR. HPRT1 was used as an internal control for total mRNA 

levels. Fold change in expression was calculated in comparison to –HC, UT WT cells. P-values 

between 0.05 and 0.01 were considered significant (*) and p-values less than 0.0001 were 

considered extremely significant (****).  

 

 

Figure 3.14 NR3C1 expression in MCF-7 TRIPZ-shGR MOI 2 cells 

MCF-7 TRIPZ-shGR MOI 2 cells were grown for 72 hours in the presence of DOX, TAM, and 

E2. Cells that were UT by either TAM or E2 were treated with ethanol vehicle as a control. After 

72 hours growth, RNA and WCL were harvested. Expression of NR3C1 was assessed by qRT-

PCR. HPRT1 was used as an internal control for total mRNA levels. Fold change in expression 

was calculated in comparison to –HC, UT. P-values between 0.05 and 0.01 were considered 

significant (*), p-values between 0.01 and 0.001 were considered very significant (**), p-values 

between 0.001 and 0.0001 were considered extremely significant (***) and p-values less than 

0.0001 were considered extremely significant (****).  
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Figure 3.15 GR expression in MCF-7 WT and TRIPZ-shGR MOI 2 cells treated with DOX, 

TAM, and E2 

MCF-7 TRIPZ-shGR MOI 2 cells were grown for 72 hours in the presence of various treatments. 

Cells were treated with DOX, TAM, and E2. Cells that were UT by either TAM or E2 were 

treated with ethanol vehicle as a control. After 72 hours growth, RNA and WCL were harvested. 

Expression of GR was assessed by western blot. TBP was used as an internal control for total 

protein levels. 
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Figure 3.16 NR3C1 expression in MCF-7, T47D, MBA-MD-231, and SK-BR-3 WT cells 

treated with TAM and E2 

MCF-7, T47D, MBA-MD-231, and SKBR-3 WT cells were grown in the presence of TAM and 

E2 for 72 hours. Cells UT by TAM or E2 were treated with ethanol vehicle as control. Cells were 

grown in TAM, E2 or TAM/E2. RNA was harvested from all cell lines following treatment and 

NR3C1 expression queried by qRT-PCR. Fold change in expression was calculated in 

comparison to –HC, UT in each cell line. P-values between between 0.01 and 0.001 were 

considered very significant (**) and p-values less than 0.0001 were considered extremely 

significant (****). 
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The GSTM1 gene encodes the glutathione S-transferase gene that is responsible for 

conjugating glutathione to toxic compounds and it is important for the degradation of 

carcinogens, environmental toxins and drugs116. GSTM1 was identified in the EPH4 microarray 

as being down-regulated by GR KD and therefore potentially positively regulated by UL GR. 

GSTM1 expression was investigated in MCF-7 cells treated with DOX, TAM, and E2 and it was 

found that GSTM1 expression was significantly increased by TAM (p<0.05) in MCF-7 TRIPZ-

shGR MOI 2 cells (Figure 3.17). DOX slightly decreased GSTM1 expression on its own though 

this change did not appear to be significant (p>0.05) although DOX/TAM quite significantly 

decreased expression of GSTM1 (p<0.05). E2 increased GSTM1 expression although it is 

difficult to determine if this effect is valid since the standard deviation was high (p>0.05). 

DOX/E2 decreased GSTM1 expression in comparison to UT cells. Clearly, expression of GSTM1 

correlates well with GR expression in MCF-7 TRIPZ-shGR MOI 2 cells suggesting that not only 

does TAM increase GR expression, it also causes increased GR activity. 

Not all UL GR signaling was increased in response to TAM. Expression of BRCA1 and 

CH25H was investigated by qRT-PCR in MCF-7 RNA and there was no change in expression in 

response to various treatments (Figure 3.18). BRCA1 expression was largely unchanged in MCF-

7 cell lines and no significance was seen (Figure 3.18 A). CH25H expression also did not 

correspond to GR levels in MCF-7 cells as some treatments resulted in no value given for CH25H 

expression and some showing extremely high expression of CH25H on the order of 20+ relative 

fold expression of CH25H (Figure 3.18 B). This suggests that CH25H is largely not expressed in 

MCF-7 cells and therefore no results can be determined involving response to DOX, TAM, or E2. 

The previously identified mechanism of UL GR regulation is not responsible for TAM resistance. 

Expression of NQO1, the NADPH dehydrogenase, quinone oxireductase 1 gene was 

investigated in MCF-7 cells. NQO1 is important in the antioxidant response in human cells and 

has been shown to be important in chemotherapy response117. No change in expression was 
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identified in WT, TRIPZ-Control, TRIPZ-shGR MOI 1 or MOI 2 cells in response to treatments 

(Figure 3.18 C). NQO1 does not respond to UL GR regulation and is not regulated by TAM.   

CDKN1A expression was also investigated in MCF-7 cells. CDKN1A expression was 

previously shown to be negatively regulated by GR in MCF-10A normal mammary cells (Figure 

3.10). CDKN1A expression did not correlate with GR expression as noted before (Figure 3.18 D). 

In TRIPZ-shGR MOI 2 cells, CDKN1A expression was increased by TAM and DOX/TAM 

whereas other treatment regimens such as DOX and E2 had no effect on CDKN1A expression 

however, in TRIPZ-shGR MOI 1 cells TAM alone decreased expression by 30% and DOX/TAM 

had no effect on expression. No significance was seen in TRIPZ-shGR MOI 1 or 2 cells as 

therefore no conclusions can be drawn in relating CDKN1A expression to TAM.  

GABPα and GABPβ1 were also explored in this context. GABPα and GABPβ are 

binding partners of UL GR58.  Once more, no significant change in GABPα or GABPβ1 

expression was found in response to various treatments in all MCF-7 cell lines (Figure 3.18 E and 

F). This suggests that other regulators of UL GR may not be regulated by TAM.  

Clearly certain targets of GR, specifically UL GR are upregulated in response to the 

increase in GR expression seen in response to TAM but not all targets or GR co-regulators are 

modulated. More exploration must be done to explore new GR targets that are affected by TAM. 

3.2.4 ERα expression is not affected by GR KD nor are ERα target modulated by GR levels 

One theory that needed to be explored is whether GR is modulating the expression of the 

ERα subunit and therefore causing these ER+ breast cancer cells to adopt a more ER- like 

phenotype. If GR is responsible for controlling ERα expression, GR KD would decrease 

expression of ESRI mRNA as well as total expression of ERα protein. Previous research failed to 

identify any effect of TAM or DOX on ERα expression however it was important to validate that 

E2 did not affect ERα expression in any way. 
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Figure 3.17 GSTM1 expression in MCF-7 TRIPZ-shGR MOI 2 cells treated with DOX, 

TAM, and E2 

MCF-7 TRIPZ-shGR MOI 2 cells were grown for 72 hours in the presence of DOX, TAM, and 

E2. Cells that were UT by either TAM or E2 were treated with ethanol vehicle as a control. After 

72 hours growth, RNA and WCL were harvested. Expression of GSTM1 was assessed by qRT-

PCR. HPRT1 was used as an internal control for total mRNA levels. Fold change in expression 

was calculated in comparison to –HC, UT. P-values less than 0.0001 were considered extremely 

significant (****).  
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Figure 3.18 BRCA1, CH25H, NQO1, CDKN1A, GABPα, and GABPβ1 expression in MCF-7 

cells treated with DOX, TAM, and E2 

MCF-7 WT, TRIPZ-Control and TRIPZ-shGR MOI 1 and 2 cells were grown for 72 hours in the 

presence of DOX, TAM, and E2. Cells that were UT by either TAM or E2 were treated with 

ethanol vehicle as a control. After 72 hours growth, RNA and WCL were harvested. Expression 

of A) BRCA1, B) CH25H, C) NQO1, D) CDKN1A, E) GAPBα, and F) GABPβ1 was assessed 

by qRT-PCR. HPRT1 was used as an internal control for total mRNA levels. Fold change in 

expression was calculated in comparison to –HC, UT WT cells.  
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ESR1 expression was explored and it was found that ESR1 expression was not greatly 

affected by DOX, TAM, or E2 (Figure 3.19). DOX somewhat decreased ESR1 expression in both 

TRIPZ-Control and TRIPZ-shGR MOI 1 cells. There was some evidence that TAM increased 

ESR1 expression in TRIPZ-shGR MOI 1 cells although this change was not observed in TRIPZ-

Control cells, and any change did not appear to be significant. Clearly, ERα expression does not 

seem to be directly modified by TAM or GR KD. 

As well, a number of classical ERα target genes were queried in response to DOX, TAM, 

and E2 treatment in MCF-7 cells to explore whether GR KD modulated the action of ERα. If GR 

KD decreased TAM action and allowed for increased expression of ERα target genes, a partial 

DOX response could be observed. ERα targets genes explored were trefoil factor 1 (TFF1) and 

the progesterone receptor (PGR). TFF1118 and PGR89 have been previously validated as 

upregulated by ERα signaling in ER+ breast cancer. Expression of both TFF1 and PGR was 

greatly decreased by TAM in MCF-7 WT, TRIPZ-Control and TRIPZ-shGR MOI 1 and MOI 2 

cells (Figure 3.20 A and B). However, DOX had no effect on expression of TFF1 or PGR either 

on its own or in conjunction with TAM or E2. According to these results, GR KD and TAM 

treatment has no effect on ESRI or ERα target gene expression. Therefore this suggests that TAM 

resistance occurs through some other mechanism outside of reactivation of ERα targets.  

3.2.5 EpCAM expression is modulated by TAM at the mRNA level 

Further targets were investigated in attempting to explain the mechanims by which low 

GR expressing ER+ cells acquire resistance to TAM. Since GR KD does not seem to regulate 

either ERα expression or ERα signaling this suggests that GR is controlling an alternate growth 

pathway where loss of GR decreases any anti-proliferative effect of GR and leads to TAM-

resistant growth. As well,  it may be that this alternative pathway involves genes responsible for 

resisting cell death and escaping chemotherapeutic drugs. With this model in mind, exploration of 

gene members of this alternate growth pathway was conducted to attempt to identify novel  
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Figure 3.19 ESRI expression in MCF-7 TRIPZ-Control and TRIPZ-shGR MOI 2 cells 

treated with DOX, TAM, and E2 

MCF-7 TRIPZ-Control and TRIPZ-shGR MOI 2 cells were grown for 72 hours in the presence of 

with DOX, TAM, and E2. Cells that were UT by either TAM or E2 were treated with ethanol 

vehicle as a control. After 72 hours growth, RNA and WCL were harvested. Expression of ESR1 

was assessed by qRT-PCR. HPRT1 was used as an internal control for total mRNA levels.  Fold 

change in expression was calculated in comparison to –HC, UT for each cell line.  

 

 

 

Figure 3.20 TFF1 and PGR expression in MCF-7 WT, TRIPZ-Control, and TRIPZ-shGR 

MOI 1 and MOI 2 cells treated with DOX, TAM, and E2 

MCF-7 WT, TRIPZ-Control and TRIPZ-shGR MOI 1 and 2 cells were grown for 72 hours in the 

presence of DOX, TAM, and E2. Cells that were UT by either TAM or E2 were treated with 

ethanol vehicle as a control. After 72 hours growth, RNA and WCL were harvested. Expression 

of A) TFF1, and B) PGR was assessed by qRT-PCR. HPRT1 was used as an internal control for 

total mRNA levels.  Fold change in expression was calculated in comparison to –HC, UT WT 

cells.  
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signaling molecules that could be inducing proliferation, or resisting cell death. 

Following in this vein, the cancer cell stem marker epithelial cell adhesion molecule 

(EpCAM) was explored for differences in expression in response to TAM and DOX. EpCAM is 

an extracellular membrane protein that is important in cell-cell adhesion, migration, proliferation 

and differentiation and particularly it has been found to be overexpressed in breast cancer cells119.  

EpCAM mRNA expression was explored in MCF-7, T47D, MBA-MD-231, and SK-BR-

3 cells. It was found that EpCAM was overexpressed in the two ER+ cell lines, MCF-7 and T47D 

cells, in response to TAM and TAM/E2 (Figure 3.21). EpCAM expression was significantly 

increased to approximately 1.75 relative expression in MCF-7 cells treated with TAM and 

TAM/E2 (p<0.05). There was no significant change in EpCAM expression in response to E2. In 

T47D cells, TAM increased expression of EpCAM although this difference was not as clear as 

seen in MCF-7 cells. TAM alone seemed to increase expression by 1.4-fold although this 

difference was not significant (p>0.05). E2 had no effect on EpCAM expression. No significant 

difference was seen in EpCAM expression in the 2 ER- cell lines, MBA-MD-231 and SK-BR-3s 

(p>0.05) (Figure 3.21) which suggests that this difference is specific to ERα signaling. 

It was confirmed that EpCAM expression is modulated in TRIPZ-shGR MOI 1 and MOI 

2 cells in response to TAM. In TRIPZ-shGR MOI 1 cells, DOX alone had no significant effect on 

EpCAM expression but TAM or DOX/TAM significantly (p<0.05) increased expression of 

EpCAM approximately 2-fold in comparison to UT TRIPZ-shGR MOI 1 cells (Figure 3.22). E2 

had no effect on EpCAM expression. Interestingly, in TRIPZ-shGR MOI 2 cells, DOX/TAM 

significantly increased expression of EpCAM approximately 2-fold (p<0.05) in comparison to 

TAM alone which caused no change in EpCAM expression (p>0.05) (Figure 3.22). This suggests 

that EpCAM expression is modulated not only by TAM but also by loss of GR expression.  

Next, it was investigated whether EpCAM overexpression was apparent at the protein 

levels as well as at the mRNA level. EpCAM expression was found to be somewhat upregulated 
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by DOX in WT cells whereas TAM, DOX/TAM, E2, and DOX/E2 had no effect on EpCAM 

protein expression (Figure 3.23). No overexpression was EpCAM was seen in WT cells at the 

protein level suggesting that EpCAM protein is not directly increased by TAM. As well, in 

TRIPZ-shGR MOI 1 cells, EpCAM expression was also somewhat increased by DOX (Figure 

3.23) and TAM treated cells showed decreased expression. DOX/TAM treated cells showed 

increased EpCAM expression in comparison to TAM alone. E2 had no effect on EpCAM protein 

expression and DOX/E2 seemed to decrease EpCAM expression even further. Therefore, 

EpCAM expression at the protein level does not correlate with EpCAM mRNA expression as 

EpCAM protein expression does not appear to correlate with either GR KD or TAM treatment.  

Despite findings that EpCAM protein was not modulated by TAM or GR KD it was also 

explored whether there was an amplification of an EpCAM+ stem-like cancer cell population in 

MCF-7 cells. MCF-TRIPZ-shGR MOI 1 cells were found to be highly EpCAM+ (Table 3.1) with 

approximately 99.8% of cells sorting as EpCAM+. This suggests that in MCF-7 cells, EPCAM 

positivity is connected to the largely epithelial phenotype of MCF-7 cells. TRIPZ-shGR MOI 1 

cells were also found to largely be CD49F+ with 94.9% of UT cells sorting as CD49F+. In MCF-

7 TRIPZ-shGR MOI 1 cells no difference in the number of cells that were sorting as 

EpCAM+/CD49F+ was seen in response to DOX and TAM (Figure 3.24) as all treatment 

regimens resulted in approximately 99.9% of cells sorting as EpCAM+ and 96-98% of cells 

sorting as CDC49F+. However, once EPCAM flow cytometry data was re-gated higher in an 

attempt to visualize whether a cell population expressing high levels of EpCAM on the 

extracellular surface is affected by TAM treatment and GR KD. It was seen that GR KD 

increased the population of EpCAMhigh cells from 15.3% to 32.7% (Figure 3.25). TAM treatment 

alone had a slight effect on EpCAMhigh cells, increasing the proportion from 15.3% to 23.8%. 

Dual treatment with DOX and TAM increased the population of EpCAMhigh cells to 40.8%. This 

shift in response to GR KD and TAM treatment suggests that possibly a cell population  
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Figure 3.21 EPCAM expression in MCF-7, T47D, MBA-MD-231, and SK-BR-3 WT cells 

treated with TAM and E2 

MCF-7, T47D, MBA-MD-231, and SKBR-3 WT cells were plated grown in the presence of 

TAM and E2 for 72 hours. Cells UT by TAM or E2 were treated with ethanol vehicle as control. 

Cells were grown in TAM, E2 or TAM/E2. RNA was harvested from all cell lines following 

treatment and EpCAM expression was queried by qRT-PCR. HPRT1 was used as an internal 

control for total mRNA levels. Fold change in expression was calculated in comparison to –HC, 

UT for each cell line. P-values between 0.05 and 0.01 were considered significant (*), and p-

values between 0.01 and 0.001 were considered very significant (**).  
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Figure 3.22 EPCAM expression in MCF-7 TRIPZ-shGR MOI 1 and MOI 2 cells treated 

with DOX, TAM, and E2 

MCF-7 WT, TRIPZ-Control and TRIPZ-shGR MOI 1 and 2 cells were grown for 72 hours in the 

presence of various treatments. Cells were treated with DOX, TAM, and E2. Cells that were UT 

by either TAM or E2 were treated with ethanol vehicle as a control. After 72 hours growth, RNA 

and WCL were harvested. Expression of EpCAM was assessed by qRT-PCR. HPRT1 was used 

as an internal control for total mRNA levels. Fold change in expression was calculated in 

comparison to –HC, UT for each cell line. P-values between 0.01 and 0.001 were considered very 

significant (**) and p-values less than 0.0001 were considered extremely significant (****).   
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Figure 3.23 Western blot analysis of EPCAM in MCF-7 WT and TRIPZ-shGR MOI 1 cells 

treated with DOX, TAM, and E2 

MCF-7 WT, and TRIPZ-shGR MOI 1 cells were grown for 72 hours in the presence of various 

treatments. Cells were treated with DOX, TAM, and E2. Cells that were UT by either TAM or E2 

were treated with ethanol vehicle as a control. After 72 hours growth, RNA and WCL were 

harvested. WCLs from MCF-7 were blotted on and probed for EpCAM protein expression. TBP 

was used an internal control for total protein expression. 
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Table 3.1 Flow cytometry analysis of MCF-7 TRIPZ-shGR MOI 1 cells treated with DOX 

and TAM 

MCF-7 TRIPZ-shGR MOI 1 cells were grown in the presence of DOX and TAM for 72 hours. 

Cells UT by TAM were treated with ethanol vehicle as a control. Cells were sorted by flow 

cytometry by Matt Gordon using antibodies for αEpCAM-FITC and αCD49F-PE. 
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MCF-7 TRIPZ-shGR MOI 1 cells were grown in the presence of DOX and TAM for 72 hours. 

Cells UT by TAM were treated with ethanol vehicle as a control. Cells were sorted by flow 

cytometry by Matt Gordon using antibodies for αEpCAM-FITC and αCD49F-PE.  
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Figure 3.24 Flow cytometry of MCF-7 TRIPZ-shGR MOI 1 cells treated with DOX 
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Figure 3.25 Flow cytometry of MCF-7 TRIPZ-shGR MOI 1 cells treated with DOX and 

TAM 

MCF-7 TRIPZ-shGR MOI 1 cells were grown in the presence of DOX and TAM for 72 hours. 

Cells UT by TAM were treated with ethanol vehicle as a control. Cells were sorted by flow 

cytometry by Matt Gordon using antibodies for αEpCAM-FITC and αCD49F-PE. αEpCAM-

FITC gates were arbitrarily set higher to visualize a shift in an EPCAMhigh cell population.  
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expressing high levels of extracellular EpCAM may be amplified in response to loss of GR 

expression in conjunction with TAM treatment. This could point to a relationship between loss of 

GR expression and TAM treatment in the formation of stem-like breast cancer cells leading to a 

TAM-resistant-like growth in ER+ breast cancer cells.  

3.2.6 ALDH1A3 expression is modulated by TAM at the mRNA and protein level 

Following investigation of EpCAM expression in response to TAM treatment and GR 

KD, other stem-like marker genes were also explored in MCF-7 cells. ALDH1A3 expression in 

particular was of interest in this model. ALDH1A3 is a retinaldehyde dehydrogenase (RALDH)  

that converts retinaldehyde (RAL) to retinoic acid (RA)120. ALDH1A3 is an isoform of the 

ALDH1 gene and ALDH1 expression has been associated with cancer cell stemness in breast 

cancer121. ALDH1A3 expression has been particularly associated with cancer cell stemness in 

breast cancer cells as well as higher tumour grade, increased metastasis and higher cancer stage122 

and therefore it is of interest as a potential mediator of TAM resistance in this model. 

ALDH1A3 expression was investigated in MCF-7 WT, TRIPZ-Control, TRIPZ-shGR 

MO1 and MOI 2 cells treated with DOX, TAM, and E2. DOX had no significant effect on 

ALDH1A3 expression in any of the MCF-7 cell lines, including TRIPZ-shGR cells which 

suggests that GR levels do not directly affect ALDH1A3 expression (Figure 3.26). However, 

TAM significantly increased expression of ALDH1A3 in all lines. ALDH1A3 was very highly 

expressed in response to TAM; in WT cells, ALDH1A3 expression increased 5-fold, in TRIPZ-

Control and TRIPZ-shGR MOI 2 cells, expression increased 6-fold, and in TRIPZ-shGR MOI 1 

cells expression increased 8-fold and this effect was highly significant in each cell line (p<0.05). 

Following the identification of ALDH1A3 response to TAM, expression of ALDH1A3 

was verified in another ER+ cell line and two ER- cell lines to confirm it as an ERα-specific 

response. In MCF-7 WT cells, TAM and TAM/E2 significantly increased expression 

ofALDH1A3 (p<0.05) by approximately 5-fold (Figure 3.27). E2 had no significant impact on 



 

65 

 

ALDH1A3 expression. This result was also observed in T47D WT cells as TAM and TAM/E2 

significantly increased expression of ALDH1A3 (p<0.05) by approximately 3.5-fold (Figure 

3.27). E2 again had no effect on ALDH1A3 expression in T47D cells. Expression of ALDH1A3 

was not modified by any treatment in MBA-MD-231 and SK-BR-3 cells. This confirms that 

ALDH1A3 overexpression in response to TAM is specific to ER+ breast cancer cells. 

Next, it was confirmed that ALDH1A3 was overexpressed at the protein level in response 

to TAM treatment. In WT cells, TAM and DOX/TAM increased expression of ALDH1A3 

protein (Figure 3.28).  In TRIPZ-shGR MOI 1 cells, ALDH1A3 expression was also increased in 

response to TAM. DOX had no effect on ALDH1A3 protein expression although TAM and 

DOX/TAM greatly increased expression of ALDH1A3 protein (Figure 3.28). Taking into account 

this variability in TBP levels, this suggests even higher expression of ALDH1A3 in response to 

TAM in TRIPZ-shGR MOI 1 cells. E2 and DOX/E2 once again had no effect on ALDH1A3 

expression as ALDH1A3 was almost non-existent. Clearly, TAM is able to significantly 

upregulate expression of ALDH1A3 at both the protein and mRNA level in MCF-7 cells.  

In order to identify if a subpopulation of ALDH1+ stem-like cells is amplified in 

response to TAM, ALDEFLUOR analysis was performed. MCF-7 WT were treated with TAM 

for 72 hours prior to harvesting and sorted for ALDH1 positivity. It seems that TAM has little 

effect on ALDH1 positivity in MCF-7 WT cells (Figure 3.29). It was found that in a population 

of MCF-7 WT cells UT by TAM, approximately 22.7% of cells sorted as ALDH1+. TAM had 

little effect on ALDH1+;   a population of TAM treated MCF-7 WT cells, 15.3% of cells sorted 

as ALDH1+ (Table 3.2).  Clearly, TAM for a period of 72 hours is not sufficient to induce a shift 

in ALDH1+ positivity in MCF-7 cells.  

3.2.7 Increased expression of GR may be modulated by FOXA1 expression 

Finally, since it was identified that NR3C1 was overexpressed in response to TAM in 

ER+ cell lines, it stands to reason that there may be other factors controlling the expression of  
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Figure 3.26 ALDH1A3 expression in MCF-7 WT, TRIPZ-Control, and TRIPZ-shGR MOI 

1 and MOI 2 cells treated with DOX, TAM, and E2 

MCF-7 WT, TRIPZ-Control and TRIPZ-shGR MOI 1 and 2 cells were and grown for 72 hours in 

the presence of DOX, TAM, and E2. Cells that were UT by either TAM or E2 were treated with 

ethanol vehicle as a control. After 72 hours growth, RNA and WCL were harvested. Expression 

of ALDH1A3 was assessed by qRT-PCR. HPRT1 was used as an internal control for total mRNA 

levels. Fold change in expression was calculated in comparison to –HC, UT WT cells. P-values 

less than 0.0001 were considered extremely significant (****).  

MCF7 T47D MBA-MD-231 SKBR3
0

2

4

6

8

ALDH1A3 mRNA Expression

F
o

ld
 R

e
s
p

o
n

s
e
 (

A
L

D
H

1
A

3
)

UT

TAM

E2

TAM/E2

****

****

****

****

 

Figure 3.27 ALDH1A3 expression in MCF-7, T47D, MBA-MD-231, and SK-BR-3 cells 

treated with TAM and E2 

MCF-7, T47D, MBA-MD-231, and SKBR-3 WT cells were plated grown in the presence of 

TAM and E2 for 72 hours. Cells UT by TAM or E2 were treated with ethanol vehicle as control. 

Cells were grown in TAM, E2 or TAM/E2. RNA was harvested from all cell lines following 

treatment and ALDH1A3 expression was queried by qRT-PCR. HPRT1 was used as an internal 

control for total mRNA levels. Fold change in expression was calculated in comparison to –HC, 

UT for each cell line. Fold change in expression was calculated in comparison to –HC, UT for 

each cell line. P-values less than 0.0001 were considered extremely significant (****). 
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Figure 3.28 Western blot analysis of ALDH1A3 expression in MCF-7 WT and TRIPZ-shGR 

MOI 1 cells treated with DOX, TAM, and E2 

MCF-7 WT, TRIPZ-Control and TRIPZ-shGR MOI 1 and 2 cells were grown for 72 hours in the 

presence of DOX, TAM, and E2. Cells that were UT by either TAM or E2 were treated with 

ethanol vehicle as a control. After 72 hours growth, RNA and WCL were harvested. WCLs were 

blotted and ALDH1A3 protein expression was probed. TBP was used as an internal control for 

total protein expression.  

 

 

Figure 3.29 ALDEFLUOR analysis of MCF-7 WT cells treated with TAM 

MCF-7 WT cells were grown for 72 hours in the presence TAM. Cells that were UT by TAM 

were treated with ethanol vehicle as a control. After 72 hours growth, cells were collected and 

ALDEFLUOR analysis performed. Median fluorescence in UT Test cells was found to be 3.39 

samples and median fluorescence in TAM treated Test cells was found to be 3.12.   
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Table 3.2 ALDEFLUOR analysis of MCF-7 WT cells treated with TAM 

MCF-7 WT cells were grown for 72 hours in the presence TAM. Cells that were UT by TAM 

were treated with ethanol vehicle as a control. After 72 hours growth, cells were collected and 

ALDEFLUOR analysis performed. 
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NR3C1. Aduljabbar et al. 47 identified a positive correlation between transcription factors 

responsible for mediating ERα signaling and GR expression in ER+ breast cancer, specifically 

FOXA1, GATA3, and CDKN1B. These targets and FOXA2, were investigated for alterations in 

expression in response to TAM as it was possible they might be responsible for upregulating GR. 

FOXA2 and GATA3 expression were found to be unresponsive to treatments in MCF-7 

cells (Figure 3.30 A and B); FOXA2 and GATA3 expression was not increased by TAM, DOX, 

or E2. Various treatments had different effects on expression in WT, TRIPZ-Control, TRIPZ-

shGR MOI 1 and 2 cells suggesting that neither FOXA2 nor GATA3 is regulated by TAM.   

CDKN1B expression was of somewhat more interest than FOXA2 or GATA3. There was 

no significant difference in CDKN1B expression in response to various treatments in MCF-7 WT 

cells (p<0.05). In TRIPZ-Control and TRIPZ-shGR MOI 1 cells, DOX/TAM increased CDKN1B 

expression by approximately 25% (p<0.05) (Figure 3.31). This DOX/TAM effect was seen as 

well in TRIPZ-shGR MOI 2 as CDKN1B expression was significantly increased by 35% by 

DOX/TAM (p<0.05) (Figure 3.31). No other treatment resulted in any change in expression. 

These data suggest that CDKN1B may be regulated directly by both GR KD and TAM. 

Finally, expression of FOXA1 was explored in MCF-7 WT, TRIPZ-Control, TRIPZ-

shGR MOI 1 and 2 cells treated with DOX, TAM, and E2. FOXA1 expression was shown to be 

unaffected by DOX or E2 however in WT, TRIPZ-Control, TRIPZ-shGR MOI 1 and MOI 2 

cells, TAM as well as DOX/TAM increased expression of FOXA1 by approximately 1.5-2.0 fold 

(Figure 3.32) and this change was significant in comparison to UT cells. Since FOXA1 

expression was unaffected by DOX in conjunction with TAM (Figure 3.32) this suggests that 

FOXA1 expression is upregulated by TAM but is unresponsive to GR levels. Therefore, it stands 

to reason that FOXA1 could be responsible for mediating the upregulation of NR3C1 in TAM 

treated ER+ breast cancer cells. 

  



 

70 

 

 

Figure 3.30 FOXA2 and GATA3 expression in MCF-7 WT, TRIPZ-Control, and TRIPZ-

shGR MOI 1 and MOI 2 cells treated with DOX, TAM, and E2 

MCF-7 WT, TRIPZ-Control and TRIPZ-shGR MOI 1 and 2 cells were grown for 72 hours in the 

presence of DOX, TAM, and E2. Cells that were UT by either TAM or E2 were treated with 

ethanol vehicle as a control. After 72 hours growth, RNA and WCL were harvested. Expression 

of A) FOXA2 and B) GATA3 was assessed by qRT-PCR. HPRT1 was used as an internal control 

for total mRNA levels.  Fold change in expression was calculated in comparison to –HC, UT WT 

cells.  

 

 

Figure 3.31 CDKN1B expression in MCF-7 WT, TRIPZ-Control, and TRIPZ-shGR MOI 1 

and MOI 2 cells treated with DOX, TAM, and E2 

MCF-7 WT, TRIPZ-Control and TRIPZ-shGR MOI 1 and 2 cells were grown for 72 hours in the 

presence of DOX, TAM, and E2. Cells that were UT by either TAM or E2 were treated with 

ethanol vehicle as a control. After 72 hours growth, RNA and WCL were harvested. Expression 

of CDKN1B was assessed by qRT-PCR. HPRT1 was used as an internal control for total mRNA 

levels. Fold change in expression was calculated in comparison to –HC, UT WT cells. P-values 

between 0.01 and 0.001 were considered very significant (**), p-values between 0.001 and 

0.0001 were considered extremely significant (***) and p-values less than 0.0001 were 

considered extremely significant (****). 
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Figure 3.32 FOXA1 expression in MCF-7 TRIPZ-Control, and TRIPZ-shGR MOI 1 cells 

treated with DOX, TAM, and E2 

MCF-7 TRIPZ-Control and TRIPZ-shGR MOI 1 cells were grown for 72 hours in the presence of 

DOX, TAM, and E2. Cells that were UT by either TAM or E2 were treated with ethanol vehicle 

as a control. After 72 hours growth, RNA and WCL were harvested. Expression of FOXA1 was 

assessed by qRT-PCR. HPRT1 was used as an internal control for total mRNA levels. Fold 

change in expression was calculated in comparison to –HC, UT WT cells. P-values between 0.05 

and 0.01 were considered significant (*) and p-values less than 0.0001 were considered extremely 

significant (****). 
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Discussion 

4.1 Unliganded GR In Normal Breast Tissue  

This study focused on exploring the role of UL GR in normal human breast cells, 

primarily the role of endogenous levels of GR in mediating proliferation and apoptosis. Previous 

studies had focused on UL GR function in mouse mammary tissue or involved re-introducing GR 

into human breast cells. Proliferation analysis was completed in the non-malignant human 

mammary cell line MCF-10A with decreased expression of GR and it was found that GR KD 

significantly slowed cell growth. Specifically, it seems that liganded GR is necessary for 

stimulating proliferation since the re-addition of HC to cells containing lowered levels of GR 

somewhat alleviated the anti-proliferative effect of GR KD. Clearly GR is crucial in the normal 

proliferation and maintenance of human mammary breast tissue. As well, based on these data 

some information can be gained about the difference in function between liganded and UL GR. 

Data shows that low levels of liganded GR are able to induce proliferation in normal human 

breast cells and possibly protect breast tissue from cell death through apoptosis.  

In order to better explore the relationship between liganded and UL GR action in cell 

death and apoptosis, MCF-10A cells were probed for expression of apoptosis markers caspase-3 

and PARP. Cells were induced to express low levels of GR in the presence or absence of HC to 

determine if UL GR signaling is powerful enough to induce apoptosis in normal breast cells. It 

was found that GR KD alone is not sufficient to induce apoptosis in normal breast cells as no 

increase in expression of cellular death markers was seen with GR KD. HC as well seemed to 

have no effect on apoptosis in normal breast cells in the context of endogenous GR levels which 

suggests that GR is a subtle modulator of cell death. It may be that GR is important in modulating 

cellular response to apoptosis but it cannot initiate programmed cell death as UL GR was able to 
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modify response to chemotherapeutic agents in EPH4 cells as explored by Dr. Ritter in the 

Mueller lab. GR mediates proliferation in MCF-10A mammary cells and its role in apoptosis 

requires further exploration.   

4.2 Unliganded GR Targets In Normal Breast Cells  

Results by Dr. Heather Ritter showed that in EPH4 mouse cells UL GR positively 

regulates expression of BRCA1 and CH25H and other targets in the absence of HC58,61. MCF-

10A and 184-hTERT WT cells were posited as viable options for exploring UL GR function in 

normal human breast cell lines. Previous findings by Dr. Ritter had shown that the GR antagonist 

RU-486 was able to decrease BRCA1 expression in MCF-10A cells. As well, MCF-10A cells 

transfected with flag-tagged GR showed occupation of the BRCA1 promoter in the absence of 

HC which suggested that MCF-10A and 184-hTERT lines would be a suitable human analogue 

for EPH4 mouse cells. Despite these findings, UL GR regulation of BRCA1 and CH25H was not 

verified in MCF-10A or 184-hTERT TRIPZ-shRNAmir cells. 

It may be that differences in UL GR action between cell lines relates to the specific 

differences in the tumourigenicity of the different cell lines used. EPH4 cells were originally 

derived from immortalized Ep1 cells and they form 3D polarized structures in collagen matrix123 . 

Research has demonstrated that EPH4 cells grown into acinar structures and can be induced to 

express lactation proteins STAT5, β-casein, and E-cadherin in response to hormone 

stimulation124,125. MCF-10A cells by contrast are derived from fibrocystic breast tissue and while 

they do form acinar structures in 3D cell culture108, they are not genomically stable, as early 

cultures showed normal diploid chromosomes but later cultures showed an altered karyotype126. 

184-hTERT cells were originated by transfecting human mammary epithelial cells with full-

length hTERT cDNA leading to immortalization127. 184-hTERT cells are cytogenetically normal 

and do form 3D acinar structures in Matrigel115 although work in the Mueller lab has failed to 

stimulate 184-hTERT cells to produce milk proteins. EPH4 cells seem to represent the most 
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normal mammary epithelial cell line used in these studies as they are lactogenic and genotypically 

stable. It may be that only cell lines that replicate normal breast conditions show UL GR action.  

In conjunction with BRCA1 and CH25H, other potential targets of UL GR were chosen 

from the candidate list generated by EPH4 microarray and investigated for expression in relation 

to GR expression. No regulation was found indicating that none of these genes were directly 

regulated by UL GR. XAF1 however was found to be strongly down-regulated by HC and in 

TRIPZ-shGR MOI 1 cells, its expression was elevated by GR KD. It is possible therefore that 

liganded GR is down-regulating expression of XAF1. This correlates with its regulation from the 

microarray data as XAF1 expression was decreased in the shGR-19 cell line. Decreased XAF1 

expression in the shGR-19 cell line suggests that loss of UL GR signaling decreases XAF1 

expression which could indicate that UL GR positively regulates the expression of XAF1. MCF-

10A cells treated with HC would decreased UL GR activity which could lead to decreased 

expression of its target genes, such as XAF1. It is difficult to interpret this result as DOX 

treatment in TRIPZ-Control cells also seemed to decrease expression of XAF1 and therefore it is 

unclear whether any effect on XAF1 is a GR-specific response. XAF1 is involved in the 

regulation of apoptosis; specifically XAF1 is able to suppress the action of XIAP which is a 

member of the IAP, inhibitors of apoptosis family of proteins128. XAF1 has been found to be 

expressed in normal human tissues however it appears loss of expression of XAF1 is commonly 

seen in multiple cancer types129,130. The finding that XAF1 expression is down-regulated by HC 

correlates with previous findings that show that liganded GR is anti-apoptotic28,61 and therefore 

loss of pro-apoptotic signal in response to HC follows that pattern.  

RASSF4 expression seemed to be down-regulated by approximately 50% in response to 

HC treatment in MCF-10A cells. This finding correlates with data from the microarray that 

showed that GR KD in the shGR-19 cells resulted in decreased RASSF4 expression which would 

suggest that RASSF4 is positively regulated by UL GR. As well, GR KD in the TRIPZ-shGR 
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MOI 1 cells seemed to increase RASSF4 expression which would suggest that liganded GR is 

negatively regulating expression of RASSF4 similarly to XAF1. The activity of RASSF4 remains 

unclear although research has shown that RASSF4 has tumour suppressor function as a Ras 

effector and it is methylated in a number of different cancer types131. This negative regulation of 

RASSF4 by liganded GR again points to the anti-apoptotic activity of HC in the breast.  

4.3 GR Negatively Regulates CDKN1A and PRLR Expression 

During the study of UL GR targets in human mammary cells, it was found that GR KD in 

MCF-10A cells is able to dramatically increase the expression of CDKN1A in both the presence 

and absence of HC. These data suggest that GR is responsible for negatively regulating 

expression of CDKN1A in MCF-10A cells. This is the first evidence that CDKN1A expression 

may be modulated by GR, and interestingly this regulation of CDKN1A expression does not 

seem to be dependent on the presence of GR ligand. Therefore it may be that GR is able to 

repress expression of CDKN1A in a ligand-independent manner which may suggest a negative 

function of UL GR. It is of interest to note that occupation of the CDKN1A promoter by GR has 

been shown by CHiP-Seq using ENCODE data in three distinct regions of the CDKN1A 

promoter. This helps to cement the idea that GR may be able to directly bind to the CDKN1A 

promoter and repress expression of CDKN1A in the presence or absence of HC. Further studies 

must be done to confirm GR physically binds to the CDKN1A promoter and whether there are 

other factors that bind in conjunction with GR to modulate expression of CDKN1A.  

The CDKN1A gene is of interest because p21, the protein product of CDKN1A, is 

involved in the regulation of cell cycle progression and apoptosis, as CDKN1A is critical in the 

negative regulation of cyclin dependent kinases that stimulate cellular proliferation132 however it 

has also been found that p21 has anti-apoptotic properties as well in conjunction with Chk1133. 

Particularly, in the breast, CDKN1A has been connected with p19ARF regulation in mammary 

development throughout pregnancy134. CDKN1A down-regulation has been identified in breast 
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cancers135 however some cancer show upregulation of CDKN1A which may be related to its 

ability to suppress apoptosis136. Since it was found that CDKN1A expression is increased by GR 

KD in the absence or presence of HC, this suggests that UL GR is negatively regulating 

CDKN1A. This fits with findings that UL GR is pro-apoptotic however it also suggests a pro-

proliferative effect of UL GR.  

It was also shown that HC dramatically decreases expression of the gene PRLR in MCF-

10A cells and that loss of GR expression increases expression of PRLR quite significantly, on the 

order of approximately 5-fold. This suggests that specifically liganded GR is responsible for the 

negative regulation of PRLR and that in the presence of HC, GR binds to the PRLR promoter and 

reduces its expression. It is confusing as to why DOX would impact PRLR expression in the 

absence of HC in TRIPZ-Control, an effect that was also somewhat seen but not significant in 

TRIPZ-shGR MOI 1 cells. It may be that DOX has some endogenous effect on PRLR expression 

and therefore results related to overexpression of PRLR in response to GR KD as induced by 

DOX treatment are not fully conclusive. However, it is important to note, that this effect on 

PRLR expression was also observed in two biological replicate experiment that confirmed that 

HC greatly decreased expression of PRLR and in the presence of HC, GR KD was correlated 

with a significant increase in PRLR expression on the order of approximately 5-fold (Appendix 

A, Supplementary Figures A.1 and A.2). Therefore, evidence suggests that this GR modulated 

effect on PRLR expression is not a non-specific response to DOX but is   dependent on GR 

expression as well as the presence of HC. This represents a novel target for negative repression 

by liganded GR and merits further study.  

PRLR encodes the prolactin receptor protein and this particular gene is of interest since 

prolactin has been in both normal breast development as well as breast tumourigenesis. Prolactin 

is critical for cellular proliferation and differentiation as well as milk secretion137. PRLR is critical 

in breast differentiation as PRLR null mice are sterile and hemizygous mice for PRLR do not 
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show normal lactation138. PRLR is expressed in the luminal epithelia of normal breast tissue139 

however breast carcinoma often show greater expression of PRLR than normal mammary 

tissue139,140. Since high expression of PRLR is growth stimulatory, it is curious as to why HC 

would down-regulate PRLR expression, and specifically why liganded GR negatively regulate 

PRLR expression. It may be that liganded GR activity is more complex than previously described 

and may exert some anti-proliferative effects in normal breast tissue.  

The specific regulation of PRLR by liganded GR is of interest as both cortisol and 

prolactin are crucial hormones that are temporally regulated throughout pregnancy and lactation. 

Prolactin levels increase throughout pregnancy141 and prolactin and PRLR is crucial in 

proliferation and the development of lobuloalveolar structures for lactation142. Prolactin has been 

shown to be critical in lactogenesis in multiple species including rat, mouse, sheep, and human143 

and increased prolactin secretion leads to increased milk production144,145. Suckling stimulates 

prolactin release and decreased prolactin expression in conjunction with milk protein 

accumulation signals involution146,147. Cortisol and prolactin have been found to function together 

to regulate different stages of mammary development and lactogenesis; prolactin and cortisol 

function in conjunction to activate expression of milk protein genes including β-casein148. As 

well, both cortisol and prolactin inhibit involution and loss of both hormones is crucial in post-

lactational regression137,149. It may be that liganded GR regulation of PRLR expression is 

important in fine-tuning the action of prolactin in the breast throughout pregnancy.  

4.4 Mechanism of Tamoxifen Resistance in Response to GR Knockdown 

The second area of research of this study involved exploration of the connection between 

GR levels and tamoxifen response. The relationship between GR expression and resistance to 

TAM in ER+ breast cancer cells was first identified by Pan et al.106 and the direct causal 

relationship was explored by Amelia Perri107. It was found that GR KD by DOX induction in a 
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TRIPZ-shGR cell line of MCF-7 cells directly affected cellular response to TAM as GR KD 

allowed cells to proliferate in the presence of TAM in comparison to GR high cells.  

It was found that in ER+ cells, overexpression of either the liganded or the UL form of 

GR was able to combine with TAM to decrease proliferation. Since it was found that HC was 

able to eliminate the TAM response in GR-21 cells but had no effect on GR-65 cells this suggests 

that TAM-resistant cell growth may be due to the loss of UL GR signaling. Since HC would 

eliminate UL GR signaling in GR-21 cells but not in GR-65 cells, this suggests that UL GR is 

crucial for TAM response. It is important to note that GR-65 cells still express endogenous GR 

that can bind HC and exert liganded function however, UL GR function would still be present in 

GR-65 cells whereas it would no longer be present in GR-21 cells. As well, since overexpression 

of UL GR decreased cell growth in the absence of TAM this further shows that UL GR has a 

negative growth effect in MCF-7 cells. Therefore, loss of UL GR activity specifically may be 

responsible for TAM-resistant growth in low GR expressing breast cancer cells.   

4.5 A Model for GR Signaling in TAM Treated ER+ Breast Cancer Cells 

In conjunction with the identification that low GR levels impart resistance to TAM in 

ER+ breast cancer cell, the specific effect of TAM on GR and GR signaling was explored. It was 

found that in ER+ breast cancer, TAM significantly increases the expression of GR by 

approximately 2-fold. GR upregulation in response to TAM is of interest because previous 

findings showed that lowered levels of GR allowed ER+ breast cancer cells to proliferate in the 

presence of TAM. This suggests therefore that GR is somehow having a negative effect on 

growth in ER+ cells and this effect is eliminated by GR KD. GR upregulation by TAM suggests 

therefore that TAM is able to inhibit cancer cell proliferation by eliminating ERα signaling but 

also by increasing the negative growth of effect of GR by increasing expression of GR as well.  

These findings suggest that potentially E2 and ERα signaling represses expression of GR 

and this repression was lost in response to TAM treatment leading to increased GR expression. 
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However, in MCF-7 and T47D WT cells treated with TAM and E2, E2 had no effect on GR 

expression. This implies that ERα signaling is not specifically inhibiting GR expression and 

therefore activation of GR expression in response to TAM treatment must occur through some 

other mechanism. It is of interest to note that neither ERα nor ERα target genes, TFF1 and PGR, 

were altered in any way by GR KD in TAM treated ER+ breast cancer cells. One initial theory 

was that loss of GR was upregulating ERα signaling pathways and therefore loss of GR was 

allowing ER+ cells to continue to use this pathways however since no change in ERα  or ERα 

responsive genes was seen, this suggests that ERα signaling is not affected by TAM or GR levels. 

Therefore, it may be that GR is regulating an alternative growth pathway and loss of GR 

expression allows this growth pathway to stimulate growth even in the presence of TAM.  

Following the identification of GR upregulation in response to TAM treatment, a model 

has been built for signaling in ER+ cells treated with TAM (Figure 4.1). When ER+ cells express 

high levels of GR, GR is able to negatively regulate the proliferative function of an alternate 

growth pathway. In this context, ERα is bound to E2 and is therefore the primary driver of 

proliferation. However, when these GR-high, ER+ cells are treated with TAM, once again GR is 

able to repress the function of the alternative growth pathway and ERα signaling is lost, leading 

to stalled growth. However, when GR expression levels are low, either due to direct mutation or 

repression of expression through an alternate method such as methylation of the promoter, GR 

levels are not sufficient to repress the action of the alternative growth pathway, leading to 

stimulation of proliferation. Under normal conditions, ERα is again still active which remains the 

strongest stimulation for proliferation and these cells once again proliferate normally. However 

when these GR-low, ER+ cells are treated with TAM, ERα signaling is lost and cannot stimulate 

proliferation but because GR levels are insufficient to limit the alternative growth pathway, this 

ERα-independent pathway is able to signals cells to proliferate at a median level, thus resulting in 

a TAM-resistant-like growth phenotype. 
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In conjunction with increased GR expression upon TAM treatment, it was also found that 

certain targets of UL GR, namely GSTM1 also had increased expression in response to TAM 

treatment and subsequent GR increase. GSTM1 is a member of the glutathione S-transferase 

protein family that is critical in the detoxification of carcinogenic compounds150. A GSTM1 null 

variant has been identified in a number of different forms of cancer including bladder116,151, 

lung152, and ovarian cancer153. It is unclear whether there is any association of GSTM1 expression 

in breast cancer as no clear correlation has been connected to a GSTM1 null phenotype and 

increased risk154,155. However, the increase in GSTM1 seen in response to TAM and GR level is 

of interest since low expression of GSTM1 is associated with increased cancer development. GR 

may be crucial in increasing expression of GSTM1 in order to limit genotoxic effects in response 

to TAM to prevent the development of secondary mutations.  

Finally, it was also of interest to study the exact mechanism that stimulates the expression 

of GR in response to TAM. One theory is that GR expression is normally repressed by ER 

signaling and therefore repression of ERα by TAM would allow for reactivation of GR 

expression. However, no difference in GR expression was seen in response to E2 treatment in 

either MCF-7 or T47D cells which suggests that some alternate mechanism is leading to the 

increase in GR. Therefore it may be that GR expression is stimulated by some alternate factor 

binding to a transcription factor binding site or an enhancer region in the GR promoter.  

In order to identify the factor responsible for mediating GR expression in response to 

TAM, it was necessary to explore whether any genes had been found in the literature to be 

connected to GR expression. It was found in breast cancer clinical samples that there was a 

positive correlation between GR expression and factors responsible for mediating the ERα effect, 

particularly, FOXA1, GATA3, and CDKN1B47. This finding was of clear interest as it suggested 

that potentially these factors may be crucial in the upregulation of GR in response to TAM. 
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Expression of FOXA1, FOXA2, GATA3, and CDKN1B were explored in ER+ MCF-7 cells and 

FOXA1 was significantly upregulated by TAM by approximately 2-fold.  

The finding that FOXA1 expression is increased by TAM treatment is highly intriguing 

as FOXA1 is a pioneer factor in the regulation of ERα binding to its target genes156. FOXA1 is 

able to bind to nucleosomes and open the chromatin for activation157,158. FOXA1 binding sites 

have been located in close proximity to canonical ERα binding sites159 and loss of FOXA1 

expression eliminates ERα binding to chromatin and decreases ERα target gene expression156,160. 

FOXA1 expression has been used to stratify breast cancers as its expression is correlated with 

better cancer-specific survival in both ER+ and ER- breast cancers161–163. FOXA1 has been shown 

to have an inhibitory effect on the growth of ER+ breast cancer cell and may positively regulate 

expression of the cell cycle regulatory protein p27164. The growth inhibitory effect of FOXA1 in 

ER+ breast cancer may be controlled in part by GR signaling as both FOXA1 and GR have been 

found to be positively regulated by TAM. There is a FOXA1 binding site within intron 1 of the 

NR3C1 which suggests that FOXA1 may occupy the NR3C1 promoter and activate GR 

expression upon TAM treatment. It remains to be seen whether alternate factors such as ERα may 

bind with FOXA1 to modulate GR expression although this system holds great promise.   

Finally, in building a model for gene expression in response to TAM treatment in ER+ 

breast cancer cells, expression of stem-like markers was investigated and it was found that 

expression of EPCAM and ALDH1A3 were significantly increased in response to TAM treatment 

in ER+ breast cancer cells. EpCAM specifically seemed to be increased in response to TAM 

treatment and GR KD in MCF-7 cells. EpCAM is an epithelial cell adhesion molecule that has 

been found to be strongly expressed in some forms of breast cancer119. EpCAM expression in 

breast cancer is associated with increased proliferation as well as increased migration and 

invasion119. This finding was initially of interest because it suggested that EpCAM could be a part 

of an alternative growth signaling pathway controlled by GR however since no difference in 
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EpCAM protein expression was observed, no conclusion can be drawn. As well, no amplification 

of an EpCAM+ subpopulation of stem-like cells was seen which suggests that potentially 

EpCAM upregulation in response may not occur within the time frame of 72 hours. MCF-7 cells 

were largely highly EpCAM+ and therefore it may be difficult to determine any difference in 

expression of EpCAM on the cell surface in response to TAM treatment and GR KD. It was seen 

that an EpCAMhigh population of cells did seem to be increased by GR KD and TAM treatment in 

MCF-7 cells suggesting that possibly EpCAM high-expressing cells may be increased 

synergistically by TAM treatment and loss of GR expression. 

It was also found that expression of ALDH1A3, a retinaldehyde dehydrogenase gene, 

was also significantly amplified by TAM in ER+ breast cancer cells. This increase was quite 

dramatic with a 5-10 fold increase in mRNA expression however no association was seen 

between ALDH1A3 expression and GR KD. ALDH1A3 was also found to be strongly increased 

at the protein level. This increase in ALDH1A3 expression was also observed in both MCF-7 and 

T47D ER+ cell lines. This suggests therefore that ALDH1A3 upregulation in response to TAM is 

due to a different mechanism than GR regulation. ALDH1A3 is an isoform of ALDH involved in 

retinoic acid production and drug metabolism that has been found to be important in breast cancer 

tumourigenesis121,122. Evidence suggests that following treatment with various anti-cancer drugs, 

genes that promote cancer cell stem-ness including ALDH1 are upregulated165,166. However, 

despite findings showing increased expression of ALDH1A3 in response to TAM at both the 

mRNA and the protein level, no increase in an ALDH1+ subpopulation of stem-like cells was 

seen in TAM treated MCF-7 cells. It may be that the time frame utilized in the search for 

ALDH1+ cells was not sufficient to allow the amplification of ALDH1+ cells.  

This increased in the expression of cancer stem cell associated-genes is of interest as it 

suggests that even independent of GR expression, TAM itself may partially responsible for 

stimulating TAM-resistance. It has been shown that the development of TAM resistance in ER+ 
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breast cancer has been associated with more features associated with epithelial-to-mesenchymal 

transition167 including increased ability to spread and invade tissue, suggesting a more metastic-

like phenotype168. Specifically, TAM-resistance MCF-7s have been found to have stem-like 

features including increased tumourigenicity in mice as well as increased expression of stem cell 

marker genes such as SOX-2, OCT-4, and CD133169. As well, TAM treatment has been shown to 

increase the number of breast cancer cells capable of forming mammospheres170 which suggests 

that TAM increases the proportion of tumour-initiating cells which is a hallmark of cancer stem 

cells. Finally, ERα signaling as bound to E2 has been shown to decrease Notch activity and in 

TAM reactivated Notch signaling171; this is significant as Notch signaling is considered a critical 

in regulating self-renewal in stem-like cells172. The development of resistance through the 

formation of a subpopulation of cancer stem cells is significant flaw in TAM treatment. The 

finding that EpCAM and ALDH1A3 additionally may be upregulated directly by TAM treatment 

and GR expression status points towards further avenues for breast cancer cells to develop 

resistance. Therefore, it may be prudent to initiate combination therapies to limit the development 

of a cancer stem cell population in conjunction with TAM treatment such as use of stem cell 

targeting drugs like metformin173, PI3K-mTOR pathway inhibitors174 or through microRNAs to 

re-sensitize stem-like cells to TAM101,102.  

Combining all these findings, a model for the relationship between ERα signaling and 

GR expression in ER+ breast cancer cells was built (Figure 4.1). Expression of ALDH1A3 and 

EpCAM were added to the model as well as the preliminary finding that FOXA1 may be 

responsible for regulating GR expression in the presence of TAM. More studies must be done to 

directly link GR expression to FOXA1 levels as well as explore whether FOXA1 occupies the 

NR3C1 promoter in ER+ breast cancer cells. More studies must also be done to explore other 

target genes that may be regulated by GR in the potential alternate growth pathway.  
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4.6 Conclusion 

The role of unliganded GR in human breast cell lines was explored in an attempt to verify 

the system identified in mouse EPH4 cells. It was found that the ability of UL GR to regulate 

BRCA1 and CH25H expression were not replicated in human cell lines MCF-10A and 184-

hTERT WT cells as was previously found in EPH4 mouse cells. No new target genes of UL GR 

were identified in normal human breast cells. However it was found that CDKN1A and PRLR 

were negatively regulated by GR in MCF-10A cells. CDKN1A seemed to be regulated by either 

UL or liganded GR whereas PRLR seemed to be specifically repressed by liganded GR.  

Further research into the effects of TAM on GR expression and the role GR plays in 

TAM resistance was completed. It was found that GR expression was amplified by TAM 

treatment in ER+ cells and this increased expression did not seem to be modulated by changes in 

ERα expression. Downstream GR signaling particularly expression of GSTM1 was also increased 

by TAM and this increase was dependent on GR expression. FOXA1 may be responsible for 

increasing the expression of GR in this context as its expression was also found to be increased 

by TAM in a GR-independent manner. Finally, TAM also seemed to upregulate expression of 

cancer stem-like marker genes, EpCAM and ALDH1A3. EpCAM expression was somewhat 

suspect as it was not observed at the protein level however ALDH1A3 was strongly amplified by 

TAM at both the mRNA and protein level. It does not seem that TAM increases the population of 

stem-like cells in this context however it may be that more time is required for cells to shift 

towards a more or less stem-like phenotype. A secondary option is that ALDH1A3 

overexpression in response to TAM is a part of a wide-spread shift towards expression of 

detoxifying genes in order for cancer cells to develop long term resistance to chemotherapeutics.   
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Figure 4.1 A Model for GR Expression in Response to TAM Treatment 

In ER+ breast cancer, estrogen binds to ER which stimulates proliferation. ER action may repress 

expression of FOXA1 and in turn the expression of GR. When ER signaling is repressed by 

TAM, FOXA1 expression is increased which then causes increased expression of GR. GR then 

activates expression of its downstream targets such as GSTM1 and other pro-apoptotic factors. 

Expression of cancer stem cell markers ALDH1A3 and EPCAM as well as the cell cycle 

regulator CDKN1B are also increased by TAM treatment although it is unclear whether GR 

directly activates expression of these genes. Increased GR levels upon TAM treatment may then 

negatively regulate the activity of an alternative growth signaling pathway. Decreased expression 

of GR may lead to the re-activation of this pathway and increased breast cancer growth despite 

TAM treatment.   
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Figure A.1 Expression of PRLR in MCF-10A cells treated with DOX and HC, biological 

replicate 2 

MCF-10A TRIPZ-Control and TRIPZ-shGR MOI 1 cells were plated at 5.0 X 104 cells/mL and 

grown in the presence of 1.0mg/mL DOX for either 48 or 72 hours and HC for 24 hours 

immediately prior to RNA and WCL harvesting. DOX was administered to 72 hour DOX wells 

72, 48, and 24 hours prior to harvesting and administered to 48 hour DOX wells only 48 and 24 

hours prior to harvesting. HC was administered to all +HC wells 24 hours prior to harvesting and 

ethanol vehicle was added to –HC wells. A) Expression of PRLR was assessed by qRT-PCR in 

TRIPZ-Control and TRIPZ-shGR MOI 1 cells. HPRT1 was used as an internal control for total 

mRNA levels. B) Expression of PRLR in TRIPZ-Control and TRIPZ-shGR MOI 1 cells as 

compared in +HC, UT alone.  
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Figure A.2 Expression of PRLR in MCF-10A cells treated with DOX and HC, biological 

replicate 3 

MCF-10A TRIPZ-Control and TRIPZ-shGR MOI 1 cells were plated at 5.0 X 104 cells/mL and 

grown in the presence of 1.0mg/mL DOX for either 48 or 72 hours and HC for 24 hours 

immediately prior to RNA and WCL harvesting. DOX was administered to 72 hour DOX wells 

72, 48, and 24 hours prior to harvesting and administered to 48 hour DOX wells only 48 and 24 

hours prior to harvesting. HC was administered to all +HC wells 24 hours prior to harvesting and 

ethanol vehicle was added to –HC wells. A) Expression of PRLR was assessed by qRT-PCR in 

TRIPZ-Control and TRIPZ-shGR MOI 1 cells. HPRT1 was used as an internal control for total 

mRNA levels. B) Expression of PRLR in TRIPZ-Control and TRIPZ-shGR MOI 1 cells as 

compared in +HC, UT alone.  
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