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Abstract 

     The glucocorticoid receptor (GR) binds glucocorticoids and transcriptionally regulates genes 

involved in immune response, cellular proliferation, and apoptosis. Previous work in our lab 

using MeDIP followed by qPCR found that 15% of assayed breast tumours were methylated at 

the GR (NR3C1) proximal promoter, and samples with methylation near exon 1B had decreased 

GR expression compared to unmethylated samples. In this study, a quantitative methylation-

specific PCR (qMSP) assay was developed in an attempt to detect NR3C1 promoter methylation 

in breast cancer patient blood samples. Although circulating NR3C1 promoter methylation was 

not detectable in our patient cohort, the assay was still used to detect and quantify NR3C1 

promoter methylation in the breast tumour samples.  

     Patients with ERα-positive breast tumours with low NR3C1 expression have shown a poorer 

outcome when treated with tamoxifen compared to tumours with higher NR3C1 expression. 

Using a doxycycline-inducible lentiviral TRIPZ-shRNAmir in MCF-7 cells directed against 

endogenous GR, we were able to explore whether low NR3C1 expression modulates cellular 

response to tamoxifen. When treated with tamoxifen, GR knockdown cells showed increased 

proliferation compared to normal GR levels, suggesting a decreased sensitivity to tamoxifen. GR 

knockdown only stimulates proliferation when ERα action is blocked by tamoxifen. Based on 

these results we propose that NR3C1 promoter methylation detected through qMSP in breast 

tumours, which leads to low GR expression, may be used as a predictive biomarker for poor 

outcome in ERα-positive breast tumours treated with tamoxifen. 
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Chapter 1 

Introduction 

1.1 Breast Cancer 

     Breast cancer is the most frequently diagnosed and a leading cause of cancer-related deaths in 

women worldwide
1
. It is estimated that 1 in 9 Canadian women will develop breast cancer in her 

lifetime
2
. In 2014, the Canadian Cancer Society estimates that breast cancer will account for 

24,400 expected new cancer cases in Canadian women, or 26.1% of all new female cases. 

Mortality rates associated with breast cancer have fallen 43% since 1986, however it is estimated 

that 1 in 30 Canadian women will die of it, second to lung cancer (1 in 17). 

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

environmental factors
3
. Familial breast cancers, which account for 5-10% of cases, result from 

inherited genetic risk factors including mutations in the tumour suppressor genes breast cancer 1, 

early onset (BRCA1) and breast cancer 2, early onset (BRCA2)
4
. Sporadic breast cancers, which 

make up the remainder of cases, are associated with numerous risk factors including both 

physical and psychological factors. These factors include endogenous hormone cycles such as 

early menarche, late menopause, late age at first childbirth, and nulliparity, as well as the use of 

exogenous hormones such as oral contraceptives and hormone replacement therapy
3
. Physical 

fitness including diet and exercise, and mammographic density are also sporadic risk factors. 

Psychological stress has been identified as a risk factor in breast cancer, as it has been shown to 

contribute to both cancer emergence and progression
5
. 

     A meta-analysis of 27 studies from 1966 to 2002 examined the association between stressful 

life events and breast cancer risk
6
. Various stressful events were categorized and the association 

between the event and breast cancer risk was determined. Specific events were found to be 

correlated with a higher risk of developing breast cancer including a number of stressful life 
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events (odds ratio (OR)=1.77, 95% confidence interval (CI) 1.31-2.40), death of a spouse 

(OR=1.37, 95% CI 1.10-1.71), and death of a relative or friend (OR=1.335, 95% CI 1.09-1.68). 

Other studies have found that chronic psychological stress, such as work-related stress, is not 

associated with an increased breast cancer risk, however specific stressful life events, such as a 

death of a family member, are
7
. 

     Psychological stress as a risk factor is comparable to well-established risk factors. For 

example, a study of over 3000 women found that nulliparity, compared to parity, was correlated 

with a higher risk of developing breast cancer (OR=1.40, 95% CI 0.80-2.40)
8
. Another study of 

over 3000 women found that women whose first menarche occurred at age 12, 13, or 14 years 

compared to women whose first menarche occurred at age 15 years were more likely to develop 

breast cancer (OR=1.50, 95% CI 1.10-1.90, OR=1.40, 95% CI 1.00-1.50, OR=1.2, 95% CI 0.80-

1.70, respectively)
9
. Comparing the results from these studies to the meta-analysis on 

psychological stress, it is apparent that the risk of developing breast cancer due to psychological 

stress is comparable to well-known risk factors. 

1.2 Stress Response 

     Following an imbalance in homeostasis, the hypothalamic-pituitary-adrenal (HPA) axis is 

activated through a stress response (Figure 1.1)
10

. Parvocellular neurons in the paraventricular 

nucleus (PVN) of the hypothalamus are stimulated by integrated circuits including 

parasympathetic, sympathetic, and limbic circuits. These neurons activate and ultimately regulate 

the hypothalamus. Following stress, the parvocellular neurons release corticotropin-releasing 

hormone (CRH) and arginine vasopressin (AVP) which travel to the anterior lobe of the pituitary. 

This triggers synthesis and cleavage of pro-opiomelanocortin (POMC) and ultimately the release 

of the cleavage product, adrenocorticotrophic hormone (ACTH), into the bloodstream
11

. In the 

adrenal cortex, ACTH stimulates the synthesis and secretion of glucocorticoids (GCs) which act 

as the final effectors of the stress response
10

. 
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Figure 1.1: The HPA axis stress response 

 

The hypothalamic-pituitary-adrenal (HPA) axis is activated during periods of stress. Parvocellular 

neurons in the paraventricular nucleus (PVN) of the hypothalamus release corticotropin-releasing 

hormone (CRH) and arginine vasopressin (AVP) which travel to the anterior lobe of the pituitary. 

This triggers the synthesis and cleavage of pro-opiomelanocortin (POMC) into 

adrenocorticotrophic hormone (ACTH), which is released into the bloodstream. In the adrenal 

cortex, ACTH stimulates the synthesis and secretion of glucocorticoids which act as the final 

effectors of the stress response. Negative feedback occurs in the hippocampus, hypothalamus, and 

pituitary, through regulation of genes involved in the stress response, inhibiting secretion of CRH, 

and inhibiting expression of POMC, respectively. 
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     Upon secretion, GCs are able to bind two types of nuclear receptors, the high-affinity 

mineralocorticoid receptor (MR) or the low-affinity glucocorticoid receptor (GR)
12

. The MR 

responds to low levels of GCs due to the high-affinity, and is involved in maintenance of stress 

system activity
13

. The GR responds to high levels of circulating GCs which occur during periods 

of stress. Cortisol, the primary human stress hormone acts mainly through the cytoplasmic GR to 

regulate immune response, cellular proliferation, and apoptosis
14

. 

     Increased GC levels due to stress lead to GR-mediated negative feedback resulting in a return 

to homeostasis (Figure 1.1)
12

. Negative feedback of the HPA axis occurs in the hippocampus, 

hypothalamus, and pituitary where binding of GCs to GR regulates expression of genes involved 

in the stress response. An increase in GCs binding GR on PVN CRH neurons leads to a reduction 

in neural activity of parvocellular neurons, thus inhibiting CRH release, and ultimately blocking 

HPA axis activity
15,16

. Another mechanism of negative feedback includes GR binding a negative 

glucocorticoid response element (nGRE) within the POMC promoter which leads to 

transcriptional repression of POMC. 

1.3 Role of GR in the Breast 

     GCs play an important role in breast development, especially during puberty, pregnancy, and 

lactation
5,17–19

. During pregnancy, cortisol plays a role in cellular proliferation during 

lobuloalveolar development and in preparing for milk synthesis by inducing the formation of the 

endoplasmic reticulum where the milk proteins are synthesized 
5,19

. During lactation, increasing 

levels of cortisol promote the production of the milk protein α-lactalbumin, while decreasing 

cortisol levels during weaning promote the mammary gland to return to its pre-pregnancy state 

through post-lactational regression
17,18

. 

     One study looked at the role of GR in the growth and differentiation of the mammary gland in 

mice, which mainly occur during preparation for lactation
20

. The Cre-loxP system was used to 

delete exon 3 of GR at the onset of lactation, which lead to a non-functional GR protein. Mutant 
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mice showed a delay in lobuloalveolar development, however, they were still able to nurse their 

pups, indicating that GR function is not essential for alveolar differentiation. 

1.4 GR (NR3C1) Structure 

     The human GR protein is encoded by the nuclear receptor subfamily 3, group C, member 1 

(NR3C1) gene which is located on chromosome 5q31-q32 and is ubiquitously expressed
21

. It is 

composed of eight translated exons (2-9) and nine untranslated alternative first exons, which are 

located in the promoter region (Figure 1.2A)
21

. The promoter region is composed of a distal 

promoter, containing alternative first exons 1A and 1I, and the proximal promoter, containing 

alternative first exons 1D, 1J, 1E, 1B, 1F, 1C, and 1H
22

.  The distal promoter is located 

approximately 30 kilobase pairs (kbp) upstream of the translation start site, and the proximal 

promoter, a 3 kbp CpG island, is located 5 kbp upstream of the translation start site and has 

sequence homology between rats and humans
23–25

. The alternative first exons are not translated as 

the ATG start site occurs in exon 2; however, they are important for translational regulation
26

. 

     Each alternative first exon is controlled by upstream promoter sequences
27

. Several 

transcription factor (TF) binding sites, including AP-1, NGFI-A, and several Sp1 sites, are 

located in the proximal promoter CpG island, with most TF activity in this region being tissue-

specific, suggesting that the activity of each promoter depends on its own set of TFs
21

. Multiple 

glucocorticoid response elements (GREs) also occur in the proximal promoter, including sites 

upstream of alternative first exons 1D, 1E, 1F, and 1C, which allow for GR self-regulation
28

. 

     The GR gene contains three 3’ splice variants with functional differences: GRα, GRβ, and GR-

P
29

. GRα, the most active form of the receptor, and GRβ contain the alternatively spliced exons 

9α and 9β, respectively, whereas GR-P is missing both exons 8 and 9. Some research suggests an 

association between the 5’ alternative first exon usage and the 3’ splice variants, where exon 1C 

usage produces the GRα isoform and exon 1B usage produces the GR-P isoform
29

. The GR  
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Figure 1.2: Structure of the GR (NR3C1) gene 

 

A. The human GR (NR3C1) gene is located on chromosome 5q and is composed of 8 translated 

exons (blue) and 9 tissue-specific alternative first exons (pink). Alternative first exons 1A and 1I 

are located in the distal promoter, and the remaining alternative first exons are located in the 

proximal promoter, which is a CpG island. B. The GR protein contains three functional domains 

encompassing exons 2-8. Exon 2 makes up the N-terminal region, exons 3 and 4 make up the 

DNA-binding domain (DBD), and exons 5-8 make up the ligand-binding domain (LBD). C. The 

GR gene contains three 3’ splice variants with functional differences: GRα, GRβ, and GR-P. 

GRα, the most active form of the receptor, and GRβ contain the alternatively spliced exons 9α 

and 9β, respectively, whereas GR-P is missing both exons 8 and 9. Figure adapted from (
21

). 
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protein contains three functional domains encompassing exons 2-8 (Figures 1.2B and 1.2C). Exon 

2 makes up the N-terminal region, exons 3 and 4 make up the DNA-binding domain (DBD), and 

exons 5-8 make up the ligand-binding domain (LBD)
5
.  

1.5 GR Transcriptional Regulation 

     Upon binding cortisol in the cytoplasm, GR undergoes a conformational change, dissociates 

from the molecular chaperone complex including heat shock protein (Hsp) 90, p23, and 

immunophilins, and dimerizes
30,31

.  The primary mechanism of action of GR is to regulate gene 

transcription through activation or repression of target genes
32,33

. There are four classic models of 

GR signaling, all of which require GC ligand binding (Figure 1.3). GR-mediated transactivation 

occurs through direct binding to positive GREs, or through tethering another TF (Figures 1.3A 

and 1.3B)
32,33

. GR-mediated transrepression occurs through direct binding to nGREs, or through 

tethering another TF (Figures 1.3C and 1.3D). Through tethering other TFs, GR can regulate gene 

transcription without directly contacting the DNA. 

     Work in the Mueller lab identified a novel model of GR signaling where the unliganded GR 

interacts with the tumour suppressor BRCA1 promoter in the absence of the GC hydrocortisone 

(HC) and acts as a positive regulator
34

. Based on this fifth model, unliganded GR is a constitutive 

activator of BRCA1. In the presence of cortisol, GR is relocated to a higher affinity DNA binding 

site and is no longer able to activate BRCA1. Regulation of GR expression is important to 

understand as reduced GR levels, perhaps due to epigenetic modification, would result in reduced 

BRCA1 activation and a loss of its tumour suppressor function. 

1.6 DNA Methylation 

     Gene expression and function can be altered by epigenetic modification. Epigenetic regulation 

allows for the control of gene expression without changes to the DNA sequence
21

. DNA 

methylation, a prominent mode of epigenetic regulation, involves the addition of a methyl group 

from s-adenosyl-L-methionine (SAM) to the 5’ cytosine of a CpG dinucleotide by DNA  
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Figure 1.3: Models of liganded GR signaling 
 
A-B. GR-mediated transactivation occurs through A. direct binding to positive glucocorticoid 

response elements (GREs) on target genes, or through B. tethering another transcription factor 

(TF) without directly contacting the DNA. C-D. GR-mediated transrepression occurs through C. 

direct binding to negative GREs (nGREs) and inhibiting a positively acting TF from binding, or 

through D. tethering another TF without directly contacting the DNA, and inhibiting a positively 

acting TF from binding. 
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methyltransferases (DNMTs) resulting in gene silencing
35

. Existing methylation patterns are 

maintained by maintenance methyltransferases (DNMT1) whereas new methylation patterns 

occur by de novo methyltransferases (DNMT3a and DNMT3b). The majority (98%) of CpG 

dinucleotides within the genome are mostly methylated and found in CpG-poor regions, whereas 

the remaining CpG dinucleotides are located in CpG-rich regions, designated CpG islands, and 

are mostly unmethylated in normal cells
36

.  

     CpG islands are located in the promoter regions of many genes, such as in the GR proximal 

promoter, and are associated with the activity of gene expression during development and cell 

differentiation
21

. CpG islands of housekeeping genes or developmentally regulated genes are 

normally under tight control and remain hypomethylated
37

. Hypomethylation of CpG islands is 

partly maintained by TF binding, and thus actively transcribed genes remain unmethylated
38

. 

Additional protection against methylation includes recruitment of histone H3 lysine L4 (H3K4) 

methyltransferases which maintain an unmethylated state in active genes
39

. H3K4 methylation is 

associated with positive chromatin marks where the chromatin is open and easily accessible, and 

thus actively transcribed. 

     Methylation of gene-specific CpG sites has been shown to correlate inversely with gene 

activity, with demethylation of the sites returning gene activity
40

. Methylated CpGs inhibit gene 

transcription through the physical blocking of transcriptional machinery or through the 

recruitment of inhibitory proteins
41,42

. Normal DNA methylation plays a functional role in 

silencing transposable elements, the inactive X-chromosome, and imprinted genes
43,44

. It is also 

essential for mammalian embryonic development and cell cycle control
45,46

. 

     It is important to note that epigenetic patterns are sensitive to environmental factors, such as 

psychological stress
47

. Several studies have reported on GR promoter methylation in the brain due 

to psychological stress during early life development
48–50

. Weaver and colleagues found that a 

lack of maternal care, such a licking-grooming, leads to GR promoter methylation in rats
48

. 
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Studies in humans have found that prenatal exposure to maternal depression led to increased GR 

promoter methylation in the brain
49

. Suicide victims with a history of childhood abuse had higher 

levels of GR promoter methylation in the brain compared to suicide victims without childhood 

abuse
50

. 

     One study examined the methylation status of the GR alternative first exon 1F in peripheral 

blood from patients with a history of childhood maltreatment including sexual, physical, and 

emotional abuse
51

. Patients with a history of high or low maltreatment were included in the study 

and suffered from borderline personality disorder or major depressive disorder, respectively. 

Childhood sexual abuse and an increased severity of childhood abuse were associated with 

increased NR3C1 1F methylation in the peripheral blood detected with bisulfite Pyrosequencing. 

     Aberrant methylation patterns including global hypomethylation, global hypermethylation, 

and hypomethylation of specific regions, have been associated with human malignancies
52,53

. For 

example, aberrant methylation patterns of tumour suppressor gene promoters can contribute to the 

initiation and progression of tumourigenesis through the activation of oncogenes, suppression of 

tumour suppressors, and inducing chromosome instabilities
52

. Some research suggests that 

epigenetic changes may precede classical genetic changes associated with tumourigenesis, 

including mutations in tumour suppressor genes
53

. 

     Aberrant NR3C1 promoter methylation has been associated with a number of human 

malignancies
36

. Lind and colleagues found the NR3C1 promoter hypermethylated in 35% of 

colorectal cancer cell lines and in 25% of assayed colorectal carcinomas using a microarray 

approach
54

. Comparing matched normal and cancerous tissues, the authors also found NR3C1 

promoter methylation in 57% of primary colorectal carcinomas but unmethylated in all normal 

tissue samples assayed. Another study looking at GR and colorectal carcinomas found increasing 

NR3C1 promoter methylation frequencies from adenomas to carcinomas
55

. The same study was 

able to demonstrate that NR3C1 promoter methylation patterns in colorectal tumours could 
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differentiate between different tumour types, in this case between microsatellite stable versus 

unstable tumours. Using methylation-specific PCR (MSP) to identify methylation markers in 

gastric carcinoma, Kang and colleagues found the NR3C1 promoter unmethylated in normal 

gastric mucosa, but methylated in 24% of assayed carcinomas
56

. A study in ovarian carcinomas 

and ovarian cell line samples found the NR3C1 promoter was unmethylated in all assayed 

samples, which suggests that aberrant NR3C1 promoter methylation associated with cancer may 

be tissue-specific
57

.  

     Work in the Mueller lab using methylated DNA immunoprecipitation (MeDIP) followed by 

quantitative polymerase chain reaction (qPCR) with primers spanning or flanking the alternative 

first exons of NR3C1, determined that the NR3C1 proximal promoter was methylated in 15% of 

assayed breast cancer tumour samples
58

. Interestingly, matched normal tissue samples showed no 

NR3C1 promoter methylation, and thus methylation was tumour-specific. GR expression was 

uniformly decreased in tumour tissue compared to normal tissue, with methylation at the 1B 

region being correlated with low GR expression, indicating a role for this region in GR 

transcriptional regulation.  

     We wanted to expand on these results, and develop a more sensitive and specific assay to 

detect NR3C1 promoter methylation in the blood of the breast cancer patients. Since the previous 

study showed that NR3C1 promoter methylation was tumour-specific, it was proposed that any 

NR3C1 promoter methylation detected in the blood would be indicative of a breast tumour. Thus, 

NR3C1 promoter methylation could be used as a circulating breast cancer biomarker. 

1.7 Current Breast Cancer Biomarkers 

     There is a need for sensitive and specific biomarkers not only to detect cancers, but also to 

predict therapy effectiveness and monitor treatment response. There have been a multitude of 

studies which present novel biomarkers for prognostic and predictive purposes, however very few 

of these are used in clinical settings
59

.  There are many potential protein biomarkers that can be 
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used for prognostic and predictive purposes. However, one of the main problems with protein 

biomarkers is that levels of the protein are often the prognostic or predictive marker, rather than 

the presence or absence of the protein; thus, it may be difficult to set a cut-off value or give 

importance to certain levels. 

     Antigen KI-67 (KI-67) is universally expressed in proliferating cells but absent in quiescent 

cells, and is thus a cellular marker for proliferation
60

. One study found an association between KI-

67 positivity in breast tumour cells and shorter overall survival
61

. Another study found that 

baseline KI-67 levels were predictive of chemotherapy response
62

. The main downfall of KI-67 is 

that levels are detected through tumour cell nuclei staining and thus tumour tissue is required for 

detection. KI-67 cannot be used to detect tumour presence but rather provides information about 

the tumour. Furthermore, there is no protein level cut-off value to indicate the predictive or 

prognostic value of KI-67 presence
61

. 

     Mucin 1 (MUC1) is a transmembrane glycoprotein which is frequently overexpressed and 

aberrantly glycosylated in cancer
63

. Cancer antigen 15-3 (CA 15-3), an assay which detects 

soluble forms of MUC1 in the bloodstream through antibody detection of the MUC1 antigen, is 

used as a circulating marker, and is thus non-invasive, for breast cancer treatment response as 

well as detecting breast cancer recurrence through serial measurements
64

. Furthermore, some 

studies show that levels of CA 15-3 at initial diagnosis may have prognostic significance
65,66

. 

However, the use of CA 15-3 as a breast cancer biomarker is not without its limitations. The 

assay is dependent on levels of the protein, and thus certain levels may give both false positives 

and false negatives, where low levels may give false reassurance that the disease is in remission, 

or increasing levels may cause false positives in asymptomatic women. 

1.8 Circulating DNA as a Biomarker 

     The discovery of circulating cell-free DNA (cfDNA) in the blood of healthy individuals and, 

in higher amounts, in cancer patients has gained attention due to its non-invasive collection 
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methods and ability to monitor the whole body
67

. It is thought that circulating cfDNA results from 

cells undergoing apoptosis or normal cellular turnover, and circulating tumour DNA (ctDNA) in 

blood results from tumour cell apoptosis as well as circulating tumour cell (CTC) lysis
68

. In 

cancer patients, this DNA carries the same mutations and epigenetic patterns as the corresponding 

tumour tissue
67

. Furthermore, certain markers in cfDNA have been linked to certain cancers. For 

these reasons, circulating cfDNA may provide a valuable source of genetic material for 

monitoring treatment and patient status. 

     A study looked at both the mutation profile of ctDNA using targeted and whole genome 

sequencing, and  the levels of ctDNA, CTCs, and CA 15-3, and the information these biomarkers 

gave on tumour burden in breast cancer patients
69

. In 30 of the 52 patients assayed, genomic 

alterations that were detected in the ctDNA were also present in tumour tissue. It was also 

determined that ctDNA levels were more informative than both CTCs and CA 15-3, as the 

ctDNA levels were correlated with overall survival and tumour burden. 

     Many studies have explored the use of methylation patterns in cfDNA as a cancer biomarker
70–

72
. Analysis of methylated DNA collected from body fluids, including blood, allows for a non-

invasive assay and the potential for early cancer detection
70

. A study analyzing the methylation 

patterns of RASSF1A and PITX2 in blood plasma of breast cancer patients found that methylation 

patterns in specific loci were associated with overall survival
71

. Sharma and colleagues set out to 

determine the plausibility of using promoter methylation patterns in cfDNA to predict tumour 

response to chemotherapy
72

. MSP was used to detect the promoter methylation status of five 

genes which have been shown to be involved in pathways leading to carcinogenesis as well as 

tumour chemotherapy resistance including BRCA1, GSTP1, MDR1, MGMT, and SFN. Overall, all 

five genes showed a decrease in methylation following completion of treatment in responders. 

     Liggett and colleagues monitored methylation patterns in cfDNA of breast cancer patients 

undergoing tumour removal and subsequent tamoxifen treatment
73

. Seven promoters were 
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detected as being informative, such that they had a significant difference (p<0.05) in methylation 

between two of the three time points. Of these seven promoters, three showed changes due to 

surgery (MGMT, PAX5, and RARB2), one showed change due to tamoxifen treatment (MDGI), 

and one showed change due to both surgery and tamoxifen treatment (PR PROX). When all 

measures and time points were taken into account, the seven promoters showed an overall 

decrease in methylation throughout treatment. 

     Circulating cfDNA methylation may also be used as a prognostic marker of patient outcome. 

CTS6, an enzyme involved in the regulation of cysteine proteases, promoter methylation in 

tumours was found to be correlated with poor patient outcome
74

. Furthermore, CTS6 promoter 

methylation was also detected in patient serum samples, suggesting that CTS6 promoter 

methylation detected in patient blood may be indicative of poor patient outcome
75

. 

     NR3C1 promoter methylation in breast tumour samples, which has been shown to be 

correlated with low GR expression
58

, has the potential to be used as a predictive biomarker for 

patient response to tamoxifen. Low NR3C1 expression has been shown to be correlated with poor 

patient outcome, compared to high NR3C1 expression, in estrogen receptor (ER)-positive breast 

tumours when patients were treated with tamoxifen
76

.  

1.9 Estrogen Receptor 

     Breast carcinomas are characterized based on a variety of factors, including tumour grade, 

histological features, and receptor status, that help guide the prognosis and treatment of the 

tumour
77

. The status of three receptors, ER, progesterone receptor (PR), and human epidermal 

growth factor 2 (HER2) receptor, is determined through immunohistochemistry (IHC) and helps 

guide treatment of the tumour due to their strong prognostic and predictive value
77

. Triple-

negative breast cancers, where all three receptors are not expressed, are more aggressive and 

associated with earlier relapse compared to carcinomas with expressed receptors
78

. In addition, 
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the hormonal and molecular therapies used in ER- and PR-positive subtypes are not effective in 

receptor-negative breast cancers
79

. 

     The two isoforms of the ER, ERα and ERβ, are coded by different genes; estrogen receptor 1 

(ESR1) on chromosome 6 and estrogen receptor 2 (ESR2) on chromosome 14, respectively
80

. ERα 

expression has been shown to be essential for mammary development, and despite extensive 

research, the role of ERβ in breast tissue remains unclear
81

. Upon binding estrogen, the cytosolic 

ER dissociates from Hsps and undergoes a conformational change and dimerization
80

. The ER 

binds estrogen receptor response elements (EREs) upstream of ER target genes which are mainly 

involved in cellular proliferation and survival
82,83

. For example, cyclins and cyclin-dependent 

kinases (CDKs) which are involved in cell cycle progression are targets of the ER
84

. Through 

transcriptionally regulating cyclins involved in accelerating progression of the cell cycle from G1 

to S phase, the ER plays an important role in proliferation. The ERα is expressed in 60-70% of 

breast tumours, denoted ERα-positive breast cancers, and may contribute to tumourigenesis as it 

stimulates mammary cell proliferation
85,86

. 

     Treatment of ERα-positive breast cancers includes blocking ER action through anti-estrogens 

or blocking the production of estrogen with aromatase inhibitors
87,88

. Tamoxifen is the most 

commonly used anti-estrogen in the treatment of ERα-positive breast cancers
80

. In the breast, 

tamoxifen acts as an antagonist to ultimately block cell cycle progression, whereas in the 

endometrium it acts as an agonist, making it a selective estrogen-receptor modulator (SERM)
84

.  

1.10 Tamoxifen Resistance 

     One third of ERα-positive patients are resistant to tamoxifen at the beginning of treatment, and 

a number of patients who respond to tamoxifen will eventually become resistant
85

. Several 

mechanisms of tamoxifen resistance have been identified including changes in ERα expression, 

pharmacological mechanisms, and cellular pathway regulation. Decreased or complete loss of 

ERα expression through ESR1 mutations
89

, epigenetic modifications to the ESR1 promoter
90

, and 
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post-translational modifications
91

 have been linked to tamoxifen resistance. Deficiencies in 

tamoxifen metabolism affect patient response to treatment, where reduced enzymatic activity of 

cytochrome P450 2D6, a key player in tamoxifen metabolism, leads to decreased tamoxifen 

sensivity
92

.  

     Aberrant expression or activity of cellular pathway regulators also play a role in tamoxifen 

sensitivity. Increased expression of proteins involved in anti-apoptotic processes, cellular stress, 

and cell cycle regulation have also been shown to contribute to tamoxifen resistance, including 

Bcl-2, AP-1, and Cyclin E2, respectively
93–95

. Identifying the molecular mechanisms which 

contribute to tamoxifen resistance allows for therapy improvement, as well as introducing 

possible targets for new therapeutic strategies. Furthermore, identifying the molecular 

mechanisms may lead to new prognostic markers which would help guide patient treatment. 

1.11 GR and Tamoxifen Resistance 

     Based on previous findings that GR activation in ERα-negative breast cancer cell lines was 

shown to promote cell survival, chemotherapy resistance, and increased tumour growth, Pan and 

colleagues explored whether high versus low GR expression in primary breast cancers is 

associated with worse outcome in early-stage breast cancer patients
76

. The authors carried out a 

meta-analysis using data from 8 publically available Affymetrix gene expression studies of early-

stage breast tumours to determine the relationship between GR levels and patient outcome in both 

ERα-positive and ERα-negative tumours. ERα-positive breast cancer patients with high NR3C1-

expressing tumours had better outcome than patients with low NR3C1-expressing tumours when 

treated with tamoxifen. Thus, low NR3C1-expressing tumours had a decreased sensitivity to 

tamoxifen, compared to high NR3C1-expressing tumours, suggesting a role for GR in tamoxifen 

sensitivity, and ultimately patient outcome. 
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1.12 Objectives 

     As the first objective of this study we wanted to build on the previous MeDIP results, and 

develop a more sensitive and specific assay using quantitative MSP (qMSP) based on NR3C1 

promoter methylation which can be used to detect breast tumours in a blood assay. The second 

objective of this study was to explore the relationship between low NR3C1 expression and 

reduced tamoxifen sensitivity in ERα-positive breast cancers previously described
76

. The effect of 

low NR3C1 expression on cellular processes including proliferation, cellular death, and cellular 

motility, was explored in a GR knockdown cell line in conjunction with tamoxifen treatment. The 

overall aim was to develop an assay based on NR3C1 promoter methylation in the blood of breast 

cancer patients that is predictive of sensitivity to tamoxifen outcome. 
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Chapter 2 

Experimental Methods 

2.1 Sodium Bisulfite Treatment 

     DNA was extracted from breast cell lines using the GenElute
TM

 Mammalian Genomic DNA 

Miniprep Kit (Sigma Aldrich, Oakville, ON, Canada) as described by the manufacturer. DNA 

was sodium bisulfite-converted using the EpiTect Fast DNA Bisulfite Kit (Qiagen, Toronto, ON, 

Canada) as described by the manufacturer. For the conversion reaction, various amounts of 

genomic DNA (gDNA) ranging from 0.1 ng to 2 μg was mixed with sodium bisulfite conversion 

reagents in amounts depending on DNA loaded. For low amounts of DNA between 0.1 ng to 50 

ng, the DNA was mixed with 85 μl sodium bisulfite solution, 15 μl DNA Protect buffer, and the 

reaction was brought up to 140 μl with RNase-free water. For high amounts of DNA between 50 

ng to 2 μg, the DNA was mixed with 85 μl sodium bisulfite solution, 35 μl DNA Protect buffer, 

and the reaction was brought up to 140 μl with RNase-free water. Samples were sodium bisulfite-

converted in the Eppendorf Mastercycler® ep with the following conditions: double cycles of 

95°C for 5 min and 60°C for 20 min, followed by a 20°C hold. Samples were then purified with 

kit as described by the manufacturer. 

2.2 Endpoint Polymerase Chain Reaction (PCR) 

     Methylated-specific and unmethylated-specific primers were designed using the MethPrimer 

program
96

. Sodium bisulfite-converted DNA (50 ng) was amplified using 2 units of HotStarTaq® 

DNA Polymerase (Qiagen), 1X PCR Buffer (Qiagen), 0.2 mM deoxynucleotide triphosphates 

(dNTPs), and 200 ng each forward and reverse primers in a 25 μl reaction volume. The reaction 

was run in an Eppendorf Mastercycler® ep with the following program: 95°C for 5 min, followed 

by 35 cycles of denaturing at 95°C for 30 sec, annealing at 58°C for 30 sec, and elongation at 
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72°C for 30 sec, and a final extension at 72°C for 7 min. PCR products were visualized by 

running 5 μl sample on a 2% agarose gel containing ethidium bromide. 

2.3 Quantitative Methylation-Specific PCR (qMSP) 

     Quantitative MSP (qMSP) was conducted using QuantiTect SYBR Green PCR Kit (Qiagen). 

Various amounts of sodium bisulfite-converted DNA ranging from 0.1 ng to 1 μg was amplified 

using 1X QuantiTect SYBR Green PCR Master Mix, and 250 ng each forward and reverse 

primers in a 25 μl reaction volume. The reaction was run in an Eppendorf Mastercycler® ep 

realplex with the following conditions: 94°C for 15 min, followed by 40 cycles of denaturing at 

94°C for 30 sec, annealing at 58°C for 30 sec, and elongation at 72°C for 30sec. Cycle threshold 

(Ct) values were obtained for both methylated-specific (M) and unmethylated-specific (U) primer 

sets and the percent methylation was calculated for each sample using the following formula: 

                  (      (   )) ⁄  

     The CpG Methyltransferase (M.SssI) (New England BioLabs, Ipswich, MA, USA) enzyme 

was used to hypermethylate MCF-7 gDNA according to manufacturer instructions. Briefly, 1 μg 

MCF-7 gDNA was added to 2 μl NEBuffer #2 (New England BioLabs), 4 units M.SssI, and 

160μM SAM (New England BioLabs). Mixture was incubated at 37°C for 1 hour followed by 20 

mins at 65°C. 

     Primer standard curves were generated using a spiking experiment. For the methylated-

specific primer sets standard curves, 0.1 ng to 50 ng of M.SssI hypermethylated MCF-7 DNA 

was spiked into 50 ng MCF-7 gDNA. Samples were sodium bisulfite-converted and qMSP 

amplified with the conditions described above. 

2.4 DNA Extraction from Buffy Coat and Serum Samples 

     Buffy coat and serum samples were obtained from the Ontario Tumour Bank from 38 breast 

cancer patients. This work was carried out with the approval of the Health Sciences Research 
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Ethics Board of Queen’s University, Canada (reference number DBMS-002-11, Appendix A). 

DNA was extracted from 7 serum samples using QIAamp Circulating Nucleic Acid Kit (Qiagen) 

as described by the manufacturer. For the extraction, 250 μl of the serum sample was added to the 

kit, and the remainder of the sample was snap frozen and stored at -80°C. The sample was eluted 

in 40 μl elution buffer, where 20 μl to 40 μl eluate was used in subsequent analysis and the 

remainder was stored at -80°C. DNA was extracted from 7 buffy coat samples using QIAamp 

DNA Blood Mini Kit (Qiagen) as described by the manufacturer. For the extraction, 200 μl buffy 

coat sample was added to the kit and the remainder of the sample was snap frozen and stored at -

80°C. The sample was eluted in three consecutive elutions of 200 μl. DNA concentrations were 

determined through spectrophotometry and 2 μg was used in subsequent analysis. 

2.5 Cell Culture and Treatments 

     The human mammary epithelial adenocarcinoma cell line, MCF-7 was obtained from the 

American Type Culture Collection (ATCC; Manassas, VA, USA). The lentiviral packaging cell 

line HEK-293T was a gift from Dr. David LeBrun (Queen’s University, Canada). MCF-7 cells 

were maintained in Roswell Park Memorial Institute 1640 medium (RPMI 1640; Sigma Aldrich) 

supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA), 100 units/ml 

penicillin (Sigma Aldrich), and 100 μg/ml streptomycin (Sigma Aldrich). HEK-293T cells were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM; Sigma Aldrich) supplemented with 

10% FBS, 100 units/ml penicillin, and 100 μg/ml streptomycin. All cells were humidified at 37°C 

with 5% CO2. 

     Phenol-red free RPMI (Thermo Fisher Scientific, Waltman, MA, USA) supplemented with 0.3 

mg/ml l-glutamine (Sigma Aldrich), 10% charcoal-stripped FBS, 100 units/ml penicillin, and 100 

μg/ml streptomycin, was used in stripped serum experiments.  
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     Cell treatments included 0.01μM, 0.1μM, or 0.4μM 4-hydroxytamoxifen (TAM; Sigma 

Aldrich), 1nM β-estradiol (E2; Sigma Aldrich), 1 μg/ml HC (Sigma Aldrich), 0.1μM, 1μM, or 

10μM RU-486 (Sigma Aldrich), or ethanol-vehicle.  

2.6 Preparation of MCF-7 TRIPZ shRNAmir Stable Cells 

     In order to generate an MCF-7 cell line with low GR expression, and an MCF-7 cell line with 

low BRCA1 expression, the doxycycline (DOX)-inducible lentiviral TRIPZ system was used. 

HEK-293T cells were plated for transfection at 5.5 X 10
5
 cells/ml in DMEM supplemented with 

10% FBS, 100 units/ml penicillin, and 100 μg/ml streptomycin for 24 hours. The FuGENE® 6 

Transfection Reagent (DNA:FuGENE® 6, 1:4, Roche Applied Science, Laval, QC, Canada) was 

used to co-transfect HEK-293T cells with the following plasmids: 11.3 μg/100mm plate of 

second generation packaging plasmids psPAX2 (12260, Addgene, Cambridge, MA, USA) and 

5.7 μg/100mm plate of pMDG.2 (12259, Addgene), and 17 μg/100mm plate of either a non-

silencing short-hairpin micro RNA (shRNAmir) control (RHS4743, GE Dharmacon, Lafayette, 

CO, USA), an shRNAmir specific to a region of GR (V2THS_239399, GE Dharmacon), or an 

shRNAmir specific to a region of BRCA1 (V2THS_254609, GE Dharmacon). Lentiviral-

containing supernatants were harvested 48 and 72 hours post-transfection and titred to determine 

transducing units/ml.  

     MCF-7 cells were plated in normal growth media on a 100mm plate at a density of 1 X 10
5
 

cells/ml for 24 hours. Lentiviral-containing supernatant was added to serum-free RPMI 1640 

supplemented with 10 μg/ml polybrene (H9268, Sigma Aldrich) at 1 X 10
6
 transducing 

units/plate for a multiplicity of infection (MOI) of 1, or 2 X 10
6
 transducing units/plate for an 

MOI of 2. MCF-7 TRIPZ Control cells were prepared at MOI 1, TRIPZ shGR cells were 

prepared at both MOI 1 and MOI 2, and TRIPZ shBRCA1 cells were prepared at MOI 2. Cells 

were incubated in lentiviral mixture for 4 hours, then medium was replaced with normal growth 

medium. TRIPZ Control and TRIPZ shGR stable pools were maintained in 0.125 μg/ml 
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puromycin (Sigma Aldrich) selection, and TRIPZ shBRCA1 stable pools were maintained in 0.15 

μg/ml puromycin selection, starting 24 hours post-transduction. Medium with puromycin 

selection was changed every 2-3 days post-transduction, until cells were confluent enough for 

passage 1 week post-transduction. Cells were passed at a 1:3 ratio to 3 plates. TRIPZ Control 

pools were frozen down at passage 5 and TRIPZ shGR pools were frozen down at passage 4 into 

12 X 1 ml vials each, and TRIPZ shBRCA1 pools were frozen down into 15 X 1 ml vials each. 

TRIPZ shRNAmir induction in TRIPZ Control and TRIPZ shGR pools was achieved with 0.5 

μg/ml DOX treatment (Sigma Aldrich), whereas induction was achieved with 1 μg/ml DOX 

treatment in TRIPZ shBRCA1 pools.  

2.7 Preparation of MCF-7 pTOA GR-21 Stable Cells 

     MCF-7 pTET-ON Advanced (pTOA)-1 cells were prepared by plating MCF-7 cells at 1 X 10
5
 

cells/ml on a 100mm tissue culture plate in normal growth medium 24 hours prior to transfection. 

The FuGENE® 6 Transfection Reagent (11.25 μl/100mm plate) was used to transfect cells with 2 

μg of pTOA vector (Clontech, Mountain View, CA, USA). Cells were put into 400 μg/ml G418 

(Sigma Aldrich) selection following a 24 hour incubation. Colonies were selected with cloning 

cylinders and expanded. DOX-induction was tested by transfecting cells in triplicate with control 

cytomegalovirus (CMV)-pRL Renilla luciferase vector (12.5 ng/well) and pTRE-Tight-luc 

luciferase reporter vector (112.5 ng/well; Clontech) using FuGENE® 6 Transfection Reagent 

(0.75 μl/well). Cells were treated for 48 hours with 1 μg/ml DOX 24 hours post-transfection. 

Cells were harvested for the Dual-Luciferase® Reporter Assay (Promega, Madison, WI, USA) as 

previously described
97

. Stable cells were maintained in normal culture medium with 400 μg/ml 

G418 selection. 

     pTRE-Tight-GRα was prepared by cutting both the pTRE-Tight vector (Clontech) and the 

pFLAG-GRα construct
34

 with SacI and XmaI (New England BioLabs) and ligating together. 
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     The GR overexpressing cell line, MCF-7 pTOA GR-21, was prepared by plating MCF-7 

pTOA-1 cells at 1 X 10
5
 cells/ml on 12-well tissue culture plates in normal growth medium 24 

hours prior to transfection. The FuGENE® 6 Transfection Reagent (11.25 μl/plate) was used to 

transfect cells with 380 ng of pBABE-hygro selectable marker and 3420 ng of pTRE-Tight-GRα 

(1:10 ratio). Cells were put into 400 μg/ml G418 and 50 μg/ml hygromycin B (Sigma Aldrich) 

selection following a 24 hour incubation. Colonies were selected using filter paper and expanded. 

Cells treated for 48 hours with 1 μg/ml DOX were harvested for RNA and whole cell lysates 

which were screened for GR expression. Stable cells were maintained in normal culture medium 

with 200 μg/ml G418 and 50 μg/ml hygromycin B selection. 

2.8 Quantitative Reverse Transcriptase PCR (qRT-PCR) 

     RNA was harvested from cells using the GenElute Mammalian Total RNA Miniprep Kit 

(Sigma Aldrich) as described by the manufacturer. Conversion of RNA into complementary DNA 

(cDNA) and subsequent amplification was achieved 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), BRCA1 (Hs01556193), 

ESR1 (Hs00174860), and Hypoxanthine-guanine phosphoribosyltransferase (HPRT1; 

Hs99999909) as an internal control (Table 2.1). The 20 μl reaction, including 25 ng RNA, 0.4 μl 

SuperScript® III RT/Platinum® Taq Mix, 1X Reaction Mix, and 1X TaqMan Gene Expression 

Assay, was run in an Eppendorf Mastercycler® ep realplex at 50°C for 15 min, 95°C for 2 min, 

followed by 40 cycles of denaturing at 95°C for 15 sec and annealing at 60°C for 30 sec. 

Expression levels were quantitated using the comparative Ct (ΔΔCt) method outlined by PE 

Applied Biosystems (Perkin Elmer, Forster City, CA, USA). 
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Table 2.1: TaqMan Gene Expression Assay Probe and Primer Sets 

 

TaqMan probes/primer sets used for qRT-PCR analysis of gene expression. All probes/primer 

sets span an exon boundary. BRCA1 and ESR1 have several possible exon boundaries depending 

on the variant, although all variants are detected. 

 

 

Name Exon Boundary Amplicon Size (bp) Dye 

NR3C1 

Hs00353740 
4-5 73 FAM 

 

BRCA1 

Hs01556193 

21-22/22-23/23-

24 
59 FAM 

 

ESR1 

Hs00174860 

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

 

HPRT1 

Hs99999909 

6-7 100 VIC 
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2.9 Western Blot Analysis 

     Cultured cells were rinsed with 1X phosphate buffered saline (PBS) and whole cell lysates 

were scraped and lysed using 1X sodium dodecyl sulfate (SDS) loading buffer (1% Trasylol, 1 

μg/ml each of leupeptin and pepestatin, 0.1mM Phenyl-Methyl-Sulfonyl-Floride, 1mM NaF, 

0.5mM Na3VO4, and 20mM β-glycerophosphate). Proteins were resolved by SDS-PAGE on 10% 

gels and blotted on a polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). 

Membranes were blocked with 1% skim milk and 1% bovine serum albumin (Thermo Fisher 

Scientific) and probed with antibodies of interest. Proteins were visualized using 

chemilluminescence reagent (Thermo Fisher Scientific). 

     The following primary antibodies were used: anti-GR (P-20 sc-1002, 1:500, Santa Cruz 

Biotechnology, Dallas, TX, USA), anti-FLAG (D-8 sc-807, 1:1500, Santa Cruz Biotechnology), 

anti-BRCA1 (OP92, 1:250, Calbiochem, Darmstadt, Germany), anti-ERα (H-184 sc-7207, 1:500, 

Santa Cruz Biotechnology), and anti-poly (adenosine diphosphate ribose) polymerase (PARP; 

9632S, 1:1000, Cell Signaling Technology, Beverly, MA, USA). To confirm equal loading, 

TATA-binding protein (TBP; ab818, 1:2000, Abcam, Cambridge, MA, USA) was used. The 

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

ImmunoResearch, West Grove, PA, USA) to detect BRCA1 and TBP, and goat anti-rabbit (sc-

2004, 1:10000, Santa Cruz Biotechnology) to detect GR, FLAG, ERα, and PARP. 

2.10 Proliferation Assays 

     MCF-7 wild-type (WT), TRIPZ shRNAmir, and pTOA GR-21 cell lines were plated at 1.25 X 

10
5
 cells on 6-well tissue culture plates in normal growth medium. Treatments were applied 24 

hours post-plating (designated “0 hour”), and every 48 hours following. Cells were trypsinized 

and counted with a haemocytometer at 24, 48, 72, and 96 hours post-treatment (designated “24, 

48, 72, and 96 hours”, respectively). Two counts per well were taken and standard error of the 

mean (SEM) between duplicate counts was calculated. Each data point on the growth curves 
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represents the average results from two counts for each treatment. In order to increase the 

significance of the values and allow for statistical significance, each treatment should be plated in 

triplicate and two counts should be taken for each triplicate well. Proliferation rates for each 

condition were calculated using the following formulas where cell # TF is the cell count at the 

final count, and cell # T0 is the cell count at the initial plating: 

Doubling Time (DT) = (incubation time) x  
   ( )

   (                  )⁄
 

Proliferation Rate = (                       )      ⁄  

2.11 Wound Healing Assays 

     To determine the effects of GR knockdown on cell migration, wound healing assays were 

performed. MCF-7 WT, TRIPZ Control, and TRIPZ shGR cells were plated at 4 X 10
5
 cells/well 

on 12-well tissue culture plates in normal growth medium. Duplicate wells were plated. Once 

cells reached 100% confluency approximately 2-3 days post-plating, each well was scratched 

with a P200 tip, rinsed with 1X PBS to removed debris, and normal growth media was replaced. 

Prior to plating the underside of each well was marked with a straight reference line, and the 

scratch was made perpendicular to the reference line to ensure time point photographs were taken 

at the same spot. Cells were imaged on an inverted phase contrast microscope (OLYMPUS 

CKX41). 

     Wound area was measured using the ImageJ polygon selection tool. Percent wound closure 

relative to initial scratch was calculated using the following formula, where Ax is the area at time 

x, and A0 is the area at initial scratch: 

                 (
     
  

)         

     Percent wound closure of duplicates were averaged and standard deviation was calculated. 
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2.12 Anoikis Assay 

     Polyhydroxyethylmethacrylate (Poly-HEMA) coated plates were prepared by making a 12 

mg/ml stock of Poly-HEMA (Sigma Aldrich) in 95% ethanol. The stock was dissolved overnight 

at 37°C. Poly-HEMA stock was applied to bottom surface of 12-well tissue culture plates at 0.1 

ml/cm
2
 surface and left to dry overnight at 37°C. 

     MCF-7 WT, TRIPZ Control, and TRIPZ shGR cell lines were plated at 1 X 10
6
 cells/well on 

12-well tissue culture plates in normal growth medium. Triplicate wells were plated and 

treatments were applied 24 hours post-plating. Cells were dissociated and dyed with Trypan blue 

(Sigma Aldrich) in a 1:1 ratio. Two cell counts, alive cells (unstained) and dead cells (Trypan 

blue stained), were taken per well with a haemocytometer, and percent cells alive was calculated. 

Percent cells alive of triplicate wells was averaged and standard deviation was calculated 

2.13 Statistical Analysis 

     Standard deviation between triplicates in qRT-PCR was determined using the ΔΔCt method 

outlined by PE Applied Biosystems. Statistical significance for qRT-PCR, proliferation assays, 

wound healing assay, and anoikis assay data was performed using GraphPad Prism 6 software 

with the unpaired, two-tailed t-test function assuming equal variances of the averaged data, with a 

p-value of less than 0.05 considered statistically significant and a p-value less than 0.005 

considered very statistically significant. SEM between duplicate counts in proliferation assays 

was determined using GraphPad Prism 6 software. The coefficient of determination, R
2
, for MSP 

primer standard curves and the standard deviation between counts in wound healing and anoikis 

assays were determined using Microsoft Excel software. 
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Chapter 3 

Results 

3.1 Development of a Methylation-Specific PCR (MSP) Assay 

     NR3C1 promoter methylation in breast cancer tumour samples, but not normal samples, has 

been previously characterized in our laboratory using MeDIP followed by qPCR
58

. We wanted to 

exploit this observation of tumour-specific NR3C1 promoter methylation and develop a non-

invasive assay to detect breast tumours through testing patient blood samples. In order to be able 

to detect the low levels of circulating methylated DNA in blood samples, a new assay had to be 

developed that would be more sensitive and specific than the previous MeDIP assay. MSP was 

the basis of the new assay as it is the most sensitive method for detection of methylation in CpG 

islands
98

. MSP allows for the distinction between methylated and unmethylated CpGs using 

sodium bisulfite conversion and two sets of primers specific to either methylated or unmethylated 

CpG cytosines. 

     In the MeDIP assay, the GR proximal promoter was divided into arbitrary regions which either 

spanned or flanked the alternative first exons (Figure 3.1A)
99

. One set of primers were designed 

for each region and used in the qPCR analysis following MeDIP. The Prox GR 5, Prox GR 8, 

Prox GR 10, and Prox GR 11 regions were most consistently methylated at the NR3C1 promoter, 

and were thus chosen for analysis with the MSP assay (Figure 3.1B). It is important to note that 

these regions may play an important role in NR3C1 transcriptional regulation. There is almost 

exclusive NR3C1 proximal promoter alternative first exon usage, where exon 1B is the most 

predominant, followed by exon 1C
58

. Regions that span these alternative first exons are part of the 

transcriptional regulation of the gene. Prox GR 8 and Prox GR 10 regions flank exon 1C, and the 

Prox GR 11 region occurs after exon 1C and at the beginning of exon 1H (Figure 3.1B). The Prox 

GR 5 region occurs at the end of alternative exon 1B and it was found that methylation at this  
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Figure 3.1: Arbitrary regions within the GR (NR3C1) proximal promoter for methylation 

analysis 
 

The GR (NR3C1) proximal promoter was divided into arbitrary regions (black arrows) for primer 

designing purposes. Exons represented by pink boxes. A. Primers spanning 11 regions within the 

proximal promoter were designed for analysis in the MeDIP assay
99

. B. MSP primers (blue 

arrows) were designed to amplify Prox GR 5, Prox GR 8, Prox GR 10, and Prox GR 11 regions, 

which were methylated in most breast tumour samples deemed methylated from the MeDIP 

assay
99

. 
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region is associated with reduced GR expression in tumour tissue, and thus methylation of this 

region likely affects GR transcription (Figure 3.1B). 

3.1.1 Sodium Bisulfite Conversion and Primer Design 

     The first step in MSP is sodium bisulfite conversion, where genomic DNA (gDNA) is 

chemically modified to distinguish between methylated and unmethylated CpG cytosines. 

Through sodium bisulfite treatment, cytosine is deaminated to uracil, whereas 5-methylcytosine 

remains 5-methylcytosine through protection by the methyl group. Subsequent PCR amplification 

results in converted uracil residues replicated as thymine residues, and 5-methylcytosine residues 

replicated as cytosine residues (Figure 3.2). 

     A methylated-specific and an unmethylated-specific set of primers were designed for each GR 

proximal promoter region using the MethPrimer program (Table 3.1)
96

. Primers were designed to 

include multiple CpG sites across the primer, with one preferably within 3 bases of the 3’ end to 

increase primer initiation specificity. Ideally both sets of primers (methylated-specific and 

unmethylated-specific) should contain the same 3’ end CpG site in order to ensure the MSP 

primers are interrogating the same potentially methylated site. Although it is important for both 

primer sets to include the same 3’ end CpG site, the Prox GR 8 region was difficult to design 

primers for, and thus the Prox GR 8-1 primers do not include the same 3’ end CpG site (Table 

3.1). Primers were also designed to include multiple non-CpG cytosines to reduce the chance of 

primers priming to incompletely sodium bisulfite-converted sequences.  

     As outlined by the MethPrimer program guidelines, MSP amplicons should be between 100 to 

300 base pairs (bp) with 200 bp as the optimal size due to possible DNA degradation
96

. Due to the 

high temperatures and chemicals used in sodium bisulfite conversion, strand breaks can be 

introduced to the single-stranded DNA, which may have an effect on amplifying products greater 

than 300 bp
96,100

. Although MethPrimer suggests an optimal MSP product size of 200 bp,  
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Figure 3.2: Sodium bisulfite conversion of DNA 
 

In order to distinguish between unmethylated (blue) and methylated (green) cytosine nucleotides, 

gDNA is treated with sodium bisulfite. Following sodium bisulfite treatment, unmethylated 

cytosine is deaminated to uracil (red), whereas 5-methylcytosine remains 5-methylcytosine 

through protection by the methyl group. Converted uracil residues are replicated as thymine, and 

5-methylcytosine is replicated as cytosine through subsequent PCR amplification. PCR primers 

that are specific to either unmethylated or methylated DNA allows for the final distinction 

between unmethylated and methylated cytosines, respectively. 
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Table 3.1: Primers Designed for MSP Analysis 

Underlining indicates sequence differences between methylated- (M) and unmethylated-specific 

(U) primers for each region due to sodium bisulfite conversion. Prox GR 8-1 primer sets amplify 

different products and thus sequence differences are not indicated. 

 

Name Target Sequence 
Amplicon 
Size (bp) 

Annealing 
Temp. 

Prox GR 5-1 M 
GR 

-3487 to -3373 

fwd: 5’-TAGAGGGCGTGTTAGGTCGT-3’ 

rev: 5’-GCCGAACCGAATTACGTA-3’ 114 58°C 

Prox GR 5-1 U 
GR 

-3488 to -3371 

fwd: 5’-TTAGAGGGTGTGTTAGGTTGT-3’ 

rev: 5’-CCACCAAACCAAATTACATA-3’ 117 58°C 

Prox GR 5-2 M 
GR 

-3552 to -3433 

fwd: 5’-TTTTTTCGGGTTTAAAGTACGT-3’ 
rev: 5’-GATACCGCAACGTCTCGAC-3’ 119 58°C 

Prox GR 5 -2 U 
GR 

-3552 to -3430 

fwd: 5’-TTTTTTTGGGTTTAAAGTATG-3’ 
rev: 5’-AACAATACCACAACATCTCAAC-3’ 122 58°C 

Prox GR 5-3 M 
GR 

-3501 to -3414 

fwd: 5’-TTTTGAAGTTTTTTTAGAGGGC-3’ 

rev: 5’-TACGAAATTACACGAAAACGAT-3’ 87 58°C 

Prox GR 5-3 U 
GR 

-3499 to -3413 

fwd: 5’-TTGAAGTTTTTTTAGAGGGTGT-3’ 

rev: 5’- CTACAAAATTACACAAAAACAAT-3’ 86 58°C 

Prox GR 8-1 M 
GR 

-2852 to -2745 

fwd: 5’-GTGGCGTCGTTTTTATTC-3’ 

rev: 5’-AAATAAAAAAAACGACGACG-3’ 
107 58°C 

Prox GR 8-1 U 
GR 

-2862 to -2673 

fwd: 5’-TGTGTGTGTTGTGGTGTTGTT-3’ 

rev: 5’-CTTCCACCCACAAAATCCAT-3’ 
189 58°C 

Prox GR 8-2 M 
GR 

-2780 to -2640 

fwd: 5’-CGCGTTTTTTTTTTTTCGTC-3’ 

rev: 5’-CAACTACTTCGACCGCTCCG-3’ 140 58°C 

Prox GR 8-2 U 
GR 

-2780 to -2640 

fwd: 5’-TGTGTTTTTTTTTTTTTGTT-3’ 

rev: 5’-CAACTACTTCAACCACTCCA-3’ 140 58°C 

Prox GR 10-1 M 
GR 

-2339 to -2184 

fwd: 5’-GTTCGTTTTTTCGAGGTGTC-3’ 

rev: 5’-AACCAACGCTATCACCCG-3’ 
155 58°C 

Prox GR 10-1 U 
GR 

-2339 to -2182 

fwd: 5’-TTTGTTTTTTTGAGGTGTTG-3’ 

rev: 5’-AAAAACCAACACTATCACCCAC-3’ 
157 58°C 

Prox GR 10-2 M 
GR 

-2383 to -2300 
fwd: 5’-TTTTTGTTAGAGGTAAGAAGCGA-3’ 
rev: 5’-AATTATCTCCGATCCCAACG-3’ 

83 58°C 

Prox GR 10-2 U 
GR 

-2383 to -2300 
fwd: 5’-TTTTTGTTAGAGGTAAGAAGTGA-3’ 
rev: 5’-AATTATCTCCAATCCCAACAAC-3’ 

83 58°C 

Prox GR 11-1 M 
GR 

-1869 to -1817 

fwd: 5’-CGCGTGAGGGTGTATACG-3’ 

rev: 5’-CGCAATCTCCAAATTACGAA-3’ 
52 58°C 

Prox GR 11-1 U 
GR 

-1873 to -1816 

fwd: 5’-GGGGTGTGTGAGGGTGTATAT-3’ 

rev: 5’-CCACAATCTCCAAATTACAAA-3’ 
57 58°C 

Prox GR 11-2 M 
GR 

-1773 to -1695 

fwd: 5’-GAATTTAATAGGTTTGGACGT-3’ 

rev: 5’-AAACCCTTACGAAACGAA-3’ 
78 58°C 

Prox GR 11-2 U 
GR 

-1775 to -1693 

fwd: 5’-GAGAATTTAATAGGTTTGGATG-3’ 

rev: 5’-ACAAACCCTTACAAAACAAA-3’ 
82 58°C 

Prox GR 11-3 M 
GR 

-1834 to -1759 
fwd: 5’-GTAATTTGGAGATTGCGGTC-3’ 
rev: 5’-AACCTATTAAATTCTCTCTCCGAC-3’ 

75 58°C 

Prox GR 11-3 U 
GR 

-1834 to -1756 
fwd: 5’-GTAATTTGGAGATTGTGGTTGG-3’ 
rev: 5’-CCAAACCTATTAAATTCTCTCTCCA-3’ 

78 58°C 
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circulating cfDNA fragments are an average of 140 to 170 bp
101,102

, and thus the MSP primers 

were designed to amplify products between 50 to 150 bp with 120 bp as the optimal size. There 

were some exceptions where MSP primers had to be designed for larger products. For example, 

the Prox GR 8 region has a long run of non-CpG cytosines and thymines, and thus following 

sodium bisulfite conversion and subsequent PCR amplification, the sequence becomes a run of 

thymines. Designing primers to amplify a small part of this region would lead to primers 

containing a run of thymines which would not be specific enough to only detect the region of 

interest. Thus, primers had to be designed to flank the region leading to larger amplicon sizes 

(Table 3.1). 

3.1.2 Endpoint MSP 

     Three sets of MSP primers each were designed for the Prox GR 5 and Prox GR 11 regions, 

and two sets of MSP primers each were designed for the Prox GR 8 and Prox GR 10 regions 

(Table 3.1). Primers were tested and the most optimal primer set from each proximal promoter 

region was chosen for further MSP analysis. Neither primer set designed for the Prox GR 8 

region could be optimized, and thus this region was not analyzed. The forward primers from Prox 

GR 5-3 and the reverse primers from Prox GR 5-2 were optimal together and were used for 

analysis of the Prox GR 5 region. The Prox GR 10-2 primer sets, and the Prox GR 11-1 primer 

sets were used for further analysis. 

     Endpoint PCR, which uses agarose gels for detection of PCR amplification, was used in the 

initial stages of assay development following primer optimization. Samples that were previously 

tested with the MeDIP assay
58

, and thus had known methylation statuses, were chosen to be tested 

with the MSP assay. The initial set of samples for testing were the breast cell lines MCF-7 and 

T47D to ensure the MSP assay would work in well characterized cells. MCF-7 cells have been 
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shown to be unmethylated, whereas T47D cells have been shown to be methylated, at the 

proximal NR3C1 promoter
58

. 

     As expected, MCF-7 DNA showed no methylation in any proximal promoter region, however 

all unmethylated-specific primer sets generated product (Figure 3.3). T47D DNA showed both 

methylated and unmethylated product in all primer sets (Figure 3.3). The catalogue of somatic 

mutations in cancer (COSMIC) cell line project shows that T47D cells have multiple copies of 

NR3C1
103

. Based on the MSP results, it suggests that not all copies of NR3C1 are methylated in 

T47D cells, as both sets of primers generated product. 

     The second set of samples tested were colorectal tumour tissue samples, B211, B703, B753, 

B760, and B763, that had known methylation statuses from the MeDIP assay
99

. In the MeDIP 

assay, samples B211, B703, and B753 were all found to be methylated at the NR3C1 proximal 

promoter, whereas samples B760 and B763 were found to be unmethylated at the NR3C1 

proximal promoter
99

. When tested with the MSP assay, the colorectal tumour samples were as 

expected, where samples B211, B703, and B753 generated product with both methylated- and 

unmethylated-specific primers, however samples B760 and B763 only generated unmethylated 

product (Figure 3.4)
99

. The methylated samples showed product with both sets of primers which 

indicates that the tumour tissue sample is a mixed sample of unmethylated and methylated 

NR3C1 promoter sequence. It is likely that the sample is a mix of normal and tumour tissue, or 

that the tumour tissue represents a heterogeneous sample of different tumour cells in which all do 

not have NR3C1 promoter methylation. 

3.1.3 Quantitative MSP (qMSP) 

     Although endpoint PCR provides qualitative information on the presence or absence of 

methylated sample, quantitative information was required to determine what regions and samples 

are more or less methylated. Furthermore, endpoint MSP may not be able to detect very low 

levels of methylation that may be present in circulating cfDNA, as the products are only  
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Figure 3.3: Endpoint MSP for the breast cell lines MCF-7 and T47D 

 

DNA from the breast cell lines MCF-7 and T47D was sodium bisulfite-treated and amplified with 

MSP primers specific to methylated (M) and unmethylated (U) sequences of the Prox GR 5, Prox 

GR 10, and Prox GR 11 regions. PCR products were visualized on a 2% agarose gel. The 

methylated primer sets did not amplify product in the MCF-7 sample. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

36 

 
 
 
Figure 3.4: Endpoint MSP for colorectal cancer tumour tissue samples 
 

DNA from the colorectal tumour samples B211, B703, B753, B760, and B763 was sodium 

bisulfite-treated and amplified with MSP primers specific to methylated (M) and unmethylated 

(U) sequences of the Prox GR 5, Prox GR 10, and Prox GR 11 regions. PCR products were 

visualized on a 2% agarose gel. The methylated primer sets did not amplify product in samples 

B760 and B763. 
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visualized on a gel. Using the QuantiTect SYBR Green PCR Kit (Qiagen), the amount of both 

methylated and unmethylated DNA was determined in each sample following a 40 cycle qPCR 

reaction. The cycle threshold (Ct) values of both the unmethylated-specific and methylated-

specific primer sets were taken into account to determine the percent methylation. Samples which 

only generated product with the unmethylated-specific primer set were considered completely 

unmethylated and assigned a percent methylation value of 0. Samples which only generated 

product with the methylated-specific primer sets were considered completely methylated and 

were assigned a percent methylation value of 100. Samples which generated product with both 

primer sets were considered partially methylated and the Ct values from each primer set were 

used to calculate a percent methylation value using the equation in Section 2.3. 

     Control samples were tested to determine the specificity of the qMSP assay. MCF-7 gDNA 

that was not sodium bisulfite-treated was used as a negative control. Since the sample was not 

treated with sodium bisulfite, neither CpG cytosines, nor non-CpG cytosines, were deaminated to 

uracil and thus neither primer set should bind. Sodium bisulfite-treated MCF-7 gDNA was used 

as a positive control for the unmethylated primer set, as it has been previously established that 

MCF-7 cells are completely unmethylated at the NR3C1 promoter. MCF-7 DNA that was 

hypermethylated by the CpG methyltransferase (M.SssI) enzyme was used as a positive control 

for the methylated primer set. T47D gDNA was also tested as the sample is partially methylated 

and thus both primer sets should amplify product. 

     The MCF-7 gDNA sample did not amplify product in any primer set as expected (Figure 3.5, 

Table 3.2). The MCF-7 sample treated with sodium bisulfite only amplified product with the 

unmethylated-specific primer sets, and was considered completely unmethylated with a percent 

methylation of 0% (Figure 3.5, Table 3.2). The M.SssI hypermethylated MCF-7 sample only 

generated product with the methylated-specific primer sets, and was considered completely  
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Figure 3.5: qMSP for breast cell line controls 
 
Breast cell line DNA was qMSP amplified with primers specific to methylated and unmethylated 

sequences of the Prox GR 5, Prox GR 10, and Prox GR 11 regions. The Ct of both primer sets 

was used to calculate the percent methylation at each region for each sample. MCF-7 gDNA that 

was not sodium bisulfite-treated was used as a negative control for both primer sets. MCF-7 DNA 

that was hypermethylated by the M.SssI enzyme was used as a positive control for the 

methylated-specific primer set. Sodium bisulfite-treated MCF-7 gDNA was used as a positive 

control for the unmethylated-specific primer set.  T47D gDNA was tested as the sample is 

partially methylated and thus both primer sets will amplify product. Neither primer from each 

region amplified product in the MCF-7 gDNA sample as it was not sodium bisulfite treated. The 

unmethylated-specific primer sets did not amplify product in the M.SssI MCF-7 sample, and thus 

the sample was considered completely methylated. The methylated primer sets did not amplify 

product in the MCF-7 sample, and thus the sample was considered completely unmethylated.  
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Table 3.2: Percent Methylation of Samples Tested with qMSP 

 

qMSP analysis of samples was performed using Prox GR 5, Prox GR 10, and Prox GR 11 

methylated-specific and unmethylated-specific primers. Samples which generated product with 

only the unmethylated-specific primer set were considered completely unmethylated and assigned 

a percent methylation value of 0%. Samples which generated product with only the methylated-

specific primer sets were considered completely methylated and were assigned a percent 

methylation value of 100%. Samples which generated product with both primer sets were 

considered partially methylated and the Ct values from each primer set were used to calculate a 

percent methylation value using the equation in Section 2.3. 

 

Sample 

% Methylation 

GR 5 GR 10 GR 11 

Breast cell line MCF-7 gDNA - - - 

 MCF-7 0 0 0 

 M.SssI MCF-7 100.0 100.0 100.0 

  T47D 55.9 84.5 50.9 

Colorectal tumour B211 36.2 70.4 61.1 

 

B703 75.2 96.1 93.0 

 

B753 30.2 61.6 44.0 

 

B760 0 0 0 

  B763 0 0 0 

Breast tumour A1719 20.2 91.6 23.8 

 

B2275 52.8 82.2 40.9 

 

D1354 4.0 0 0 

 

D1384 0 0 0.7 

 

D2130 0 0 0.4 

 

D2291 19.0 0.8 0.7 

 

D2368 0 0 2.3 

  D2551 12.3 19.2 34.3 

 D0495 0 0 0 

 A2087 0 0 0 

 A2236 0 0 0 

 A2328 0 0 0 

 D1699 0 0 0 

 D2101 0 0 0 

 A2087 N 0 0 0 

 B2275 N 0 0 0 

 D 2368 N 0 0 0 

Standard Curve 50 ng 16.1 81.0 67.0 

 20 ng 13.6 49.5 38.3 

 10 ng 8.9 42.6 20.8 

 5 ng 6.3 17.7 10.8 

 1 ng 0.5 4.7 4.5 

 0.1 ng 0 1.6 0.6 
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methylated with a percent methylation of 100% (Figure 3.5, Table 3.2). The T47D sample was 

amplified with both primer sets and had percent methylation values of over 50% in each proximal 

region (Figure 3.5, Table 3.2). The MCF-7 and T47D sodium bisulfite-converted sample results 

were concordant with the endpoint MSP reactions (Figure 3.3). 

     Further validation of the assay was established using previously characterized colorectal 

tumour samples, which have known methylation statuses. Samples B211, B703, B753, B760, and 

B763, were sodium bisulfite-converted and amplified with each primer set. As expected, samples 

B211, B703, and B753 amplified product with each primer set and had percent methylation 

values ranging from 30-96% (Figure 3.6, Table 3.2). Samples B760 and B763 only amplified 

product with the unmethylated-specific primer sets and were considered completely unmethylated 

with a percent methylation of 0% (Figure 3.6, Table 3.2). These results are concordant with the 

endpoint MSP results (Figure 3.4). 

     The breast cancer tumour samples themselves that were deemed methylated with the MeDIP 

assay were tested next. These samples were tested in order to ensure the same methylation 

patterns from the MeDIP assay were detected with the MSP assay. Seven of the eight methylated 

breast tumour samples were ER-positive, PR-positive, and Her2-negative (ER+/PR+/Her2-), and 

one was triple-negative (ER-/PR-/Her2-) (Table 3.3). Two samples were differentiation grade II 

(moderately differentiated), four samples were differentiation grade III (poorly differentiated), 

and two samples had unknown differentiation grades (Table 3.3). The methylated breast cancer 

tumour samples were matched with unmethylated breast cancer tumour samples based on 

hormone receptor status, tumour size, node status, and differentiation grade (Table 3.3). These 

matched unmethylated samples were used as negative controls for the methylated-specific primer 

sets. Two tumour samples (B2275 and D2368) also had matched normal tissue that was also 

assayed as negative controls for the methylated-specific primer sets as methylation was not 

previously detected in normal tissue with the MeDIP assay
58

.  
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Figure 3.6: qMSP for colorectal tumour tissue samples 
 
DNA from the colorectal tumour samples B211, B703, B753, B760, and B763 was sodium 

bisulfite-treated and qMSP amplified with primers specific to methylated and unmethylated 

sequences of the Prox GR 5, Prox GR 10, and Prox GR 11 regions. The Ct of both primer sets 

was used to calculate the percent methylation at each region for each sample. The methylated-

specific primer sets did not amplify product in samples B760 and B763, and thus the samples 

were considered completely unmethylated. 
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Table 3.3: Clinical Characteristics of Breast Cancer Patient Tumour Samples 

 

Breast tumour samples identified as methylated at the NR3C1 promoter in the MeDIP assay were 

matched with breast tumour samples identified as unmethylated based on clinical characteristics 

identified in table. Some matched samples do not share all of the same characteristics. For 

example, sample D2368 is ER+/Her2- and matched with sample A2236 which is ER+/Her2+. 

Path T indicates tumour size, where T2 is 2-5 cm, T3 is >5cm, and TX is unknown size. Path N 

indicates node status, where N0 is no regional lymph node metastases, N1 is regional lymph node 

metastasis, N2 is metastasis to extent between N1 and N3, N3 is tumour spread to internal 

mammary lymph nodes, and NX is lymph nodes cannot be evaluated. Lymph node metastases 

indicates distant metastases where NONE is no distant metastasis, MICRO is <0.2 mm, MACRO 

is >0.2 mm, and UNK is distant metastasis cannot be assessed. 

 

Sample 
Hormone 

Receptor Status 

Path 

T* 
Path N* 

Lymph 

Node 

Metastases
*
 

Differentiation 

Grade
†
 

Methylated 

at GR from 

MeDIP? 

Matched 

Sample 

A1719 ER+/PR+/Her2- T2 N0,NOS UNK II Yes D0495 

B2275 ER-/PR-/Her2- TX NX UNK II Yes A2087 

D1354 ER+/PR+/Her2- T2 N1,NOS MACRO III Yes A2328 

D1384 ER+/PR+/Her2- T2 N1,NOS MACRO III Yes A2328 

D2130 ER+/PR+/Her2- T2 N1,NOS NONE X Yes D2101 

D2291 ER+/PR+/Her2- T2 N1,NOS UNK III Yes D1699 

D2368 ER+/PR?/Her2- T2 N1c MACRO X Yes A2236 

D2551 ER+/PR+/Her2- T2 N1a MACRO III Yes A2328 

D0495 ER+/PR+/Her2- T2 N2a MACRO II No - 

A2087 ER-/PR-/Her2- T3 N1,NOS MICRO II No - 

A2328 ER+/PR+/Her2- T2 N0,NOS NONE III No - 

D2101 ER+/PR+/Her2- T2 N0,NOS NONE III No - 

D1699 ER+/PR+/Her2- T2 N1a UNK X No - 

A2236 ER+/PR+/Her2+ T2 N2a MACRO III No - 

*
 Standard TNM classification of malignant tumours 

†
 Ranges from I (well differentiated) to III (poorly differentiated); X is unknown 
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     All breast cancer tumour samples deemed methylated in the MeDIP assay were found to be 

methylated in at least one MSP proximal promoter region. Samples A1719, B2275, D2291, and 

D2551 were methylated in all 3 proximal promoter regions, whereas samples D1354, D1384,  

D2130, and D2368 were methylated in only one region (Figure 3.7, Table 3.2). Negative controls 

only amplified product with the unmethylated-specific primer sets, and thus the samples were not 

methylated. There were a few deviations in samples identified as methylated in the MSP assay 

compared to the MeDIP assay. For example, there were three samples (D1354, D2130, and 

D2368) which were found to be methylated at the Prox GR 10 region in the MeDIP assay, 

however showed no product with the corresponding methylated-specific primer set in the MSP 

assay. As well, there was one sample (D1354) which was methylated at the Prox GR 11 region in 

the MeDIP assay, however showed no product with the corresponding methylated-specific primer 

set in the MSP assay.  

     Prior to testing the patient serum samples, standard curves for the methylated-specific primer 

sets were generated which would allow us to calculate the level of methylated DNA in each 

sample. For the standard curves, 0.1 ng to 50 ng M.SssI hypermethylated MCF-7 DNA was 

added to 50 ng MCF-7 gDNA to mimic the DNA content in the serum samples. Since the serum 

samples will include DNA from other sources throughout the body, gDNA was added in to 

represent the unmethylated DNA that would be present in the serum. Ct values from each reaction 

were plotted against the amount of methylated DNA added into each sample. R
2
 values were 

calculated for each standard curve indicating the goodness-of-fit of each linear regression, which 

a value of 1 being the best fit. The methylated primer sets R
2
 values ranged from 0.92-0.99 (GR 5 

= 0.92, GR 10 = 0.96, GR 11 = 0.99) indicating good fits, and thus good standard curves (Figure 

3.8). Ct values from both sets of primers were used to calculate percent methylation values for 

each standard curve sample (Table 3.2). The percent methylation values from the Prox GR 10 and 

Prox GR 11 primers have a linear relationship, which is in agreement with the standard curves  
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Figure 3.7: qMSP for breast cancer tumour tissue samples 
 

DNA from breast tumour and normal tissue samples was sodium bisulfite-converted and qMSP 

amplified with primers specific to methylated and unmethylated sequences of the Prox GR 5, 

Prox GR 10, and Prox GR 11 regions. The Ct of both primer sets was used to calculate the 

percent methylation at each region for each sample. Samples A1719, B2275, D1354, D1384, 

D2130, D2291, D2368, and D2551 were identified as methylated in the MeDIP assay
58

. At least 

one methylation-specific primer amplified product in each methylated tumour sample. Sample 

B2275 N is the matched normal tissue to the B2275 tumour sample. Methylated tumour samples 

were matched with samples identified as unmethylated in the MeDIP assay based on hormone 

receptor status, tumour size, node status, and differentiation grade. These unmethylated samples 

were used as negative controls for the methylated-specific primer sets. Sample D0495 is an 

unmethylated sample matched with the methylated sample A1719, and is representative of the 

other unmethylated tumour samples. The methylated-specific primers did not amplify product in 

the B2275 N and D0495 samples, and thus the samples were considered completely 

unmethylated. 
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Figure 3.8: MSP methylated-specific primer sets standard curves 

 

M.SssI hypermethylated MCF-7 DNA (0.1 ng to 50 ng) was added to MCF-7 gDNA (50 ng) to 

generate standard curves for each methylated-specific primer set, that would be used to calculate 

levels of methylated DNA in patient blood samples. MCF-7 gDNA represents unmethylated 

background DNA in blood samples. Samples were sodium bisulfite-converted and qPCR 

amplified using MSP methylated-specific primer sets. R
2
 values were calculated for each standard 

curve. The Prox GR 5 methylated primer set did not amplify product in the 0.1 ng sample.  
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(Figure 3.8). 

3.1.4 Patient Blood Samples 

     Circulating tumour-associated cfDNA has been shown to carry the same mutations and 

epigenetic patterns as corresponding tumour tissue
67

. Assaying cfDNA allows for the possibility 

of detecting tumour-associated methylation in blood, thus in a non-invasive manner, to monitor 

tumour load indicative of patient status or outcome, based on changes in methylation levels. 

     Circulating normal cfDNA is present in only 4000 amplifiable copies/ml of blood on 

average
104

. When blood is fractionated the cfDNA is present in the serum fraction
102

. Due to the 

low concentration of DNA in serum samples, the Circulating Nucleic Acid Kit was tested prior to 

analyzing patient serum samples in order to ensure it would efficiently extract DNA. Six mock 

serum samples and one blank sample were prepared and run through the DNA extraction kit, 

sodium bisulfite-converted, and qMSP amplified. MCF-7 gDNA (50 ng), M.SssI 

hypermethylated MCF-7 DNA (10 ng, 5 ng, 1 ng, and 0.1 ng) mixed with MCF-7 gDNA (50 ng), 

colorectal cancer tumour sample B2275 DNA (450 ng), and a blank control were each mixed with 

250 μl fetal bovine serum (FBS) to mimic serum samples.  

     The MCF-7 gDNA sample only amplified product with the unmethylated-specific primer sets 

and the blank control did not amplify product with any primer set (Figure 3.9). The colorectal 

cancer tumour sample B2275 amplified product in both primer sets, (Figure 3.9) and using the 

methylated-specific primer sets standard curves, it was determined that between 100 ng and 300 

ng methylated B2275 DNA was recovered. In the M.SssI hypermethylated MCF-7 mixed with 

MCF-7 gDNA samples, all unmethylated primer sets amplified product in all samples. The Prox 

GR 11 methylated-specific primer set amplified product in all samples (Figure 3.9). The Prox GR 

5 methylated-specific primer set amplified product in the 10, 5, and 1 ng samples, whereas the 

Prox GR 10 methylated-specific primer set amplified product in the 10 and 5 ng samples.  Using  
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Figure 3.9: qMSP for mock serum samples 
 
DNA from six mock serum samples and one blank sample was extracted from the Circulating 

Nucleic Acid Kit, sodium bisulfite-converted, and qMSP amplified with primers specific to 

methylated and unmethylated sequences of the Prox GR 5, Prox GR 10, and Prox GR 11 regions. 

The Ct of both primer sets was used to calculate the percent methylation at each region for each 

sample. Mock serum samples included MCF-7 gDNA (50 ng), M.SssI hypermethylated MCF-7 

DNA (10 ng, 5 ng, 1 ng, and 0.1 ng) mixed with MCF-7 gDNA (50 ng), and colorectal cancer 

tumour sample B2275 DNA (50 ng), added to 250 μl FBS. The methylated-specific primers did 

not amplify product in the MCF-7 sample, and thus the sample was considered completely 

unmethylated. The Prox GR 5 methylated-specific primer sets did not amplify product in the 

M.SssI MCF-7 0.1 ng sample. The Prox GR 10 methylated-specific primer set did not amplify 

product in the M.SssI MCF-7 1 ng sample, or in the M.SssI MCF-7 0.1 ng sample. None of the 

primers amplified product in the blank sample. 
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the methylated-specific primer sets standard curves, it was determined that between 0.09 ng and 1 

ng methylated DNA was recovered from the M.SssI hypermethylated MCF-7 samples. As 

methylated DNA was detected in at least one proximal promoter region from methylated samples, 

the kit was determined to be usable. 

     The kit used to extract DNA from the buffy coat samples yields 4 μg to 12 μg DNA from 200 

μl sample. Due to the high concentration of DNA in the buffy coat samples, the DNA Blood Mini 

Kit was not tested prior to analyzing the buffy coat samples. 

     Patient serum and buffy coat samples from patients with tumour samples deemed methylated 

at the NR3C1 promoter were tested. Serum samples were tested from patients A1719, B2275, 

D1354, D2101, D2130, D2291, and D2551. Buffy coat samples were tested from patients A1719, 

D1354, D1384, D2101, D2130, D2291, and D2551. The unmethylated primer sets produced 

product in all serum and buffy coat samples, and at all proximal promoter regions, which 

indicates DNA was successfully extracted with the kits, and successfully sodium bisulfite-

converted (Appendix C Table C.1). 

     Based on the Prox GR 5 unmethylated-specific primer set Ct values from the primer standard 

curves, a Ct value of 31.00 is indicative of 50 ng unmethylated DNA (Appendix C Table C.1). 

All serum samples, except sample D1354, had Prox GR 5 Ct values greater than 31.00 which 

indicate that the serum samples contained less than 50 ng unmethylated DNA. Serum sample 

D1354 had a Ct value of 26.51 indicating more than 50 ng unmethylated DNA was recovered 

from the sample. The buffy coat samples had Prox GR 5 Ct values lower than 31.00, with an 

average of 19.12, indicating much higher levels of unmethylated DNA in the buffy coat samples. 

     The B2275 and D2101 serum samples were reamplified with the methylated primer sets in 

order to determine if more cycles or sequential PCR amplifications were necessary to detect 

methylated NR3C1 promoter sequence. The second amplification of 40 cycles produced product 

with the Prox GR 5 and Prox GR 10 methylated-specific primers, however primer melting curves 
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peaks were either at the wrong temperature or had double peaks and thus amplicons were deemed 

random (data not shown). 

     MSP primers were designed to span the outer regions of the current primers in an attempt to 

use nested PCR to detect methylated NR3C1 promoter sequence (Appendix B Table B.1). The 

outer primers were optimized and run through an endpoint PCR reaction with 40 cycles, then 0.5 

μl (2% of the initial reaction) from the outer reaction was added to a second reaction with the 

inner primers. When the final products were run on a gel there was no product detectable (data 

not shown). 

     As the methylated-specific primers did not amplify product in the serum and buffy coat 

samples, it suggests that either the patient blood samples do not contain methylated NR3C1 

promoter sequence, or the primers are not sensitive enough to detect the level of methylated 

NR3C1 promoter sequence in the samples. 

3.2 Exploring Tamoxifen Sensitivity in ERα-positive Breast Cells 

     It has been previously shown that ERα-positive tumours with low NR3C1 expression were 

associated with poor outcome in tamoxifen treated patients
76

. This suggests that low NR3C1 

expression may lead to decreased tamoxifen sensitivity in ERα-positive tumours. In order to 

explore this observation, the inducible TRIPZ- short-hairpin micro RNA (shRNAmir) system was 

used to produce an inducible knockdown of GR expression and protein. The MCF-7 breast cell 

line, which is ERα-positive, was transduced using lentiviral packaging with either a TRIPZ 

Control vector, or a vector containing a TRIPZ shRNAmir targeted towards endogenous GR 

(shGR). The transduced pooled TRIPZ cell lines were assayed by growing for a period of 72 

hours either untreated (UT) or induced by doxycycline (DOX) treatment. RNA and whole cell 

lysates were harvested for each cell line and treatment. 

     GR knockdown was validated at the mRNA expression level (Figure 3.10A). RNA samples 

were converted into complementary DNA (cDNA) and quantified using the TaqMan gene  
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Figure 3.10: Expression of GR is decreased in cells expressing a DOX-inducible TRIPZ 

shRNAmir vector against endogenous GR 
 
MCF-7 cells were transduced with a puromycin selectable vector containing either a non-

silencing TRIPZ Control vector or a TRIPZ shRNAmir vector against the endogenous GR 

(shGR) were left UT or treated with DOX for 72 hours. A. RNA was harvested from MCF-7 

TRIPZ Control, TRIPZ shGR MOI 1, and TRIPZ shGR MOI 2 cells and subjected to qRT-PCR 

analysis of human NR3C1 (GR) expression using the TaqMan gene expression assay. Raw Ct 

values for NR3C1 were normalized to raw Ct values for HPRT1 internal control for triplicate 

samples. ΔΔCt analysis was used to determine the relative NR3C1 expression of samples 

normalized to TRIPZ Control UT. Statistically significant changes in gene expression relative to 

TRIPZ Control UT are indicated with an asterisk (p<0.05). B. MCF-7 TRIPZ Control, TRIPZ 

shGR MOI 1, and TRIPZ shGR MOI 2 cells were lysed and subjected to western blotting with 

indicated antibodies to determine GR expression. TBP internal control was used to normalize 

samples. 
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expression assay for quantitative reverse transcription PCR (qRT-PCR). The TRIPZ Control cell 

line showed a slight increase in GR expression when treated with DOX, however the increase was 

not statistically significant (p>0.05, Figure 3.10A). Both TRIPZ shGR multiplicity of infection 

(MOI) 1 and MOI 2 untreated samples showed lower NR3C1 expression compared to the TRIPZ 

Control untreated samples, however the decrease was not statistically significant (p>0.05, Figure 

3.10A). Both TRIPZ shGR MOI 1 and MOI 2 lentiviral pools showed statistically significant 

(p<0.05) decreases in NR3C1 expression levels compared to the TRIPZ Control UT condition 

following a 72 hour induction with DOX where MOI 1 cells had a decrease to 37%, and MOI 2 

cells had a decrease to 33% (Figure 3.10A). 

     GR knockdown was also validated at the protein level through western blot analysis. The 

TRIPZ Control cell line showed a slight increase in GR expression when treated with DOX 

(Figure 3.10B). Both TRIPZ shGR MOI 1 and MOI 2 lentiviral pools showed almost complete 

knockdown of GR following a 72 hour induction with DOX (Figure 3.10B). Since GR 

knockdown was achieved at both the mRNA and protein level, the cells were used for further 

analysis to investigate the effect of GR knockdown on tamoxifen sensitivity in ERα-positive 

breast cells. 

3.2.1 The Effect of GR Knockdown on Proliferation 

     Binding of estrogen to the ERα actives the receptor and allows it to bind EREs upstream of 

target genes
80

. The main role of the ERα is to transcriptionally regulate target genes involved in 

cellular proliferation and survival
82,83

. Tamoxifen, an anti-estrogen, is used in the treatment of 

ERα-positive breast cancers as it blocks the action of the ERα, and thus blocks cellular 

proliferation
80

. As low NR3C1 expression was shown to be associated with poor outcome in 

tamoxifen treated ERα-positive breast tumours
76

, the role of GR knockdown and tamoxifen 

treatment in cellular proliferation was explored. 
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     MCF-7 wild-type (WT), TRIPZ Control, and TRIPZ shGR cells pretreated with DOX for 72 

hours to allow for GR knockdown, were grown for a period of 96 hours maintained in DOX and 

treated with 4-hydroxytamoxifen (TAM). Cell counts were taken every 24 hours. 

     It is important to note that the assay used here did not directly measure proliferation, but rather 

cellular growth through counting the number of cells present. Cellular growth includes 

proliferating cells, as well as quiescent and apoptotic cells. Future improvements would include 

an assay which directly measures proliferation, perhaps through measuring DNA  synthesis
105

. 

Prior to counting, each well was inspected for phenotypic differences between treatments as well 

as for floating cells which may indicate apoptotic cells, in order to estimate cell viability (Figure 

3.11). There were no differences in phenotypic appearance of cells or in floating cell numbers 

between treatments and thus cells were determined to be viable. 

     In the WT and TRIPZ Control cell lines, cells treated with TAM had statistically significant 

(p<0.05) lower cell counts and proliferation rates than cells treated with ethanol-vehicle, 

regardless of DOX treatment, indicating the effect of TAM on proliferation of these ERα-positive 

cells (Figures 3.12A and 3.12B, Appendix B Table B.2). In the TRIPZ shGR cell lines, TAM 

treated samples had statistically significant (p<0.05) lower cell counts and proliferation rates than 

cells treated with ethanol-vehicle (Figures 3.12C and 3.12D, Appendix B Table B.2). Cells 

induced for GR knockdown (+DOX) and treated with ethanol-vehicle did not show changes in 

cell growth compared to cells treated only with ethanol-vehicle (Figure 3.12C and 3.12D, 

Appendix B Table B.2). However, cells induced for GR knockdown (+DOX) and treated with 

TAM had an increase in cell growth and proliferation rate compared to cells treated only with 

TAM (Figures 3.12C and 3.12D, Appendix B Table B.2). This increase in cell growth indicates 

that cells induced for GR knockdown were less sensitive to TAM treatment than cells with 

endogenous GR levels. 
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Figure 3.11: MCF-7 shGR MOI 1 cells treated with DOX and TAM 

MCF-7 cells transduced with TRIPZ shGR MOI 1 DOX-inducible vectors were grown for a 

period of 96 hours. Cells were left A. UT or treated with B. DOX, C. TAM, or D. DOX and 

TAM. Cells were imaged 96 hours post-treatment using an Olympus inverted phase contrast 

microscope. Scale bars indicate 100 μm. 
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Figure 3.12: Growth curves for MCF-7 WT, TRIPZ Control, and TRIPZ shGR cells treated 

with DOX and TAM 

 

MCF-7 A. WT cells or cells transduced with B. TRIPZ Control or C-D. TRIPZ shGR (C. MOI 1 

and D. MOI 2) DOX-inducible vectors were grown for a period of 96 hours with DOX and TAM 

treatments. Cells were trypsinized and counted with a haemocytometer at 24, 48, 72, and 96 hours 

post-treatment. Values represent average results for duplicate counts +/- SEM. 
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3.2.2 The Effect of GR Overexpression on Proliferation 

     MCF-7 pTET-ON Advanced (pTOA) GR-21, cells transfected with a DOX-inducible vector 

which overexpresses GR, were used to explore the role of GR overexpression and tamoxifen 

treatment in cellular proliferation. Inducible GR overexpression was validated at both the mRNA 

and protein level (Figure 3.13). Following a 72 hour treatment with DOX, RNA and whole cell 

lysates were collected. RNA was converted into cDNA and quantified using the TaqMan gene 

expression assay. When induced with DOX, the cell line showed a 130-fold increase in NR3C1 

expression which was statistically significant (p<0.005) compared to the UT condition (Figure 

3.13A). GR overexpression was also validated at the protein level through western blot  

analysis. Both GR and FLAG (FLAG-tagged GR) levels dramatically increased when induced 

with DOX (Figure 3.13B).  

     As GR overexpression was validated, the cells were used to explore the effects of GR 

overexpression and tamoxifen treatment in cellular proliferation. MCF-7 pTOA GR-21 cells 

pretreated with DOX for 72 hours to allow for GR overexpression, were grown for a period of 96 

hours maintained in DOX and treated with TAM. Cell counts were taken every 24 hours.  

     Cells induced for GR overexpression (+DOX) had a lower cell count and proliferation rate 

than UT cells (Figure 3.14, Appendix B Table B.3). The cell counts were similar to the TAM 

treated sample indicating that DOX treatment, and thus GR overexpression, has a similar effect as 

TAM treatment. This suggests a role for GR in the inhibition of cellular proliferation. Cells 

induced for GR overexpression and treated with TAM had statistically significant (p<0.05) lower 

cell counts and proliferation rates than all other treatments. This indicates that high GR levels 

lead to increased TAM sensitivity and subsequently decreased proliferation. 

3.2.3 The Effect of BRCA1 Knockdown on Proliferation 

     Previous work in our lab has shown that the unliganded GR positively regulates the tumour 

suppressor gene BRCA1
34

. Another study showed that BRCA1 transcriptionally upregulates the  
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Figure 3.13: Overexpression of GR is inducible in a DOX-inducible stable cell line 
 

MCF-7 cells transfected with a DOX-inducible vector for GR overexpression (MCF-7 pTOA GR-

21) were left UT or treated with DOX for 72 hours. A. RNA was harvested from cells and 

subjected to qRT-PCR analysis of NR3C1 (GR) expression using the TaqMan gene expression 

assay. Raw Ct values for NR3C1 were normalized to raw Ct values for HPRT1 internal control 

for triplicate samples. ΔΔCt analysis was used to determine the relative NR3C1 expression of 

samples normalized to the untreated condition. Very statistically significant changes in gene 

expression are indicated with two asterisks (p<0.005). B. Cells were lysed and subjected to 

western blotting with indicated antibodies to determine GR and FLAG levels. TBP internal 

control was used to normalize samples. 
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Figure 3.14: Growth curves for MCF-7 pTOA GR-21 cells treated with DOX and TAM 
 
MCF-7 cells stably transfected with a DOX-inducible vector that overexpresses GR were grown 

for a period of 96 hours with DOX and TAM treatments. Cells were trypsinized and counted with 

a haemocytometer at 24, 48, 72, and 96 hours post-treatment. Values represent average results for 

duplicate counts +/- SEM. 
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ERα, and mutations in BRCA1 leading to down-regulation of the ERα resulted in anti-estrogen 

therapy resistance
106

. Loss of ERα expression and subsequent anti-estrogen resistance has been 

well documented, especially in cells treated with tamoxifen
107–110

. To explain the reduced 

tamoxifen sensitivity in low NR3C1-expressing tumours
76

, a model was proposed where low GR 

leads to a downregulation of BRCA1, which in turn leads to downregulation of ERα, and 

ultimately reduced tamoxifen sensitivity. 

     In order to determine if levels of BRCA1, which is transcriptionally activated by unliganded 

GR
34

, have an effect on cellular proliferation and tamoxifen sensitivity, an MCF-7 TRIPZ 

shBRCA1 cell line was used. BRCA1 knockdown was validated at the mRNA level. Following a 

48 and 72 hour treatment with DOX, RNA was extracted from cells, converted into cDNA, and 

quantified using the TaqMan gene expression assay. When induced with DOX, the cells showed 

statistically significant (p<0.05) decreases in BRCA1 expression compared to the UT condition, 

where 48 hours DOX treatment had a decrease to 61% and 72 hours DOX treatment had a 

decrease to 44% (Figure 3.15). 

     As BRCA1 knockdown was validated, the cells were used to explore the effects of BRCA1 

levels and tamoxifen treatment in cellular proliferation. MCF-7 TRIPZ shBRCA1 cells pretreated 

with DOX for 72 hours to allow for BRCA1 knockdown were grown for a period of 96 hours 

maintained in DOX and treated with TAM. Cell counts were taken every 24 hours.  

     TAM treated conditions had statistically significant (p<0.05) lower cell counts and 

proliferation rates compared to ethanol-vehicle treated conditions (Figure 3.16, Appendix B Table 

B.4). Cells induced for BRCA1 knockdown (+DOX) and treated with TAM did not show changes 

in cell growth compared to cells treated only with TAM (Figure 3.16, Appendix B Table B.4). 

This suggests that BRCA1 levels did not have an effect on cellular proliferation, nor did BRCA1 

levels have an effect on TAM sensitivity. 
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Figure 3.15: Expression of BRCA1 is decreased in cells expressing a DOX-inducible TRIPZ 

shRNAmir vector against endogenous BRCA1 
 

MCF-7 cells were transduced with a puromycin selectable vector containing a TRIPZ shRNAmir 

vector against endogenous BRCA1 were left UT, or treated with DOX for 48 and 72 hours. A. 

RNA was harvested from cells and subjected to qRT-PCR analysis of human BRCA1 expression 

using TaqMan gene expression assay. Raw Ct values for BRCA1 were normalized to raw Ct 

values for HPRT1 internal control for triplicate samples. ΔΔCt analysis was used to determine the 

relative BRCA1 expression of samples normalized to the UT condition. Statistically significant 

changes in gene expression relative to the UT condition are indicated with an asterisk (p<0.05). 
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Figure 3.16: Growth curves for MCF-7 TRIPZ shBRCA1 MOI 2 cells treated with DOX 

and TAM 
 
MCF-7 cells transduced with a TRIPZ shBRCA1 DOX-inducible vector were grown for a period 

of 96 hours with DOX and TAM treatments. Cells were trypsinized and counted with a 

haemocytometer at 24, 48, 72, and 96 hours post-treatment. Values represent average results for 

duplicate counts +/- SEM. 
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3.2.4 The Effect of GR Knockdown on BRCA1 and ERα Expression 

     To further explore the model of reduced tamoxifen sensitivity where GR knockdown leads to a 

decrease in BRCA1, which further leads to a decrease in ERα, expression levels of BRCA1 and 

ERα were determined in the MCF-7 knockdown cell lines. MCF-7 TRIPZ Control and TRIPZ 

shGR cells were grown for a period of 72 hours either UT or induced by DOX treatment. RNA 

and whole cell lysates were harvested for each cell line and treatment. 

     The TRIPZ Control cell line showed no change in BRCA1 or ERα mRNA or protein levels 

when treated with DOX (Figure 3.17). Following induction of GR knockdown with DOX 

treatment, the TRIPZ shGR cell lines showed a slight decrease in both BRCA1 and ESR1 mRNA 

expression levels, however the decrease was not statistically significant (P>0.05, Figures 3.17A 

and 3.17B). At the protein level, both BRCA1 and ERα levels did not change when TRIPZ shGR 

cell lines were induced for GR knockdown (Figure 3.17C). These results suggest that GR 

knockdown does not have an effect on BRCA1 or ERα levels, and thus the initial model to 

explain reduced tamoxifen sensitivity in low NR3C1-expressing tumours is not a result of 

decreased BRCA1 and ERα levels. 

3.2.5 The Effect of β-estradiol (E2) Treatments on Proliferation 

     Since the levels of ERα did not change in response to GR knockdown, TAM should still exert 

its effects on the cell as the ERα is present. However, GR knockdown showed a decrease in TAM 

sensitivity compared to endogenous GR levels, which suggests a deficiency in ERα signaling due 

to GR knockdown. It is important to explore whether proliferation of the GR knockdown cells is 

stimulated by estrogen treatment, thus indicating ERα action. MCF-7 WT, TRIPZ Control, and 

TRIPZ shGR cells pretreated with DOX for 72 hours to allow for GR knockdown, were grown 

for a period of 96 hours maintained in DOX and treated with TAM and β-estradiol (E2). Cells 

were grown in phenol-red free media with charcoal-stripped serum to ensure media was free of 

all GCs and estrogenic factors. Cell counts were taken every 24 hours. 



 

 

 

62 

 

Figure 3.17: Expression of BRCA1 and ERα in cells expressing a DOX-inducible shRNAmir 

vector against endogenous GR 
 
MCF-7 cells transduced with a puromycin selectable vector containing either a non-silencing 

TRIPZ Control plasmid or a TRIPZ shRNAmir vector against GR (shGR) were left UT or treated 

with DOX for 72 hours. A-B. RNA was harvested from MCF-7 TRIPZ Control, TRIPZ shGR 

MOI 1, and TRIPZ shGR MOI 2 and subjected to qRT-PCR analysis of human A. BRCA1 and B. 

ESR1 expression using TaqMan gene expression assay. Raw Ct values for each gene were 

normalized to raw Ct values for HPRT1 internal control for triplicate samples. Samples were 

normalized to TRIPZ Control UT and ΔΔCt analysis was used to determine the relative 

expression of each gene. C. MCF-7 Control, TRIPZ shGR MOI 1, and TRIPZ shGR MOI 2 cells 

were lysed and subjected to western blotting with indicated antibodies to determine BRCA1 and 

ERα expression. TBP internal control was used to normalize samples. 
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     In the WT and TRIPZ Control cell lines, cells treated with E2 had increased cell counts and 

proliferation rates compared to cells treated with ethanol-vehicle, regardless of DOX treatment 

(Figures 3.18A and 3.18B, Appendix  B Table B.5). This indicates that E2 is stimulating growth 

in the cells. In the TRIPZ shGR cell lines, cells treated with E2 showed increases in cell counts 

and proliferation rates compared to cells treated with ethanol-vehicle, regardless of DOX 

treatment (Figures 3.18C and 3.18D, Appendix B Table B.5). This suggests that E2 is stimulating 

growth in these cells, and that GR levels do not have an effect on the cellular response to E2 

stimulation. This indicates that decreased TAM sensitivity in GR knockdown cells is not due to 

bypassing of the ERα signaling pathway. 

3.2.6 The Effect of Hydrocortisone (HC) Treatments on Proliferation 

     The four classic models of GR signaling require GC ligand binding, however research in our 

lab has identified a role for the unliganded GR
34

. HC treatments were used in order to determine  

if the effects from previous proliferation assays, where cells with normal GR levels had lower cell 

counts than GR knockdown when treated with TAM, is due to unliganded or liganded GR action. 

HC treatments induce liganded GR signaling, whereas UT cells represent unliganded GR 

signaling. The previous proliferation assays suggest that when treated with TAM, GR inhibits 

proliferation, and when GR is knocked-down the block in proliferation is removed.  

     MCF-7 WT, TRIPZ Control, and TRIPZ shGR cells pretreated with DOX for 72 hours to 

allow for GR knockdown were grown for a period of 96 hours with cell counts taken every 24 

hours. Treatments included DOX, TAM, and HC. Cells were grown in phenol-red free media 

with charcoal-stripped serum to ensure media was free of all GCs. 

     In the WT and TRIPZ Control cell lines, cells treated with TAM had decreased cell counts and 

proliferation rates compared to cells treated with ethanol-vehicle, regardless of DOX and HC 

treatment (Figures 3.19A and 3.19B, Appendix B Table B.6). In the TRIPZ shGR cell lines, TAM 

treatments were not as effective as previous proliferation assays (Section 3.2.1) and thus the data  
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Figure 3.18: Growth curves for MCF-7 WT, TRIPZ Control, and TRIPZ shGR cells treated 

with DOX and E2 
 
MCF-7 A. WT cells or cells transduced with B. TRIPZ Control or C-D. TRIPZ shGR (C. MOI 1 

and D. MOI 2) DOX-inducible vectors were grown for a period of 96 hours with DOX and E2 

treatments. Cells were trypsinized and counted with a haemocytometer at 24, 48, 72, and 96 hours 

post-treatment. Values represent average results for duplicate counts +/- SEM. 
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Figure 3.19: Growth curves for MCF-7 WT, TRIPZ Control, and TRIPZ shGR cells treated 

with DOX, TAM, and HC 
 
MCF-7 A. WT cells or cells transduced with B. TRIPZ Control or C-D. TRIPZ shGR (C. MOI 1 

and D. MOI 2) DOX-inducible vectors were grown for a period of 96 hours with DOX, TAM, 

and HC treatments. Cells were trypsinized and counted with a haemocytometer at 24, 48, 72, and 

96 hours post-treatment. Values represent average results for duplicate counts +/- SEM. 
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is to be interpreted carefully. There is a decrease in cell growth when cells were treated with 

TAM compared to ethanol-treated conditions (Figures 3.19C and 3.19D, Appendix B Table B.6). 

As previously seen, GR knockdown (+DOX) leads to an increase in cell growth when treated 

with TAM (Figures 3.12C and 3.12D, Appendix B Table B.6). This suggests that HC does not 

have an effect on TAM sensitivity. This also suggests that unliganded GR is not playing a role in 

proliferation inhibition, as adding HC would eliminate unliganded function and thus mimic GR 

knockdown, which should allow for reduced TAM sensitivity. However, the results also do not 

suggest liganded GR action as the -HC conditions would remove liganded GR signaling and thus 

mimic GR knockdown, which should lead to reduced TAM sensitivity. Overall, there is no effect 

of HC treatment suggesting that we cannot differentiate between unliganded and liganded GR 

signaling in regards to proliferation inhibition. 

3.2.7 The Effect of RU-486 Treatments on Proliferation 

     In order to further explore the mechanism of GR signaling in terms of its role in proliferation, 

cells were treated with the anti-glucocorticoid RU-486. RU-486 is a synthetic steroid with both 

anti-glucocorticoid and anti-progesterone properties
111

. Binding of RU-486 to GR blocks the 

ability of GR to directly bind DNA, however, it allows GR to tether other TFs and regulate 

transcription. By treating cells with RU-486 we should be able differentiate between these two 

mechanisms of GR signaling. 

     MCF-7 WT, TRIPZ Control, and TRIPZ shGR cells pretreated with DOX for 72 hours to 

allow for GR knockdown, were grown for a period of 96 hours in TAM with cell counts taken 

every 24 hours. Treatments included DOX and 10μM RU-486, which has been previously used in 

our laboratory to explore mechanisms of GR signaling.  

     RU-486 treatment consistently decreased cell growth in all cell lines to levels comparable to 

TAM treatment (Figure 3.20, Appendix B Table B.7). However, there were no consistent trends 

between control samples, or between TRIPZ shGR samples when analyzing the effects of adding  
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Figure 3.20: Growth curves for MCF-7 WT, TRIPZ Control, and TRIPZ shGR cells treated 

with DOX, TAM, and RU-486 

 
MCF-7 A. WT cells or cells transduced with B. TRIPZ Control or C-D. TRIPZ shGR (C. MOI 1 

and D. MOI 2) DOX-inducible vectors were grown for a period of 96 hours with DOX, TAM, 

and RU-486 treatments. Cells were trypsinized and counted with a haemocytometer at 24, 48, 72, 

and 96 hours post-treatment. Values represent average results for duplicate counts +/- SEM. 
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DOX or TAM to samples treated with RU-486, and thus no conclusions could be drawn. These 

results may be due to the relatively high concentration of RU-486 being used. 

     In order to determine if lower concentrations of RU-486 could be used to differentiate between 

GR signaling mechanisms, MCF-7 WT, TRIPZ Control, and TRIPZ shGR cells pretreated with 

DOX for 72 hours to allow for GR knockdown were grown for a period of 96 hours in TAM with 

cell counts taken every 24 hours. Treatments included DOX and RU-486 at 0.1μM, 1μM, and 

10μM.  

     The results were comparable to the previous RU-486 experiment, where RU-486 treatment 

decreased cell growth in all cell lines (Figure 3.21, Appendix B Table B.8). However, the total 

decrease in cell growth was dependent on the concentration of RU-486, where the 10μM 

treatment led to the greatest decrease in cell growth, and the 0.1μM treatment had the lowest 

decrease in cell growth. We were not able to differentiate between GR signaling through direct 

binding to DNA or tethering a TF. GR direct binding to DNA would be inhibited by RU-486 

treatment, and thus this condition would mimic GR knockdown leading to an increase in cellular 

proliferation when treated with TAM. GR tethering another TF would not be affected by RU-486 

treatment, and thus the proliferation rates for all conditions should reflect cells not treated with 

RU-486. However, all RU-486 treatments led to a decrease in proliferation, and thus we could not 

differentiate between the two mechanisms of GR signaling. 

     The decreases in cell growth due to RU-486 treatment may be due to RU-486 blocking PR 

activity, as MCF-7 cells express the PR
112

. One study showed that following RU-486 treatment, 

PR expression in MCF-7 cells decreased by 41%, whereas GR expression increased 4-fold 

compared to the control sample
113

. RU-486 treatment suppressed WNT1 expression, which led to 

a decrease in PR-positive cell viability, including in MCF-7 cells. 
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Figure 3.21: Growth curves for MCF-7 WT, TRIPZ Control, and TRIPZ shGR cells treated 

with DOX, TAM, and 10μM, 1μM, or 0.1μM RU-486 
 
MCF-7 A. WT cells or cells transduced with B. TRIPZ Control or C-D. TRIPZ shGR (C. MOI 1 

and D. MOI 2) DOX-inducible vectors were grown in TAM for a period of 96 hours with DOX 

and RU-486 (10μM, 1μM, and 0.1μM) treatments. Cells were trypsinized and counted with a 

haemocytometer at 24, 48, 72, and 96 hours post-treatment. Values represent average results for 

duplicates +/- SEM. 
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3.2.8 The Effect of GR Knockdown on Cell Motility 

     Although tamoxifen action targets cellular proliferation, as it binds and inactivates the ERα, 

studies have shown differences in expression of proteins involved in both cell motility and 

survival in samples associated with tamoxifen resistance
114

. In order to determine the effects of 

GR knockdown on cell motility, and in turn the effects of cell motility on cell outcome when 

treated with tamoxifen, a scratch wound assay was used. 

     MCF-7 WT, TRIPZ Control, and TRIPZ shGR cells pretreated for 72 hours with DOX to 

allow for GR knockdown were plated on 12-well tissue culture plates. Cells were maintained in 

DOX and treated with TAM. A scratch was made across wells when cells reached 100% 

confluency. Cell migration was monitored every 24 hours for a period of 96 hours. Percent 

wound closure was calculated for each treatment and time point. 

     WT cells showed a statistically significant (p<0.05) decrease in percent wound closure at 48 

and 72 hours when cells were treated with TAM (Figure 3.22A). However, TRIPZ Control cells 

did not show statistically significant (p>0.05) changes in percent wound closure across 

treatments, and thus there were no consistent overall trends in the control samples (Figures 3.22A 

and 3.22B, Appendix B Figures B.1 and B.2). TRIPZ shGR cells also did not show statistically 

significant (p>0.05) changes in percent wound closure across treatments (Figures 3.22C, 3.22D, 

and 3.23, Appendix B Figure B.3). This suggests that neither GR knockdown, nor TAM 

treatment, have an effect on cell motility. 

3.2.9 The Effect of GR Knockdown on Apoptosis 

     As stated earlier, studies have shown differences in expression of proteins involved in cell 

survival in samples associated with tamoxifen resistance
114

. In order to determine if changes in 

apoptotic processes are involved in the poor outcome associated with low NR3C1-expressing, 

ERα-positive tumours, two apoptosis assays were used. Endogenous apoptosis was explored 

through detection of poly (adenosine diphosphate ribose) polymerase (PARP) cleavage, and  
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Figure 3.22: Wound healing assay for MCF-7 WT, TRIPZ Control, and TRIPZ shGR cells 

treated with DOX and TAM 
 

MCF-7 A. WT cells or cells transduced with B. TRIPZ Control or C-D. TRIPZ shGR (C. MOI 1 

and D. MOI 2) DOX-inducible vectors pre-induced with DOX for 72 hours were grown until 

100% confluent. Wells were scratched with a p200 tip and cell migration was monitored for 72 

hours using an Olympus inverted phase contrast microscope with images taken every 24 hours. 

Wound area was measured with ImageJ software and percent wound closure relative to initial 

scratch was calculated. Two independent wound sites were followed for each treatment. Values 

represent average percent wound closure for duplicate wells +/- standard deviation. Statistically 

significant changes in percent wound closure relative to UT conditions at each time point within 

each cell line are indicated with an asterisk (p<0.05). 
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Figure 3.23: Wound healing assay for MCF-7 TRIPZ shGR MOI 1 cells treated with DOX 

and TAM 
 
MCF-7 cells transduced with TRIPZ shGR MOI 1 DOX-inducible vector pre-induced with DOX 

for 72 hours were grown until 100% confluent. Wells were scratched with a p200 tip and cell 

migration was monitored for 72 hours using an Olympus inverted phase contrast microscope with 

pictures taken every 24 hours at marked fields. Two independent wound sites were followed for 

each treatment. Representative pictures are shown for each time point and treatment. Scale bars 

indicate 250 μm. 
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induced apoptotic signaling was explored using growth of cells on polyhydroxyethylmethacrylate 

(Poly-HEMA) coated plates.   

     During apoptosis, PARP is cleaved by caspases and this cleavage is detectable through 

western blotting, where the full-length PARP is 116 kilodaltons (KDa) and the cleavage product 

is approximately 85 kDa
115

. MCF-7 WT, TRIPZ Control, and TRIPZ shGR cells pretreated for 72 

hours to allow for GR knockdown with DOX were grown for a period of 72 and 96 hours and 

treated with TAM. Whole cell lysates were harvested for each cell line and treatment, and probed 

with an antibody that detects both full-length and cleaved PARP.  

     In the WT and TRIPZ Control cell lines only full-length PARP was detected (Figure 3.24A). 

In the TRIPZ shGR cell lines only full-length PARP was detected (Figure 3.24B). There was no 

cleavage product detected in any sample. This indicates that apoptosis at the level of PARP 

cleavage is not occurring in any of the samples tested. 

     Poly-HEMA coated plates were used in order to study anoikis in the GR knockdown cells. 

Anoikis is a type of cell death which occurs when cells detach from the extracellular matrix 

(ECM)
116

. Poly-HEMA is an anti-adhesive and thus cells will not adhere to the plastic. By coating  

plates in Poly-HEMA, it is possible to mimic the detachment of cells from the ECM and thus 

cells should undergo anoikis. 

     MCF-7 WT, TRIPZ Control, and TRIPZ shGR cells treated pretreated for 72 hours with DOX, 

to allow for GR knockdown, and TAM were plated on Poly-HEMA coated plates. Cells were 

maintained in DOX and TAM and were grown for a period of 72 hours. Cells were dissociated 

and dyed with Trypan blue to detect dead cells, as Trypan blue passes through the membrane in 

dead cells but cannot pass through the membrane of live cells
117

. 

     The WT and TRIPZ Control cell lines did not show a statistically significant (p>0.05) change 

in percent cells alive when comparing treatments (Figure 3.25). The TRIPZ shGR cell lines also 

did not show a statistically significant (p>0.05) change in percent cells alive across treatments  
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Figure 3.24: MCF-7 TRIPZ Control and TRIPZ shGR MOI 1 cells treated with DOX and 

TAM do not show PARP cleavage 
 
MCF-7 A. TRIPZ Control and B. TRIPZ shGR MOI 1 cells treated with DOX and TAM for 72 

and 96 hours were lysed and subjected to western blotting with indicated antibodies to determine 

PARP expression and possible PARP cleavage products. TBP internal control was used to 

normalize samples. 
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Figure 3.25: Poly-HEMA anoikis assay for MCF-7 WT, TRIPZ Control, and TRIPZ shGR 

cells treated with DOX and TAM 
 
MCF-7 A. WT cells or cells transduced with B. TRIPZ Control or C-D. TRIPZ shGR (C. MOI 1 

and D. MOI 2) DOX-inducible vectors pretreated with DOX and TAM for 72 hours were plated 

in triplicate on Poly-HEMA coated plates. Cells were stained with Trypan blue and counted with 

a haemocytometer 72 hours post-plating on Poly-HEMA. Blue cells were counted as dead cells 

and unstained cells were counted as alive. Percent cells alive was calculated. Values represent 

average percent cells alive for triplicate wells +/- standard deviation. 
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(Figure 3.25). This suggests that neither GR knockdown, nor TAM treatment, have an effect on 

anoikis. 
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Chapter 4 

Discussion 

4.1 NR3C1 Promoter Methylation in Breast Tumours 

     This study investigated the role of low NR3C1 expression in poor outcome of ERα-positive 

breast tumours treated with tamoxifen. An MSP assay was developed that detects and quantifies 

NR3C1 promoter methylation. Breast tumour samples that were considered methylated with the 

previous MeDIP assay were tested
58

. Although NR3C1 promoter methylation was detected in at 

least one proximal region of each breast tumour sample, there were some deviations compared to 

the original MeDIP results. The Prox GR 10 methylated-specific primers did not amplify product 

in samples D1354, D2130, and D2368, whereas the MeDIP assay identified these samples as 

methylated at this region
58

. As well, the Prox GR 11 methylated-specific primers did not amplify 

product in sample D1354, whereas the MeDIP assay identified this sample as methylated at this 

region. These deviations may be due to differences in assay design. 

     In the MeDIP assay, gDNA was randomly fragmented through sonication and methylated 

sequences were separated out from unmethylated sequences through immunoprecipitation with a 

monoclonal antibody directed against 5-methylcytosine
118

. The two samples (methylated and 

unmethylated sequences) were qPCR amplified with primers designed to amplify gDNA 

sequences spanning the arbitrary GR proximal promoter regions. One of the limitations of MeDIP 

is that it does not allow for interrogation of single nucleotides, but rather assays global 

methylation across the DNA fragment
118

. However, MSP allows for the interrogation of specific 

nucleotides based on primer design, as MSP primers are specific to either methylated or 

unmethylated CpGs
98

.  

     For example, in the MeDIP assay, the Prox GR 11 qPCR product is 222 bp, and includes 32 

total CpG dinucleotides, whereas the MSP methylated-specific primer set for Prox GR 11 
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amplifies a product of 52 bp, that includes 6 CpG dinucleotides (Figure 4.1). The Prox GR 11 

MSP methylated-specific primers will only amplify product if the 5 CpG dinculeotides (3 in 

forward primer and 2 in reverse primer) within the sequence that the primer is complementary to, 

are methylated. If the Prox GR 11 region is only methylated outside of the target area of the MSP 

methylated-specific primer set, the region of interest will not be amplified with the methylated-

specific primer set and the sample will not be identified as methylated at the Prox GR 11 region. 

In our results, the breast sample D1354 may not have been methylated at the specific CpG 

dinucleotides that the MSP Prox GR 11 methylated-specific primers were complementary to, but 

may have been methylated at some other CpG dinucleotides within the region and thus the 

fragment was immunoprecipitated out in MeDIP and qPCR amplified. 

4.2 Patient Serum and Buffy Coat Samples 

     Matched serum and buffy coat samples from patients with breast tumours identified as 

methylated at the NR3C1 promoter were tested with the qMSP assay. The unmethylated-specific 

primer sets amplified product in all samples indicating the presence of unmethylated NR3C1 

promoter cfDNA in all serum and buffy coat samples. However, the methylated-specific primer 

sets did not amplify product in any samples, indicating the absence of detectable NR3C1 

promoter methylation in the blood of the breast cancer patients. These results suggest that the 

methylated-specific primer sets are not sensitive enough to detect a very low level of methylated 

NR3C1 promoter sequence in the sample, or that the patient blood samples do not contain 

methylated NR3C1 promoter sequence. 

     One study found 2,285 genome-equivalents (GE) of circulating cfDNA in serum samples from 

patients with breast cancer, compared to 1,489 GE and 1,368 GE in healthy controls and patients 

with benign breast lesions, respectively, which indicates high levels of circulating cfDNA in the 

blood of breast cancer patients
119

. However, a study in hepatocellular cancer patients found that 

38 out of 51 patients had less than 1 GE p16INK4a methylated sequence in their blood
120

. Our  
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Figure 4.1: MeDIP and MSP primers for Prox GR 11 region 

 

MeDIP primers (green arrows) designed to amplify the Prox GR 11 region
99

 and MSP primers 

(purple arrows) designed to amplify a section of the Prox GR 11 region. gDNA sequence is 

shown. CpG dinucleotides are highlighted in grey. MeDIP analysis includes immunoprecipitation 

of methylated DNA, and subsequent PCR amplification with primers specific to gDNA. MSP 

analysis includes sodium bisulfite treatment of gDNA and subsequent PCR amplification with 

methylated- and unmethylated-specific primers. MeDIP analysis interrogates global methylation 

of a sequence, whereas MSP analysis interrogates specific CpG dinucleotides. 
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Prox GR 10 and Prox GR 11 methylated-specific primers are sensitive enough to detect 0.1 ng, 

which is 20 GE, of methylated NR3C1 sequence as indicated by the standard curves (Figure 3.8). 

If we compare our results to the literature, it indicates that our primers may not be sensitive 

enough to detect very low levels, such as 1 GE, of methylated cfDNA. 

     Many studies have been able to detect methylated cfDNA in breast cancer patient blood 

samples
71,72,121–123

. A recent study used quantitative multiplexed MSP to detect and quantify 

methylation of 10 genes in tumour tissue and blood samples from women with recurrent stage IV 

metastatic breast cancer
123

. The genes selected, including RASSF1 and TMEFF2, had been 

previously shown to be highly and frequently methylated in both breast cancer patient tumour and 

blood samples, but methylated at low-levels in normal individuals
124

. The results showed that 

breast cancer patients had significantly higher levels of methylation in the 10 genes compared to 

control patients
123

. Furthermore, using blood samples from patients collected prior to 

chemotherapy treatment, as well as samples collected approximately 21 days after initiation of 

treatment, it was determined that there was a statistically significant decrease in methylation 

levels of the 10 genes in patients with stable disease and those who showed treatment response, 

however the decrease was not detected in patients with a progressive disease. This suggests that 

the methylation levels of the selected 10 genes can monitor response to treatment. Although this 

study did not analyze the relationship between detected methylation and clinopathological 

parameters of the tumour samples, all samples were from recurrent stage IV metastatic breast 

cancer, and thus methylation was detected in advanced breast diseases. 

     The relationship between methylated genes in circulating cfDNA and clinopathological 

parameters has been explored, where one study found that detected methylation of BRCA1, 

GSTP1, and MGMT in breast cancer patient serum samples was associated with poorly 

differentiated tumours, large tumours (>5 cm), and older patient age (>50 years), respectively
121

. 

Another study found that BMP6 and TIMP3 methylation detected in breast cancer patient serum 
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samples was correlated with lymph node involvement and late stage breast disease, 

respectively
122

. 

     When we compare the samples used in our study to samples used in the literature, it suggests 

that our samples are from breast diseases that are not aggressive or advanced enough for 

detectable levels of NR3C1 methylation to be in the patient blood samples. For example, from the 

literature it would be expected that detectable methylated circulating cfDNA would be present in 

patients with larger tumour sizes greater than 5 cm (Path T3 or T4). Seven of the eight breast 

cancer patients tested with qMSP had a tumour size between 2 to 5 cm, and one had an unknown 

size (Path T2, Table 3.3). The literature also suggests that methylated circulating cfDNA would 

be present in patients with high differentiation grades III or IV. Two of the breast tumour samples 

tested with qMSP were differentiation grade II (moderately differentiated), four samples were 

differentiation grade III (poorly differentiated), and two samples have unknown differentiation 

grades (Table 3.3). As well, lymph node involvement has been shown to be associated with 

detectable methylated cfDNA. Only 4 of the 8 tumour samples had lymph node metastases from 

the qMSP assay. Based on this literature, it suggests that the breast tumour samples assayed in our 

study had not progressed enough, or were not aggressive enough for detectable levels of 

methylated NR3C1 promoter sequence to be in the blood. It would be interesting to assay breast 

tumour and matched blood samples from patients with more advanced breast diseases. 

4.3 GR Knockdown Increases Proliferation When Cells are Treated with Tamoxifen 

     Seven of the eight breast tumours that were identified as methylated in the MeDIP assay were 

ER-positive (Table 3.3). Pan and colleagues determined that low NR3C1 expression in ER-

positive breast tumours treated with tamoxifen was associated with poor outcome compared to 

high NR3C1 expression
76

. Thus, low NR3C1 expression in ERα-positive tumours was correlated 

with decreased sensitivity to tamoxifen treatment. Tamoxifen, an anti-estrogen, blocks the action 
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of the ERα and results in decreased cellular proliferation
88

. Although tamoxifen is widely used, 

both initial and acquired resistance remain an obstacle
85

. 

     In order to explore the observation of poor outcome in tamoxifen-treated ERα-positive 

tumours with low NR3C1 expression, we treated DOX-inducible GR knockdown cells with TAM 

in a proliferation assay (Figure 3.12). Only when cells were treated with TAM, did GR 

knockdown increase cell growth, suggesting that cells with GR knockdown have a decreased 

sensitivity to TAM. Furthermore, it suggests that GR knockdown activates proliferation when 

ERα action is inhibited by TAM. As GR knockdown activates proliferation, it would be 

suggested that normal GR levels inhibit proliferation. 

     The GR has been found to play a role in inhibiting proliferation in many types of tissue.  In 

uterine leiomyomas, benign tumours in the uterus that rarely progress to malignancy, it was 

determined that treatment with GCs reduced the percentage of S-phase cells, indicating a block in 

proliferation
125

. The role of GR in proliferation has also been studied in breast cancer cell lines. 

Dexamethasone (Dex), a synthetic GC, treatment was shown to block cells at the G1 phase in rat 

mammary cell lines through interference of p53 phosphorylation and p21 upregulation
126,127

. Dex 

treatment has also been shown to lead to a decrease in cellular proliferation in human breast cell 

lines, including MCF-7 cells, through blocking epidermal growth factor (EGF) binding to its 

receptor, as well as inhibiting EGF-induced SK-1 expression and activity, which is associated 

with the regulation of cell proliferation
128,129

. 

     Mutagenesis and Cre-LoxP recombination targeting mouse mammary glands were used to 

determine the role of GR in breast tissue
20,130

. GR was shown to be essential for lobuloalveolar 

development, as well as mammary lobular unit spatial formation through transcriptional 

activation of β4 integrin, indicating a positive role for GR in proliferation. However, the findings 

from our study suggest an inhibitory role for GR in proliferation. Our work used an in vitro study 

of human breast cancer cell lines, whereas the recombination targeting study used an in vivo 
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study of normal mouse mammary cells, which may account for differences in the role of GR in 

proliferation.  

4.4 Developing a Model of GR in Poor Outcome of ERα-positive Cells Treated with 

Tamoxifen 

     As our results show that GR knockdown leads to decreased tamoxifen sensitivity, through 

some role in cellular proliferation regulation, it is important to understand how tamoxifen 

resistance occurs. Changes to ERα expression due to epigenetic modifications or mutations to the 

ESR1 gene have been linked to tamoxifen resistance
89,90

. We showed that GR knockdown does 

not have an effect on ERα expression levels, and thus the reduced TAM sensitivity due to GR 

knockdown is not a result of changes in ERα expression (Figure 3.17). 

     In order to explore ERα signaling in the GR knockdown cells, and whether GR knockdown 

cells still required the ERα for cellular proliferation, cells were treated with E2 which activates 

the ERα. If E2 treatments in the GR knockdown cells did not stimulate proliferation, it would 

suggest the cells no longer require the ERα, thus explaining the TAM sensitivity. All cells treated 

with E2 had increased proliferation rates compared to cells treated with ethanol-vehicle, 

regardless of GR levels (Figure 3.18). Thus, GR knockdown did not have an effect on cell growth 

when cells were treated with E2. This data suggests that the GR knockdown cells signal for 

proliferation through the ERα, at least when the ERα is activated. However, when the ERα is 

inactivated through TAM treatment, the GR knockdown cells are still able to signal for 

proliferation through another mechanism, as indicated by the increase in proliferation when 

treated with TAM (Figure 3.12). 

     Another mechanism of tamoxifen resistance includes ER-independent proliferation. As the 

main role of the ER is to regulate cellular proliferation, cells that are resistant to tamoxifen may 

activate cellular proliferation through ER-independent mechanisms
131

. For example, growth 

factor receptor pathways, such as the HER tyrosine kinase receptor family and receptors for 
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insulin/IGF1, have been shown to provide alternative proliferation stimuli to cells treated with 

anti-estrogens
132,133

. Overexpression of these receptors, as well as overexpression of their ligands, 

has been shown to lead to increases in proliferation in in vitro studies using MCF-7 cells treated 

with endocrine therapy. In our study, it is possible that GR knockdown is providing cells with an 

alternative proliferation stimulus when treated with TAM, which is allowing the cells to 

overcome the TAM block of proliferation, and thus GR knockdown leads to ER-independent 

proliferation. 

     The increase in proliferation due to GR knockdown was only seen when cells were treated 

with TAM, and not when the cells were treated with ethanol-vehicle (Figure 3.12). This suggests 

that the increase in proliferation due to GR knockdown is dependent on ERα inhibition by TAM. 

This further suggests that ERα activation of proliferation is dominant compared to GR 

knockdown activation of proliferation, and thus when the ERα is available (ethanol-vehicle 

treated condition), the ERα will activate proliferation. However, when ERα action is blocked by 

TAM, GR knockdown stimulates an ERα-independent mechanism to stimulate proliferation. 

Interestingly, recent work in our lab has shown that TAM treatment in MCF-7 cells led to an 

increase in GR expression levels (data not published). These results suggest that the ERα plays a 

role in inhibiting GR expression or GR action. Thus, when cells are treated with TAM, the ERα is 

no longer able to inhibit GR expression or GR action, and there is an increase in GR levels. 

     Based on our results we can develop a model for the role of GR in poor outcome of ERα-

positive cells treated with tamoxifen (Figure 4.2). In normal conditions, GR negatively regulates 

factors involved in ERα-independent cellular proliferation, however the ERα acts as the primary 

regulator of cellular proliferation as well as inhibiting GR action or expression, and thus the cell 

proliferates normally (Figure 4.2A). In the presence of tamoxifen, ERα action is blocked and 

cannot activate cellular proliferation, and the GR still negatively regulates factors involved in 

cellular proliferation, and thus the cell has a decreased proliferation compared to normal  
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Figure 4.2: Model of GR inhibition of proliferation 

 

A. In normal cellular conditions, estrogen activates the ERα which positively regulates cellular 

proliferation. The GR inhibits factors involved in ERα-independent proliferation, however the 

ERα inhibits GR action, and the cell proliferates at a normal rate. B. Tamoxifen treatment 

inactivates ERα activity, and thus the ERα cannot stimulate proliferation. GR inhibits factors 

involved in ERα-independent proliferation, and without ERα action to inhibit GR, the cell has a 

decreased proliferation rate compared to normal conditions. C. Estrogen activates the ERα which 

positively regulates cellular proliferation. When GR expression is knocked-down due to 

shRNAmir targeting, the GR is no longer able to inhibit ERα-independent proliferation pathways. 

Although the GR no longer inhibits proliferation, the cells do not proliferate at a higher rate 

compared to normal conditions, as the ERα is the primary proliferation activator. D. Tamoxifen 

treatment inactivates ERα activity, and thus the ERα cannot stimulate proliferation. However, 

through shRNAmir targeted knockdown, the GR is no longer able to inhibit ERα-independent 

proliferation pathways and the cell proliferates, but at an intermediate level compared to normal 

conditions, where the ERα is the primary proliferation activator.  
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conditions (Figure 4.2B). In the GR knockdown condition, GR is no longer there to negatively 

regulate ERα-independent proliferation factors, however the ERα which is activated and 

dominant to the GR, stimulates proliferation and the cells proliferate at a normal level (Figure 

4.2C). In the GR knockdown and tamoxifen treatment condition, ERα action is blocked and 

unable to activate proliferation, however GR is no longer there to inhibit ERα-independent 

proliferation factors, and the cell proliferates, but at a reduced rate compared to normal where the 

ERα is the primary proliferation activator (Figure 4.2D). 

     A proliferation assay was performed with the GR knockdown cell lines using treatments with 

HC in order to differentiate between unliganded and liganded GR signaling. Although the classic 

models of GR signaling require GC ligand binding, work in our lab identified the unliganded GR 

as a regulator of gene expression in mammary cells
134

. If the inhibition of proliferation is due to 

unliganded GR action, treatment with HC should remove unliganded GR action which would 

mimic GR knockdown, and thus cells would have a decreased sensitivity to tamoxifen. If the 

inhibition of proliferation is due to liganded GR action, treatment with ethanol-vehicle instead of 

HC would remove liganded GR action which should mimic GR knockdown, and thus cells would 

have a decreased sensitivity to tamoxifen. Neither of the above models for unliganded and 

liganded GR action were supported by the proliferation assay, as HC treatment did not have an 

effect on cellular proliferation, and thus we cannot distinguish between unliganded and liganded 

GR action from this assay (Figure 3.19).  

     Although we could not show whether the inhibition of proliferation is due to liganded or 

unliganded GR action, studies suggest a role for liganded GR. Studies that have explored the role 

of GR in cellular proliferation have found that treatment with GCs, which would indicate 

liganded GR action, resulted in decreased cellular proliferation
127,135,136

. The levels of both GC 

concentration and expression of GR have been shown to have an effect on proliferation in 

multiple types of tumour cell lines including ovarian and osteosarcoma cells
126

. High levels of 
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both GC concentration and GR expression were correlated with an anti-proliferative effect, and 

low levels of both were correlated with a stimulation of cell growth. Our research supports this, as 

in the proliferation assay with the MCF-7 pTOA GR-21 cell lines, GR overexpression in the 

ethanol-vehicle treated cells, when cells were not treated with TAM, had a similar effect to TAM 

treatment, where proliferation rates were decreased compared to cells with normal GR levels, 

suggesting that GR overexpression inhibits proliferation (Figure 3.14). 

     Our results suggest that there is a strong selective pressure for tumours to lose GR function. 

Through methylation of the NR3C1 promoter, GR expression is decreased and thus GR cannot 

inhibit ERα-independent proliferation. When treated with tamoxifen, it would be advantageous 

for the tumour to lose GR function as ERα-independent proliferation cellular proliferation would 

be activated, and cells would not be affected by tamoxifen inhibition of proliferation. 

4.5 Conclusions 

     A quantitative assay intended to detect NR3C1 promoter methylation in breast cancer patient 

blood samples was developed. Although NR3C1 promoter methylated sequence was not detected 

in breast cancer patient serum or buffy coat samples, the percent methylation was quantified in 

the corresponding tumour samples. The MSP assay allows for quantification of NR3C1 promoter 

methylation in tumour tissue, and in theory should allow for the detection and quantification of 

NR3C1 promoter methylation in blood samples using the methylated-specific primer standard 

curves. 

     NR3C1 promoter methylation in breast samples, which has previously been shown to be 

correlated with low GR expression
58

, may be useful as a predictive biomarker of tamoxifen 

sensitivity in ERα-positive breast tumours. Pan and colleagues showed a correlation between low 

NR3C1 expression and poor outcome in ERα-positive breast cancer patients treated with 

tamoxifen, which suggests a role for GR in tamoxifen sensitivity
76

. Low NR3C1 expression, 

possibly due to promoter methylation, may be an indicator for decreased tamoxifen sensitivity 



 

 

 

88 

and poor outcome in ERα breast tumours. The effects of GR knockdown on cell outcome when 

treated with tamoxifen was explored in an ERα-positive cell line. When treated with tamoxifen, 

cells with GR knockdown showed an increase in cellular proliferation compared to cells with 

endogenous GR levels. Through subsequent experiments it was determined that GR knockdown 

allows cells to undergo an ERα-independent proliferation, thus suggesting a role for GR in the 

inhibition of cellular proliferation. 

     In conclusion, this research has developed an assay to quantify NR3C1 promoter methylation 

in breast tumours, as well as implicating a role for GR in the inhibition of cellular proliferation 

and GR knockdown in reduced tamoxifen sensitivity. 
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Appendix B 

Supplementary Data for Chapter 3  

Table B.1: Outer Nested MSP Primers 
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Table B.2: Proliferation Rates for MCF-7 WT, TRIPZ Control, and TRIPZ shGR Cells 

Treated with DOX and TAM 

 

Cell Line Treatment 
Proliferation Rate 

(100% Control) 

MCF-7 WT UT 100.00 

 +DOX 95.44 

 +TAM 70.84 

 +DOX +TAM 69.07 

MCF-7 TRIPZ Control MOI 1 UT 100.00 

 +DOX 101.85 

 +TAM 63.27 

 +DOX +TAM 65.74 

MCF-7 TRIPZ shGR MOI 1 UT 100.00 

 +DOX 96.16 

 +TAM 60.86 

 +DOX +TAM 81.90 

MCF-7 TRIPZ shGR MOI 2 UT 100.00 

 +DOX 101.63 

 +TAM 62.93 

 +DOX +TAM 86.78 
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Table B.3: Proliferation Rates for MCF-7 pTOA GR-21 Cells Treated with DOX 

and TAM 
 

Cell Line Treatment 
Proliferation Rate 

(100% Control) 

MCF-7 pTOA GR-21 UT 100.00 

 +DOX 89.91 

 +TAM 87.23 

 +DOX +TAM 56.62 
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Table B.4: Proliferation Rates for MCF-7 TRIPZ shBRCA1 Cells Treated with DOX and 

TAM 

 

Cell Line Treatment 
Proliferation Rate 

(100% Control) 

MCF-7 TRIPZ shBRCA1 MOI 2 UT 100.00 

 +DOX 96.62 

 +TAM 75.22 

 +DOX +TAM 76.28 
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Table B.5: Proliferation Rates for MCF-7 WT, TRIPZ Control, and TRIPZ shGR Cells 

Treated with DOX and E2 

 

Cell Line Treatment 
Proliferation Rate 

(100% Control) 

MCF-7 WT UT 100.00 

 +DOX 101.45 

 +E2 107.89 

 +DOX +E2  108.19 

MCF-7 TRIPZ Control MOI 1 UT 100.00 

 +DOX 103.22 

 +E2 108.72 

 +DOX +E2  105.66 

MCF-7 TRIPZ shGR MOI 1 UT 100.00 

 +DOX 100.73 

 +E2 109.21 

 +DOX +E2  110.86 

MCF-7 TRIPZ shGR MOI 2 UT 100.00 

 +DOX 99.11 

 +E2 110.33 

 +DOX +E2  110.07 
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Table B.6: Proliferation Rates for MCF-7 WT, TRIPZ Control, and TRIPZ shGR Cells 

Treated with DOX, TAM, and HC 

 

Cell Line Treatment 
Proliferation Rate 

(100% Control) 

MCF-7 WT UT 100.00 

 +DOX 101.45 

 +HC 96.24 

 +DOX +HC 98.02 

 +TAM 81.04 

 +DOX +TAM 83.10 

 +TAM +HC 83.35 

 +DOX +TAM +HC 82.35 

MCF-7 TRIPZ Control MOI 1 UT 100.00 

 +DOX 103.22 

 +HC 98.79 

 +DOX +HC 96.68 

 +TAM 85.16 

 +DOX +TAM 83.93 

 +TAM +HC 80.98 

 +DOX +TAM +HC 77.00 

MCF-7 TRIPZ shGR MOI 1 UT 100.00 

 +DOX 100.73 

 +HC 98.57 

 +DOX +HC 101.20 

 +TAM 89.45 

 +DOX +TAM 96.70 

 +TAM +HC 89.20 

 +DOX +TAM +HC 96.49 

MCF-7 TRIPZ shGR MOI 2 UT 100.00 

 +DOX 99.11 

 +HC 98.57 

 +DOX +HC 101.20 

 +TAM 92.15 

 +DOX +TAM 97.46 

 +TAM +HC 87.67 

 +DOX +TAM +HC 97.83 
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Table B.7: Proliferation Rates for MCF-7 WT, TRIPZ Control, and TRIPZ shGR Cells 

Treated with DOX, TAM, and RU-486 

 

Cell Line Treatment 
Proliferation Rate 

(100% Control) 

MCF-7 WT UT 100.00 

 +DOX 98.28 

 +TAM 72.22 

 +DOX +TAM 68.71 

 +RU-486 69.52 

 +DOX +RU-486 70.32 

 +TAM +RU-486 67.44 

 +DOX +TAM +RU-486 65.18 

MCF-7 TRIPZ Control MOI 1 UT 100.00 

 +DOX 98.10 

 +TAM 81.60 

 +DOX +TAM 75.66 

 +RU-486 60.87 

 +DOX +RU-486 67.72 

 +TAM +RU-486 57.35 

 +DOX +TAM +RU-486 64.98 

MCF-7 TRIPZ shGR MOI 1 UT 100.00 

 +DOX 98.15 

 +TAM 78.21 

 +DOX +TAM 87.67 

 +RU-486 66.57 

 +DOX +RU-486 58.08 

 +TAM +RU-486 59.54 

 +DOX +TAM +RU-486 60.47 

MCF-7 TRIPZ shGR MOI 2 UT 100.00 

 +DOX 100.28 

 +TAM 71.57 

 +DOX +TAM 91.05 

 +RU-486 51.71 

 +DOX +RU-486 59.58 

 +TAM +RU-486 72.32 

 +DOX +TAM +RU-486 59.58 
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Table B.8: Proliferation Rates for MCF-7 WT, TRIPZ Control, and TRIPZ shGR Cells 

Treated with DOX, TAM, and 10μM, 1μM, or 0.1μM RU-486 

 

Cell Line Treatment 
Proliferation Rate 

(100% Control) 

MCF-7 WT +TAM 100.00 

 +DOX +TAM 97.51 

 +TAM +RU-486 (0.1) 94.99 

 +DOX +TAM +RU-486 (0.1) 96.62 

 +TAM +RU-486 (1.0) 94.00 

 +DOX +TAM +RU-486 (1.0) 91.19 

 +TAM +RU-486 (10) 68.64 

 +DOX +TAM +RU-468 (10) 64.07 

MCF-7 TRIPZ Control MOI 1 +TAM 100.00 

 +DOX +TAM 98.25 

 +TAM +RU-486 (0.1) 95.05 

 +DOX +TAM +RU-486 (0.1) 94.12 

 +TAM +RU-486 (1.0) 85.99 

 +DOX +TAM +RU-486 (1.0) 88.12 

 +TAM +RU-486 (10) 61.30 

 +DOX +TAM +RU-468 (10) 64.51 

MCF-7 TRIPZ shGR MOI 1 +TAM 100.00 

 +DOX +TAM 109.81 

 +TAM +RU-486 (0.1) 91.46 

 +DOX +TAM +RU-486 (0.1) 99.45 

 +TAM +RU-486 (1.0) 92.67 

 +DOX +TAM +RU-486 (1.0) 93.51 

 +TAM +RU-486 (10) 59.77 

 +DOX +TAM +RU-468 (10) 55.92 

MCF-7 TRIPZ shGR MOI 2 +TAM 100.00 

 +DOX +TAM 109.91 

 +TAM +RU-486 (0.1) 95.51 

 +DOX +TAM +RU-486 (0.1) 94.88 

 +TAM +RU-486 (1.0) 87.28 

 +DOX +TAM +RU-486 (1.0) 89.58 

 +TAM +RU-486 (10) 74.38 

 +DOX +TAM +RU-468 (10) 75.24 
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Figure B.1: Wound healing assay for MCF-7 WT cells treated with DOX and TAM 

 

MCF-7 WT cells pretreated with DOX for 72 hours were grown until 100% confluent. Wells 

were scratched with a p200 tip and cell migration was monitored for 72 hours using an Olympus 

inverted phase contrast microscope with pictures taken every 24 hours at marked fields. Two 

independent wound sites were followed for each treatment. Representative pictures are shown for 

each time point and treatment. Scale bars indicate 250 μm. 
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Figure B.2: Wound healing assay for MCF-7 TRIPZ Control cells treated with DOX and 

TAM 

 

MCF-7 cells transduced with TRIPZ Control DOX-inducible vector pre-induced with DOX for 

72 hours were grown until 100% confluent. Wells were scratched with a p200 tip and cell 

migration was monitored for 72 hours using an Olympus inverted phase contrast microscope with 

pictures taken every 24 hours at marked fields. Two independent wound sites were followed for 

each treatment. Representative pictures are shown for each time point and treatment. Scale bars 

indicate 250 μm. 
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Figure B.3: Wound healing assay for MCF-7 TRIPZ shGR MOI 2 cells treated with DOX 

and TAM. 

 

MCF-7 cells transduced with TRIPZ shGR MOI 2 DOX-inducible vector pre-induced with DOX 

for 72 hours were grown until 100% confluent. Wells were scratched with a p200 tip and cell 

migration was monitored for 72 hours using an Olympus inverted phase contrast microscope with 

pictures taken every 24 hours at marked fields. Two independent wound sites were followed for 

each treatment. Representative pictures are shown for each time point and treatment. Scale bars 

indicate 250 μm. 
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Appendix C 

Raw qMSP and qRT-PCR Ct Values 

Table C.1: Included is raw Ct values from methylated-specific (M) and unmethylated-

specific (U) MSP primers for Prox GR 5, Prox GR 10, and Prox GR 11 regions from all 

samples tested with qMSP. 

 

Sample Set Sample 
Prox GR 

5 M 

Prox GR 

5 U 

Prox GR 

10 M 

Prox GR 

10 U 

Prox GR 

11 M 

Prox GR 

11 U 

Breast cell MCF-7 - 26.12 - 27.77 - 27.16 

line T47D 28.47 28.81 28.34 30.79 29.53 29.58 

 

M.SssI MCF-7 28.91 - 29.06 - 28.89 - 

 

MCF-7 gDNA - - - - - - 

Colorectal B211 31.83 31.01 31.67 32.92 31.09 31.76 

Tumour B703 30.54 32.14 30.34 34.96 29.96 33.69 

 

B753 31.48 30.27 31.63 32.31 31.56 31.21 

 

B760 - 28.55 - 31.10 - 29.98 

 

B763 - 29.31 - 31.30 - 30.76 

Breast A1719 37.37 35.39 31.78 35.23 36.43 34.75 

Tumour B2275 36.46 36.62 33.60 35.81 36.43 35.90 

 

D1354 32.51 27.93 - 29.53 - 29.86 

 

D1384 - 26.75 - 28.90 35.83 28.69 

 

D2130 - 27.32 - 29.29 37.72 29.65 

 

D2291 29.36 27.27 36.06 29.03 36.27 29.18 

 

D2368 - 26.80 - 29.14 34.89 29.49 

 

D2551 30.53 27.69 31.80 29.73 31.47 30.53 

 

D0495 - 26.19 - 28.51 - 28.94 

 

A2087 - 27.55 - 29.87 - 29.74 

 

A2328 - 27.26 - 29.41 - 30.87 

 

D2101 - 26.93 - 29.53 - - 

 

D1699 - 26.37 - 29.00 - 28.95 

 

A2236 - 26.66 - 29.14 - - 

 

B2275 N - 26.50 - 28.32 - 29.16 

 

D2368 N - 26.31 - 29.05 - 29.50 

 

A2087 N - 26.57 - 28.74 - 28.74 

Standard 50 ng 30.28 27.90 28.86 30.95 28.71 29.73 

Curve 20 ng 30.74 28.07 30.61 30.58 30.34 29.65 

 

10 ng 31.41 28.05 31.38 30.95 31.62 29.69 

 

5 ng 32.12 28.23 32.71 30.49 32.51 29.47 

 

1 ng 35.62 28.06 34.91 30.56 34.20 29.79 

 

0.1 ng - 28.47 36.33 30.35 36.89 29.55 
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Mock MCF-7 - 31.00 - 35.57 - 36.03 

Serum M.SssI MCF-7 10 34.99 29.61 34.37 33.64 35.31 31.93 

 M.SssI MCF-7 5 35.00 29.91 35.38 33.48 35.29 32.30 

 M.SssI MCF-7 1 37.14 30.29 - 34.09 37.51 32.60 

 M.SssI MCF-7 0.1 - 30.12 - 34.13 36.43 32.58 

 B2275 28.65 27.19 27.92 29.94 27.72 29.85 

 Blank - - - - - - 

Serum A1719 - 32.40 - 34.95 - 33.79 

 B2275 - 33.94 - 36.56 - 36.84 

 D1354 - 26.51 - 29.57 - 28.15 

 D2101 - 32.92 - 35.38 - 34.25 

 D2130 - 32.07 - 34.24 - 33.83 

 D2291 - 32.19 - 35.34 - 34.33 

 D2551 - 34.21 - 38.46 - 36.78 

Buffy Coat A1719 - 20.00 - 16.36 - 16.38 

 D1354 - 19.28 - 16.50 - 17.38 

 D1384 - 19.59 - 17.60 - 18.03 

 D2101 - 17.14 - 14.61 - 14.50 

 D2130 - 19.62 - 17.50 - 18.19 

 D2291 - 19.79 - 17.57 - 17.68 

 D2551 - 18.44 - 16.21 - 17.10 
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Table C.2: NR3C1 mRNA Levels in MCF-7 TRIPZ Control and TRIPZ shGR Cells Treated with DOX 

 

 

 

 

 

Cell type Treatment 

Ct 
target 

(NR3C1) 
at 451 

Standard 
Deviation 
(NR3C1) 

Ct 
reference 
(HPRT1) 
at 481 

Standard 
Deviation 
(HPRT1) 

Average Ct 
for NR3C1 

Average Ct 
for HPRT1 

ΔCt                  
(Target - 

Ref) 

ΔΔCt                  
(untreated ΔCt - 
treatment ΔCt)  

Fold 
response 
(2^ΔΔCt) 

MCF-7   26.28 0.18 30.95 0.24 26.48 30.68 -4.19 0.00 1.00 

TRIPZ Control UT 26.54   30.56             

MOI 1   26.63   30.52       
 

    

MCF-7     0.01 30.60 0.10 26.11 30.68 -4.58 0.39 1.31 

TRIPZ Control +DOX 26.11   30.80             

MOI 1   26.10   30.65             

MCF-7   26.53 0.14 30.32 0.24 26.68 30.46 -3.79 -0.41 0.75 

TRIPZ shGR UT 26.70   30.33             

MOI 1   26.80   30.74             

MCF-7   26.22 0.17 29.22 0.18 26.32 29.08 -2.76 -1.44 0.37 

TRIPZ shGR +DOX 26.52   28.88             

MOI 1   26.23   29.14       
 

    

MCF-7   26.69 0.15 30.40 0.32 26.56 30.35 -3.78 -0.41 0.75 

TRIPZ shGR UT 26.60   30.64             

MOI 2   26.40   30.00             

MCF-7   27.35 0.13 30.16 0.13 27.47 30.04 -2.58 -1.62 0.33 

TRIPZ shGR +DOX 27.61   29.91             

MOI 2   27.44   30.06             
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Table C.3: BRCA1 mRNA Levels in MCF-7 TRIPZ Control and TRIPZ shGR Cells Treated with DOX 

 

Cell type Treatment 

Ct 
target 

(BRCA1) 
at 451 

Standard 
Deviation 
(BRCA1) 

Ct 
reference 
(HPRT1) 
at 481 

Standard 
Deviation 
(HPRT1) 

Average Ct 
for BRCA1 

Average Ct 
for HPRT1 

ΔCt                  
(Target - 

Ref) 

ΔΔCt                  
(untreated ΔCt - 
treatment ΔCt)  

Fold 
response 
(2^ΔΔCt) 

MCF-7   28.24 0.13 30.95 0.24 28.22 30.68 -2.46 0.00 1.00 

TRIPZ Control UT 28.08   30.56             

MOI 1   28.33   30.52       
 

    

MCF-7   28.29 0.10 30.60 0.10 28.20 30.68 -2.48 0.02 1.01 

TRIPZ Control +DOX 28.10   30.80             

MOI 1   28.22   30.65             

MCF-7   27.73 0.15 30.32 0.24 27.86 30.46 -2.60 0.14 1.10 

TRIPZ shGR UT 28.03   30.33             

MOI 1   27.82   30.74             

MCF-7   26.73 0.13 29.22 0.18 26.82 29.08 -2.26 -0.20 0.87 

TRIPZ shGR +DOX 26.96   28.88             

MOI 1   26.76   29.14       
 

    

MCF-7   27.81 0.03 30.40 0.32 27.84 30.35 -2.51 0.05 1.03 

TRIPZ shGR UT 27.84   30.64             

MOI 2   27.87   30.00             

MCF-7   27.66 0.16 30.16 0.13 27.80 30.04 -2.24 -0.22 0.86 

TRIPZ shGR +DOX 27.77   29.91             

MOI 2   27.97   30.06       
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Table C.4: ESR1 mRNA Levels in MCF-7 TRIPZ Control and TRIPZ shGR Cells Treated with DOX 

 

Cell type Treatment 

Ct 
target 
(ESR1) 
at 451 

Standard 
Deviation 

(ESR1) 

Ct 
reference 
(HPRT1) at 

481 

Standard 
Deviation 
(HPRT1) 

Average Ct 
for ESR1 

Average Ct 
for HPRT1 

ΔCt                  
(Target - 

Ref) 

ΔΔCt                  
(untreated ΔCt - 
treatment ΔCt)  

Fold 
response 
(2^ΔΔCt) 

MCF-7   22.69 0.19 30.95 0.24 22.91 30.68 -7.76 0.00 1.00 

TRIPZ Control UT 23.03   30.56             

MOI 1   23.02   30.52       
 

    

MCF-7   22.88 0.11 30.60 0.10 22.90 30.68 -7.79 0.02 1.02 

TRIPZ Control +DOX 22.80   30.80             

MOI 1   23.01   30.65             

MCF-7   22.81 0.08 30.32 0.24 22.77 30.46 -7.70 -0.07 0.95 

TRIPZ shGR UT 22.81   30.33             

MOI 1   22.68   30.74             

MCF-7   21.79 0.08 29.22 0.18 21.73 29.08 -7.35 -0.42 0.75 

TRIPZ shGR +DOX 21.77   28.88             

MOI 1   21.64   29.14             

MCF-7   22.69 0.27 30.40 0.32 22.84 30.35 -7.50 -0.26 0.84 

TRIPZ shGR UT 23.15   30.64             

MOI 2   22.69   30.00             

MCF-7   22.84 0.06 30.16 0.13 22.79 30.04 -7.25 -0.51 0.70 

TRIPZ shGR +DOX 22.80   29.91             

MOI 2   22.73   30.06             
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Table C.5: NR3C1 mRNA Levels in MCF-7 pTOA GR-21 Cells Treated with DOX 

 

Cell type Treatment 

Ct 
target 

(NR3C1) 
at 348 

Standard 
Deviation 

(348) 

Ct 
reference 
(HPRT1) 
at 348 

Standard 
Deviation 

(348) 
Average Ct 
for NR3C1 

Average Ct 
for HPRT1 

ΔCt                  
(Target - 

Ref) 

ΔΔCt                  
(untreated ΔCt - 
treatment ΔCt)  

Fold 
response 
(2^ΔΔCt) 

MCF-7   26.15 0.31 29.14 0.16 26.40 28.98 -2.58 0.00 1.00 

pTOA GR-21 UT 26.75   28.99             

    26.31   28.82       
 

    

MCF-7   19.89 0.00 29.81 0.29 19.89 29.51 -9.62 7.04 131.90 

pTOA GR-21 +DOX 19.89   29.49             

    19.89   29.24             
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Table C.2: BRCA1 mRNA Levels in MCF-7 TRIPZ shBRCA1 Cells Treated with DOX 

 

Cell type Treatment 

Ct 
target 

(BRCA1) 
at 492 

Standard 
Deviation 

(492) 

Ct 
reference 
(HPRT1) 
at 551 

Standard 
Deviation 

(551) 
Average Ct 
for BRCA1 

Average Ct 
for HPRT1 

ΔCt                  
(Target - 

Ref) 

ΔΔCt                  
(untreated ΔCt - 
treatment ΔCt)  

Fold 
response 
(2^ΔΔCt) 

MCF-7   28.36 0.23 29.79 0.15 28.10 29.91 -1.80 0.00 1.00 

TRIPZ shBRCA1 UT 27.93   30.07             

MOI 2   28.02   29.86       
 

    

MCF-7   28.82 0.07 29.91 0.13 28.76 29.85 -1.10 -0.71 0.61 

TRIPZ shBRCA1 +DOX 48 28.69   29.95             

MOI 2   28.76   29.70             

MCF-7   29.35 0.22 29.99 0.16 29.24 29.87 -0.62 -1.18 0.44 

TRIPZ shBRCA1 +DOX 72 29.39   29.92             

MOI 2   28.99   29.69             

 


