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Abstract 

 Eighty percent of all breast cancers are estrogen receptor positive (ER+) and 

molecular profiling has identified two ER+ subtypes: luminal A and luminal B. The 

accurate diagnosis of these luminal subtypes is one of the greatest clinical challenges with 

current gene assays obtaining only 75% accuracy at best. The need for an improved 

diagnostic arises from clinical evidence that luminal subtypes have a differential response 

to the anti-estrogen tamoxifen, which has been the standard of care for all ER+ patients. 

While luminal A patients have an excellent response to tamoxifen alone, luminal B patients 

often respond poorly and require additional chemotherapy. Luminal A tumors have the 

highest levels of ER expression and clinical studies have shown the response to tamoxifen 

increases as the level of ER expression increases. These tumors occur predominantly in 

postmenopausal women after the levels of serum estrogen (E2) decreases suggesting that 

premenopausal levels of E2 may help prevent luminal A cancers. Tamoxifen has well-

documented estrogenic properties and there is strong clinical evidence that E2 is growth 

suppressive for some ER+ patients. This would suggest that the anti-proliferative effect of 

tamoxifen in tumors with high levels of ER expression is a response to E2. 

All in vitro ER+ cell lines have the luminal B molecular profile and a marked 

proliferative response to E2 thereby impeding the study of a potential growth suppressive 

effect of E2 in luminal A tumors. This has led to the current dogma that E2 is growth 

promoting for all ER+ tumors. However, in vitro studies have shown that cells with 

increased ER expression become growth suppressed by E2. These findings led to the 

hypothesis that the two biological subtypes of ER+ breast cancers represent a differential 

response to E2 that is regulated by the level of ER. A stable MCF-7 transfectant with an 

inducible ER plasmid (MCF7-ER) was generated to study the effect of increased ER 
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expression on proliferation, gene regulation, ER-DNA binding and chromatin 

reconfiguration in the absence and presence of E2.  

Increased ER expression led to an anti-proliferative response to E2 which was 

mediated through inhibition of cell cycle progression. The cell cycle block detected after 

E2 treatment correlated with an increase in p21 expression that may be directly regulated 

through ER binding at the p21 (CDKN1A) gene. A significant decrease in E2F1 expression 

was also detected and correlated with the down-regulation of several E2F regulated cell 

cycle genes in MCF7-ER cells after E2 treatment. These results suggest that increased ER 

expression mediates an anti-proliferative response to E2 through regulation of the E2F1 

pathway.  

Investigation of the differential response to E2 using full transcriptome analysis 

(RNA-Seq) was done to determine the effect of increased ER expression on gene 

regulation. There were 72 basally up-regulated genes in the MCF7-ER cells in the absence 

of E2 which became down-regulated after E2 treatment. Chromatin immunoprecipitation 

followed by full genome sequencing (ChIP-Seq) experiments in chapter 4 showed ER 

binding at previously mapped anchor regions for long-range loops for five of the 

differentially expressed genes in the presence and absence of E2. Fluorescence in situ 

hybridization (FISH) experiments confirmed the presence of a long-range loop near the 

TFF1 gene in the MCF7-ER cells in the absence of E2 which was maintained after E2 

treatment. These results suggest that ER-mediated DNA reconfiguration may serve as a 

biological mechanism that regulates the differential response to E2. Further investigation 

of E2-regulated genes with a unique DNA loop formation may enable the development of 

a new clinical assay that can predict an ER+ patient’s response to E2. 
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1.1 Mammary gland development 

The formation of the mammary gland begins in utero when the epidermal layer thickens 

bilaterally from the thoracic region to the groin to form the ‘milk lines’ (1). Throughout the 

first trimester the milk lines regress, except for the pectoral regions, where proliferation of 

the epithelial cells promotes invasion into the underlying mesenchyme to create the primary 

mammary buds (2). During the second and third trimesters the invading epithelium 

branches to form secondary buds. Cell differentiation leads to the organization of the basic 

ductal structure with a layer of luminal epithelial cells lining a rudimentary lumen that is 

supported by a basal layer of myoepithelial cells (Figure 1.1) (3-5). Secretion of laminins 

and collagen IV from the myoepithelial cells generates a basement membrane which 

separates the epithelium from the underlying stromal tissue (6, 7). Beta-integrins promote 

the attachment of the epithelial cells to the basement membrane and maintain the highly 

organized structure of the mammary tissue (8). While the development of the rudimentary 

ductal system does not require hormonal stimulation, the maturation to a fully functional 

mammary gland requires a series of tightly regulated hormonal interactions that begin at 

puberty when the ovaries start secreting the reproductive hormones estrogen (E2) and 

progesterone (P4) (9). 

1.1.1 Hormonal regulation of breast development 

E2 and P4 function primarily through their nuclear transcription factors, estrogen 

receptor (ER) and progesterone receptor (PR). ER and PR are co-expressed in luminal cells 

throughout the mammary epithelium and E2 and P4 stimulation leads to up-regulation of 

paracrine factors such as amphiregulin (Areg) which bind to epidermal growth factor 

receptors (EGFRs) on nearby stromal cells and triggers the release of growth factors to 
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promote proliferation of neighbouring ER-/PR- negative cells (Figure 1.2) (10-12). ER can 

also function at the cell membrane through direct interactions with G-protein coupled 

receptors (GPCRs) which activate non-genomic protein kinase signaling such as the 

phosphatidylinositol-3-kinase (PI3K) pathway which phosphorylate transcription factors, 

including ER, and promote additional transcriptional function (13-16). The additional 

release of growth factors works in synergy with E2 to drive of elongation and branching of 

the ductal system by promoting the proliferation of the cap cells on the leading edge of the 

bulb-shaped terminal end buds (TEBs). These cap cells differentiate into myoepithelial 

cells as the TEB elongates (1, 12, 17, 18). The interior of the TEB is filled with several 

layers of body cells and as the bud elongates, the body cells at the centre of the bud undergo 

apoptosis to form the lumen. Those cells closest to the myoepithelial layer differentiate into 

mature, polarized luminal cells that line the milk duct (12). Luminal cell differentiation is 

driven by the transcription factor GATA3 which is highly expressed in the body cells within 

the TEB and maintained in mature luminal cells (19). 

Alveolar buds arise from the TEBs and make up the functional structures of the 

breast known as the terminal duct lobular units (TDLUs) (Figure 1.2) (20). The earliest 

TDLUs have about 11 alveolar buds and express the highest levels of ER and PR which 

correlates to a higher rate of proliferation (3). TDLUs mature with each menstrual cycle, 

and by age 35 they contain about 80 alveolar buds (21). The majority of ductal growth 

occurs during the luteal phase of the menstrual cycle, when both E2 and P4 are present, 

indicating a synergistic role for these hormones during ductal growth (10).  Interestingly, 

during the follicular phase of the menstrual cycle when E2 alone is present the endometrium 
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shows a marked increase in proliferation whereas the breast shows very little mitotic 

activity (22). 

A fully functional mammary gland will only develop during pregnancy, when P4 

and prolactin (PRL) take over and stimulate the differentiation of the alveolar cells into 

acini, which are responsible for milk secretion (5, 9, 17).  E2 functions indirectly at this 

stage by promoting PR expression in luminal epithelium and PRL secretion from the 

anterior pituitary gland (17, 21). High levels of P4 prevent milk secretion during pregnancy 

and the decrease in P4 after parturition allows for lactation to commence. High levels of 

PRL further promote and maintain milk production (17). Secretion of oxytocin from the 

posterior pituitary gland stimulates the underlying myoepithelial cells to eject the milk from 

the ducts (17). Lactation is maintained through suckling by the infant and when this 

stimulus is removed apoptosis and phagocytosis lead to involution of the milk-secreting 

alveoli, producing TDLUs that closely resemble their pre-pregnancy state (1, 9). The major 

decline in serum E2 and P4 levels during menopause leads to involution of the lobules, 

reduction of the milk ducts and the replacement of the dense stroma with adipose tissue (1).  

1.2 Breast cancer progression 

Breast cancer is the most common cancer in women and remains the second leading 

cause of cancer related deaths in Western countries (23). The incidence of breast cancer 

increases with age, with 83% of cancers occurring in women after menopause (24). Breast 

cancer arises from stem cells located in the TEB which can differentiate into either the 

ductal or lobular phenotype, with ductal carcinomas accounting for 80% of all breast 

cancers (25-27). In the early stages of breast cancer, the proliferating tumor is contained 

within the duct by the basement membrane and the tumors are histologically classified as 



 5 

either lobular or ductal carcinoma in situ (LCIS or DCIS), with DCIS being the most 

common (Figure 1.3) (28). Early detection of DCIS through mammography screening 

enables the complete removal of these tumors with complete cure in over 95% of patients 

(29). 

DCIS precedes invasive carcinoma and it is estimated that invasion can be present 

for up to ten years before being detected as a palpable mass. Once the proliferating cancer 

cells have begun to invade through a defective basement membrane and into the 

surrounding tissue they are classified as invasive ductal carcinoma (IDC) and contrary to 

in situ lesions invasive tumors are associated with a significant increase in the risk of breast 

cancer related deaths (Figure1.3) (29, 30). Invasion into the surrounding mammary stroma 

enables cancer cells to gain access to lymph nodes and blood vessels in a process of 

metastasis of the primary tumor. Breast cancer commonly metastasizes to the lung, liver, 

bone and brain and these secondary tumors are the major sources of breast cancer related 

deaths (31). The treatment options for breast cancer patients depends upon the extent of 

cancer progression and clinicopathologic features of the tumor. The latter include 

histological grade, stage and hormone receptor status as well as the molecular subtype of 

the tumor (32, 33).  

1.2.1 Diagnosing breast cancer 

1.2.1.1  Histological grade, TNM staging and receptor status 

The histological grade is determined by staining the tumor tissue with hematoxylin-

eosin which enables pathologists to assess the nuclear, architectural and proliferative 

features that determine the degree of cell differentiation within the tumor sample (34). 

Tumors can range from well-differentiated (low grade) to poorly-differentiated (high 
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grade), with the probability of survival decreasing with increased histological grade (35). 

Tumor, lymph node and metastasis (TNM) staging provides an analysis of a patient’s tumor 

progression (Table 1.1). The stage increases with the size of the primary tumor, the number 

of lymph nodes with cancer cell involvement and the detection of distant metastases (Table 

1.2) (32). Tumor samples are also tested for ER, PR and human epidermal growth factor 

receptor (HER)2 expression using immunohistochemistry (IHC). Equivocal HER2 IHC 

results are further assayed for HER2 gene amplification using fluorescence or chromogenic 

in situ hybridization. The presence of these receptors will trigger selective anti-estrogen or 

anti-HER2 agents and this personalized treatment approach is a major advance in cancer 

care. The major implications for the expression of these receptors in relation to patient 

prognosis was highlighted in the paradigm shifting work of Perou et al. (2000) which 

showed breast cancer can be divided into four intrinsic subtypes, each with a unique gene 

expression signature that could predict patient outcomes (36, 37). 

1.2.1.2 Molecular subtypes of breast cancer 

The initial intrinsic gene subset obtained in Perou’s molecular portraits of breast 

cancer found there was a major separation between breast tumors based on the presence or 

absence of ER expression; ER+ tissues were enriched for genes of the luminal phenotype 

while the ER- branch more closely resembled a basal-like gene expression (36). This work 

also highlighted a major role for proliferation in the clustering of breast tumor samples, as 

the largest cluster of genes were related to cell proliferation (36). Further work on the 

intrinsic subset using large patient datasets led to the division of breast cancer into four 

major subtypes, with the ER- tumors subdivided into the HER2+ amplified and triple-
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negative (ER-, PR-, HER2-)/basal-like subtypes and the ER+ branch subdivided into the 

luminal A and luminal B subtypes (Figure 1.4) (38).   

Analysis of patient outcome found that luminal A tumors consistently show the 

longest overall survival, whereas luminal B tumors trend downward over time toward the 

poor survival rates seen in the basal-like and untreated HER2+ tumors (Figure 1.4) (37, 

39). This finding led to the development of multigene panels such as Oncotype DX, 

Prosigna, MammaPrint and EndoPredict, each designed using a unique set of genes to 

predict the likelihood of recurrence (40). The Prosigna gene panel, also known as prediction 

analysis of microarray 50 (PAM50), utilizes 50 genes derived from the original intrinsic 

subtypes and is enriched for proliferation markers enabling the diagnosis of the patient’s 

molecular subtype, as well as their risk of recurrence (41, 42).  

Currently, gene signatures are only 75% accurate at predicting recurrence in 

patients with ER+ tumors (43). This has major implications on patient outcome as high-

risk cancers (presumed luminal B) require a different treatment strategy (discussed in 

section 1.3).  The inaccuracies found in current gene panels, such as Prosigna and Oncotype 

DX, may be due to their enrichment in proliferation and cell cycle genes which may 

confound the true biological differences present in ER+ breast tumors (44). In order to 

improve the current diagnostic strategies, a better understanding of the biological 

mechanism(s) which differ between luminal A and luminal B tumors must be obtained.  

1.3 Breast cancer treatment strategies 

1.3.1 Local treatment: Surgery 

Breast masses that are detected by palpation or radiologic examination will have a 

needle core biopsy (NCB) in order for the pathologist to assess the tumor grade and subtype. 
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LCIS is considered a risk lesion and if there is no associated invasive disease on subsequent 

biopsy can be monitored by regular clinical and radiologic follow-up (45). DCIS is 

considered a precursor for invasive carcinoma and requires complete resection (33). 

Patients treated with less than mastectomy often have subsequent radiotherapy to prevent 

recurrence of DCIS or invasive disease (33). Invasive carcinomas are also treated with 

partial mastectomy followed by radiation or total mastectomy (33). A sentinel lymph node 

biopsy (SLNB) is taken at the time of surgery to determine the nodal status which is used 

to determine the likelihood of spread beyond the breast and the need for systemic therapy 

(46).  

1.3.2 Systemic therapies 

The goal of systemic therapy is to kill any tumor cells which have already spread 

beyond the breast. The treatment regimen prescribed is based on the level of risk for 

systemic dissemination of the tumor (47). This is assessed based on the stage of the tumor 

and the presence of the following risk factors: high grade (3/3), vascular involvement, 

hormone receptor status, HER2 expression, age and an unfavourable molecular test result 

(33). 

1.3.2.1 Chemotherapy 

Chemotherapy regimens are often combinations of agents such as anthracyclines 

(daunorubicin, doxorubicin (adriamycin) and epirubicin) and taxanes (paclitaxel and 

docetaxel).  Anthracyclines are antibiotics that damage the DNA whereas taxanes function 

as mitotic inhibitors and interfere with microtubules (48, 49). Chemotherapy is 

administered as three-week cycles with patients often receiving six cycles (50). If the 

chemotherapy is not well tolerated, the doses of each drug can be reduced.  
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Chemotherapy is offered to patients with intermediate or high-risk tumors. 

Intermediate risk tumors or elderly patients that are lymph node negative may be offered 

non-anthracycline containing combinations, such as cyclophosphamide, methotrexate, and 

5- fluorouracil (CMF) or cyclophosphamide combined with the anthracycline adriamycin 

(AC), or cyclophosphamide combined with the taxane doxetaxel (DC) (51). High risk, node 

negative tumors are treated with either DC or sequential anthracycline-taxane regimens if 

the tumor is ER- (51). Node positive cancers are considered high risk and receive either a 

sequential anthracycline-taxane regimen or DC as a non-anthracycline regimen. Tumors 

that are HER2+ receive chemotherapy in combination with the HER2 targeted therapy, 

Trastuzumab. 

1.3.2.2 Trastuzumab (Herceptin) 

Tumors that are HER2+ are treated with the HER2 targeted therapeutic 

trastuzumab, also known as Herceptin, which is a monoclonal antibody that binds cell 

surface HER2 receptors and prevents their function (52). Trastuzumab alone is the standard 

of care for node negative HER2+ tumors <0.5cm and is typically given for one year. 

HER2+ tumors that are node negative or positive and >1cm should receive adjuvant 

trastuzumab combined with chemotherapy. Concurrent trastuzumab with a taxane based 

chemotherapy is the preferred treatment regimen, as anthracycline based chemotherapies 

increase the risk of cardiotoxicity (51, 53). No matter the size or nodal status, HER2+ 

tumors that are also ER+ will be considered for additional hormone therapy (51). 

1.3.2.3 Hormone therapies 

1.3.2.3.1 Selective estrogen receptor modulators (SERMs) 
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Selective estrogen receptor modulators (SERMs) are synthetic compounds derived 

from type I and II estrogens which bind ER and regulate its function (54). SERMs have 

both antagonist and agonist properties depending on the tissue they are located in (55). The 

two most common SERMs are raloxifene and tamoxifen. Raloxifene functions as an 

antagonist in the breast and uterus but as an agonist in the bone and is currently approved 

for the treatment of osteoporosis in postmenopausal women (56). Raloxifene has been 

studied for its use as a potential preventative therapy in postmenopausal women who are at 

high risk for developing invasive breast cancer (57).  

Tamoxifen is the oldest SERM used to treat ER+ breast cancer and functions as an 

antagonist in the breast and an agonist in the bone and uterus (56). This agonistic property 

of tamoxifen leads to an increased risk of endometrial cancer (58). In the breast tamoxifen 

acts as a competitive-inhibitor that binds ER to prevent E2-ligation and subsequent receptor 

activation (59). Tamoxifen treatment for 5-10 years used to be the standard of care for pre- 

and postmenopausal ER+ invasive carcinomas (51). For premenopausal patients with 

higher risk tumors combining tamoxifen with treatments that decrease E2 production may 

provide additional therapeutic benefit. Strategies to reduce E2 production include 

luteinizing hormone-releasing hormone (LH-RH) agonists which suppress ovarian 

function, or more permanent alternatives which include ovarian irradiation and surgical 

oophorectomy (51, 60, 61). 

1.3.2.3.2 Selective estrogen receptor down-regulators (SERDs) 

Fulvestrant is a selective estrogen receptor down-regulator (SERD) that was 

developed by adding a long alkyl side chain with a reactive sulfide group to the estrogen 

molecule which generated a compound that functions as a full ER antagonist (54, 62). 
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Fulvestrant binds ER and prevents ligand binding, similar to SERM function, but also 

promotes proteasomal degradation of ER leading to decreased ER expression (63). 

Fulvestrant is currently approved for the treatment of postmenopausal women with 

hormone receptor positive breast cancer and may be used in advanced breast cancers that 

have developed resistance to other forms of hormone therapy.  

1.3.2.3.3 Aromatase Inhibitors (AIs) 

The aromatase inhibitors (AIs), anastrozole and letrozole, have been designed to treat 

postmenopausal ER+ patients (64). AIs function by inhibiting aromatase activity in the 

adipose tissues which converts androgens to estrogen resulting in elevated serum E2 levels 

(65). The current recommendations for AI treatment duration is 3-5 years (51). AIs have 

also been shown to reduce recurrence in certain high-risk women as well as contralateral 

breast cancer when used as an adjuvant therapy for up to ten years (66). 

1.3.2.3.4 Combination therapy 

ER+ patients that have high risk tumors are treated with adjuvant hormone therapies 

in combination with chemotherapy. However, ER+ tumors that are considered intermediate 

risk will receive adjuvant endocrine therapies and may or may not receive additional 

chemotherapy (51). The decision to treat ER+ patients with additional chemotherapy is 

often based on the recurrence scores obtained from molecular tests such as Oncotype DX 

or Prosigna. 

1.3.2.3.5 Estrogens as a therapeutic strategy 

In the normal breast, ER+ cells do not proliferate in response to E2 but regulate 

proliferation of adjacent ER- cells through paracrine signaling involving growth factors 

such as Areg (67). Furthermore, the high levels of E2 during the follicular phase of the 
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menstrual cycle are associated with proliferation in the endometrium, but not the breast 

(68). Thus, exposure of the breast epithelium to E2 alone is not enough to promote 

proliferation. This is further evidenced by the proliferation that occurs in the breast 

epithelium during the luteal phase which is driven by the synergistic effects of both E2 and 

P4 (68, 69). This synergistic effect was seen in the Women’s Health Initiative (WHI) study 

by the increased incidence of breast cancers in women after short-term treatment with 

estrogen and progestin (70).  

Another important finding from the WHI study was that postmenopausal women who 

received estrogen-only hormone replacement therapy showed a decrease in breast cancer 

incidence (71-73). This therapeutic role for E2 has also been shown in clinical studies 

where low-dose oral estradiol treatment led to tumor regression for 30% of postmenopausal 

women with advanced breast cancer (74). The synthetic estrogen, diethylstilbestrol (DES), 

was the standard treatment for ER+ breast cancers before being replaced with the anti-

estrogen tamoxifen which had fewer side-effects (75). However, the long-term follow-up 

study comparing tamoxifen to DES showed that DES was associated with increased 

survival (76). Interestingly, luminal A tumors show the best response to tamoxifen 

treatment yet occur predominately in postmenopausal women with extremely limited serum 

E2 to antagonize (77, 78). This suggests that the primary method of action for tamoxifen 

may not be through an anti-estrogenic effect. Tamoxifen has well-documented estrogenic 

activity in the endometrium and bone (58, 79, 80), and a study of postmenopausal women 

treated with tamoxifen for two years found a 106% increase in serum E2 levels (81). When 

taken together, these studies indicate there is an important role for E2 in the treatment of 

ER+ breast cancer. 
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1.3.3 ER+ breast cancers 

Approximately 75% of breast cancers are ER+ with the luminal A subtype 

accounting for at least half of all breast cancers diagnosed (82, 83). Luminal A tumors occur 

predominately in postmenopausal women and are characterized by low grade (I and II) and 

low proliferation rates (84). This subtype has the highest levels of ER expression and is 

enriched in ER-regulated genes involved in cell differentiation including GATA3, FOXA1, 

XBP1, BCL-2, and TFF3 (19, 85-88). Luminal A tumors have the fewest overall mutations, 

but most often harbour significant mutations in PIK3CA, GATA3, MAP3K1 and TP53 (89). 

PIK3CA is a subunit of the PI3K-AKT signaling pathway which has been associated with 

poor survival for ER+ patients (90), however the mutations found in luminal A tumors did 

not correlate with increased PI3K-AKT activation (89). 

GATA3 mutations were the second most frequent mutation in luminal A tumors and 

were most frequently associated with “simplex” copy number alterations with the gain of 

the long arm of chromosome 1 and the loss of the long arm of chromosome 16 (1q/16) (89, 

91, 92). The loss of 16q is highly associated with ER+ breast cancers and correlates with 

increased survival (93, 94). Additionally, translocation of 1q and 16p leads to the derivative 

chromosome der(1;16)(q10;p10) and is thought to be a marker of early breast cancer 

progression (95). Preliminary comparisons suggest that this derivative chromosome may 

occur more frequently in luminal A breast cancer, however this needs to be confirmed on 

a larger sample size (91).  

Inactivating mutations in the mitogen-activated protein kinase kinase kinase 1 

(MAP3K1) may also contribute to slow growing nature of luminal A tumors through down-

regulation of the ERK and JNK pathways (96). The tumor suppressor TP53 was found to 
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be mutated in 12% of luminal A tumors, yet this signaling pathway remained largely intact 

in this subtype (89). The increased levels of MYB protein found in luminal A tumors may 

enable TP53 function through inhibition of MDM2 down-regulation of TP53 via 

interactions with Hep27 (97). When taken together, the mutations that accumulate in 

luminal A tumors promote a lower rate of proliferation and the more indolent nature of this 

subtype. 

Luminal B tumors tend to occur in younger women, have higher grade and 

increased proliferation index (98). These tumors have decreased ER expression and 

increased expression of genes related to cell cycle regulation (99). Unlike the simplex 1q/16 

pattern found in luminal A tumors, luminal B tumors often show high levels of DNA 

amplification for genes involved in proliferation such as CCND1, MYC, FGFR1, MDM2, 

HER2, ZNF217, and PIK3CA (89, 100). Increased expression of CCND1 may promote the 

reduced expression of the cell-cycle mediator retinoblastoma protein (Rb)1 seen in luminal 

B tumors and loss of Rb1 would further promote cell cycle progression (89, 101). TP53 

mutations are increased in luminal B tumors (32%) further contributing to the more 

aggressive nature of these tumors (89). High levels of the transcription factor FOXM1 may 

contribute to the transcriptional hyperactivity seen in luminal B tumors and has been 

correlated with resistance to endocrine therapies in ER+ tumors (89, 102). 

1.3.4 ER+ tumors have a differential response to hormones 

1.3.4.1 Clinical evidence 

There is growing clinical evidence that measuring the changes in proliferation after 

short term exposure to hormone therapies can serve as an accurate predictor of long-term 

patient outcome when treated with these agents (103, 104). Luminal A tumors are 
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characterized by their increased ER expression and low proliferative index, and patients 

with the highest levels of ER expression are shown to have the greatest reduction in 

proliferation after two weeks of tamoxifen (37, 105). This is consistent with trials that 

include long term follow-up which show luminal A patients have excellent response to 

tamoxifen, whereas luminal B patients do poorly with tamoxifen alone and require 

additional chemotherapy (106, 107). 

1.3.4.2 In vitro evidence 

The classic in vitro model for ER+ breast cancer is the MCF-7 cell line, which has low 

to moderate ER expression consistent with its known luminal B phenotype and displays a 

well-established proliferative response to E2 (108, 109). Exogenous ER expression in cell 

lines derived from the more aggressive ER negative tumors led to growth suppression in 

the presence of E2 (110). Interestingly, increased exogenous ER expression in MCF-7 cells 

also leads to loss of E2-induced proliferation by preventing cell cycle progression (111). 

The anti-proliferative effects seen in tumors and cell lines expressing high levels of ER 

suggests that the differential response to hormone therapy seen in luminal A and luminal B 

tumors maybe regulated by the level of ER expression. 

1.4 ER structure and function 

1.4.1 The estrogen receptors: ER and ER 

The nuclear receptor superfamily is made up of three major classes of receptors: the 

steroid receptors, the thyroid/retinoic receptors and the orphan receptors which have no 

known ligands. The estrogen receptors, ERα and ERβ, belong to the steroid receptor class 

which includes four other members: PR, Glucocorticoid Receptor (GR), Androgen 

Receptor (AR) and Mineralocorticoid Receptor (MR) (112). Both ER proteins are 
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expressed in the mammary gland, uterus, ovary, brain and cardiovascular system (113). 

Certain organs show dominant expression for a specific ER, with ER predominately 

expressed in the liver and ER in the testis (113, 114). ER and ER are both activated by 

E2 and regulate sexual development and reproductive function. Both receptors also 

promote bone growth and inhibit osteoclast-mediated bone degradation (115). ER and 

ER also regulate cardioprotective effects of E2 via increased mitochondrial function, 

protection against cardiac fibrosis and increased cardiac angiogenesis (116). 

  ERα is transcribed from the ESR1 gene located on chromosome 6q25.1 which 

encodes for a 66 kDa protein (117). ERβ is encoded by the ESR2 gene, which is located on 

a completely separate chromosome (chr14q23.2) and generates a 59 kDa protein (117). 

Steroid receptors have five major domains: N-terminal region (A/B), DNA binding domain 

(DBD) (C), hinge region (D), ligand binding domain (LBD) (E), and a variable C-terminal 

region (F) (Figure 1.5) (112). Steroid receptors mediate transcriptional activation through 

two activation functions (AF): the ligand-independent activation function (AF-1) located 

in the A/B domain and the ligand-dependent activation function (AF-2) in the E domain 

(118). The DBD shows the highest amount of sequence homology between the two ER 

receptors at 96%, whereas the A/B region of ER shares only 30% homology with wild-

type ERα (Figure 1.5) (119). The decreased homology and shorter length of the A/B region 

in ER leads to decreased AF-1 transcriptional function (120). A recent meta-analysis 

suggested that ERβ expression in breast cancers that are negative for ERα correlates to an 

increase in DFS (121), however the overall role of ER in breast cancer still remains 

unclear (122). Thus, ERα continues to be the major target for the diagnosis and treatment 

of ER+ breast cancers and will be the focus of the remaining sections of this thesis. 
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1.4.2 ER structure 

1.4.2.1 A/B domain 

The N-terminal region of ER (hereafter called ER) has an intrinsically disordered 

conformation that becomes stabilized through interactions with target molecules, including 

members of the transcriptional machinery such as the TATA box-binding protein (TBP) 

(123). Amino acids 51-149 within the A/B domain are responsible for the ligand-

independent AF-1 activity (124). AF-1 can be activated by the cyclin A-cyclin dependent 

kinase (CDK)2 complex through phosphorylation of serines 104 and 106 (125). Epidermal 

growth factor (EGF) and insulin growth factor (IGF) can both activate AF-1 via 

phosphorylation of serine 118 via the mitogen activated protein (MAP) kinase (126). 

Phosphorylation of serines 104, 106 and 118 promote recruitment of steroid receptor 

coactivator-1 (SRC-1) and CREB binding protein (CBP), and this enables gene activation 

in the absence of ligand (127). SRC-1 can also mediate an association between AF-1 and 

AF-2 in the presence of E2 and leads to enhanced transcriptional activity (128, 129).  

1.4.2.2 C domain 

The C domain is highly conserved between nuclear receptors and contains two zinc 

fingers that recognize one half of the palindromic estrogen response element (ERE) 

sequence GGTCAnnnTGACC (n=any nucleotide) promoting complete DNA binding as a 

homodimer (130, 131). The proximal box (P-Box) of the first zinc finger of each monomer 

makes direct contacts with the four central nucleotides on each half of the ERE within the 

major groove of the DNA and is stabilized by additional contacts between the protein and 

the phosphate backbone (131). The second zinc finger of both ER monomers interact to 

form a tight dimerization interface above the minor groove, and the 3 bp spacer region of 
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the ERE enables this interaction (132). Phosphorylation at serine 236 by protein kinase A 

(PKA) enables ER dimerization and occurs in the absence of ligand (133). The dimerization 

interface enables ER interactions with imperfect EREs through cooperative binding, where 

each monomer stabilizes the other through strong interactions with the consensus base pairs 

within the sequence and permits non-specific binding between the remaining non-

consensus DNA (132).  Binding of ER to the ERE causes the DNA to bend toward the 

major groove (134).  This change in DNA structure has been suggested to promote gene 

activation by enabling interactions between distal enhancers and the basal transcriptional 

machinery at the gene’s promoter via DNA looping (135). The C domain also contains a 

nuclear localization signal (NLS) that works cooperatively with two additional NLSs in the 

D domain to promote ER nuclear accumulation (136). 

1.4.2.3 D domain 

The disordered D domain is known as the hinge region and contains two additional 

lysine-rich NLSs (136). These NLSs are constitutively active and enable ER nuclear 

localization in the absence of ligand (137). Post-translational modifications including 

acetylation, sumoylation, and methylation occur at the 299KRSKK303 motif within the hinge 

region and influence ligand-mediated transcriptional regulation (138-140). Lysines 302 and 

303 are also targets for ubiquitination and regulate the proteasomal degradation of the 

receptor (141). The hinge region is also involved in regulating the synergistic association 

between AF-1 and AF-2 in the presence of SRC-1 (142). 

1.4.2.4 E domain 

The E domain extends from amino acids 302 to 552 and contains the LBD and AF-

2 activity. The LBD is made up of 11 -helices (H1, H3-H12) which rearrange upon 
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binding of E2 to form the ligand binding pocket made of three anti-parallel groups of 

helices with H4, H5, H6, H8 and H9 being flanked by H1 and H3 on one side and H7, H10 

and H11 on the other (143). H12 folds on top of the ligand pocket and packs against H3, 

H5, H6 and H11 but makes no direct contact with the ligand (144). The folding of H12 

exposes a hydrophobic coactivator recognition groove which binds to the LXXLL motif of 

the coactivator’s nuclear receptor (NR) box and enables AF-2 activity (144). Anti-estrogens 

have large side-chains which extrude from the ligand binding pocket and displace H12 so 

that it lies in the coactivator recognition groove, and this association is promoted by the 

LXXML motif on H12 (143, 144). This configuration prevents the binding of coactivators 

and inhibits AF-2 activity (145). The LBD also promotes ligand-specific ER 

homodimerization which is mediated primarily through H10 and H11 (123, 146).  

1.4.2.5 F domain 

Deletion of the F domain increased E2-induced reporter activation by two-fold, 

indicating this region contains an inhibitory signal that mediates the ligand-dependent 

dimerization activity in the LBD (147). The F domain has also been implicated in 

enhancing both AF-1 and AF-2 activity and loss of the F domain reduces but does not 

prevent transcriptional activity (148). Studies have shown that residues within the F domain 

contribute to the agonist activity of tamoxifen (149). The F domain lies in close proximity 

to H12 in the LBD and contributes to the conformational changes required to associate with 

ligands as well as the cofactor SRC-1, thereby regulating the transcriptional activity of the 

receptor (150). 

1.4.3 ER- mediated transcription 
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IHC staining shows that ER is primarily located in the nucleus and this has been 

confirmed by confocal imaging (151-153). In the absence of ligand, ER is kept as an 

inactive monomer in the nucleus through association with a chaperone complex consisting 

of heat shock protein (Hsp)90, p23, and immunophilin-type protein which keep ER 

properly folded and compatible for ligand binding (54, 154).  Upon ligand binding, ER 

dissociates from the chaperone complex and forms a homodimer that can bind DNA at the 

consensus ERE (155). There is increasing evidence that ER frequently binds gene promoter 

regions at lower affinity sites, such as non-consensus EREs and ERE half-sites (hERE) 

(156, 157). ER binding and subsequent gene activation at these low affinity sites is enabled 

through DNA bending (158) and this may be regulated by the high-mobility group protein 

B1 (HMGB1) which binds non-specifically in the minor groove and bends the DNA (159). 

Recent studies have shown ER binds DNA in the absence of E2 and mediates basal level 

of some genes in addition to ‘priming’ the promoter for E2-induced transcription (160, 

161).  

ER-E2 binding causes conformational changes in the LBD enabling association 

with coactivators and enables further recruitment of lysine acetyltransferases (KATs) and 

lysine methyltransferases (KMTs) (162, 163). Alternatively, ER can recruit corepressors 

such as histone deacetylases (HDACs) through interactions with its DBD which then 

modify the surrounding chromatin to repress gene transcription (164, 165). ER can also 

have an indirect role in gene transcription by acting as a coregulatory partner for 

transcription factors such as the specificity protein (Sp)1, activating protein (AP)-1 and 

nuclear factor kappa B (NF-κB) (166, 167). This indirect “tethering” enables ER to mediate 

transcription at genes that do not have ERE motifs in their promoters. ER regulates gene 
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activation and repression at equal amounts, with 51.2% of genes being down-regulated after 

three hours of E2 treatment (157). Though ER has obvious repressive effects, studies 

remain focused on its role in gene activation. Interestingly, all ER+ luminal cell lines 

currently available have the transcriptional and genomic profiles of the luminal B subtype 

and show a marked proliferative response to E2 (108, 109, 168). A study investigating 

DNA binding in ER+ patients who were either responsive or nonresponsive to tamoxifen 

therapy showed that ER-DNA binding patterns in nonresponsive patients correlated more 

closely with the binding patterns obtained from MCF-7 cells (169). This provides further 

evidence that the anti-proliferative response to hormones seen in luminal A tumors is not 

represented in the current in vitro ER+ breast cancer models. 

1.4.3.1 The role of cofactors in ER-mediated transcription 

1.4.3.1.1 Coactivators 

E2-induced ER DNA binding occurs in a cyclical manner with an initial 20-minute 

pre-initiation cycle in which ER recruits the SWItch/sucrose non-fermentable (SWI/SNF) 

nucleosome remodeling complex along with KATs and KMTs which modify the histone 

tails on surrounding nucleosomes to generate a more accessible chromatin state (170). 

Subsequent cycles of ER binding last approximately 45 minutes and enable gene activation 

through the recruitment of several coactivators including the p160/SRC family, CBP/p300, 

p300/CBP-associated cofactor (pCAF), and Mediator complex which recruits and activates 

RNA Polymerase II (Pol II) (170-172). The p160/SRC family consists of three SRC 

proteins: SRC-1, SRC-2 and SRC-3 which interact with nuclear receptors at the LBD via 

the NR box (173). SRC-1 and SRC-3 have been shown to interact with ER and promote 

gene transcription by recruiting CBP/p300 (170). CBP and p300 are functional homologs 
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which acetylate the four histone tails on the nucleosomes promoting an active chromatin 

state which is more accessible to RNA Pol II (171, 174). Though p300 is required for initial 

recruitment of Pol II, chromatin immunoprecipitation (ChIP) experiments have shown it 

does not participate in additional cycles of activation at the same promoter (171).  

Additional acetyltransferase activity may be achieved in the later transcriptional cycles 

through binding of pCAF (Figure 1.6) (171). The final step of ER-mediated gene activation 

involves recruitment of the Mediator complex which phosphorylates Pol II and initiates 

transcription (Figure 1.6) (170). ER is removed during each transcriptional cycle by the 

attachment of ubiquitin proteins to lysine residues on ER via ubiquitination enzymes. The 

formation of polyubiquitin chains targets ER for degradation via the 26S proteasome (170, 

175). ER deletion studies have implicated the LBD in the regulation of ligand induced ER 

degradation (176). 

1.4.3.1.2 Corepressors 

In the absence of E2, ER continues to associate with the promoter at shorter 20-

minute cycles and recruits corepressive complexes (161). The nuclear receptor corepressor 

(NCoR) and silencing mediator of retinoid and thyroid receptors (SMRT) are well 

described for their ability to repress nuclear receptors in the absence of ligand (177). These 

corepressors bind the LBD of unliganded nuclear receptors through a corepressor/nuclear 

receptor (CoRNR) box that mimics the coactivator LXXLL motif and become displaced in 

the presence of ligand (178, 179). Interestingly, ER associates with NCoR and SMRT when 

bound to tamoxifen and promotes gene repression by preventing coactivator association 

(171, 180, 181). Furthermore, NCoR and SMRT have been shown to mediate gene 

repression by binding ER’s DBD rather than the LBD and this may support their ability to 



 23 

function as repressors in the presence of tamoxifen which binds the LBD (164). Clinical 

studies have shown increased levels of NCoR1 expression correlate with increased relapse-

free survival in patients treated with tamoxifen (182), and decreased NCoR1 expression 

has been implicated in endocrine resistance in luminal A tumors (92).  

Corepressors involved in E2-induced repression via ER include scaffold attachment 

factor B1 (SAFB1), NCoR, ligand-dependent nuclear receptor corepressor (LCoR), 

carboxyl-terminal binding protein (CtBP), receptor interacting protein (RIP)140 and 

repressor of estrogen receptor activity (REA) (summarized in (183)).  SAFB1 and NCoR 

were shown to repress the activation of a transient E-Cadherin promoter in the presence of 

E2 (184). LCoR binds ER at the LBD through a LXXLL motif and functions as an E2-

induced repressor by recruiting HDACs to the gene promoter (185). LCoR and RIP140 

both interact with corepressor CtBP, which can suppress gene activation through histone 

deacetylase- dependent and independent pathways (185-187). REA does not have intrinsic 

repressor activity but serves as corepressor by competing with coactivators for the 

hydrophobic pocket in the LBD and recruiting HDACs (188, 189).  ChIP experiments for 

the pS2 promoter have shown that after Pol II phosphorylation, ER is removed via 

proteasomal degradation and HDACs along with the nucleosome remodeling deacetylase 

(NuRD) complex remove the acetyl groups from the histone tails and remodel the 

chromatin to a closed, repressed state (170).  

1.4.3.1.3 Histone deacetylase (HDAC) activity in breast cancer 

The role for HDAC activity in breast cancer has gained attention over the past 

decade. Though there is conflicting experimental and clinical results from several research 
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groups for the roles of HDACs in breast cancer, it has become evident that HDACs are 

important mediators of ER expression and function.  

1.4.3.1.3.1 Experimental evidence 

Kawai et al. (2006) found that MCF-7 cells overexpressing HDAC1 had increased 

proliferation which correlated with a decrease in ER expression and transcriptional activity 

(190). Treatment of these HDAC1 overexpressing MCF-7 cells with the HDAC inhibitor 

trichostatin A (TSA) enabled ER re-expression (190). This effect has also been shown in 

ER negative MDA-MB-231 cells which show re-expression on ER upon treatment with 

TSA (191). HDAC inhibitor induced ER expression in MDA-MB-231 cells correlates with 

response to tamoxifen that promotes the recruitment of repressive complexes (192). These 

finding suggested that increased HDAC1 activity could promote suppression of ER 

expression and activity which promotes breast cancer progression. Further in vitro work 

found the HDAC inhibitor valproic acid (VPA) could enhance the anti-proliferative effect 

of tamoxifen in MCF-7 cells (193). MCF-7 cells with experimentally induced tamoxifen 

resistance were shown to have increased ER expression which is thought to promote their 

proliferative ability and when these cells were treated with HDAC inhibitors ER expression 

was reduced and the cells regained their anti-proliferative response to tamoxifen (194). 

Conversely, in vivo mouse models found the combination of a HDAC inhibitor with 

tamoxifen increased tumor suppression and correlated with increased ER expression (195). 

Despite conflicting results these studies highlighted a potential role for the use of HDAC 

inhibitors in reversing endocrine resistance in ER+ breast cancers. 

1.4.3.1.3.2 Clinical evidence 
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Studies for the use of HDAC inhibitors in the treatment of breast cancer are limited. 

In 2011, Munster et al. found a combination of tamoxifen with the Food and Drug 

Administration (FDA) approved HDAC inhibitor Vorinostat lead to tumor regression or 

prolonged disease stabilization in ~40% of ER+ patients who progressed on prior hormone 

therapy (196). The response seen in this study was correlated to inhibition of HDAC2 and 

suggests that down-regulation of HDACs could improve the response to tamoxifen (196). 

This is consistent with other clinical findings that increased HDAC2 expression correlates 

with more aggressive tumors, interestingly this study also found HDAC1 expression 

correlated strongly with hormone receptor positive tumors (197). This association between 

HDAC1 and hormone receptor status has also been shown by Krusche et al. (2005) and 

increased HDAC1 expression correlated with improved survival in patients with small and 

well differentiated tumors (198). Seo et al. (2014) found that a subset of luminal A tumors 

which have increased levels of HDAC1 also had an increase in overall survival (199). This 

correlation was supported by Eom et al. (2012) who showed decreased HDAC1 expression 

in IDC was associated with higher histologic grade and decreased ER expression (200). 

When taken together, the experimental and clinical studies highlight a key role for HDACs 

in the regulation of ER and provide evidence that some tumors may benefit from combined 

treatment of endocrine therapy and HDAC inhibitors. Since in vitro studies of HDAC 

inhibitor function have been conducted primarily in luminal B cell lines like the MCF-7s it 

is likely that the clinical benefits of HDAC inhibitors is most pronounced in luminal B 

tumors.  Furthermore, the beneficial effects for HDAC1 in luminal A tumors highlights a 

critical role for chromatin remodeling which enables transcriptional repression in these 

tumors.  
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1.4.3.2 ER-mediated chromosomal reconfiguration 

Advanced molecular techniques combined with next generation sequencing (NGS) 

have provided new insights into the mechanisms involved in long-range gene regulation. 

These experiments have shown that chromatin is organized into topological associating 

domains (TADs) which have boundaries marked by the insulator protein CCCTC-binding 

factor (CTCF) (201). TADs are dynamic structures that form throughout the cell cycle and 

regulate specific interactions between gene promoters and enhancer regions by limiting 

their association with regions outside of the CTCF boundaries (202). TAD formation has 

been described as a dynamic loop extrusion model in which the binding and orientation of 

CTCF proteins serves as the support for further binding of ring-shaped cohesin molecules 

which extrude the DNA between the two CTCF anchors as a loop (202).  Genes within sub-

megabase TAD regions show coordinated transcriptional responses and this may be 

mediated through smaller-scale DNA looping between enhancers and gene promoters 

within the TAD (203). 

Fullwood et al. (2009) mapped ER-mediated DNA loops in MCF-7 cells treated with 

E2 using chromatin interaction analysis with paired-end tag sequencing (ChIA-PET) (204). 

These experiments showed ER-DNA binding serves as the anchor for small (<100Kb) and 

large (>1Mb) scale DNA-loops which are centred around the transcriptional machinery 

enabling the simultaneous activation of multiple genes upon E2 treatment (204). ChIP 

experiments for ER have shown the majority of binding occurs at distal regions and requires 

the pioneer factor FOXA1 (205). A more in-depth look at ER enriched-enhancers revealed 

the MegaTrans complex which consists of transcription factors such as GATA3, AP2γ, 

FOXA1, STAT1, RARα/γ, AP1 and c-Fos which bind ER and recruit coactivators required 
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for transcription (206). FOXA1, GATA3, AP2γ and cohesin have all been implicated in 

maintaining ER-mediated loops (Figure 1.7) (207). CTCF has been shown to colocalize 

with ER and FOXA1 peaks in MCF-7 cells and may provide further support for ER-

mediated looping (208). 

Unliganded ER has been shown to bind DNA and enable cofactor recruitment in order 

to ‘prime’ the promoter for E2-induced transcription (161). Consistent with this ER-

mediated loops containing ‘paused’ Pol II are formed in the absence of E2 (209). For ER-

activated genes treatment with E2 is thought to recruit additional coactivators which initiate 

elongation (209). For ER-repressed genes, E2 treatment was shown to disrupt the loop 

formation, moving the gene away from the transcriptional machinery (209).  In this way, 

genes become repressed by being sequestered in the loop region and away from the 

transcriptional machinery (204, 209). The ability of unliganded ER to mediate DNA 

looping is significant as increased ER expression leads to increased basal proliferation in 

the absence of E2 (210). This led to the hypothesis that increased ER expression may enable 

low affinity binding of distal enhancer regions and promote a novel chromatin 

reconfiguration which alters the pattern of gene activation and repression in the presence 

of E2. Luminal A tumors, with their increased ER content may therefore have a unique 

chromatin structure which promotes their anti-proliferative response to hormone therapy. 

1.5 Hypothesis and objectives 

The aim of this thesis is to investigate the underlying mechanism(s) that regulate the 

differential response to hormones seen in luminal A and luminal B tumors. Luminal A 

tumors have been shown to have increased ER expression and an improved response to 

hormone therapy (105). The estrogenic properties of tamoxifen along with the clinical 
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evidence from the WHI study support a therapeutic role for E2 in ER+ breast cancers. This 

assumption is furthered by in vitro models which have shown increased ER expression 

leads to an anti-proliferative response to E2 (111). Therefore, throughout this work the 

therapeutic response of ER+ breast cancers to tamoxifen is assumed to be an estrogenic 

effect that is mediated by ER. Investigation into a potential anti-proliferative response to 

E2 in luminal A tumors is limited by the absence of a luminal A cell line (108, 168). To 

address this limitation, the first part of this thesis will focus on the development of a stable 

MCF-7 transfectant with increased ER expression and a potential anti-proliferative 

response to E2.  

This model will be used in subsequent experiments to investigate the differences in ER-

DNA binding and gene transcription when the level of ER expression is increased. Finally, 

changes in chromatin reconfiguration at previously mapped ER-mediated DNA loops will 

be investigated. These in vitro studies will serve as a proof of principle for chromatin 

reconfiguration as a potential diagnostic tool to accurately differentiate those ER+ patients 

with hormone responsive tumors from those who will require additional chemotherapy. 

Main hypothesis: The level of estrogen receptor expression regulates a differential 

proliferative response to estrogen via altered DNA loop configuration.  

This hypothesis will be tested using the following main objectives: 

1. Determine if the level of ER mediates an opposite proliferative response to E2. 

2. Determine how the level of ER mediates an opposite transcriptional response to E2. 

3. Establish a diagnostic assay to differentiate estrogen responsive and nonresponsive 

breast cancer cells. 
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Table 1.1 Descriptions for the Tumor, lymph Node, and Metastasis staging system. 

Adapted from (211). 

Tumors T0/Tis T1 T2 T3 T4 

Tumor size T0: No 

primary 

tumor. 

Tis: In situ 

carcinoma 

0-2 cm 2-5 cm >5 cm Tumor of any 

size with 

extension to  

the chest 

wall/skin or 

ulceration 

Nodes N0 N1mi N1 N2 N3 

 No lymph 

node 

involvement 

Lymph 

node tumor 

between 

0.2-2 mm 

Cancer 

cells 

present in 

at least 1-3 

axillary 

lymph 

nodes 

Cancer 

cells 

present in 

4-9 axillary 

lymph 

nodes 

Cancer cells in 

infra or 

supraclavicular 

lymph nodes, 

or in >10 

axillary lymph 

nodes 

Metastasis M0 M1    

 No evidence 

of cancer 

metastasis 

Cancer 

found in 

other areas 

of the body 

   

 

 

 

 

 

 

 

 

 

 

 



 30 

Table 1.2 American Joint Committee on Cancer (AJCC) Breast cancer staging 

guidelines. Adapted from (211). 

Stage Tumor Node Metastasis 

0 T0 N0 M0 

IA T1 N0 M0 

IB T0-T1 N1mi M0 

IIA 

T0-T1 N1 M0 

T2 N0 M0 

IIB 

T2 N1 M0 

T3 N0 M0 

IIIA 

T0-T2 N2 M0 

T3 N1-N2 M0 

IIIB T4 N0-N2 M0 

IIIC Tis-T4 N3 M0 

IV Tis-T4 N0-N4 M1 
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Figure 1.1. Structure of the normal mammary gland. A. Cross-section of the female 

breast showing the ducts, lobes, lobules, areola, nipple and fatty tissues. Adapted from 

(212). B. Mammary duct structure showing the laminin-rich basement membrane (BM), 

myoepithelial cells (A) and luminal epithelial cells (B) lining the lumen. Adapted from (9) 

with permission from the publisher ©Cold Spring Harbor Laboratory Press.  
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Figure 1.2 Hormonal regulation of mammary gland development. A. Estrogen induced 

paracrine signaling in the elongating terminal end bud (TEB). Cap cells (green), ER- (light 

blue) and ER+ (dark blue) body cells shown. Adapted from (12) with permission from the 

publisher. B. Histological view of the adult mammary gland showing the terminal duct and 

lobules. Images obtained from (213). C. The epithelial cells of the duct show staining for 

ER. Image obtained from (214). 

  

A

B

Body cells

Cap cells

C
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Figure 1.3. Progression of breast cancer. A. Normal Breast B. Ductal carcinoma in situ 

(DCIS) C. Invasive ductal carcinoma (IDC). Images provided by Dr. Judith Hugh. 
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Figure 1.4. The molecular subtypes of breast cancer. A. Hierarchical clustering showing 

the four intrinsic breast cancer subtypes: luminal A, luminal B, HER2+, and Basal-like. 

The corresponding hierarchical clustering profiles are shown. B. Kaplan-Meier curves 

showing the overall survival for the four intrinsic subtypes. Figures A and B were adapted 

from (37) with permission from the publisher. Copyright (2003) National Academy of 

Sciences. 
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Figure 1.5 Structure of ER and ER. Schematic showing the A/B, C, D, E and F 

domains of the ERs. Adapted from (123). 
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Figure 1.6 ER-mediated gene activation. Coactivator recruitment leads to histone 

acetylation, followed by Pol II recruitment and phosphorylation. Adapted from (171). 
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Figure 1.7 ER-mediated DNA loops. ER binding at enhancer and promoter regions serves 

as the anchors for DNA loops which are further supported by associations with transcription 

factors including FOXA1, GATA3, AP2 and CTCF. The looped DNA is threaded through 

the ring-like structure of the cohesin complex which stabilizes the 3D structure. The 

formation of ER-mediated DNA loops enables the poised RNA Pol II (Pol II) to initiate 

gene transcription. Figure adapted from (204, 207). 
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Chapter 2: Increased ER expression regulates an anti-proliferative response to 

estrogen 
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2.1 Introduction 

The differential hormonal response is a key clinical difference between the luminal 

subtypes. As described in chapter 1, luminal A patients have the highest levels of ER 

expression and an excellent response to tamoxifen, whereas luminal B patients do poorly 

with tamoxifen alone and require additional chemotherapy (1, 2). There is growing clinical 

evidence that E2 is growth suppressive for some ER+ breast cancers (3, 4) and that 

tamoxifen itself has estrogenic properties (5, 6). This raises the possibility that the 

differential response to tamoxifen between the luminal subtypes may actually represent a 

differential response to E2 that is mediated by ER. Currently, the study of the pro- and anti-

proliferative effects of E2 on the two luminal subtypes is hindered by the available ER+ in 

vitro models. 

Recent work by Prat et al. (2013) compared microarrays of 93 cell lines including MCF-

7 against 320 breast tumors and determined that all ER+ breast cancer cell lines represent 

the luminal B subtype (7). MCF-7 cells are the most commonly used model for ER+ breast 

cancer and consistently mark as luminal B (8, 9). MCF-7 cells have a well-established 

proliferative response to E2 which is mediated by ER through its regulation of proliferation 

and cell cycle proteins (10-12).  This pro-proliferative effect of E2 promoted the use of 

anti-estrogen therapies, such as tamoxifen, as the main strategy for treating all ER+ 

patients. However, the absence of luminal A cell lines means that the effects of estrogens 

as well as anti-estrogens on proliferation and the cell cycle has not been explored in vitro 

in luminal A tumors. 

Progression through the cell cycle lasts from 10-48 hours and requires passage through 

four major phases: an initial Gap 1 (G1) phase, the DNA-synthesis phase (S phase), a Gap 
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2 (G2) phase, and then the final mitotic phase (M phase) (Figure 2.1) (13). A cell’s 

progression into each phase is mediated by checkpoints which monitor the DNA integrity 

and ensure the current phase was successfully completed prior to progression to subsequent 

phases. Cells with DNA damage, unreplicated DNA or issues with the cell cycle machinery 

will be arrested at these checkpoints until the cell can be repaired or the cell undergoes 

apoptosis (14). The cell cycle checkpoints are tightly regulated by specific cyclin proteins 

which function through interactions with cyclin dependent kinases (CDKs) (Figure 2.1) 

(13). The G1 checkpoint is regulated by the D and E cyclins (Figure 2.1). Cyclin D/CDK4/6 

complexes are present in the early G1 phase and phosphorylate the retinoblastoma protein 

(Rb), a tumor suppressor which binds the E2F transcription factors and prevents their 

regulation of cell cycle and proliferation genes (15, 16). In the later part of G1 Cyclin 

E/CDK2 complexes will further phosphorylate Rb and this hyperphosphorylated form of 

Rb releases E2F (16). The release of E2F allows this transcription factor to bind the 

promoter regions of proliferation and cell cycle associated genes and the translation of the 

corresponding proteins enables the cell to progress into S phase (17). Cyclin A/CDK2 

complexes are abundant during early S phase and then cyclin A complexes with CDK1 in 

late S phase and enables progression through the S/G2 checkpoint (Figure 2.1). The cyclin 

A/CDK1 complexes are also present throughout the G2 phase and may be involved in 

regulation of the G2/M checkpoint along with the major regulators of the G2/M checkpoint, 

the cyclin B/CDK1 complexes (Figure 2.1) (15, 18). Both the cyclin A/CDK and cyclin 

B/CDK complexes function throughout the cell cycle by maintaining Rb in its 

hyperphosphorylated state thereby enabling E2F mediated transcription (15).  
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The activity of cyclin/CDK complexes is regulated throughout the cell cycle by 

interactions with two families of cyclin dependent kinase inhibitors (CKDIs) (Figure 2.1) 

(15). The inhibitor of CDK4 (INK4) CDKI family contains the p15, p16, p18 and p19 

proteins which specifically inactivate CDK4 and 6 (15). Whereas the Cip/Kip family of 

CDKIs which includes the p21, p27 and p57 proteins can act as broad inhibitors and 

inactivate both cyclins and CDKs (15).  Throughout the cell cycle p21 inactivates cyclin 

E/CDK2 complexes and prevents Rb phosphorylation. At increased levels p21 can also 

inactivate the cyclin D/CDK4/6 complexes in early G1 phase (Figure 2.2) (12). Cyclin 

D/CDK4/6 complexes can sequester p21 away from the cyclin E/CDK2 complexes, 

enabling cyclin E/CDK2 phosphorylation of Rb and progression into S phase (12). This 

mechanism of p21-sequestering has been shown to regulate the E2 induced proliferation in 

MCF-7 cells (19). More recent studies have shown that the proliferative effect of E2 in 

MCF-7 cells is regulated by a direct, ER-mediated down-regulation of p21 expression 

which promotes increased activity through a cyclin D/CDK/Rb/E2F1 pathway (Figure 2.2) 

(11, 19). Interestingly, increased ER expression in breast cancer cell lines leads to a G1 

phase arrest in the presence of E2 which is mediated through up-regulation of p21 and its 

downstream effect on E2F (Figure 2.2) (20-23). Thus, the level of ER expression can 

mediate a differential proliferative response to E2 in a luminal cell line.  

Luminal A tumors show the highest level of ER expression (24), and clinical data have 

shown patients with the highest levels of ER have the greatest anti-proliferative response 

to tamoxifen (25). Luminal A tumors occur most frequently after the menopause when there 

is minimal serum E2 available for tamoxifen to antagonize (26, 27). When the therapeutic 

role for E2 discussed in section 1.3.2.3.5 is considered the clinical data suggest that the 
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anti-proliferative effect of tamoxifen may be regulated by its weak estrogenic properties 

rather than its antagonistic function. For this work, the anti-proliferative effects of 

tamoxifen seen in patients is assumed to be mediated through its weak estrogenic 

properties. Therefore, E2 rather than tamoxifen will be used to simulate the response to 

hormone therapies seen in ER+ breast cancer patients. In this chapter, ER expression will 

be increased and the consequences for the proliferative response to E2 will be examined. 

The hypothesis that increased ER expression will promote an anti-proliferative response to 

E2 that is mediated through direct regulation of p21 will be examined. Correlation of these 

findings with published clinical data will enable validation of the usefulness of this model 

for further study of the mechanism(s) which regulate hormone response in ER+ tumors. 

2.2 Materials and methods 

2.2.1 Reagents  

Dulbecco's Modified Eagle Medium (DMEM), Minimum Essential Medium (MEM), 

fetal bovine serum (FBS), Geneticin (G418), MEM-no phenol red, and 

radioimmunoprecipitation assay (RIPA) buffer, 100X Halt™ Protease Inhibitor Cocktail 

(PIC), QubitTM protein assay kit, QubitTM high sensitivity RNA assay kit, QubitTM dsDNA 

high sensitivity assay kit, and protein A Dynabeads were purchased from Thermo Fisher 

Scientific (Waltham, MA). Bovine insulin, puromycin, charcoal-stripped FBS, -estradiol 

(E2), actinomycin D, bovine serum albumin (BSA), ammonium persulfate (APS), 

tetramethylethylenediamine (TEMED) and propidium iodide (PI) were purchased from 

Sigma-Aldrich Canada Co. (Oakville, ON). The TACS® MTT cell proliferation assay kit 

was purchased from Trevigen (Gaithersburg, MD). Phosphate buffered saline (PBS) and 

tris-buffered saline (TBS) were purchased from the Department of Experimental Oncology 
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(University of Alberta). Lenti-X HTX packaging system, Lenti-X 293T cells, Lenti-X 

GoStix, Tet-System approved FBS and doxcycline were purchased from Clontech 

Laboratories, Inc (Mountain View, CA). The 1.5 M Tris-HCl pH 8.8, 0.5 M Tris-HCl pH 

6.8 and 30% acrylamide/Bis (37.5:1) were purchased from Bio-rad Laboratories (Hercules, 

CA). The antibodies used for western blot and ChIP experiments are listed in Table 2.1. 

2.2.2 Development of stable MCF7-EM and MCF7-ER transfectants 

The MCF7-EM and MCF7-ER stable transfectants used in this study were 

generated previously in the Hugh lab by Xiuying Hu. The methods for this work are 

outlined in Appendix A.  

2.2.3 Cell culture and E2 treatment 

The Lenti-X 293T cells were maintained in DMEM supplemented with 10% Tet-

free FBS. MCF-7 parental cells were obtained from American Type Culture Collection 

(ATCC) and were maintained in MEM containing 10% FBS and 10 µg/ml bovine insulin. 

Stably transduced MCF-7 transfectants were maintained in selection media containing 10% 

Tet-system approved FBS, 10 µg/ml bovine insulin, 500 µg/ml G418 and 1µg/ml 

puromycin. Cell line authentication was confirmed by The Centre for Applied Genomics 

(TCAG) Genetic Analysis Facility through short tandem repeat (STR) profiling using 

Promega’s GenePrint® 10 System. 

The standard experimental treatment conditions were determined through 

collaborations between Judith Hugh, Lacey Haddon and Xiuying Hu. For all experiments 

the cells were first rinsed with PBS then adapted in phenol red-free MEM containing 10% 

charcoal-stripped FBS, 10 µg/ml bovine insulin, 500 µg/ml G418 and 1µg/ml puromycin 

for three days. On day four the adaptation media was removed, and the MCF7-EM and 
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MCF7-ER cells were induced with 0.5 µg/ml doxycycline for 24 hours. After this 

incubation, the doxycycline media was removed, and the cells were treated with adaptation 

media containing either 10 nM E2 dissolved in 100% ethanol or vehicle control (100% 

ethanol) for the times indicated. The four major experimental conditions are outline in 

Table 2.3. For transcriptional inhibitor experiments after 24 hours of doxycycline cells were 

pretreated with 1 µg/µl of actinomycin D for 1 hour and then treated with 10 nM E2 or 

ethanol control containing 1 µg/µl of actinomycin D for 24 hours. 

2.2.4 Western Blot Analysis  

Western blot experiments for cell cycle proteins were designed through 

collaborations between Judith Hugh, Lacey Haddon, Xiuying Hu and Brittney Loney and 

experiments were carried out by Brittney Loney. Western blot experiments for MCF7-

ERmDBD doxycycline titration, PARP cleavage and cytochrome C protein were designed 

through collaborations between Judith Hugh, Lacey Haddon and Xiuying Hu and were 

carried out by Xiuying Hu in the Hugh lab. Western blot experiments for ER protein were 

designed by Judith Hugh and Lacey Haddon and were carried out by Lacey Haddon. For 

these experiments, cells were placed on ice and rinsed once with cold PBS then lysed in 

RIPA buffer supplemented with fresh 1X PIC. Protein concentration was determined using 

the Qubit 3.0 protein analysis kit. For mitochondrial fractionation experiments cells were 

lysed in digitonin lysis buffer (75 mM NaCl, 1 mM NaH₂PO₄, 8 mM Na₂HPO₄, 250 mM 

sucrose, 0.2 mg/ml digitonin) and centrifuged at 14,000 rpm for 5 minutes. The supernatant 

was kept as a cytosolic fraction and the pellet was resuspended in Triton X-100 lysis buffer 

(0.1% Triton X-100, 25 mM Tris PH 8.0) and kept as the mitochondrial fraction. For all 

Western blot experiments 2X sample buffer (4% SDS, 10% -mercaptoethanol, 20% 
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glycerol, 0.125 M Tris-HCl pH 6.8, and 0.004% bromophenol blue) was added to the 

protein lysate at a 1X final concentration and samples were denatured by boiling at 95C 

for 10 minutes. Equal concentrations of denatured lysates were loaded onto a 10% SDS-

polyacrylamide separation gel (375 mM Tris-HCl pH 8.8, 10% acrylamide/Bis (37.5:1), 

0.1% SDS, 0.05% APS, 0.05% TEMED) with a 4% stacking layer (125 mM Tris-HCl pH 

6.8, 4% acrylamide/Bis (37.5:1), 0.1% SDS, 0.05% APS, and 0.2% TEMED). Proteins 

were separated at 150V for 1 hour by SDS-PAGE and then transferred to 0.45 m 

nitrocellulose membranes. Membranes were blocked in 1% BSA dissolved in 1X TBS with 

0.1% Tween20 (TBST) for 1 hour at room temperature. Membranes were incubated at 4°C 

overnight with primary antibodies diluted to the recommended concentrations in 1X TBST. 

The next day membranes were rinsed four times with 1X TBST followed by 1-hour 

incubation with fluorescently labelled secondary antibody diluted 1:20,000 in TBST. 

Membranes were scanned with Odyssey Infrared Imaging System (LI-COR Bioscience).  

2.2.5 Densitometry analysis 

Densitometry analysis for estrogen receptor protein was done by Lacey Haddon and 

measurements for cell cycle proteins were done by Brittney Loney. Files obtained from the 

Odyssey Infrared Imaging System were analyzed using Image Studio Lite (version 5.2).  

The fluorescent tags on the secondary antibodies enabled simultaneous measurements of 

membranes in the red and green fluorescent channels. Fluorescence intensity values were 

obtained from each channel by using the shape tool to draw a rectangle around the protein 

bands with the appropriate molecular weight. These fluorescence values were exported to 

Excel for further analysis. The relative protein expression for each sample was calculated 
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by dividing the intensity values for the protein of interest to the actin loading control 

associated with that sample.   

2.2.6 Flow Cytometry Analysis 

All flow cytometry experiments were designed through collaborations between 

Judith Hugh, Lacey Haddon and Xiuying Hu and were conducted by Xiuying Hu in the 

Hugh lab. MCF7-EM and MCF7-ER cells were prepared as described in section 2.2.5 and 

treated with 10 nM E2 or ethanol control for 24 hours. After treatment, cells were washed 

with 1X PBS, then trypsinized and centrifuged at 1,400 rpm for 5 minutes at room 

temperature. The cell pellets were washed once with PBS then resuspended in 500 l PBS. 

Cells were fixed with 70% ethanol and stained with propidium iodide (10 µg/ml) for 30 

minutes at room temperature. Cell cycle profiles were measured with BD LSR Fortessa 

Special Order Research Product (SORP) (BD Biosciences) and analyzed using ModFit LT 

software. Flow cytometry experiments were done in triplicate. 

2.2.7 Cell Viability Assay (MTT) 

The cell viability experiments were designed and performed by Lacey Haddon. 

MCF7-EM, MCF7-ER, and MCF7-ERmDBD cells were plated at 5x103 cells/ml in a 96-

well plate and adapted in estrogen-free media as described in section 2.2.5. MCF7-EM and 

MCF7-ER cells were induced with 0.5 µg/ml doxycycline and MCF7-ERmDBD cells were 

induced with 2 µg/ml doxycycline. After 24 hours, each MCF-7 transfectant had three 

technical replicates treated with 10 nM E2 or ethanol control and incubated at 37°C and 

5% CO2 for five days. Cell viability was assessed with TACS MTT assay (Trevigen) as per 

manufacturer’s protocol. Absorbance values were measured with the FLUOStar Omega 

microplate reader (BMG Labtech). All MTT experiments were done in triplicate 
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2.2.8  Quantitative reverse-transcription PCR (RT-qPCR) 

The RT-qPCR experiments were designed and performed by Lacey Haddon. Total 

RNA was extracted from MCF7-EM and MCF7-ER cells treated with vehicle control or 10 

nM E2 for 24 hours using the NucleoSpin RNA extraction kit, which included a DNase 

digestion step to remove potential contaminating DNA (Macherey-Negel). Reverse 

transcription followed by direct SYBR-green qPCR amplification was facilitated by the 

Power SYBR Green RNA-to-CT 1-Step Kit (Applied Biosystems). Commercially designed 

Taqman gene expression assays (Applied Biosystems) were purchased to measure the 

expression of genes of interest as well as three housekeeping genes: PUM1, TBP, and 

RPL13A. Two technical replicates were run for each experimental condition. Three 

biological replicates were done for each experiment. 

2.2.9 Chromatin Immunoprecipitation (ChIP) 

ChIP experiments were designed by Dr. Judith Hugh and Lacey Haddon and 

performed by Lacey Haddon in the Hugh lab. ChIP was performed on MCF7-EM and 

MCF7-ER cells treated with ethanol control or 10 nM E2 for 1 hour. Cell monolayers were 

crosslinked with 1% formaldehyde for 10 minutes at room temperature and then quenched 

with 0.125 M glycine. Cells were rinsed twice with ice cold PBS + PIC and then scraped 

into 15 ml tubes and centrifuged at 3,000 rpm for 5 minutes at room temperature. The PBS 

was aspirated, and the cell pellets were lysed in ChIP lysis buffer (5 mM PIPES, 85 mM 

KCl, 0.5% IGEPAL + PIC) followed by centrifugation at 3,000 rpm for 5 minutes at 4°C. 

The cell pellet was resuspended in nuclei lysis buffer (50 mM Tris-HCl pH 8.0, 10 mM 

EDTA pH 8.0, 1% SDS + PIC), then sonicated on ice 30X at 40% amplitude for 20 seconds 

on/30 seconds rest followed by centrifugation at 14,000 rpm for 10 minutes at 4C. 
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Supernatants were diluted 1:10 in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 

1.2 mM EDTA pH 8.0, 16.7 mM Tris-HCl pH 8.0, 167 mM NaCl + PIC) and a 1% volume 

was saved as input. Diluted lysates were pre-cleared with 1.5 mg protein A Dynabeads then 

incubated with 10 µg ER polyclonal antibody (HC-20-discontinued) on rotation at 4°C 

overnight. Immunoprecipitates were incubated with 1.5 mg protein A Dynabeads on 

rotation for 2 hours at 4°C, then washed twice with the following buffers: ChIP low salt 

buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA pH 8.0, 150 mM NaCl and 20 mM Tris-

HCl pH 8.0), ChIP high salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA pH 8.0, 

500 mM NaCl and 20 mM Tris-HCl pH 8.0), ChIP LiCl wash buffer (0.25 M LiCl, 1% 

IGEPAL, 1% sodium deoxycholate, 10 mM Tris-HCl pH 8.0 and 1 mM EDTA pH 8.0), 

and ChIP TE buffer (1 mM EDTA pH 8.0 and 10 mM Tris-HCl pH 8.0). Antibody-protein 

complexes were eluted in ChIP elution buffer (1% SDS and 100 mM NaHCO3) at 65°C for 

40 minutes, then 0.3 M NaCl was added and samples (including the input) were incubated 

at 65°C overnight (<18 hours) to reverse the formaldehyde crosslinks. The next day a 1:5 

volume of 5x proteinase K buffer (50 mM Tris-HCl pH 7.5, 25 mM EDTA, and 1.25% 

SDS) along with 40 µg/ml proteinase K was added and the samples were incubated at 45°C 

for 2 hours, followed by incubation with 20 µg/ml RNase A at 37°C for 30 minutes. DNA 

was purified with the ThermoFisher PCR purification Kit (K0702) and then quantified 

using the QubitTM high sensitivity dsDNA reagents.  

2.2.10 ChIP Quality Checks (QC) 

  The ChIP QCs were performed by Lacey Haddon. An initial check of DNA shearing 

was done by loading 10 l of the supernatant obtained after sonication on a 1.5% agarose 

gel. This step showed consistent smear between 100-600 bp and indicated successful 
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sonication for the majority of the sample. A more sensitive measurement for the overall 

fragment size range in each ChIP sample was done using the Agilent Bioanalyzer 2100 

High sensitivity DNA assay. These experiments show that >70% of the ChIP-Seq sample 

had a fragment size between 100-500 bp (see Figure B1 in Appendix B) which is the 

optimal fragment range for building sequencing libraries. To confirm the success of the 

ChIP experiment, 1 ng of ChIP material was analyzed by qPCR using commercially 

available ChIP primers for a well-known ER target: pS2. As a negative control, commercial 

primers for a gene desert on human chromosome 12 were also run. Percent input was 

calculated for each primer set using the Ct values obtained from input and ER-enriched 

ChIP material. For these calculations the 1% input is adjusted to 100% by subtracting 6.664 

from the raw input Ct value. This calculation accounts for number of cycles needed to make 

up the 100-fold dilution and is the Log2 of 100. The Ct value for the ER-enriched ChIP 

sample is then divided into the adjusted input and given as a percent of input using the 

following formula: Percent input= 100*2^ (Adjusted input - Ct (IP)) 

The percent input results calculated for the pS2 primers were divided into those obtained 

for the negative control to give a final percent input that was normalized to the negative 

region. This QC test confirmed the assay’s ability to detect ER at the pS2 gene and served 

as a validation of the ChIP protocol (see Figure B2 in Appendix B).  

2.2.11 ChIP-Seq library build 

One ChIP-Seq replicate was generated and sequenced by Active Motif on MCF-7-

EM and MCF-7-ER cells treated vehicle control or 10 nM E2 for 1 hour using their 

established ChIP-Seq protocol. Two ChIP-Seq libraries were generated by Lacey Haddon 

in the Hugh lab with instruction from Dr. Deborah Tsuyuki. Sequencing libraries were 
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prepared from ChIP and Input DNAs obtained in the Hugh lab using the NEBNext Ultra II 

DNA Library Prep Kit for Illumina (E7645S) and indexed using the NEBNext Multiplex 

Oligos for Illumina (E7335S). ChIP-Seq libraries were run on an Agilent Bioanalyzer High 

Sensitivity DNA chip to assess the fragment size distribution (see Figure B3 in Appendix 

B). As a QC check, qPCR for the pS2 and negative control primers was done using 1 ng of 

ChIP-Seq library DNA (as described in section 2.2.12). These results showed that the 

pattern of ER binding in the four experimental conditions was maintained after the library 

build (see Figure B4 in Appendix B). The ChIP-Seq libraries were sequenced on Illumina’s 

NextSeq 500 using the NextSeq 500/550 High Output Kit (1x75 cycles) at the Molecular 

Biology Service Unit (MBSU) in the Department of Biological Sciences at the University 

of Alberta (Edmonton, AB). 

2.2.12 ER peak calling 

ER peak calling was done by Lacey Haddon with instruction from Dr. Hosna 

Jabbari. Fastq reads obtained from the NextSeq500 were analyzed using the FastQC 

program designed by the Bioinformatics Group at the Babraham Institute (Cambridge, 

UK). All Fastq files had sequence quality scores in the ‘very good quality’ range of 28-36 

(see Figure B5 in Appendix B). The Fastq files were aligned to the human reference genome 

(build hg19) using the Bowtie2 algorithm (28). The aligned reads were filtered to retain 

only the uniquely mapped reads, which were then sorted, the duplicates were removed, and 

the remaining reads were indexed using SAMtools (29). The BED files obtained from this 

analysis were input into the MACS2 program (v1.4.2) which called peaks with a cutoff P 

value of 0.005 (30).  

2.2.13 DiffBind analysis of ChIP-Seq datasets 
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DiffBind analysis was done by Lacey Haddon in the Hugh lab with guidance from 

Dr. Hosna Jabbari. Published datasets for tamoxifen-responsive and resistant patients (31) 

were obtained from the Gene Expression Omnibus (GSE32222) and processed using the 

same bioinformatics protocol described in section 2.2.10. DiffBind analysis was done using 

R Studio software and followed the published guidelines for the DiffBind program (32). 

ChIP peak sets from the MCF7-EM and MCF7-ER cells treated with and without E2 and 

those obtained from tamoxifen responsive and nonresponsive patients were loaded into the 

DiffBind program and the reads for each peak set were counted. For the differential binding 

analysis, the contrast function was used to sort the ChIP peak sets into two groups based 

on the experimental condition: resistant and responsive. For this the tamoxifen 

nonresponsive and MCF7-EM +/- E2 peak sets were labelled as resistant and the tamoxifen 

responsive and MCF7-ER +/- E2 peak sets were labelled as responsive. These data were 

then analyzed using the differential analysis function and correlation heatmaps were plotted 

for the significantly differentially bound sites. Principle component analysis of the three 

biological replicates for the MCF7-EM and MCF7-ER cells +/- E2 was also done using the 

DiffBind plot PCA function. This analysis confirmed a strong correlation between the 

replicates (See Figure B6 in Appendix B).  

2.2.14 ChIP-String Analysis 

The ChIP-String experiments were designed through collaborations between Judith 

Hugh and Lacey Haddon and performed by Lacey Haddon with technical help from Kim 

Formenti. ChIP samples were obtained as described in section 2.1.9. An nCounter custom 

ChIP-String code set was designed by Nanostring Technologies against target sequences 

which correspond to significant peaks obtained in the ChIP-Seq experiments as well as 
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regions devoid of ER binding to serve as negative controls. ChIP and input DNA samples 

(1 ng/µl) were denatured at 95°C for 5 minutes and then immediately cooled on ice.  

Hybridization buffer was added to the Reporter Code Set and 8 µl of this master mix was 

added to individual tubes. Ten microliters (total 10 ng) of denatured DNA was added to the 

Reporter master mix, followed by 2 µl of Capture Probe Set (Nanostring Technologies). 

The samples were hybridized at 65°C overnight, then processed in the automatic 

Nanostring Prep Station. The fluorescent probes were counted the nCounter Digital 

Analyzer (Nanostring Technologies). All counts obtained from the nCounter were 

normalized to exogenous positive controls. The counts for the ChIP DNA sample were then 

normalized to the corresponding input samples for each probe set. To obtain the enrichment 

over background, each probe was normalized to the values obtained for the negative control 

regions. A final comparison was done to obtain the amount of ER binding relative to the 

baseline using the MCF7-EM cells in the absence of estrogen (set to 1). Three biological 

replicates of ChIP and Input DNA were used for ChIP-String analysis.  

2.2.15 Statistical analysis 

Statistical analyses were carried out by Lacey Haddon with guidance from John 

Hanson. All experiments had a least three biological replicates in order to assess statistical 

significance. For the gene expression data obtained from RT-qPCR, the Ct values of the 

three biological replicates were used to determine the raw average and standard deviation 

(SD) for each gene. These values were used to further calculate a relative quantity (RQ) 

value for each gene. For these calculations, the Ct values obtained for the MCF7-EM cells 

treated with ethanol (EM0) were considered the control condition for each gene, and the 

RQ was set to 1 using the following formula:  
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𝑅𝑄 = 2^(𝐶𝑡(𝐸𝑀0) − 𝐶𝑡(𝐸𝑀0)) 

The RQ for the other 3 experimental conditions were calculated for each gene using the 

following formula: 𝑅𝑄 = 2^(𝐶𝑡(𝐸𝑀0) − 𝐶𝑡(𝑏𝑖𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛)) 

The SD was corrected for this RQ calculation using the following formula: 

𝑆𝐷𝑅𝑄 = 𝑆𝐷 ∗ 𝑅𝑄 ∗ 𝐿𝑁(2) 

The RQ values for the three housekeeping genes were then used to determine the 

normalization factor (NF) for each experimental condition using the following formula:  

𝑁𝐹 = 𝐺𝐸𝑂𝑀𝐸𝐴𝑁(𝑅𝑄(𝑃𝑈𝑀1), 𝑅𝑄(𝑇𝐵𝑃), 𝑅𝑄(𝑅𝑃𝐿13𝐴)) 

The normalized SD was calculated for each experimental condition using the following 

formula: 

𝑁𝐹𝑆𝐷 = 𝑁𝐹 ∗ ((
𝑆𝐷𝑅𝑄

(3 ∗ 𝑅𝑄)
)

2

𝑃𝑈𝑀1 + (
𝑆𝐷𝑅𝑄

3 ∗ 𝑅𝑄
)

2

𝑇𝐵𝑃 + (
𝑆𝐷𝑅𝑄

3 ∗ 𝑅𝑄
)

2

𝑅𝑃𝐿13𝐴)

0.5

  

The final normalized expression level (NRQ) was calculated for each gene of interest (GOI) 

using the following formula: 𝑁𝑅𝑄(𝐺𝑂𝐼) = 𝑅𝑄/𝑁𝐹 

The final NFSD was adjusted using the following formula:  

𝑁𝑅𝑄𝑆𝐷 = ((
𝑁𝐹𝑆𝐷

𝑁𝐹
)

2

+ (
𝑆𝐷𝑅𝑄

𝑅𝑄
)

2

)

0.5

 

 

Statistical analyses were performed using Prism 7 for Mac OS X (version 7.0e) software. 

The two-tailed Student’s t-test with the assumption of unequal variance was used to assess 

differences when only two experimental conditions were compared. One-way analysis of 

variation (ANOVA) followed by Tukey’s posthoc analysis was used to assess differences 

when greater than two treatment conditions were measured. Two-way ANOVA was used 
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to assess differences between multiple experimental groups. Only P values ≤0.05 were 

considered as significant.  

2.3 Results 

2.3.1 Increased ER expression promotes an anti-proliferative response to E2 

The MCF-7 parental cell line was stably transduced with one of two main lentiviral 

doxycycline inducible plasmids (see Figure A1 in Appendix A). The first MCF-7 stable 

transfectant was mock transduced with the lentiviral doxycycline inducible plasmid 

containing only the mEmerald fluorescent tag. These cells maintain the low ER expression 

of MCF-7 parental cells when treated with increasing concentrations of doxycycline and 

will be referred to as MCF7-EM transfectants for the rest of this thesis. The second stable 

MCF-7 transfectant was transduced with the doxycycline inducible plasmid with the ESR1 

ORF cloned near the mEmerald fluorescent tag (See Figure A1 in Appendix A). This 

enabled the increase of ER expression by using increasing concentrations of doxycycline 

and will further be referred to as MCF7-ER.  

The MCF7-ER transfectants were used to investigate the effects of increased ER 

expression on the proliferation in the presence and absence of E2. To determine the 

concentration of doxycycline needed to generate high ER expression, MCF7-ER cells were 

adapted for three days in phenol-red free MEM then induced with increasing concentrations 

of doxycycline for 24 hours and lysed using RIPA buffer. Protein extracts were separated 

by SDS-PAGE and ER expression was assessed by Western blot analysis (Figure 2.3). The 

same experiment was also carried out on the MCF7-EM cells to test for any potential effects 

of doxycycline treatment on endogenous ER expression (Figure 2.3). Densitometry 

analysis showed that a doxycycline concentration of 0.5 µg/ml gave a >20-fold increase in 
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ER protein level in the MCF7-ER cells but did not affect the level of endogenous ER 

expression in the MCF7-EMs (Figure 2.3). Clinical experiments measuring the level of ER 

protein in tumor samples found tumors with up to 100-fold increases in ER protein were 

more likely to reach remission when treated with endocrine therapy (33, 34). In these 

studies, a 20-fold increase in ER protein represented the mid-range of ER levels measured 

for all the ER+ tumors tested (33, 34). Thus, the level of ER expression in the MCF7-ER 

cells induced with 0.5 µg/ml doxycycline is within a range that should represent a large 

majority of ER+ tumors. This concentration of doxycycline was used as the standard when 

inducing both the MCF7-ER and MCF7-EM cells for further experiments examining the 

differential response to E2. 

Using this standard doxycycline concentration, the proliferative response to increasing 

concentrations of E2 was measured using the MTT cell proliferation assay. The results from 

this experiment show that as the concentration of E2 increases the MCF7-EM cells show a 

dose-dependent increase in proliferation (Figure 2.4). Alternatively, while the MCF7-ER 

cells are able to maintain a basal level of proliferation at low levels of E2 as the 

concentration increases the response becomes anti-proliferative (Figure 2.4). Since 10 nM 

E2 has been shown to induce the maximal proliferative growth in MCF-7 cells (35) this 

concentration was used as the standard E2 treatment for subsequent experiments.  

To confirm that the anti-proliferative effect of E2 on MCF7-ER cells was related to 

increased ER expression a doxycycline titration experiment was conducted in the presence 

and absence of 10 nM E2 and cells were measured for changes in S phase fraction using 

flow cytometry analysis. The results show that the proliferative response in cells with 

endogenous low ER expression (0 µg/ml doxycycline) changes to an anti-proliferative 
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response as the level of ER increases (Figure 2.5). An additional finding for the MCF7-ER 

cells was that the increased ER expression induced by 0.5 µg/ml doxycycline promotes a 

basal increase in S phase fraction in the absence of E2 (Figure 2.6). This effect of ER on 

basal proliferation been previously described (36). When taken together, these experiments 

confirmed that the level of ER influences the proliferative versus anti-proliferative response 

in luminal cells. 

The Hugh lab has initiated a clinical trial to examine the use of low-dose estradiol in 

treatment naïve, newly diagnosed post-menopausal women with ER+ breast cancer prior 

to definitive breast surgery (PRe-operative ESTradiOl (PRESTO) (Registration ID 

#NCT02238808).  Patient eligibility criteria were focused on clinical parameters that are 

associated with the luminal A subtype and included: ER+, HER2-, low grade, age > 55yrs 

with no hormone replacement therapy for the preceding 5 years. The Ki67 indices from 

core samples obtained pre-treatment were compared to those from the surgical excision and 

showed that 7-14 days of estradiol treatment resulted in a decrease in Ki67 indices in 7 of 

10 women (see Figure C1 of interim report in Appendix C). These findings indicate that 

E2 treatment is growth suppressive for certain ER+ breast cancers.  

2.3.2 ER-DNA binding regulates the proliferative and anti-proliferative response to 

E2 

Since ER can function through genomic and non-genomic pathways, the role for the 

direct transcriptional function of ER on anti-proliferative effect of E2 was examined. To 

assess the role of transcription MCF7-EM and MCF7-ER cells were treated with or without 

actinomycin D, an antibiotic which intercalates DNA and prevents RNA polymerase 

mediated elongation (37). These experiments were conducted with or without E2 treatment 
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and assessed for changes in proliferation by flow cytometry. The results show that 

treatment with actinomycin D prevented the proliferative and anti-proliferative effects of 

E2 in the MCF7-EM and MCF7-ER cells, respectively (Figure 2.7).  

Since actinomycin D is a general inhibitor of transcription and does not indicate a direct 

effect on ER-mediated transcription, the role of ER-DNA binding on proliferation was 

assessed using a stable MCF-7 transfectant with the doxycycline inducible plasmid cloned 

with an ESR1 gene that has three point-mutations (E203G, G204S and A207V) in the first 

zinc finger of the DBD (see Figure A1 in Appendix A). These point-mutations have been 

previously described for their ability to prevent ER-DNA binding (38) and these cells are 

referred to as MCF7-ER-mDBD. In order to directly compare the effect of this ER mutant 

against the MCF7-ER cells, doxycycline titration experiments were conducted to assess the 

concentration that would induce a similar level ER expression between the MCF7-ER and 

MCF7-ER-mDBD cells. 

Western blot analysis showed that MCF7-ER-mDBD cells had similar ER expression 

to MCF7-ER cells when induced with 2.0 µg/ml doxycycline (Figure 2.8). The proliferative 

effect of E2 on the MCF7-ER-mDBD cells at this concentration of doxycycline was 

examined using the MTT assay. These experiments showed the significant decrease in cell 

viability in the MCF7-ER cells treated with E2 (P=0.0007) is not present in the MCF7-ER-

mDBD cells after E2 treatment (P=0.1943) despite their similar levels of ER expression 

(Figure 2.8). The MCF7-ER-mDBD cells also lacked a significant increase in E2-induced 

proliferation indicating that the mutant ER may be forming homodimers with the 

endogenous ER protein and acting as a dominant negative regulator of ER-DNA binding 

(Figure 2.8). Interestingly, the basal increase in proliferation seen in the MCF7-ER cells 
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was not present in the MCF7-ER-mDBD cells, suggesting basal proliferation is also 

mediated through ER-DNA binding (Figure 2.8). When taken together, these results 

provide further evidence that proliferation in low and high ER expressing luminal cells is 

a transcriptional response that is regulated by ER-DNA binding.  

Lysates were not prepared from MCF7-ERmDBD cells in the absence of doxycycline, 

therefore the level of endogenous ER was not assessed for this cell line. Additionally, the 

effects of the ER-mDBD transduction on the endogenous levels of ER are unknown. A 

previous study of ERE reporter activity in Chinese hamster ovary (CHO) cells transfected 

with ER containing this DBD mutant found a loss of reporter activity in the presence of E2; 

however, when wild type ER was co-expressed the ERmDBD transfectant did not 

negatively affect the activity of the wild type receptor (38). Our current MTT results 

suggest that expression of the DBD mutant in MCF-7 cells with endogenous ER leads to a 

dominant negative effect. The discrepancy between the current results and the previous 

findings may be due to differences in the cell type used as CHO cells do not express 

endogenous levels of ER (39). 

2.3.3 E2 induces G1 and G2 cell cycle arrest but not apoptosis in MCF7-ER cells 

Previous investigations of the effect of E2 on MCF-7 cells after long-term hormone 

depletion concluded the anti-proliferative effect of E2 was due to the induction of apoptosis 

(40), however this E2-induced apoptotic response is not present in ER negative cells 

transfected with ER (23). To determine if E2 was inducing apoptosis Poly (ADP-ribose) 

Polymerase (PARP) cleavage and the release of cytochrome C from the mitochondria was 

measured using the known apoptotic inducing antibiotic staurosporine (STS) as a positive 

control.  There was no evidence of PARP cleavage or cytosolic cytochrome C after E2 
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treatment in either the MCF-7-ER or MCF-7-EM cells (Figure 2.9). These results show that 

the anti-proliferative response in the MCF7-ER cells is not due to an apoptotic response to 

E2.   

 Increased ER expression in the ER negative cell line, MDA-MB-231, induced an anti-

proliferative response to E2 that was shown to be mediated through the regulation of cell 

cycle genes resulting in a G1/S phase block (41). The effect of E2 on the different cell cycle 

phases in the MCF7-EM and MCF7-ER cells was assessed using flow cytometry. E2 is 

known to promote the transition of MCF-7 cells from the G1 to S-phase of the cell cycle 

(12, 42). Consistent with previously published results (43) these experiments found that 

after exposure to E2-free MEM for three days, E2 treatment relieves the G1 arrest of MCF7-

EM (Figure 2.10).  These results also confirmed the work of Fowler et al. (2004) in that 

MCF7-ER cells do not show a G1 arrest when kept in E2-free MEM but exhibit a basal 

increase in proliferation (Figure 2.10) (36).  

When treated with E2 for 24 hours, MCF7-EM cells exhibit the characteristic 

proliferative response with a significant increase in S-phase (P<0.0001) (Figure 2.10), 

whereas the MCF7-ER cells have a significant reduction in S-phase fraction (P= 0.0006) 

and a significant increase in cells arrested in both the G1 phase (P= 0.0439) and G2 phase 

(P=0.0243) of the cell cycle (Figure 2.10).  The G1 arrest in the MCF7-ER cells after E2 

treatment was associated with a significant increase in p21 protein levels (P=0.0039) and a 

significant decrease in the transcription factor E2F1 which mediates S-phase transition 

(P=0.0284) (Figure 2.11). A significant decrease in E2F1 mRNA in the MCF7-ER cells 

treated with E2 was confirmed by RT-qPCR (Figure 2.12). The G2 arrest corresponds with 

a significant decrease in cyclin B2 in MCF7-ER cells compared to MCF7-EM cells treated 
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with E2 (P=0.0028) which is a known target for E2F transcriptional regulation (Figure 

2.11) (44). These results show that the anti-proliferative effect of E2 in MCF7-ER cells is 

due to cell cycle arrest at both the G1 and G2 phases. 

To determine whether ER was directly regulating p21 (CDKN1A) and E2F1 gene 

transcription ChIP-Seq analysis was conducted in both the MCF7-EM and MCF7-ER cells 

treated with or without E2 for 1 hour. Analysis of the ER binding patterns using the 

University of California Santa Cruz (UCSC) genome browser showed a novel ER peak 

within the intragenic region of CDKN1A which was bound in at least 2/3 biological 

replicates in the MCF7-ER cells after E2 treatment (Figure 2.13). This region contained a 

conserved AP1 binding site and two half EREs (Figure 2.14). Analysis of ENCODE data 

for transcription factor binding sites indicated ER, POL2RA, E2F1, E2F6, FOS and NR3C1 

had been previously mapped to this region in other cells (Figure 2.14). ER binding at this 

intragenic region was measured using ChIP-String analysis and confirmed the presence of 

ER peaks only in the MCF7-ER cells after E2 treatment (Figure 2.15). The ChIP-Seq results 

did not detect consistent ER-binding near E2F1 in either of the MCF-7 transfectants with 

or without E2 (Figure 2.16). These results suggest ER mediates the G1 arrest in MCF7-ER 

cells treated with E2 through direct transcriptional regulation of p21.  

The effect of E2 on ten proliferation and cell cycle associated genes was investigated 

in the MCF7-EM and MCF7-ER cells by RT-qPCR. Each of these ten genes had E2F 

binding mapped near their promoter regions in the ENCODE ChIP-Seq datasets. The 

results show the expression of these proliferation and cell cycle genes becomes increased 

in MCF7-EM cells when treated with E2 (Figure 2.17). However, in the MCF7-ER cells 

these genes become down-regulated when treated with E2 (Figure 2.17). Interestingly, the 
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increased basal proliferation seen in the MCF7-ERs in the absence of E2 corresponds to an 

increase in these proliferation and cell cycle genes (Figure 2.17). These results show that 

increased ER expression promotes an anti-proliferative response to E2 through down-

regulation of proliferation and cell cycle genes which is likely mediated by the p21-induced 

repression of E2F. 

2.3.4 MCF7-ER cells correlate with ER+ patients that respond to hormone therapy 

To further validate that the response to E2 seen in the MCF7-ER cells is more 

representative of tumors which respond to hormone therapies, peak sets from the MCF7-

EM and MCF7-ER ChIP-Seq experiments were compared against a previously published 

dataset of genome-wide ER-DNA binding profiles from ER+ breast cancer patients that 

were either responsive or non-responsive to tamoxifen (31). For this published dataset an 

assumption that patients who were responsive to tamoxifen would represent the luminal A 

subtype, whereas non-responsive patients would more closely resemble a luminal B 

subtype was made. This assumption was furthered by the authors previous finding that the 

MCF-7 binding profiles correlated best (79.8%) with tamoxifen non-responsive ER+ 

patients (31). However, the results showed that the MCF7-EM cells did not correlate well 

with either the responsive or non-responsive patients (Figure 2.18). More significantly, the 

MCF7-ER cells correlated best with the tamoxifen responsive patients, regardless of E2 

treatment (Figure 2.19). These results suggest that increased ER expression promotes an 

ER-DNA binding signature that is more representative of ER+ patients who respond to 

hormone therapy. 

The tamoxifen responsive and nonresponsive peak sets were used to investigate 

whether there were differences in the ER binding at the intragenic region of the CDKN1A 
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gene in ER+ patient samples. The results showed that the putative ER region of CDKN1A 

that is bound in the MCF7-ER cells in the presence of E2 was also bound in at least 2/5 

replicates for both the responsive and nonresponsive patients (Figure 2.20). The presence 

of significant ER binding at CDKN1A for tamoxifen responsive and nonresponsive patients 

suggests there may be some overlap in the regulation of p21 in these patients. 

2.4 Conclusion 

The results from these experiments show that increased ER expression promotes an 

anti-proliferative response to E2 that is mediated through a transcriptional response that 

requires an intact ER-DNA binding mechanism. These experiments also confirm increased 

ER expression can promote an increase in basal proliferation in the absence of E2, and this 

unliganded ER effect is regulated by ER-DNA binding and transcription. Assessment of 

apoptotic markers gave no evidence for apoptosis in the MCF7-ER cells treated with E2. 

An accumulation of cells in the G1 phase was detected which correlated with an increase 

in p21 and a decrease in E2F1 indicating a cell cycle arrest at the G1/S checkpoint. 

Additionally, a significant accumulation of cells in the G2 phase was detected and this 

correlated with decreased levels of cyclin B2 indicating an additional cell cycle arrest at 

the G2/M checkpoint. ChIP experiments uncovered a novel ER peak at an intragenic region 

of the CDKN1A gene which contained a half ERE and was bound only in MCF7-ER cells 

treated with E2. When taken together, these results show the anti-proliferative effect of E2 

in the MCF7-ER cells is due to a cell cycle block that may be mediated by direct ER 

regulation of p21. Comparison of ChIP-Seq datasets obtained from the MCF7-EM and 

MCF7-ER cells against those previously published for tamoxifen responsive or 

nonresponsive patients showed the ER-binding patterns in the MCF7-ER cells correlated 
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best with those obtained from tamoxifen responsive patients. ER binding was detected at 

the intragenic region of CDKN1A in patients that were responsive and nonresponsive to 

tamoxifen suggesting there is an overlap in ER regulation at this region. These results 

provide strong evidence that the anti-proliferative response to E2 in the MCF7-ER cells can 

serve as an improved model for ER+ tumors that are responsive to hormone therapy.  It 

also provides further support that changes in ER binding patterns may serve as an 

underlying mechanism which can identify these patients. 
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Table 2.1 Antibody list. 

Antibody Isotype Clone Supplier 

ER Rabbit IgG D8H8 Cell Signaling 

ER Rabbit polyclonal HC-20 Santa Cruz 

PARP Rabbit 46D11 Cell Signaling 

Cytochrome C Rabbit IgG D18C7 Cell Signaling 

P21 Waf1/Cip1 Rabbit IgG 12D1 Cell Signaling 

Cyclin B2 Rabbit IgG R17985 Abcam 

Cyclin D1 Rabbit IgG EPR2241 Abcam 

Cyclin E2 Rabbit 4132 Cell Signaling 

-Actin Mouse IgG1 A5441 Sigma Aldrich 

Alexa Fluor 700 Goat anti-rabbit IgG A21038 Thermo Fisher 

Scientific 

Alexa Fluor 800 Goat anti-mouse IgG A32730 Thermo Fisher 

Scientific 
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Table 2.2 Primer sequences.   

Primer Sequence 5’-3’ 

ESR1-F ATCCGCTAGCGCCACCATGACCATGACCCTCCACACCAAA 

ESR1-R TCCGGAGGCTCGCGACCGTGGCAGGGAAACCCTCTGC 

ESR1-EM-F ATCCGCTAGCGCCACCATGACCATGACCCTCCACACCAAA 

ESR1-EM-R TCCGAGAATTCCGCTTACTTGTACAGCTCGTCCAT 

ER-mDBD-F ATCCGGATCCGCCACCATGACCATGACCCTCCACACCAAA 

ER-mDBD-R CGGTGGATCCCCTCCGGAGCTCGCGACCGTGGCAGGGAA

ACCCTCT 

F- forward 

R-reverse 

 

 

Table 2.3 Experimental conditions for the differential response to E2. 

Cell line Treatment 

EtOH control 10nM E2 

MCF7-EM EM0 EM10 

MCF7-ER ER0 ER10 
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Figure 2.1 Cell cycle regulation. Diagram indicates the four major phases of the cell cycle 

and the cyclin/CDK complexes which regulate the major checkpoints. 
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Figure 2.2 p21 regulation of E2F transcription. A. Increased p21 expression leads to 

inhibition of cyclin D/CDK4/6 and cyclin E/CDK2 complexes and prevents the 

phosphorylation of Rb. Hypophosphorylated Rb remains complexed with E2F and prevents 

the transcription of E2F target genes. B. Decreased p21 expression cannot inhibit the cyclin 

D/CDK4/6 and cyclin E/CDK2 complexes allowing them to phosphorylate Rb. 

Hyperphosphorylated Rb releases E2F which binds its target genes and regulates their 

transcription. 
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Figure 2.3 Doxycycline titrations for MCF7-EM and MCF7-ER transfectants. 

Representative western blot for ER protein expression in MCF7-EM (EM) and MCF7-ER 

(ER) cells induced with varying doses of doxycycline (Dox). Densitometry analysis for 

relative ER expression was normalized to β-actin. Data are shown as mean ± SD, n=3. 
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Figure 2.4 MCF7-EM and MCF7-ER cells show a differential proliferative response 

to increased E2 concentrations. Cell viability assay for MCF7-EM (EM) and MCF7-ER 

(ER) cells treated with increasing doses of E2. The 0 E2 condition was set to 0 for each 

MCF-7 transfectant. Data are shown as mean ± SD. There was a significant decrease in cell 

viability for the MCF7-ER cells treated with E2 compared to the MCF7-EM cells treated 

with E2 (Two-way ANOVA with Tukey’s posthoc analysis, n=3, *P=0.01). 
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Figure 2.5 Increased ER expression leads to an anti-proliferative response to E2. 

Change in % S-Phase in MCF7-ER cells induced with increasing concentrations of 

doxycycline (Dox) and treated with 10nM E2 for 24 hours. Change in S-phase was 

calculated as the percentage of cells in S-phase for the E2 treated condition divided by 

vehicle control for each dose of doxycycline. Data are shown as mean ± SD. A significant 

decrease in the percentage of cells in S phase as the concentration of doxycycline increases 

from 0.005 g/ml (One-way ANOVA followed by Tukey’s posthoc analysis, n=3, 

**P=0.003, ****P<0.0001 compared against  0 g/ml Dox).  
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Figure 2.6 Increased ER expression promotes a basal increase in proliferation. Flow 

cytometry analysis for S phase fraction of MCF7-ER cells induced with 0 or 0.5 µg/ml 

doxycycline (Dox) for 24 hours and then treated with EtOH. Data are shown as mean ± SD, 

n=3. A significant increase in S phase fraction was seen in MCF7-ER cells treated with 0.5 

µg/ml Dox by Student’s t-test, n=3, **P=0.002. 
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Figure 2.7 Transcriptional inhibition prevents the proliferative and anti-proliferative 

effects of E2. MCF7-EM and MCF7-ER cells were induced with 0.5 µg/ml doxycycline 

and the percentage of cells in the S phase of the cell cycle was measured by flow cytometry 

analysis in the presence of E2, actinomycin D (Act. D) and the combination of Act.D + E2. 

Data are shown as mean  SD. There was a significant increase in the percent of MCF7-

EM cells in S phase when treated with E2 compared to no E2 and a significant decrease 

when Act. D was added. There was a significant decrease in the percentage of MCF7-ER 

cells in S phase when treated with E2 compared to no E2 and a significant increase when 

Act. D was added (Two-way ANOVA with Tukey’s posthoc analysis, n=3, *P=0.03, **** 

P<0.0001). 
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Figure 2.8 Increased ER mediates the anti-proliferative effect through DNA binding. 

A. Representative western blot for ER protein expression in MCF7-ER and MCF7-

ERmDBD cells under varying doses of doxycycline induction. Lysates from MCF7-

ERmDBD cells were not harvested in the absence of doxycycline therefore the level of 

endogenous ER expression cannot be shown. B. Cell viability was measured as absorbance 

(570 nm) in MCF7-EM (EM), MCF7-ER (ER) and MCF7-ER-mDBD (ERmDBM) cells 

treated with vehicle control (EtOH) or 10 nM E2 after 24 hours of doxycycline induction. 

Data are shown as mean  SD. Absorbance was significantly increased in the MCF7-EM 

cells after E2 treatment and significantly decreased in the MCF7-ER cells after E2 

treatment (Two-way ANOVA with Tukey’s posthoc analysis, n=3, ns= non significant, 

***P=0.0007, **** P<0.0001). 
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Figure 2.9 MCF7-ER cells treated with E2 do not show evidence of apoptotic markers. 

Representative Western blot for PARP cleavage and cytochrome C protein expression in 

MCF7-EM and MCF7-ER cells were treated with E2 or staurosporine (STS) for 24 hours. 

-actin and Tom20 served as loading controls.  Jurkat cells were treated with STS as a 

positive marker for apoptosis. 
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Figure 2.10 E2 induces accumulation of MCF7-ER cells in the G1 and G2 phases of 

the cell cycle. Cell cycle distribution of MCF7-EM and MCF7-ER cells treated with 

vehicle control (EM0 and ER0) or 10 nM E2 (EM10 and ER10) for 24 hours was assessed 

by flow cytometry. Graph depicts the average percentage of cells in the G2/M, S and G1 

phases. Data are shown as mean  SD. There was a significant decrease in the percentage 

of MCF7-EM cells in the G1 phase and a significant increase in the S Phase after E2 

treatment. There was a significant increase in the percentage of MCF7-ER cells in the G1 

and G2/M phases and a significant decrease in the S phase after E2 treatment (Two-way 

ANOVA with Tukey’s posthoc analysis, n=3, *P<0.05, ***P=0.0006, **** P<0.0001. 

Each cell line was compared against the 0 E2 control). 
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Figure 2.11 The expression of cell cycle proteins indicate MCF7-ER cells treated with 

E2 encounter a G1/S and G2/M cell cycle arrest. Representative western blot for p21, 

cyclin D1, cyclin E2, cyclin B2, E2F1 and actin protein expression in MCF7-EM and 

MCF7-ER cells treated with vehicle control (EM0 and ER0) or 10 nM E2 (EM10 and 

ER10). Relative protein expression was normalized to actin as loading control. Relative 

protein expression was calculated with EM0 set as 1. Data are shown as mean  SD, n=3. 

Statistical significance was determined using two-way ANOVA followed by Tukey’s 

posthoc analysis, n=3, * P<0.03, **P<0.01, ***P=0.006. 
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Figure 2.12 E2 induces E2F1 repression in MCF7-ER cells. RNA was extracted from 

MCF7-EM and MCF7-ER cells treated with 0 (EM0 and ER0) or 10 nM E2 (EM10 and 

ER10) for 24 hours and quantified by RT-qPCR. Gene expression was normalized to three 

house-keeping genes and MCF7-EM 0 E2 control was set to 1. Data are shown as mean  

SD. There was a significant decrease in E2F1 mRNA expression in the MCF7-ER cells 

compared to the MCF7-EM cells when both were treated with E2. There was also a 

significant decrease in E2F1 mRNA expression in the MCF7-ER cells after E2 treatment 

(Two-way ANOVA followed by Tukey’s posthoc analysis, n=3, ****P<0.0001). 
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Figure 2.13 Novel region of CDKN1A is bound by ER in MCF7-ER cells treated with E2. UCSC genome browser view of CDKN1A 

showing mapped DNA binding from MCF7-EM and MCF7-ER ChIP-Seq data sets. The ER peak at an intragenic region of CDKN1A 

is highlighted in light blue. Orange bars indicate regions bound in the first biological replicate done by Active Motif.  The gray bar with 

blue line represents ER binding from the second biological replicate, n=3.  
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Figure 2.14 The intragenic region of CDKN1A bound by ER contains AP1 and half 

ERE motifs. Zoomed in UCSC genome browser view of the intragenic region of CDKN1A 

(highlighted in blue) showing mapped DNA binding from MCF7-EM and MCF7-ER ChIP-

Seq data sets. Orange bars indicate regions bound in the first biological replicate done by 

Active Motif (Rep 1).  The gray bar with blue line represents ER binding from the second 

biological replicate (Rep 2), n=3. The locations of two half EREs within the ER peak are 

highlighted in yellow. ENCODE data showing transcription factor (TF) binding sites that 

are conserved between human, mouse and rat (HMR) genomes are shown as thick black 

bars. The presence of a conserved AP1 binding site is indicated by a red arrow. ENCODE 

data showing mapped transcription factor binding sites for ER (ESR1), POL2RA, E2F1, 

E2F6, FOS and NR3C1 from ChIP-Seq experiments from various cell lines are shown as 

thin black and gray bars at the bottom of the image. 
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Figure 2.15 ER binding at CDKN1A only occurs in MCF7-ER cells treated with E2. 

Map of the intragenic region of CDKN1A with the locations of the AP1 binding site (purple) 

and two half-ERE motifs (blue). ChIP-String validation of ER binding at an intragenic 

region of CDKN1A with samples normalized to EM0. Data are shown as mean  SD. There 

was a significant increase ER-binding in the MCF7-ER cells after E2 treatment when 

compared against untreated MCF7-ER cells and E2 treated MCF7-EM cells (Two-way 

ANOVA followed by Tukey’s posthoc analysis, n=3, **P=0.003). 
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Figure 2.16 ChIP-Seq data from MCF7-EM and MCF7-ER cells at the E2F1 gene. 

UCSC genome browser view of the E2F1 gene showing mapped DNA binding from 

MCF7-EM and MCF7-ER ChIP-Seq data sets. Orange bars represent ER binding detected 

in only 1/3 biological replicates and is not considered significant, n=3. 
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Figure 2.17 E2 induces the differential regulation of 10 cell cycle genes in MCF7-EM 

and MCF7-ER cells. RNA was extracted from MCF7-EM and MCF7-ER cells treated 

with 0 or 10 nM E2 for 24 hours and quantified by RT-qPCR. Gene expression was 

normalized to three house-keeping genes and MCF7-EM 0 E2 control was set to 1. The red 

line in the MCF7-ER figure marks the value of the MCF7-EM  0 E2 condition. The mean 

gene expression level is shown, n=3. 
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Figure 2.18 ER binding patterns in MCF7-EM cells do not correspond with tamoxifen 

response. Correlation heat map for ER peaks obtained from MCF7-EM cells treated with 

vehicle control (EM0; n=3) or 10 nM E2 (EM10; n=3) and tamoxifen responsive (Res; n=5) 

and tamoxifen nonresponsive (NRes; n=5) patients from (31). 
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Figure 2.19 ER binding in MCF7-ER cells correlates with ER+ patients that respond 

to tamoxifen. Correlation heat map for ER peaks obtained from MCF7-ER cells treated 

with vehicle control (ER0; n=3) or 10 nM E2 (ER10; n=3) and tamoxifen responsive (Res; 

n=5) and tamoxifen nonresponsive (NRes; n=5) patients from (31). 
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Figure 2.20 The intragenic region of CDKN1A is bound by ER in tamoxifen 

nonresponsive and responsive tumors. UCSC genome browser view of CDKN1A 

showing mapped DNA binding from MCF7-EM (n=3), MCF7-ER (n=3), tamoxifen 

nonresponsive (n=5) and tamoxifen nonresponsive (n=5) patients from (31). The 

significant ER peak at an intragenic region of CDKN1A is highlighted in light blue. Only 

the peaks which were present in at least two biological replicates are shown. The three 

biological replicates for the MCF7-EM and MCF7-ER data are shown by blue, pink and 

green labels. The five biological replicates for the tamoxifen nonresponsive patients are 

shown in purple. The five biological replicates for the tamoxifen responsive patients are 

shown in dark pink. 
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Chapter 3: Increased ER expression mediates differential gene regulation by 

binding to high and low affinity DNA regions 
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3.1 Introduction 

The findings from chapter 2 suggest that increased ER expression promotes an anti-

proliferative response that involves direct ER-DNA binding. There has been a steady 

evolution of knowledge regarding ER-DNA interactions. Early ChIP experiments found 

ER binding within the 5 kb proximal promoter regions of pS2 (TFF1) which subsequently 

is associated with the recruitment of cofactors to regulate gene transcription (1, 2). More 

recent experiments combining ChIP with genome wide sequencing have shown that 96% 

of ER binding occurs outside of the gene’s proximal promoter (3). With the majority of ER 

binding within a 50 kb window around the gene’s transcription start site (TSS) (3, 4). 

Surprisingly, ChIP-Seq experiments done in E2-depleted cells have recently shown that 

unliganded ER can bind DNA and regulate gene expression (5). The transcriptional 

capacity of unliganded ER may serve as the mechanism that regulates the basal expression 

of cell cycle genes described in chapter 2. 

To date, ChIP-Seq experiments studying the ER-binding patterns that mediate 

transcriptional regulation in the presence and absence of E2 have been heavily focused on 

the MCF-7 cell line (3, 5-8). Comparison of MCF-7 cells against ER+ patient samples 

found that the ER-binding patterns correlate more closely to patients who were 

nonresponsive to tamoxifen (9). These findings suggest the ER binding signatures obtained 

from MCF-7 ChIP-Seq datasets are not representative of the ER-mediated transcriptional 

responses that might occur in luminal A tumors. The results from chapter 2 have shown ER 

binding in MCF7-ER cells correlates best with tamoxifen responsive patients. This suggests 

that increased ER expression generates a DNA binding pattern that may be more 

representative of the hormone response seen in luminal A tumors. The results from chapter 
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2 and those of others have shown that increased ER expression promotes an anti-

proliferative response to E2 that is mediated by the regulation of several proliferation and 

cell cycle associated genes (10, 11). This anti-proliferative response is mediated via 

transcriptional regulation that requires an intact DBD. Significantly, one study 

investigating ER-binding in MDA-MB-231 cells with exogenous ER expression (231-ER) 

found 44% of ER peaks obtained from these cells do not overlap with those from MCF-7 

ChIP-Seq profiles (12). Unlike parental MCF-7 cells, the 231-ER cells have an anti-

proliferative response to E2 (11) and the presence of a unique set of ER peaks in the 231-

ER cells may enable this growth suppressive response. In this chapter the effects of 

increased ER expression on gene regulation will be examined using full transcriptome 

sequencing combined with the ChIP-Seq data from chapter 2. These experiments will test 

the hypothesis that increased ER expression enables receptor binding to lower affinity sites 

that regulate a differential transcriptional response to E2.  

3.2 Methods 

All experiments were designed through equal collaboration between Judith Hugh and 

Lacey Haddon and were conducted by Lacey Haddon. Additional support for the 

bioinformatics was provided by Hosna Jabbari and is documented in the appropriate 

sections. 

3.2.1 RNA-Seq 

Total RNA was extracted from four biological replicates as described in section 

2.2.10. RNA quality was assessed using the Agilent Bioanalyzer 2100 Eukaryote Total 

RNA Nano chip and all samples had RNA integrity number (RIN) scores from 8.9-10 (see 

Table B1 and Figure B7 in Appendix B). cDNA libraries were made from 1 µg total RNA 
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using the NEBNext Poly(A) mRNA Magnetic Isolation Module (E7490) and NEBNext 

Ultra Directional RNA Library Prep Kit for Illumina (E7420) and indexed for sequencing 

using NEBNext Multiplex Oligos for Illumina. Library fragment distribution was measured 

on the Agilent Bioanalyzer 2100 High Sensitivity DNA chip (see Figure B7 in Appendix 

B). Libraries were sequenced on Illumina’s NextSeq 500 using the NextSeq 500/550 High 

Output Kit (2x75 cycles) by the MBSU team in the Department of Biological Sciences at 

the University of Alberta (Edmonton, AB). 

3.2.2 Differential gene expression analysis 

Fastq reads obtained from the NextSeq500 were analyzed using the FastQC 

program and all Fastq files had mean sequence quality scores in the ‘very good quality’ 

range of 28-36 (see Figure B8 Appendix B). Fastq reads were aligned with UCSC genome 

sequence indexes and transcript annotation files for the hg38 reference genome using the 

Tophat algorithm (13). Differential gene expression analysis was done using Cuffdiff from 

the Cufflinks package (14). To determine genes that were differentially regulated between 

the different experimental conditions, the gene lists obtained from Cuffdiff were sorted and 

only the genes with a Log2 fold change ≥ 1 or ≤ -1 were used for further analysis. Any 

remaining genes that were not called as significant by the Cuffdiff algorithm were 

excluded. Significance was determined by the Cuffdiff algorithm for genes that had a P 

value less than a false discovery rate (FDR) of 0.05 after a Benjamini-Hochberg correction 

for multiple testing. This analysis helps to minimize the Type I error in the statistical 

analysis. 

3.2.3 ChIP-Seq analysis 
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The ChIP experiments were described in detail in chapter 2. The Diffbind program 

was used to generate a Venn diagram showing the overlap of differentially bound sites from 

each experimental condition and was generated by Dr. Hosna Jabbari. This analysis used 

BED files containing all the mapped ER peaks from the three biological replicates for each 

experimental condition which were generated by Lacey Haddon and Hosna Jabbari. 

3.2.4 Motif analysis for ChIP-Seq peaks 

The BED files containing ChIP-Seq peak sets for the MCF7-EM and MCF7-ER 

cells treated with and without E2 were uploaded to the online submission form for MEME-

ChIP (Version 4.12.0) which conducts motif analysis of large nucleotide datasets (15). The 

motif analysis was run in normal mode against a set of known vertebrate motifs from the 

eukaryotic DNA database. This analysis provided the most common motif associated with 

each experimental condition. The HOMER (version 4.9.1) motif analysis program was used 

to determine the top ten motifs that were enriched in the peak sets for each experimental 

condition (16). For this analysis a BED file was generated as described in section 2.2.14 

but with all peak sequences for the three biological replicates included. These BED files 

were input into the Homer program and analyzed for known motifs that were 5, 10, 15 bp 

in length. 

The sequences associated with peaks of interest were further investigated for the 

presence of full EREs, non-consensus EREs and ERE half sites. To determine if a potential 

non-consensus ERE was significant the sequence was input into the online TomTom motif 

comparison tool from the MEME suite (17). TomTom analysis compared the input 

sequences against a database of known motifs associated with eukaryotic DNA. The output 

from this analysis shows motifs that have a similar alignment to the input sequences and 
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provides a P value representing the probability that this match occurred by random chance. 

Only P values of ≤ 0.05 were considered significant. 

3.2.5 ChIP-String analysis 

The methods for ChIP-String analysis are described in section 2.2.16. 

3.2.6 Statistical analysis 

All experiments had a least 3 biological replicates in order to assess statistical 

significance. Calculations were done as described in section 2.2.17. 

3.3 Results 

3.3.1 Increased ER expression mediates differential gene expression in response to 

E2 

The mRNA expression levels for the entire transcriptome in the MCF7-EM and MCF7-

ER cells treated with or without E2 for 24 hours were obtained by RNA-Seq experiments. 

These experiments were done in quadruplicate and the Fastq files obtained from each 

replicate were annotated to the most recent reference genome (hg38) using the Tophat 

program. The annotated files were input into the Cuffdiff program to perform differential 

expression (DE) analysis between conditions. Any genes with a Log2 fold change of ≥ 1 

were considered as significantly up-regulated and those genes with a Log2 fold change ≤ -

1 as significantly down-regulated. Using these criteria, the DE analysis of MCF7-EM cells 

treated with or without E2 (EM10:EM0) showed 691 genes were up-regulated and 435 

genes were down-regulated (Table 3.1). Interestingly, the MCF7-ER cells treated with or 

without E2 (ER10:ER0) had 2,107 up-regulated genes and 1,866 down-regulated genes 

(Table 3.1). A comparison of the genes that were up-regulated in the MCF7-EM and 

MCF7-ER cells after E2 treatment showed only 4% overlap between the two MCF-7 
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transfectants (Figure 3.1). Similar comparisons for the down-regulated genes in the MCF7-

EM and MCF7-ER cells treated with E2 showed only 5.4% of genes were overlapped 

between the two MCF-7 transfectants (Figure 3.1). These results suggest that in the 

presence of E2 increased ER expression mediates the expression of a large percentage of 

genes that are not significantly regulated in the MCF7-EM cells after E2 treatment. A DE 

analysis between the two MCF-7 transfectants in the absence of E2 (ER0:EM0) showed 

794 genes were up-regulated and 1,049 genes were down-regulated in the MCF7-ER cells 

(Table 3.1). This comparison further suggests the presence of increased ER expression can 

cause major global changes in transcriptional regulation.  

The significantly up-regulated genes from the EM10:EM0 (691), ER0:EM0 (794) and 

ER10:ER0 (2,107) were compared against the PAM50 gene list, which is currently 

approved as the Prosigna® diagnostic assay for the intrinsic subtyping of breast cancers (18, 

19). Twenty genes that were up-regulated in the EM10:EM0 were present in the PAM50 

gene list (Table 3.2). These 20 genes were heavily associated with proliferation and 

included proliferation markers MKI67 and CCNB1. These findings are consistent with the 

luminal B status of the MCF7-EM cells. Seven genes that were up-regulated in the 

ER10:ER0 comparison were also present in the PAM50 gene list (Table 3.2). These genes 

included BCL2 and FOXA1 which are associated with the luminal A intrinsic subtype (20, 

21). This provides further support that increased ER expression in the presence of E2 

promotes a gene profile that better matches that of luminal A tumors. There were eight 

genes up-regulated in the ER0:EM0 analysis that were also present in the PAM50 gene list 

(Table 3.2). Interestingly, six of these genes were also up-regulated in the EM10:EM0 
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comparison (Table 3.2). This overlap is consistent with the increased basal proliferation 

seen in the MCF7-ER cells in the absence of E2 described in chapter 2 

In order to investigate the mechanism whereby increased ER can mediate an anti-

proliferative response to E2, subsequent experiments were focused on genes that show a 

differential response to E2 in the MCF7-EM versus MCF7-ER cells. Targeting this subset 

of genes allowed the examination of potential changes in ER binding near genes that 

became repressed by E2 when the level of ER was increased. The DE datasets for 

EM10:EM0 and ER10:ER0 were used to determine which genes show a differential 

response to E2 in the two MCF-7 transfectants. This analysis found 383 genes that were 

up-regulated in the ER10:ER0 and down-regulated in the EM10:EM0 datasets (Table 3.3). 

Conversely, there were 349 genes that were up-regulated in the EM10:EM0 and down-

regulated in the ER10:ER0 datasets (Table 3.3).  

The protein analysis through evolutionary relationships (PANTHER) classification 

system (22, 23) was used for functional analysis of these two gene lists. This analysis found 

the 383 genes that are down-regulated in the EM10:EM0 and up-regulated in the ER10:ER0 

datasets were enriched for regulation of cell communication (65%) a functional group that 

includes genes involved in signal transduction (Figure 3.2). These genes may be involved 

in pro-maturation or secretory responses involved in differentiation rather than 

proliferation. The presence of only 11% of genes associated with cell cycle function also 

suggests there is minimal regulation of cell cycle associated genes consistent with the anti-

proliferative response present in the MCF7-ER cells treated with E2 (Figure 3.2). As 

expected the 349 genes that were up-regulated in the EM10:EM0 and down-regulated in 

the ER10:ER0 datasets were enriched for genes associated with the cell cycle (40%) as well 
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as cell communication (27%) and chromosome segregation (13%) consistent with the 

increased mitotic activity in the MCF7-EM cells upon E2 treatment (Figure 3.3). Since 

these differentially regulated genes were likely responsible for the differences in 

proliferative response to E2 further investigations focused on this 349 gene subset. 

The results from chapter 2 indicated MCF7-ER cells have a basal increase in 

proliferation when compared to MCF7-EM cells grown in the absence of E2. Therefore, 

the assumption that genes in the ER0:EM0 DE dataset would be regulated in the same 

direction as the EM10:EM0 DE analysis was made. When this comparison was included, 

the 349 gene list was narrowed to 72 genes that were: (i) significantly increased in MCF7-

EM cells treated with E2; (ii) decreased in the MCF7-ER cells with E2; and (iii) increased 

in the MCF7-ER cells without E2 (Table 3.4, Figure 3.4). When the 72-gene list was 

analyzed with the PANTHER classification system 20 of the 68 recognized genes were 

found to be involved in chromosome segregation (4), mitosis (6) and cell cycle (10) 

processes (FDR<0.05) (Table 3.5). 

The ChIP-Seq data was used to further investigate the role of ER-binding in the 

differential transcriptional response to E2. Increased ER expression was shown to lead to 

an overall increase in ER binding in the absence of E2 (75,565 in ER0 vs. 56,432 in EM0) 

(Figure 3.5). A similar number of total ER binding events was found between the MCF7-

EM cells treated with E2 (108,380) and the MCF7-ER cells treated with E2 (105,330) 

(Figure 3.6). Notably, only 35,913 ER peaks were shared between these two conditions. 

The ChIP-Seq results found thousands of ER peaks that were unique to the MCF7-ER cells 

indicating that increased ER expression promotes receptor binding to novel regions both in 

the presence and absence of E2. Motif analysis using the MEME-ChIP program (15) 
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showed the most common motifs for the MCF7-EM cells in the absence and presence of 

E2 were a half ERE and the full ERE, respectively (Figure 3.5). For the MCF7-ER cells, 

the most common motif was a half ERE, irrespective of the absence or presence of E2 

(Figure 3.5). Further analysis of the motif enrichment using the HOMER motif analysis 

software (16) found the MCF7-EM cells treated with E2 show enrichment of essential 

cofactors for ER-mediated chromatin reconfiguration: CTCF, FOXA1, GATA3 and AP-2γ 

(Table 3.6) (24). Importantly, the MCF7-ER cells have a significantly greater enrichment 

of these motifs in the absence of E2 and maintain the enrichment of FOXA1, GATA3 and 

AP-2γ motifs after E2 treatment (Table 3.6). The increase in ER binding with or without 

E2 suggests that ER may regulate the differential response to E2 through novel binding at 

genes involved in cell cycle regulation and proliferation in the MCF7-ER cells. The 

enrichment of the half ERE in the MCF7-ER peak sets suggests that these novel binding 

sites may harbor lower affinity ER motifs. The enrichment of motifs for factors involved 

in chromatin reconfiguration suggest that DNA remodeling may be involved in this 

mechanism. 

Using the ChIP-Seq peak sets loaded onto the UCSC genome browser; a search of a 50 

kb window around the TSS was done for each of the 72 differentially expressed genes and 

found 37 genes with ER bound within 50 kb in at least one experimental condition (Figure 

3.4). ER peaks were only considered significant if they were present in at least 2/3 

biological replicates. The ChIP-String assay was used to confirm the presence of ER 

binding for 14 genes that had significant ER binding under multiple experimental 

conditions (Figure 3.6). Three previously mapped ER binding sequences associated with 

well-known E2-regulated genes (GREB1, BCL2 and CCND1) were included as positive 
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controls (Figure 3.6). The ChIP-String assay uses custom designed fluorescently labelled 

DNA probes that hybridize DNA sequences that match individual ER peaks. Once 

hybridized to ChIP DNA samples the fluorescent labelling enables the probes to be counted 

and quantified. The use of this assay enabled an assessment of the enrichment of multiple 

ER peaks simultaneously. When ER binding was normalized to the MCF7-EM cells 

without E2 (EM0) increases in ER binding were detected for the majority of these genes, 

with the greatest level of binding being present after E2 treatment for both the MCF7-EM 

and MCF7-ER cells (Figure 3.6).  

Five of the genes that had ER binding validated by ChIP-String were selected for RT-

qPCR validation of gene expression due to the presence of ER binding at proximal and 

distal regions in the ChIP-Seq data which were associated with previously mapped DNA 

loops (Figure 3.4). This binding pattern was required for further experiments that will be 

described in chapter 4. RT-qPCR analysis confirmed ADORA1, TFF1, XBP1, AURKB, and 

IGFBP4 were up-regulated in the MCF7-EM cells after E2 treatment, and down-regulated 

in the MCF7-ER cells after E2 treatment (Figure 3.7). Furthermore, a basal level of 

transcription was confirmed for these genes in the MCF7-ER cells in the absence of E2 

(Figure 3.7).  

To determine how ER may be regulating the differential expression of the five genes 

the UCSC genome browser was used to examine the patterns of ER binding within a 50 kb 

window of each gene (Table 3.7). Four genes (ADORA1, TFF1, XBP1 and IGFBP4) had 

ER binding in the MCF7-EM cells treated with E2 and in the MCF7-ER cells treated with 

and without E2 (Table 3.7; Figures 3.8-3.11). These regions contained full EREs which 

were confirmed by the TomTom motif comparison tool (Table 3.7) (17). The ChIP-Seq 



 131 

data also indicated additional ER binding within a 50 kb window for each of these four 

genes (Table 3.7; Figures 3.8-3.11). These regions were most commonly found in only the 

MCF7-ER cells and may be involved in the basal activity and repressive effects of ER seen 

in these cells. Unlike the first four genes, AURKB had ER binding outside of a 100 kb 

window that was present in the MCF7-ER cells with and without E2 but not in either of the 

MCF7-EM peak sets (Table 3.7; Figure 3.12). This region did not contain an ERE but did 

have one ERE half site (TGACC) and binding was confirmed at this region in the MCF7-

ER cells treated with E2 (Figure 3.12). There were four additional ER peaks present in the 

MCF7-ER cells only, and one ER peak that was bound only in the MCF7-EM cells treated 

with E2. This data suggests that when ER expression is increased the receptor may regulate 

this gene by binding to completely separate regions on the DNA.  

Further investigation into the ER peaks that were unique to the MCF7-ER cells for each 

of the five differentially regulated genes showed that these regions most often harbor half-

EREs rather than the full palindromic sequence. This is in line with the finding that the half 

ERE was the most enriched sequence in the ChIP-Seq peak sets for the MCF7-ER cells.  

3.4 Conclusions 

The results from the RNA-Seq experiments have shown that increased ER expression 

alters the expression of hundreds of genes that were not significantly regulated in the 

MCF7-EM cells. These experiments have also shown that there is minimal overlap in the 

genes that are up-regulated or down-regulated by E2 when comparing the two MCF-7 

transfectants. This result suggests that a significant portion of genes may have a differential 

response to E2 depending on the level of ER expression. Investigation into whether 

increased ER expression could promote differential regulation led to 349 genes that were 
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up-regulated in the MCF7-EM cells and down-regulated in the MCF7-ER cells after E2 

treatment. This list was narrowed further by including genes that were significantly up-

regulated in the absence of E2 in the MCF7-ER cells compared to the MCF7-EM cells to 

account for the basal proliferation seen in the MCF7-ER cells. From this analysis a final 

list of 72 genes that show a differential response to E2 that is most likely mediated by 

increased ER expression was obtained. This dataset was enriched for genes involved in 

chromosomal segregation, mitosis and cell cycle function. This provides further evidence 

that the differential proliferative response is mediated through the ER regulation of cell 

cycle genes. 

The expression of five genes with significant ER binding within 50-100 kb of the TSS 

from the 72-gene list was confirmed by RT-qPCR. Four genes had ER bound at the same 

region in both the MCF7-EM and MCF7-ER cells, indicating ER may regulate gene 

activation and repression through the same binding site. These ER peaks often contained 

full EREs which further confirms their function as high affinity ER binding sites. This was 

also consistent with the finding that the full ERE was the most common motif in the MCF7-

EM + E2 peak set. More notably, several regions were found to be bound only in the MCF7-

ER cells. Consistent with motif analysis results these regions primarily contained half EREs 

and not full ERE motifs. These data suggest that increased ER expression enables binding 

at high affinity ERE sites as well as novel lower affinity regions that can alter the response 

of nearby gene(s). HOMER analysis of the ChIP-Seq peak sets found enrichment of CTCF, 

FOXA1, GATA3 and AP-2γ motifs and these transcription factors are associated with 

chromatin remodeling (24). A recent study found that interactions with PR could re-direct 

ER DNA-binding to distal enhancer regions that were associated with long-range DNA 
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loops (25). When put in the context of the current findings; this could suggest that increased 

ER expression leads to a differential response to E2 that is mediated by novel ER binding 

to distal enhancer regions involved in DNA reconfiguration. 
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Table 3.1 Summary of differential expression (DE) analysis results. The number of 

genes that were significantly up-regulated and down-regulated in MCF7-EM cells treated 

with (EM10; n=4) or without E2 (EM0; n=4) and MCF7-ER cells treated with (ER10; n=4) 

or without E2 (ER0; n=4). 

DE comparison Up-regulated Down-regulated 

EM10:EM0 691 435 

ER10:ER0 2107 1866 

ER0:EM0 794 1049 

Significant genes have log2 fold change ≥1 or ≤ -1 

EM0: MCF7-EM no E2 

EM10: MCF7-EM + 10 nM E2 

ER0: MCF7-ER no E2 

ER10: MCF7-ER + 10 nM E2 
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Table 3.2 Summary of up-regulated genes that overlap with the PAM50 gene list.  

PAM50 EM10:EM0 ER0:EM0 ER10:ER0 

UBE2C X   

PTTG1 X X  

MYBL2 X X  

BIRC5 X   

CCNB1 X   

TYMS X   

MELK X   

CEP55 X   

KNTC2    

UBE2T X   

RRM2 X X  

CDC6 X   

ANLN X   

ORC6L    

KIF2C X   

EXO1 X   

CDCA1    

CENPF X   

CCNE1    

MKI67 X   

CDC20 X   

MMP11   X 

GRB7    

ERBB2    

TMEM45B    

BAG1    

PGR X X X 

MAPT    

NAT1    

GRP160    

FOXA1   X 

BLVRA    

CXXC5  X  

ESR1    

SLC39A6    

KRT17    

KRT5  X  
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SFRP1    

BCL2   X 

KRT14    

MLPH    

MDM2    

FGFR4   X 

MYC X X  

MIA    

FOXC1 X X X 

ACTR3B    

PHGDH    

CDH3    

EGFR   X 

X indicates a gene that was up-regulated in the RNA-Seq data by differential analysis 

EM0: MCF7-EM no E2 (n=4) 

EM10: MCF7-EM + 10 nM E2 (n=4) 

ER0: MCF7-ER no E2 (n=4) 

ER10: MCF7-ER + 10 nM E2 (n=4) 
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Table 3.3 Two-way comparison of DE datasets. 

Down-regulated Up-regulated 

EM10:EM0 ER10:ER0 

EM10:EM0 -- 383 

ER10:ER0 349 -- 

EM0: MCF7-EM no E2 (n=4) 

EM10: MCF7-EM + 10 nM E2 (n=4) 

ER0: MCF7-ER no E2 (n=4) 

ER10: MCF7-ER + 10 nM E2 (n=4) 
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Table 3.4 72 genes with a differential response to E2. 

  EM0:EM10 EM0:ER0 ER0:ER10 

Gene Log2 fold 

change 

P 

value 

Log2 fold 

change 

P 

value 

Log2 fold 

change 

P 

value 

CD22† 2.80 5.00E-

05 

4.42 5.00E-

05 

-1.89 5.00E-

05 

ITIH2† 1.27 5.00E-

05 

1.82 5.00E-

05 

-1.76 5.00E-

05 

MYB† 2.61 5.00E-

05 

1.97 5.00E-

05 

-2.75 5.00E-

05 

RASGRP1† 1.73 5.00E-

05 

2.65 5.00E-

05 

-2.76 5.00E-

05 

SLC17A9† 2.68 5.00E-

05 

2.86 5.00E-

05 

-2.97 5.00E-

05 

SLC47A1† 1.55 5.00E-

05 

3.19 5.00E-

05 

-1.04 5.00E-

05 

ADORA1*† 3.19 5.00E-

05 

5.14 5.00E-

05 

-1.10 5.00E-

05 

AMZ1† 3.30 5.00E-

05 

3.45 5.00E-

05 

-1.72 5.00E-

05 

AURKB * † 1.72 5.00E-

05 

1.04 5.00E-

05 

-1.58 5.00E-

05 

IGFBP4 *† 2.34 5.00E-

05 

1.49 5.00E-

05 

-2.18 5.00E-

05 

OSGIN1† 1.12 5.00E-

05 

2.60 5.00E-

05 

-1.72 5.00E-

05 

TFF1 *† 3.11 5.00E-

05 

2.06 5.00E-

05 

-1.01 5.00E-

05 

XBP1 *† 2.78 5.00E-

05 

2.89 5.00E-

05 

-1.68 5.00E-

05 

AREG† 2.46 5.00E-

05 

2.16 5.00E-

05 

-2.07 5.00E-

05 

UGT2B15 5.09 5.00E-

05 

5.68 5.00E-

05 

-2.66 5.00E-

05 

RGS22 4.32 5.00E-

05 

3.69 5.00E-

05 

-1.25 5.00E-

05 

PDZK1 4.07 5.00E-

05 

4.02 5.00E-

05 

-1.54 5.00E-

05 

AGR3 3.47 5.00E-

05 

3.54 5.00E-

05 

-3.70 5.00E-

05 

LOC101928841 3.38 5.00E-

05 

3.23 5.00E-

05 

-2.15 5.00E-

05 
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SYTL5 3.22 5.00E-

05 

3.29 5.00E-

05 

-2.00 5.00E-

05 

NPR1 2.69 5.00E-

05 

1.85 5.00E-

05 

-2.37 5.00E-

05 

RERG 2.58 5.00E-

05 

1.77 5.00E-

05 

-1.52 5.00E-

05 

SCNN1B 2.58 5.00E-

05 

2.04 5.00E-

05 

-1.87 5.00E-

05 

SLC4A10 2.39 5.00E-

05 

1.22 5.00E-

05 

-2.41 5.00E-

05 

HS3ST3A1 2.32 5.00E-

05 

1.29 5.00E-

05 

-1.81 5.00E-

05 

SPOCK1 2.16 5.00E-

05 

2.11 5.00E-

05 

-1.53 5.00E-

05 

ASCL1 2.07 5.00E-

05 

1.23 5.00E-

05 

-5.24 5.00E-

05 

DSCC1 2.06 5.00E-

05 

1.08 5.00E-

05 

-1.40 5.00E-

05 

C1QTNF6 2.04 5.00E-

05 

1.16 5.00E-

05 

-1.18 5.00E-

05 

PRC1 1.45 5.00E-

05 

1.15 5.00E-

05 

-1.16 5.00E-

05 

PBK 1.97 5.00E-

05 

1.00 5.00E-

05 

-1.10 5.00E-

05 

SPAG5 1.44 5.00E-

05 

1.05 5.00E-

05 

-1.39 5.00E-

05 

KRT16 1.97 5.00E-

05 

3.01 5.00E-

05 

-1.28 5.00E-

05 

RLN2 1.42 5.00E-

05 

1.70 5.00E-

05 

-1.14 5.00E-

05 

TMEM26 1.95 5.00E-

05 

2.76 5.00E-

05 

-2.57 5.00E-

05 

RNF223 1.41 5.00E-

05 

1.64 5.00E-

05 

-2.30 5.00E-

05 

SEMA3B 1.36 5.00E-

05 

3.30 5.00E-

05 

-1.86 5.00E-

05 

MYBL2 1.79 5.00E-

05 

1.08 5.00E-

05 

-1.62 5.00E-

05 

PRR11 1.36 5.00E-

05 

1.24 5.00E-

05 

-1.37 5.00E-

05 

RNF183 1.75 5.00E-

05 

2.12 5.00E-

05 

-1.43 5.00E-

05 

SHCBP1 1.75 5.00E-

05 

1.16 5.00E-

05 

-1.03 5.00E-

05 
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KRT6A 1.32 5.00E-

05 

3.85 5.00E-

05 

-1.20 5.00E-

05 

HLA-DRA 1.26 5.00E-

05 

2.22 5.00E-

05 

-2.24 5.00E-

05 

SKA1 1.68 5.00E-

05 

1.06 5.00E-

05 

-1.00 5.00E-

05 

DIRAS2 1.26 5.00E-

05 

1.14 5.00E-

05 

-3.54 5.00E-

05 

WDR62 1.67 5.00E-

05 

1.02 5.00E-

05 

-1.02 5.00E-

05 

UHRF1 1.25 5.00E-

05 

1.09 5.00E-

05 

-1.46 5.00E-

05 

SYTL4 1.67 5.00E-

05 

1.54 5.00E-

05 

-1.24 5.00E-

05 

MAD2L1 1.66 5.00E-

05 

1.03 5.00E-

05 

-1.25 5.00E-

05 

CCNB2 1.20 5.00E-

05 

1.06 5.00E-

05 

-1.55 5.00E-

05 

ORC1 1.64 5.00E-

05 

1.15 5.00E-

05 

-1.65 5.00E-

05 

HMMR 1.20 5.00E-

05 

1.05 5.00E-

05 

-1.00 5.00E-

05 

CKAP2L 1.60 5.00E-

05 

1.21 5.00E-

05 

-1.25 5.00E-

05 

ARHGAP11A 1.50 5.00E-

05 

1.04 5.00E-

05 

-1.21 5.00E-

05 

ARHGAP11B 1.18 5.00E-

05 

1.04 5.00E-

05 

-1.28 5.00E-

05 

NDC80 1.60 5.00E-

05 

1.09 5.00E-

05 

-1.28 5.00E-

05 

ST8SIA6 1.17 5.00E-

05 

1.09 5.00E-

05 

-1.05 5.00E-

05 

COL21A1 1.59 5.00E-

05 

1.87 5.00E-

05 

-1.66 5.00E-

05 

RAD51AP1 1.57 5.00E-

05 

1.17 5.00E-

05 

-1.15 5.00E-

05 

MMP13 1.12 0.0003

5 

3.71 5.00E-

05 

-1.80 5.00E-

05 

OIP5 1.56 5.00E-

05 

1.12 5.00E-

05 

-1.37 5.00E-

05 

COL6A3 1.05 5.00E-

05 

1.57 5.00E-

05 

-2.15 5.00E-

05 

DTL 1.49 5.00E-

05 

1.02 5.00E-

05 

-1.66 5.00E-

05 
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KRT13 1.02 5.00E-

05 

2.38 5.00E-

05 

-1.66 5.00E-

05 

CENPU 1.49 5.00E-

05 

1.09 5.00E-

05 

-1.40 5.00E-

05 

SHC4 2.04 0.0068 2.19 0.0035

5 

-2.43 0.0314

5 

CITED1 1.23 0.0018 3.73 5.00E-

05 

-1.15 5.00E-

05 

MSMB 1.06 0.0009 1.10 0.0002

5 

-1.46 0.0002

5 

CDC25C 1.03 0.0163 1.10 0.0088 -1.34 0.0025 

VIM-AS1 2.09 5.00E-

05 

1.05 0.0139

5 

-2.40 0.0055 

LOC100506860 1.80 0.0004 1.86 0.0005 -1.22 0.0029

5 

LINC00239 1.34 0.0209

5 

2.31 0.0008 -2.31 0.0018 

† ER peaks confirmed by ChIP-String 

*Genes confirmed by RT-qPCR 

EM0: MCF7-EM no E2 (n=4) 

EM10: MCF7-EM + 10 nM E2 (n=4) 

ER0: MCF7-ER no E2 (n=4) 

ER10: MCF7-ER + 10 nM E2 (n=4)
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Table 3.5 PANTHER Overrepresentation results. 

 

 

 

 

 

 

 

 

 

 

PANTHER 

GO-Slim 

Biological 

Process 

H. sapiens 

REFLIST 

(21042) 

Input 

(68) 

Input 

(expected) 

Input 

(over/under) 
 Input (fold enrichment)  Input (raw P value) Input (FDR) 

Chromosome 

segregation 

96 4 0.31 + 12.89 3.06E-04 2.49E-02 

Mitosis 231 6 0.75 + 8.04 1.15E-04 1.40E-02 

Cell cycle 723 10 2.34 + 4.28 1.13E-04 2.75E-02 
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Table 3.6 HOMER motif analysis of ChIP-Seq peaks. 

Condition 

Motifs 

ERE CTCF FOXA1 GATA3 AP-2γ 

EM0 P value 1E-357 1E-11 1E-361 1E-72 1E-65 

% Target 8.31 1.60 17.52 16.69 
 

17.17 

% Background 2 0.98 7.24 11.57 12.24 

Enrichment 4.16 1.63 2.42 1.44 1.40 

       

EM10 P value 1E-180 1.0 1E-37 1E-08 1E-47 

% Target 5.04 1.2 3.92 5.7 28.08 

% Background 2.54 1.59 2.82 5.06 24.98 

Enrichment 1.98 0.75 1.39 1.13 1.12 

       

ER0 P value 1E-1415 1E-645 1E-893 1E-893 1E-195 

% Target 11.14 5.12 13.08 13.7 20.89 

% Background 2.6 1.18 4.86 8.57 15.3 

Enrichment 4.28 4.34 2.69 1.60 1.37 

       

ER10 P value 1E-3449 1E-63 1E-447 1E-183 1E-149 

% Target 15.02 2.24 7.12 9.59 23.79 

% Background 3.17 1.4 3.43 6.59 19.61 

Enrichment 4.74 1.60 2.08 1.46 1.21 

EM0: MCF7-EM no E2 (n=4) 

EM10: MCF7-EM + 10 nM E2 (n=4) 

ER0: MCF7-ER no E2 (n=4) 

ER10: MCF7-ER + 10 nM E2 (n=4) 
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Table 3.7 Summary of ChIP-Seq ER binding for five genes with a differential response to E2. 

Gene 

ER peaks† 

Additional ER peaks Conditions 

bound 

Location 

(relative to TSS) 
Motif 

Tom Tom  

P value 

ADORA1 
EM10, ER0, 

ER10 
≤ 50 kb Full ERE 2.57e-05 

1 peak bound in ER0 and ER10 

5 peaks bound in ER10 only 

TFF1 

EM10, ER0, 

ER10 
TSS Full ERE 6.63e-04 

5 peaks bound in ER10 only 
EM10, ER0, 

ER10 
≤10 kb Full ERE 3.04e-04 

XBP1 
EM10, ER0, 

ER10 
≤ 20 kb Full ERE 3.57e-03 1 peak bound in EM10, ER0 and ER10 

IGFBP4 
EM10, ER0, 

ER10 
Intragenic Full ERE 2.39e-04 3 peaks bound in ER10 only 

AURKB ER0, ER10 ≥ 100kb Half ERE - 

1 peak bound in EM10 only 

1 peak bound in ER0 and ER10 

5 peaks bound in ER10 only 

† ER peaks were validated by ChIP-String analysis 

EM0: MCF7-EM no E2 (n=3) 

EM10: MCF7-EM + 10 nM E2 (n=3) 

ER0: MCF7-ER no E2 (n=3) 

ER10: MCF7-ER + 10 nM E2 (n=3) 
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Figure 3.1 Venn diagrams for genes that are up-regulated and down-regulated by E2 

in the MCF7-EM and MCF7-ER cells. 
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Figure 3.2 Differentially regulated genes that are up-regulated in the MCF7-ER cell 

line are enriched for cell communication. PANTHER functional analysis showing the 

major cellular processes for genes that were down-regulated in the MCF7-EM cells after 

E2 treatment (EM10:EM0) and up-regulated in the MCF7-ER cells after E2 treatment 

(ER10:ER0). 
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Figure 3.3 Differentially regulated genes that are up-regulated in the MCF7-EM cell 

line are enriched for cell cycle function. PANTHER functional analysis showing the 

major cellular processes for genes that were up-regulated in the MCF7-EM cells after E2 

treatment (EM10:EM0) and down-regulated in the MCF7-ER cells after E2 treatment 

(ER10:ER0). 

 

2% 3%

40%

13%

27%

10%

5%

Cell growth

Cell proliferation 

Cell cycle 

Chromosome segregation

Cell communication

Cellular component movement 

Cytokinesis 

EM10:EM0 UP-REGULATED

ER10:ER0 DOWN-REGULATED

(2%)

(3%)

(40%)

(13%)

(27%)

(10%)

(5%)



 148 

 

Figure 3.4 Selection process for selecting five differentially regulated genes for 

validation.  
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Figure 3.5 Increased ER expression leads to novel ER peaks associated with half ERE 

motifs. A. Venn diagram of total ER peaks mapped by ChIP-Seq in MCF7-EM and MCF7-

ER cells treated with vehicle control (EM0 and ER0) or 10 nM E2 (EM10 and ER10). 

Numbers represent the total number of peaks from all three biological replicates. B. Top 

motifs from MEME-ChIP analysis for MCF7-EM and MCF7-ER cells treated with vehicle 

control (EtOH) or 10 nM E2 (E2).  
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Figure 3.6 ER peaks are located near genes that show a differential response to E2. 

ER binding at locations associated with 14 differentially regulated genes. GREB1, BCL2 

and CCND1 were included as positive controls. ChIP DNA was extracted from MCF7-EM 

and MCF7-ER cells treated with vehicle control (EM0 and ER0) or 10 nM E2 (EM10 and 

ER10) and analyzed using custom ChIP-String probe sets. ER binding was normalized to 

EM0.  Data are shown as mean ± SD. There was a significant increase in ER binding at the 

CD22 and AURKB genes in the MCF7-ER cells after E2 treatment when compared against 

MCF7-EM cells without E2 treatment. E2 treatment lead to a significant increase in ER 

binding at the AURKB gene in the MCF7-ER cells (Two-way ANOVA followed by 

Tukey’s posthoc analysis, n=3, *P<0.03). 
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Figure 3.7 Increased ER mediates differential gene expression in response to E2. 

Relative mRNA expression of the ADORA1, TFF1, XBP1, AURKB and IGFBP4 genes in 

MCF7-EM and MCF7-ER cells treated with vehicle control (EM0 and ER0) or 10 nM E2 

(EM10 and ER10) for 24 hours. mRNA expression was normalized to three housekeeping 

genes: PUM1, TBP, and RPL13A. Data have been log transformed and are shown as mean 

± SD. Statistical significance was determined using two-way ANOVA followed by Tukey’s 

posthoc analysis, n=3, * P<0.02, **P<0.007, ***P<0.003, ****P<0.0001 
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Figure 3.8 ER binds a region upstream of ADORA1 in the MCF7-EM and MCF7-ER 

cells. A. UCSC genome browser images for a > 50 kb window surrounding the ADORA1 

gene (underlined in red). The region that was bound in both the MCF7-EM and MCF7-ER 

cells is highlighted in blue. ER peaks that occurred in at least 2/3 biological replicates are 

shown. Replicate 1= orange bars; replicate 2= blue bars; replicate 3= brown bars. B. ChIP-

String validation experiments for the peak highlighted in A. Bars represent mean ± SD, 

n=3. There was no significant interaction between ER binding and the treatment conditions 

by Two-way ANOVA. C. TomTom results for a potential ERE motif located in the ER 

peak confirmed by ChIP-String.  
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Figure 3.9 ER binds two regions near the TFF1 TSS in the MCF7-EM and MCF7-ER 

cells. A. UCSC genome browser images for > 50 kb window surrounding the TFF1 gene 

(underlined in red). A region that was bound nearest to the TSS (TFF1-1) in both the MCF7-

EM and MCF7-ER cells is highlighted in green. A second region bound near TFF1 (TFF1-

2) in both the MCF7-EM and MCF7-ER cells is highlighted in blue. ER peaks that occurred 

in at least 2/3 biological replicates are shown. Replicate 1= orange bars; replicate 2= blue 

bars; replicate 3= brown bars. B. ChIP-String validation experiments for the two ER peaks 

highlighted in A. Bars represent mean ± SD, n=3. There was no significant interaction 

between ER binding and the treatment conditions by Two-way ANOVA. C. TomTom 

results for the potential ERE motifs from the TFF1-1 and TFF1-2 peaks confirmed by ChIP-

String.  
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Figure 3.10 ER binds a region downstream from the XBP1 gene in the MCF7-EM and 

MCF7-ER cells. A. UCSC genome browser images for a > 50 kb window surrounding the 

XBP1 gene (underlined in red). A region that was bound nearest to XBP1 in both the MCF7-

EM and MCF7-ER cells is highlighted in blue. ER peaks that occurred in at least 2/3 

biological replicates are shown. Replicate 1= orange bars; replicate 2= blue bars; replicate 

3= brown bars. B. ChIP-String validation experiments for the ER peak highlighted in A. 

Bars represent mean ± SD, n=3. There was no significant interaction between ER binding 

and the treatment conditions by Two-way ANOVA. C. TomTom results for the potential 

ERE motif located in the ER peak that was confirmed by ChIP-String.  
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Figure 3.11 ER binds an intragenic region of IGFBP4 in the MCF7-EM and MCF7-

ER cells. A. UCSC genome browser images for a > 50 kb window surrounding the IGFBP4 

gene (underlined in red). An intragenic region of IGFBP4 was bound in both the MCF7-

EM and MCF7-ER cells is highlighted in blue. ER peaks that occurred in at least 2/3 

biological replicates are shown. Replicate 1= orange bars; replicate 2= blue bars; replicate 

3= brown bars. B. ChIP-String validation experiments for the ER peak highlighted in A. 

Bars represent mean ± SD, n=3. There was no significant interaction between ER binding 

and the treatment conditions by Two-way ANOVA. C. TomTom results for the potential 

ERE motif located in the ER peak that was confirmed by ChIP-String.  
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Figure 3.12 ER binds a region > 100 kb away from AURKB in only MCF7-ER cells. 

A. UCSC genome browser images for a > 100 kb window upstream of the AURKB gene 

(underlined in red). A distal region that was bound in only the MCF7-ER cells is 

highlighted in blue. ER peaks that occurred in at least 2/3 biological replicates are shown. 

Replicate 1= orange bars; replicate 2= blue bars; replicate 3= brown bars. B. ChIP-String 

validation experiments for the ER peak highlighted in A. Bars represent mean ± SD. There 

was a significant increase in ER binding in the MCF7-ER cells after E2 treatment when 

compared against MCF7-EM cells without E2 treatment and a significant increase when 

compared to MCF7-ER cells without E2 treatment (Two-way ANOVA followed by 

Tukey’s posthoc analysis, n=3, *P<0.03).  
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Chapter 4: Increased ER expression regulates the formation of long-range DNA 

loops in the presence and absence of E2 
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4.1 Introduction 

The results from the previous two chapters have shown that increased ER expression 

leads to an anti-proliferative response to E2 which may be mediated by differential gene 

regulation. ChIP-Seq experiments found ER can bind novel, low affinity regions when the 

level of receptor expression is increased. These regions are most frequently bound in the 

MCF7-ER cells upon E2 treatment suggesting they may be involved in regulating E2-

induced repression in a subset of genes that are required for proliferation. ER’s 

transcriptional activity is a dynamic process that is influenced by the surrounding chromatin 

structure. The classic model for ER-mediated gene repression is through the recruitment of 

HDAC corepressor complexes which modify the gene promoter region into a tightly packed 

structure that prevents further recruitment of the transcriptional machinery (1). 

Though this effect of ER at promoter regions is well understood, it has been shown that 

the vast majority of E2-repressed genes have ER bound outside of their proximal promoter 

regions (2). A role for more distal binding has been recently described for ER+/PR+ breast 

cancer cells where activated PR was shown to remodel the chromatin and promote ER 

binding at distal regions (3). The authors of this study found this novel binding pattern was 

associated with a loss in proliferation (3). These findings provide evidence that ER may 

bind at distal enhancer regions and promote an anti-proliferative response that is mediated 

by gene repression. 

 As described in section 1.4.3.2 chromatin is organized into sub-megabase TADs which 

contain several small- and large-scale DNA loops (4). The formation of DNA loops enables 

distal enhancer and proximal promoter regions to directly interact leading to the 

simultaneous activation of multiple genes through direct association with the 
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transcriptional machinery (5, 6). In MCF-7 cells, ER has been mapped to the anchor regions 

of small- and large-scale DNA loops and these anchors are often associated with the 

promoter regions of E2-activated genes (5). ER binding at these anchor regions in the 

absence of E2 enables loop formation and poises the promoter for activation upon E2 

treatment (7). ER can mediate gene repression through several mechanisms such as (i) loop 

reconfiguration which sequesters the gene in the non-anchor areas of the looped DNA 

preventing interactions with the transcriptional machinery, or (ii) isolation from the 

transcriptional machinery through the dissolution of the previously formed loop (5, 7). This 

second mechanism may be mediated through ER binding to intra-loop regions which 

promotes chromatin reconfiguration and leads to an overall loss of loop stability (7). 

Therefore, the role of loop structure in mediating the E2-induced repression in the MCF7-

ER cells will be investigated. The ChIP-Seq data suggest that increased ER expression 

promotes ER binding in the absence of E2 and enables binding to lower affinity sites after 

E2 treatment. In this chapter, previously mapped ER anchor regions will be used to 

determine how increased ER expression correlates with the DNA loops associated with the 

five differentially regulated genes from chapter 3. The hypothesis that increased ER 

expression can promote the formation of previously described E2-dependent DNA loops in 

the absence of E2 will be examined. The additional hypothesis that ER binding at low 

affinity regions within previously mapped loops in the MCF7-ER cells after E2 treatment 

may promote the loss of loop formation leading to the down-regulation of the nearby genes 

will also be assessed. 

4.2 Methods 
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All experiments were designed through equal collaboration between Judith Hugh and 

Lacey Haddon, and were conducted by Lacey Haddon.  

4.2.1 Cross-referencing ER binding with ER anchors from a published ChIA-PET 

dataset 

BED files from the ChIP-Seq analysis were uploaded to the UCSC genome browser 

along with a chromatin interaction analysis by paired-end tag sequencing (ChIA-PET) 

dataset for MCF-7 cells treated with 10 nM E2 and immunoprecipitated with an ERα 

antibody generated by the ENCODE project (GSM970212). These combined datasets were 

used to locate ER peaks bound near each of the five differentially expressed genes. Peaks 

that were present in at least 2/3 ChIP-Seq replicates and overlapped with a mapped ChIA-

PET anchor point associated with a long-range DNA loop (> 1 Mb) near differentially 

expressed genes were validated by ChIP-String analysis. The 1 Mb threshold for selecting 

loop anchors was set in order to facilitate the subsequent validation for the presence of 

DNA loops in the MCF-7 transfectants using fluorescence in situ hybridization (FISH). 

This 1 Mb distance between distal and proximal anchor sites was previously described as 

the borderline resolution for the validation of DNA loops by FISH (5 supplemental 

materials). 

4.2.2 ChIP-String validation 

The methods for ChIP-String analysis are described in section 2.2.16. 

4.2.3 Fluorescence in situ hybridization (FISH) 

MCF7-EM and MCF7-ER cells were treated with or without 10 nM E2 for 1 hour, 

trypsinized and resuspended in PBS. Cells were fixed in methanol and glacial acetic acid 

(3:1) overnight. Fixed cells were resuspended and dropped onto glass slides at 60°C then 
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air dried for 30 minutes at room temperature. The dried slides were incubated in 2X SSC 

buffer at 37°C for 30 minutes, then rinsed in ddH2O and dehydrated through 50%, 70%, 

85% and 100% ethanol. FISH probes were designed commercially (Empire Genomics Inc.) 

using bacterial artificial chromosome (BAC) clones for the genomic sequences associated 

with each of the anchor regions. For each loop, a BAC probe associated with the proximal 

anchor region (P1) was labelled with the green fluorescent dye 5-Fluorescein dUTP (FITC). 

The BAC clone for the distal anchor region (P2) was labelled with the orange fluorescent 

dye 5-TAMRA dUTP. These probes were considered the positive probe set (P1/P2). A 

control BAC probe associated with a region located at least 1 Mb away from the DNA loop 

(P3) was included for each gene and was labeled with the green FITC dye. This BAC probe 

was paired with the orange distal anchor probe (P2) and served as a negative control 

(P2/P3). The negative probe set was used to assess the level of background reconfiguration 

within the chromatin. This method of FISH validation for long-range DNA loops has been 

previously described (5). The positive and negative probe sets were prepared separately in 

hybridization buffer and each probe set was added to individual slides containing fixed 

cells from one of the four experimental conditions. A coverslip was placed over the probe 

and sealed with rubber cement to avoid drying of the probe during the hybridization step. 

The probes were denatured at 73°C for 5 minutes then hybridized at 37°C overnight. After 

hybridization, the coverslips were removed, and the slides were washed in 0.4X SSC buffer 

(0.4X SSC and 0.3% IGEPAL, pH 7.0-7.5) at 73°C for 2 minutes, followed by 2X SSC 

wash buffer (2X SSC, 0.1% IGEPAL, pH 7.0 +/-0.2) at room temperature for 1 minute. 

Slides were rinsed in ddH20 for 1 minute, then dehydrated through 70%, 85% and 100% 

ethanol and air dried in a dark drawer for 10 minutes. Dried slides were counterstained with 
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DAPI I diluted 1:20 in VECTASHIELD mounting medium and stored at -20°C for at least 

30 minutes or until ready for confocal imaging. All FISH experiments were designed and 

performed by Lacey Haddon 

4.2.4 Confocal imaging and Imaris image analysis 

FISH slides were imaged using the Zeiss LSM 710 laser scanning confocal with a 40x 

1.3 oil plan-Apochromat objective and avalanche photodiode detectors (APDs) which have 

the highest sensitivity and enable detection of a wide spectral range. The use of these APDs 

enable the detection of weak fluorescent signals from the BAC probes. The Zeiss LSM 

software (ZEN) was used to set up Z-stacking for 3D imaging and 11 slices were taken 

from the centre of the slide for each Z-stack image. The acquisition settings were kept 

constant for all images and were set to a preset scan speed of 9 and averaging of 2 frames. 

The tile scanning function was used to enable imaging of a large field at high resolution 

and enabled the generation of 3D images that contained 200-300 nuclei. The orange signals 

from the TAMRA FISH probes were visualized as red signal on all confocal images. One 

image file was generated for each experimental condition and probe set and was further 

analyzed using the IMARIS software (version 9.1.2) loaded with the Imaris Cell and Imaris 

XT licenses. 

For the image analysis individual cells were counted using the DAPI channel and the 

Imaris Cell function. The settings for the Cell function were kept the same throughout the 

analysis and included a filter width of 0.5 µM and a split by seed point setting of 10. The 

split by seed point setting enabled the program to identify the individual nuclei within 

groups of overlapping cells (See Figure B9 in Appendix B). This generated a 3D mask 

which shows the individual nuclei that met the threshold settings. The FISH probe signals 
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were analyzed individually using their respective fluorescent channels for the Imaris Spot 

function. For this analysis, the FITC (green) or TAMRA (red) channel was selected and 

probe signals that had an XY diameter of at least 0.5 µM and a fluorescence signal above 

0.5 were indicated with a green (for the FITC channel) or red (for the TAMRA channel) 

spot by the Imaris software. These red and green spots were used to determine the presence 

of overlapping signals by inputting them into the Imaris colocalized spot function. For this 

analysis the program was set to call red and green spots that were within a ≤ 0.45 µM 

distance as a colocalized spot which was coloured yellow. Using an automated 

colocalization function enables accurate detection of signals that are within the 0.45 µM 

distance within the Z-axis. The 0.45 µM threshold was used as it was shown to detect only 

those signals that were directly touching in the nuclei. The red, green and yellow spots were 

input into the 3D mask generated with the Imaris Cell function using the import spots to 

vesicles function. This generated a final 3D mask that shows the separate (red and green) 

and colocalized (yellow) spots that are associated with each individual nucleus. The Imaris 

statistics package was then used to generate an output excel file which contained the 

number of green, red and colocalized spots associated with each individual cell. Some cells 

had DAPI staining but no FISH probe signals and were excluded from further analyses. 

Confocal imaging was done by Lacey Haddon with guidance from Dr. Xuejun Sun. Imaris 

image analysis was done by Lacey Haddon with guidance from Geraldine Barron. 

4.2.5 Calculations and statistics 

The excel file generated by Imaris lists each cell individually along with the total 

number of red, green, and colocalized spots associated with each cell. For these analyses 

only the green signals that had a corresponding red signal within the same cell were counted 
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in order to determine the total number of paired signals for each experimental condition 

and probe set. This means that a cell that had three red spots and four green spots would be 

counted as having three paired signals in the final analysis (see Figure B10 in Appendix 

B). The red and green spots that were called as colocalized were also included in this 

calculation of total number of paired signals. The colocalized spots were also given in a 

separate sheet of the excel file which enabled us to determine the number of overlapped 

signals for each experimental condition and probe set. The presence of looping was 

calculated as described by Fullwood et al. (2009) (5). This analysis calculates the percent 

overlap for each experimental condition for the positive (P1/P2) and negative control 

(P2/P3) probes using the following formula:  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑂𝑣𝑒𝑟𝑙𝑎𝑝 (𝑃𝑂) = (
𝑂𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑒𝑑

𝑇𝑜𝑡𝑎𝑙
) ∗ 100 

 

The percent overlap for the positive probe set was divided by the percent overlap calculated 

for the negative probe set to give a final normalized overlap rate: 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑜𝑣𝑒𝑟𝑙𝑎𝑝 𝑟𝑎𝑡𝑒:
𝑃𝑂(𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒)

𝑃𝑂(𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒)
 

Statistical significance was determined using Fisher’s Exact test which compared the 

number of overlapped signals between the different treatment conditions. A P value of ≤ 

0.05 was considered as significant. All calculations were performed by Lacey Haddon. 

4.3 Results 

4.3.1 Differentially expressed genes are associated with ER-mediated DNA loops 

To determine the likelihood of DNA looping in this study the publicly available ChIA-

PET dataset derived from MCF-7 cells treated with E2 (GSM 970212) was obtained from 
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the Gene Expression Omnibus (GEO) website and uploaded to the UCSC genome browser. 

The DNA used for the ChIA-PET experiment was obtained from parental MCF-7 cells 

treated with E2 and was immunoprecipitated with the same ER antibody (HC-20) that was 

used for the ChIP-Seq experiments described in chapter 2. Since the MCF7-EM cells 

maintain the endogenous ER expression of parental cells the peak sets obtained from the 

MCF7-EM cells treated with E2 were expected to best match the ChIA-PET data. 

The association of ER binding sites with DNA loops for the five differentially expressed 

genes validated in chapter 3 are summarized in Table 4.1. There were several small- and 

large-scale DNA loops associated with each of the five genes (Figures 4.1-4.5). The peaks 

that were bound within 50 kb of these genes (validated in chapter 3) overlapped with an 

ER anchor associated with several DNA loops that extend upstream and downstream in the 

ChIA-PET dataset (Figures 4.1-4.5). ER binding was confirmed at the proximal anchor 

regions in the MCF7-EM cells after E2 treatment for four out of five genes (Table 4.1; 

Figures 4.1-4.4). AURKB was the only gene that did not show significant ER binding at the 

proximal anchor in the MCF7-EM cells treated with E2 (Table 4.1; Figure 4.5). A more 

significant finding was the presence of ER binding at the proximal anchor region for all 

five genes in the MCF7-ER cells in the absence of E2 and this binding was maintained after 

E2 treatment (Table 4.1; Figures 4.1-4.5).  

These proximal anchor sites were used to determine whether distal enhancers may be 

involved in mediating a differential response to E2. The presence of ER binding at the distal 

anchors associated with long-range DNA loops (> 1 Mb) was confirmed for each of the 

five differentially regulated genes as loops of this size can be further validated by FISH. 

Examination of the distal anchors for the long-range DNA loops in each of the fie genes 
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confirmed the presence of ER binding in the ChIP-Seq peak sets (Table 4.1; Figures 4.1-

4.5). Out of the five genes, TFF1 was the only gene that had ER binding in the MCF7-EM 

cells treated with E2 as well as the MCF7-ER cells with and without E2 treatment (Table 

4.1; Figure 4.1). The other four genes had ER binding at the distal anchor only in the MCF7-

ER cells with and without E2 (Table 4.1; Figures 4.2-4.5). The DNA sequences associated 

with the distal anchor regions were enriched in multiple half EREs rather than full EREs 

(Table 4.1). ER binding was validated at these distal anchors by ChIP-String and combined 

the results with the previously validated ChIP-String data for the proximal anchor regions 

obtained in chapter 3 (Figure 4.6), thus confirming the presence of ER binding at the 

anchors of long-range DNA loops. This assay was able to detect ER binding at the distal 

anchor in the MCF7-EM cells treated with E2 for all five genes despite the absence of ER 

peaks in the ChIP-Seq datasets (Figure 4.6). This discrepancy may be due to the lower 

sensitivity of full-genome sequencing techniques which need significant enrichment to 

detect an ER peak compared to the ChIP-String probes which are designed for DNA 

associated with a specific genomic region. The ChIP-Seq analysis also detected ER binding 

at several unique regions associated with the looped DNA for each of the five genes. 

Interestingly, these regions were only bound in the MCF7-ER cells after E2 treatment 

(Figure 4.1-4.5). 

4.3.2 Increased ER expression promotes ER-mediated DNA loops 

Fluorescently labelled BAC probes specific for the proximal and distal anchor regions 

of the long-range loops detected near the ADORA1 and TFF1 genes were hybridized to 

methanol fixed nuclei obtained from both MCF-7 transfectants treated with and without 

E2. The level of DNA loop formation is described as normalized overlap rate, with the 
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negative probe set (P2/P3) set as 1X. The results for the probe signals for ADORA1 are 

summarized in Table 4.2. The normalized overlap rate for the MCF7-EM cells increased 

from 1.15X without E2 treatment to 1.32X in cells treated with E2 (Figure 4.7). This 

increase was not found to be significant by Fisher’s exact test (P=1). For the MCF7-ER 

cells the normalized overlap rate was increased to 1.62X in the absence of E2 and decreased 

to 1.09X in cells treated with E2 (Figure 4.8). This decrease in overlap was not significant 

by Fisher’s exact test (P=0.1987). These results indicate the ADORA1 FISH probe set is 

unable to detect changes in DNA loops in this chromosomal region. 

The results for the TFF1 probe set are summarized in Table 4.3 and show the MCF7-

EM cells had a significant increase in normalized overlap rate to 6.44X after E2 treatment 

(P=0.0002) (Figure 4.9). For the MCF7-ER cells the normalized overlap rate was 4.0X in 

the absence of E2 (Figure 4.10), and this increase was significant when compared to the 

MCF7-EM cells without E2 treatment by Fisher’s exact test (P=0). Interestingly, the 

normalized overlap rate for MCF7-ER cells treated with E2 was 3.77X and this was 

significant compared to MCF7-EM cells without E2 treatment (P=0.0007). These results 

are consistent with the presence of ER peaks at the anchor regions of the TFF1 long-range 

DNA loop in the MCF7-EM cells treated with E2 and the MCF7-ER cells with and without 

E2 treatment. 

There were obvious differences in the FISH signals obtained for the ADORA1 and TFF1 

probe sets. Cells hybridized with the ADORA1 probes showed consistently high numbers 

of signals compared to those with the TFF1 probe set (compare Table 4.2 and Table 4.3). 

The presence of fewer signals in the TFF1 probe set may be caused by a decreased affinity 

of the BAC clones selected for DNA associated with the anchor regions of the TFF1 loop. 
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Support for this is the observation of several cells without TFF1 probe signals in all of the 

experimental conditions. Furthermore, the signal intensity for the TFF1 probes was much 

less than that of the ADORA1 probe, and this reduces the ability for detection on the 

confocal microscope. The use of a fluorescence threshold of 0.5 for detecting probe signals 

provides further assurance that the signals obtained for the TFF1 probe set were valid. With 

the limitations of the current probe sets the current FISH data can only provide preliminary 

evidence for chromatin remodeling in MCF7-EM and MCF7-ER cells. This finding should 

be further validated by using FISH probes that have a stronger fluorescence signal or using 

a complimentary molecular method such as chromatin conformation capture (3C). 

4.4 Conclusions 

These results have shown that the ER peaks validated in chapter 3 are located at 

previously mapped ER anchors from MCF7 cells treated with E2. These ER binding sites 

may serve as the proximal anchor region for small- and large-scale DNA loops. Consistent 

with this, ER binding was confirmed at distal anchor regions associated with long-range 

(<1 Mb) loops for each of the five differentially expressed genes from chapter 3. Validation 

of the long-range DNA loops associated with the ADORA1 and TFF1 genes was done by 

FISH analysis. There were no significant changes in DNA looping for the ADORA1 FISH 

probe set detected in these experiments. This result may suggest that this long-range DNA 

loop is not involved in the transcriptional regulation of ADORA1.  

A significant increase in DNA loop formation was detected in the MCF7-EM cells after 

E2 treatment using the FISH probe set for the long-range loop for TFF1. This is consistent 

with the previously described E2-dependent nature of DNA loops in the MCF-7 parental 

cell line (5). A significant increase in the TFF1 long-range loop was present in the MCF7-
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ER cells in the absence of E2. These data offer preliminary evidence that increased ER 

expression may enable loop formation in the absence of E2 and promote the basal gene 

expression of genes located near these anchors. When compared to the MCF7-EM cells 

without E2, there was a significant increase in TFF1 long-range loops in MCF7-ER cells 

that were treated with E2. This finding is in opposition with previous reports which found 

that loops are lost near genes that become repressed (7). When taken together, these data 

suggest that increased ER expression can regulate changes in chromatin configuration and 

provides preliminary evidence that long-range DNA loops may be involved in the 

activation and repression of genes with a differential response to E2.  
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Table 4.1 Summary of ER binding associated with ChIA-PET anchors for five genes 

with a differential response to E2 

Gene 

Proximal anchor Distal anchor 

Conditions Motif(s) Conditions Motif(s) 

ADORA1 EM10, ER0, ER10 Full ERE ER0, ER10* 2-Half EREs 

TFF1 EM10, ER0, ER10 Full ERE EM10, ER0, ER10 3-Half EREs 

XBP1 EM10, ER0, ER10 Full ERE ER0, ER10* 3-Half EREs 

IGFBP4 EM10, ER0, ER10 Full ERE ER0, ER10* 3-Half EREs 

AURKB ER0, ER10* Full ERE ER0, ER10* 7- Half EREs 

EM0: MCF7-EM no E2 (n=3) 

EM10: MCF7-EM + 10 nM E2 (n=3) 

ER0: MCF7-ER no E2 (n=3) 

ER10: MCF7-ER + 10 nM E2 (n=3) 

* ER peak was later confirmed in EM10 condition by ChIP-String 
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Table 4.2 FISH validation data for ADORA1. Raw counts for paired signals for the 

negative (NEG) and positive (POS) FISH probe sets in the absence (ETOH) or presence 

(E2) of estrogen.  

MCF7-EM FISH experiment data 

Paired signals 
NEG (P2/P3) POS (P1/P2) NEG (P2/P3) POS (P1/P2) 

ETOH ETOH E2 E2 

Separate* 2023 1478 1754 1063 

Overlap† 499 434 365 312 

Total 2522 1912 2119 1375 

% Overlap 19.79 22.70 17.23 22.69 

Normalized 

probe overlap 

rate (X) 

1X 1.15X 1X 1.32X 

Total number 

of cells (n) 
432 301 350 281 

MCF7-ER FISH experiment data 

Paired signals 
NEG (P2/P3) POS (P1/P2) NEG (P2/P3) POS (P1/P2) 

ETOH ETOH E2 E2 

Separate* 1182 1586 2010 1569 

Overlap† 195 474 488 425 

Total 1377 2060 2498 1994 

% Overlap 14.16 23.01 19.54 21.31 

Normalized 

probe overlap 

rate (X) 

1X 1.62X 1X 1.09X 

Total number 

of cells (n) 
340 361 373 344 

* Red and green probe signals separated by > 0.45µM 
† Red and green probe signals within ≤ 0.45µM  
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Table 4.3 FISH validation data for TFF1. Raw counts for paired signals for the negative 

(NEG) and positive (POS) FISH probe sets in the absence (ETOH) or presence (E2) of 

estrogen.  

MCF7-EM FISH experiment data 

Paired Signals 
NEG (P2/P3) POS (P1/P2) NEG (P2/P3) POS (P1/P2) 

ETOH ETOH E2 E2 

Separate* 1300 338 155 975 

Overlap† 54 20 3 136 

Total 1354 358 158 1111 

% Overlap 3.99 5.59 1.90 12.24 

Normalized 

probe overlap 

rate (X) 

1X 1.40X 1X 6.44X 

Total number 

of cells (n) 
361 196 120 264 

MCF7-ER FISH experiment data 

Paired Signals 
NEG (P2/P3) POS (P1/P2) NEG (P2/P3) POS (P1/P2) 

ETOH ETOH E2 E2 

Separate* 238 1568 708 1460 

Overlap† 8 234 22 187 

Total 246 1802 730 1647 

% Overlap 3.25 12.99 3.01 11.35 

Normalized 

probe overlap 

rate (X) 

1X 4.0X 1X 3.77X 

Total number 

of cells (n) 
127 292 287 268 

* Red and green probe signals separated by > 0.45µM 
† Red and green probe signals within ≤ 0.45µM 
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Figure 4.1 ER binding at anchor regions of a long-range DNA loop near TFF1. A. UCSC genome browser image for a > 1 Mb 

window shows small- and large-scale DNA loops associated with the TFF1 gene. The presence of a long-range DNA loop is indicated 
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(Figure 4.1 continued) by red arrows. The location of TFF1 proximal (green) and distal 

(red) anchor regions are highlighted. Boxes show a > 200 kb window for the distal anchor 

region (B) and a > 100 kb window the proximal anchor region (C). ChIA-PET data 

showing previously mapped ER interactions (DNA loops) from the MCF-7 cells treated 

with E2 are shown. ER peaks that were present in at least 2/3 replicates are shown 

(orange boxes). ER peaks that were only present in the MCF7-ER cells after E2 treatment 

are indicated with an asterisk (*). Black boxes indicate ER-bound anchor regions and the 

lines indicate the region of looped DNA. The location of the anchors associated with the 

long-range loop are indicated with a red arrow. ChIP-Seq experiments were done in 

triplicate. 
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Figure 4.2 ER binding at anchor regions of a long-range DNA loop near ADORA1. A. UCSC genome browser image for a > 500 

kb window shows small- and large-scale DNA loops associated with the ADORA1 gene. The presence of a long-range DNA loop is 

indicated by red arrows. The location of the proximal (green) and distal (red) anchor regions are highlighted. Boxes show a > 100 kb 
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(Figure 4.2 continued) window for the proximal anchor region (B) and distal anchor 

region (C). ChIA-PET data showing previously mapped ER interactions (DNA loops) from 

the MCF-7 cells treated with E2 are shown. ER peaks that were present in at least 2/3 

replicates are shown (orange boxes). ER peaks that were only present in the MCF7-ER 

cells after E2 treatment are indicated with an asterisk (*). Black boxes indicate ER-bound 

anchor regions and the lines indicate the region of looped DNA. The location of the anchors 

associated with the long-range loop are indicated with a red arrow. ChIP-Seq experiments 

were done in triplicate. 
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Figure 4.3 ER binding at anchor regions of a long-range DNA loop near XBP1. A. UCSC genome browser image for a > 2 Mb 

window shows small- and large-scale DNA loops associated with the XBP1 gene. The presence of a long-range DNA loop is indicated 

by red arrows. The location of the proximal (green) and distal (red) anchor regions are highlighted. Boxes show a > 50 kb window for 

the distal anchor region (B) and a > 20 kb window for the proximal anchor region (C). ChIA-PET data showing previously mapped ER 

interactions (DNA loops) from the MCF-7 cells treated with E2 are shown. ER peaks that were present in at least 2/3 replicates are 

shown (orange boxes). ER peaks that were only present in the MCF7-ER cells after E2 treatment are indicated with an asterisk (*). Black
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(Figure 4.3 continued) boxes indicate ER-bound anchor regions and the lines indicate 

the region of looped DNA. The location of the anchors associated with the long-range 

loop are indicated with a red arrow. ChIP-Seq experiments were done in triplicate. 
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Figure 4.4 ER binding at anchor regions of a long-range DNA loop near IGFBP4. A. UCSC genome browser image for a > 500 kb 

window shows small- and large-scale DNA loops associated with the IGFBP4 gene. The presence of a long-range DNA loop is indicated 

by red arrows. The location of the proximal (green) and distal (red) anchor regions are highlighted. Boxes show a > 50 kb window for 

A

C

B
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(Figure 4.4 continued) the proximal anchor region (B) and distal anchor region (C). ChIA-

PET data showing previously mapped ER interactions (DNA loops) from the MCF-7 cells 

treated with E2 are shown. ER peaks that were present in at least 2/3 replicates are shown 

(orange boxes). ER peaks that were only present in the MCF7-ER cells after E2 treatment 

are indicated with an asterisk (*). Black boxes indicate ER-bound anchor regions and the 

lines indicate the region of looped DNA. The location of the anchors associated with the 

long-range loop are indicated with a red arrow. ChIP-Seq experiments were done in 

triplicate. 
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Figure 4.5 ER binding at anchor regions of a long-range DNA loop near AURKB. A. UCSC genome browser image for a > 10 Mb 

window shows small- and large-scale DNA loops associated with the AURKB gene. The presence of a long-range DNA loop is indicated 

by red arrows. The location of the proximal (green) and distal (red) anchor regions are highlighted. Boxes show a > 100 kb window for 

the proximal anchor region (B) and a > 20 kb window of the distal anchor region (C). ChIA-PET data showing previously mapped ER 

interactions (DNA loops) from the MCF-7 cells treated with E2 are shown. ER peaks that were present in at least 2/3 replicates are 
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(Figure 4.5 continued) shown (orange boxes). ER peaks that were only present in the 

MCF7-ER cells after E2 treatment are indicated with an asterisk (*). Black boxes indicate 

ER-bound anchor regions and the lines indicate the region of looped DNA. The location of 

the anchors associated with the long-range loop are indicated with a red arrow. ChIP-Seq 

experiments were done in triplicate. 
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Figure 4.6 ER binding at proximal and distal anchor regions confirmed by ChIP-

String. ER binding at locations associated with the proximal (PROX) and distal (DIST) 

anchor regions for long-range DNA loops associated with five differentially regulated 

genes. ChIP DNA was extracted from MCF7-EM and MCF7-ER cells treated with vehicle 

control (EM0 and ER0) or 10 nM E2 (EM10 and ER10) and analyzed using custom ChIP-

String probe sets. ER binding was normalized to EM0.  Data are shown as mean ± SD. 

MCF7-ER cells treated with E2 (ER10) had a significant increase in ER binding at the 

distal anchors for the ADORA1 and XBP1 DNA loops when compared to MCF7-EM cells 

treated with (EM10) or without E2 (EM0). (Two-way ANOVA followed by Tukey’s 

posthoc analysis, n=3, *P<0.04). The significant increase in ER binding at the proximal 

anchor for the AURKB DNA loop was previously described in chapter 2. 
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Figure 4.7 FISH analysis of the long-range loop for ADORA1 in MCF7-EM cells. The 

location of fluorescently labelled BAC probes for the proximal anchor (P1), distal anchor 

(P2) and a negative probe (P3). Images shown were obtained by Imaris software and 

indicate nuclei with individual probe signals shown as red and green spots. Overlapped 

signals are shown as yellow spots. MCF7-EM cells were treated with ethanol (ETOH) or 

10 nM E2 (E2). The P1/P2 represents probes specific for the long-range loop for ADORA1. 

The P2/P3 probe set represents a > 1 Mb region devoid of long-range loops. The normalized 

overlap rates for each condition are also indicated. 
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Figure 4.8 FISH analysis of the long-range loop for ADORA1 in MCF7-ER cells. The 

location of fluorescently labelled BAC probes for the proximal anchor (P1), distal anchor 

(P2) and a negative probe (P3). Images shown were obtained by Imaris software and 

indicate nuclei with individual probe signals shown as red and green spots. Overlapped 

signals are shown as yellow spots. MCF7-ER cells were treated with ethanol (ETOH) or 

10 nM E2 (E2). The P1/P2 represents probes specific for the long-range loop for ADORA1. 

The P2/P3 probe set represents a > 1 Mb region devoid of long-range loops. The normalized 

overlap rates for each condition are also indicated. 
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Figure 4.9 FISH analysis of the long-range loop for TFF1 in MCF7-EM cells. The 

location of fluorescently labelled BAC probes for the proximal anchor (P1), distal anchor 

(P2) and a negative probe (P3). Images shown were obtained by Imaris software and 

indicate nuclei with individual probe signals shown as red and green spots. Overlapped 

signals are shown as yellow spots. MCF7-EM cells were treated with ethanol (ETOH) or 

10 nM E2 (E2). The P1/P2 represents probes specific for the long-range loop for TFF1. 

The P2/P3 probe set represents a > 2 Mb region devoid of long-range loops. The normalized 

overlap rates for each condition are also indicated. 
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Figure 4.10 FISH analysis of the long-range loop for TFF1 in MCF7-ER cells. The 

location of fluorescently labelled BAC probes for the proximal anchor (P1), distal anchor 

(P2) and a negative probe (P3). Images shown were obtained by Imaris software and 

indicate nuclei with individual probe signals shown as red and green spots. Overlapped 

signals are shown as yellow spots. MCF7-ER cells were treated with ethanol (ETOH) or 

10 nM E2 (E2). The P1/P2 represents probes specific for the long-range loop for TFF1. 

The P2/P3 probe set represents a > 2 Mb region devoid of long-range loops. The normalized 

overlap rates for each condition are also indicated.  
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5.1 Discussion 

For ER+ breast cancer patients the diagnosis of luminal subtype has a major impact on 

the recommended treatment. Luminal A patients have an excellent response to endocrine 

therapies such as tamoxifen, whereas luminal B patients require additional chemotherapy 

(1, 2). The growing clinical evidence for the therapeutic effect of E2 (described in section 

1.3.2.3.5) and the known estrogenic properties of tamoxifen (3-5) led to the hypothesis that 

the difference in the response to endocrine therapy in the luminal subtypes is actually a 

differential response to E2. Early studies of ER+ tumors have shown the response to 

tamoxifen is regulated by the ER concentration (6, 7). This relationship has been 

consistently shown in more recent clinical studies where tumors with the highest levels of 

ER expression have the greatest response to tamoxifen (8, 9).  Luminal A tumors have the 

highest ER expression and there is clinical and in vitro evidence that increased ER 

expression can promote an anti-proliferative response to tamoxifen and E2 (8-13).  The aim 

of this was to confirm the level of ER expression can regulate a differential response to E2. 

MCF-7 cells with inducible exogenous ER expression were used to determine how ER 

regulates this response to hormones. The final objective of this work was to use these 

findings as a basis for developing a diagnostic test that can improve the ability to predict 

the response of ER+ patients to hormonal treatments. 

5.1.1 Increased ER expression leads to an anti-proliferative response to E2 

The parental MCF-7 cell line was stably transduced with a doxycycline inducible ER 

plasmid (MCF7-ER) and obtained a 20-fold increase in ER protein compared to 

endogenous levels (MCF7-EM). This level of ER expression is consistent with quantitative 

measurements of ER concentrations that find a sigmoidal response relationship over 100-

fold increases in ER (6, 7). The results from section 2.3.1 found that as the level of ER 
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increases the prototypical proliferative response seen in the MCF-7 parental cells decreases 

and switches to significant growth-suppression at a standard 0.5 µg/ml dose of doxycycline. 

Previous reports have shown that MCF-7 cells that were long-term E2 deprived (LTED) 

have an apoptotic response upon E2 treatment with release of cytochrome C from the 

mitochondria and increased PARP cleavage (reviewed in (14)). PARP cleavage and 

cytochrome C in the cytosolic fraction was detected in MCF7-ER cells treated with the 

apoptotic agent STS, but not after E2 treatment. These results confirmed the apoptotic 

response is intact in the MCF7-ER cells but was not present upon E2 treatment. Similar to 

previous reports (13, 15) a G1/S cell cycle block was found in the MCF7-ER cells after E2 

treatment. These results suggest that increased ER expression mediates the anti-

proliferative response to E2 through initiation of a cell cycle block and not apoptosis.  

Cyclin/CDK complexes as well as cyclin dependent kinase inhibitors (p21, p27, p57) 

tightly regulate several checkpoint transitions of the cell cycle. Previous studies have shown 

that tamoxifen prevents the proliferation of MCF-7 cells through a G0/G1 arrest regulated 

by p21 and p27 (16). p21 prevents the phosphorylation of Rb and release of the E2F 

transcription factors thus preventing cell cycle progression through inhibition of E2F 

binding at its own promoter as well as the promoters of G1 cell cycle associated genes. 

Increased p21 expression can also negatively regulate cyclin B2 gene (CCNB2) 

transcription by promoting the recruitment of the repressive RB-like and E2F4 components 

of the DREAM (DP, RB-like, E2F4 and MuvB) complex to the CCNB2 gene promoter 

preventing the requisite increase in cyclin B2 and leading to a G2/M block (17). A previous 

study implicated a role for ER in the transcriptional regulation of the p21 gene (CDKN1A) 

through interactions with the transcription factors AP1 and Sp1 at the gene promoter (18).  
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The results from chapter 2 show that MCF7-EM cells treated with E2 for 24 hours have 

a marked increase in S-phase fraction. This proliferative response was lost in MCF7-ER 

cells which encounter a G1/S-phase and a G2/M checkpoint arrest after 24 hours of E2 

treatment. This cell cycle block was associated with a significant decrease in cyclin B2 and 

a significant increase in p21 expression. The formaldehyde crosslinking protocol in the 

ChIP-Seq experiments may have prevented the detection of ER tethering interactions with 

AP-1 at the previously described promoter region, however a novel ER peak at an 

intragenic region near the promoter of CDKN1A was observed in MCF7-ER cells treated 

with E2. These results suggest that increased ER expression in these cells enables binding 

of the CDKN1A gene in the presence of E2 and this may promote the up-regulation of p21 

leading to the anti-proliferative response to E2. However, when the ChIP-Seq peak sets 

obtained from the MCF7-EM and MCF7-ER cells were compared against those generated 

from ER+ patient tumors that were either responsive or nonresponsive to tamoxifen 

treatment (19) there was significant ER binding at the intragenic region of CDKN1A 

identified in section 2.3.3 for both tamoxifen responsive and nonresponsive patients. This 

finding indicates that binding of ER at the putative regulatory site for p21 expression may 

occur in both responsive and nonresponsive patients. Preliminary results from the Hugh 

lab’s PRESTO clinical trial found no significant correlation with p21 expression in patient 

tumors that had decreased proliferation after two weeks of E2 treatment (See Figure C3 in 

Appendix C). The role of increased p21 expression in breast cancer is controversial. While 

some clinical studies have shown that increased p21 expression correlates with high 

histological grade and short DFS (20, 21), others report high levels of p21 correlate with 

increased survival (22). There are also reports that p21 expression offers no prognostic 

value for breast cancer (23). When taken together with the clinical data the findings 
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reported here suggest that p21 expression alone is not enough to differentiate ER+ patients 

that will respond to endocrine or E2 therapy. 

Further findings from chapter 2 suggest that the E2-induced cell cycle block in the 

MCF7-ER cells may be due to the down-regulation of the E2F transcriptional pathway as 

a primary effect of increased ER expression. The E2F pathway is a major driver of 

proliferation in normal and cancerous breast tissues. Proliferation in the normal breast is 

highest in the luteal phase of the menstrual cycle (24, 25) and full-transcriptome studies on 

normal breast tissues have shown an increase in E2F1 expression during this phase (26). 

Similarly, E2-independent growth and resistance to aromatase inhibitors in ER+ patients 

correlate with an E2F gene signature (27). In vitro studies of the anti-proliferative response 

to E2 seen in MDA-MB-231 cells transfected to express high levels of ER (231-ER+) found 

that E2F1 was the major regulator of the differential response to E2 (11). 

An increase in E2F1 expression was detected in the MCF7-ER cells in the absence of 

E2. Interestingly, this level of E2F1 expression was similar to that found in the MCF7-EM 

cells after E2 treatment. The increase in E2F1 in the MCF7-ER cells also correlated with a 

basal increase in the expression of ten cell cycle genes with known E2F motifs in the 

absence of E2. These findings are consistent with results from the proliferation experiments 

in section 2.3.1 and other reports (28) of an increased basal proliferation in the MCF7-ER 

cells in the absence of E2. Another significant finding was a decrease in E2F1 protein and 

mRNA expression in the MCF7-ER cells after E2 treatment. This decrease in E2F1 

expression correlated with the down-regulation of the ten cell cycle genes under this 

condition. Previous reports have shown an ER/Sp1 complex can bind at the E2F1 promoter 

and mediate E2F1 expression in tamoxifen resistant MCF-7 cells (29). There were no 

significant ER peaks near the E2F1 promoter to link increased ER expression to E2F1 
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regulation in the ChIP-Seq data. It is possible that tethering interactions between ER and 

Sp1 were not maintained during the formaldehyde crosslinking used in the ChIP-Seq 

protocol.  Nevertheless, the gene expression results suggest that increased ER expression 

may mediate a differential response to E2 through regulation of the E2F1 pathway. 

5.1.2 Increased ER expression leads to differential gene regulation upon E2 

treatment 

The current diagnostic assays used to determine a breast cancer patient’s molecular 

subtype use gene expression signatures which rely heavily on genes associated with 

proliferation (30, 31). This proliferative score is a major determining factor in the 

generation of the risk of recurrence (ROR) score and contributes to the differentiation 

between luminal A and luminal B tumors for the Prosigna® (PAM50) breast cancer gene 

signature assay (31). The results from chapter 3 showed very few genes have a similar 

response to E2 in the MCF7-EM and MCF7-ER cells. When the genes that were up-

regulated by E2 in each MCF-7 transfectant were compared against the PAM50 gene list 

20 genes associated with proliferation were found to be up-regulated in the MCF7-EM cells 

after E2 treatment. Interestingly, six of these genes were also up-regulated in the MCF7-

ER cells in the absence of E2 and correlates with the increase in basal proliferation seen in 

these cells.  This result correlates with clinical finding that the incidence of luminal A breast 

cancers increases after the menopause, when the level of serum E2 becomes undetectable 

(32, 33). This is a significant finding as it suggests that under certain conditions, such as 

E2-deprivation, luminal A tumors may show a pattern of gene expression that more closely 

resembles the luminal B subtype. This may be the mechanism that causes diagnostic gene 

panels enriched in proliferative markers to incorrectly subtype luminal tumors. 
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Interestingly, when the MCF7-ER cells were treated with E2 there were seven up-regulated 

genes that were also included in the PAM50 gene list. Significantly, two of these genes 

(FOXA1 and BCL2) are associated with the luminal A subtype (34, 35). This result indicates 

that E2 treatment can shift these cells towards a gene expression pattern that is more 

representative of the less aggressive luminal A subtype. When taken together, these results 

highlight the current limitations in the accurate diagnosis of luminal subtypes. 

Development of a diagnostic assay that can detect the biological mechanism that regulates 

the differential gene expression patterns may provide a more accurate separation of the 

luminal subtypes.  

ER binding at promoter and distal enhancer regions has been described in the 

regulation of thousands of genes. The results from chapter 2 suggest that the anti-

proliferative response to E2 is mediated through transcriptional regulation that requires an 

intact ER DBD and found that increased ER expression promotes novel ER binding patterns 

that are more representative of tamoxifen responsive patients. This led to the hypothesis 

that changes in ER-DNA binding may enable the differential regulation of a subset of genes 

in the presence of E2. To investigate the mechanism for ER induced differential gene 

expression a list of 72 genes that were up-regulated by E2 in the MCF7-EM, down-

regulated by E2 in the MCF7-ER cells and had a significant basal increase in expression in 

the MCF7-ER cells in the absence of E2 was obtained. The differential expression of five 

genes from this list (TFF1, ADORA1, XBP1, IGFBP4, and AURKB) that were associated 

with ER binding at non-consensus ERE motifs within 50-100 kb of TSS in the ChIP-Seq 

data was confirmed by RT-qPCR. Whereas ER binding was only present after E2 treatment 

at the promoter regions for four of the five genes in the MCF7-EM cells, ER binding at this 

region was detected for all five genes in the MCF7-ER cells in the absence of E2. 
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Furthermore, these ER peaks were maintained after E2 treatment for all five genes. 

Mobility shift assays have shown that binding of ER to a consensus ERE requires receptor 

dimerization, whereas a non-consensus ERE can be bound by monomeric ER DBD at low 

concentrations and then switches to homodimer binding when the concentration of the ER 

DBD increases (36). Therefore, the finding of unliganded ER binding at non-consensus 

ERE motifs would suggest that increased ER expression may promote receptor 

dimerization in the absence of E2. The maintenance of an ER peak at these regions also 

suggests these homodimers may be further stabilized upon E2 binding. The presence of ER 

homodimers at these regions would enable the bending of the DNA toward the major 

groove which has been suggested to promote gene activation by enabling DNA looping 

(37). 

Advances in molecular techniques have highlighted an important role for chromatin 

reconfiguration into small- and large-scale DNA loops during gene transcription (38, 39). 

These studies have shown that genes that are activated by E2 are often located near anchor 

regions where they can interact directly with the transcriptional machinery, whereas down-

regulated genes are often located away from the anchor regions and become sequestered in 

the looped DNA (38). ER-DNA binding in MCF-7 cells in the absence of E2 was shown to 

correlate with the formation of DNA loops which contain paused Pol II (40). These 

unliganded ER-mediated loops were thought to serve as a mechanism to promote 

immediate transcriptional elongation upon E2 treatment (40). 

Experiments from chapter 3 found that the ChIP-Seq peaks were enriched with 

motifs for CTCF, FOXA1, GATA3 and AP-2γ which are known to mediate DNA loop 

formation (41). These motifs had the highest level of enrichment in the MCF7-ER cells in 

the absence of E2. An in-depth investigation into ER-DNA binding in the absence of E2 
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described transcriptional activity of the unliganded receptor at enhancer regions for genes 

associated with proliferation and development (42). Interestingly, these enhancer regions 

were enriched with motifs for two known DNA loop mediators, FOXA1 and AP-2γ, (42) 

which may support a role for DNA looping in the basal activation of genes associated with 

these regions.  

Consistent with the presence of DNA-loop cofactors the regions bound within 50-

100 kb of the five differentially expressed genes were associated with anchors for 

previously mapped ER-mediated DNA loops. ER binding was detected at a distal anchor 

of a long-range (≥1 Mb) DNA loop for each of these genes which were enriched with ERE 

half sites. ChIP-Seq results show these distal regions were bound in the MCF7-EM cells 

only after E2 treatment, and FISH experiments confirmed a significant increase in the long-

range loop associated with the TFF1 gene under this condition. These findings suggest that 

the formation of this long-range loop is E2-dependent in cells that express low levels of 

ER. Additional results from chapter 3 indicate a basal increase in expression for each of the 

five genes in the MCF7-ER cells in the absence of E2. ER binding was confirmed at both 

anchor regions of the >1 Mb DNA loop for the five genes. FISH experiments confirmed a 

significant increase in the long-range loop near TFF1 in the MCF7-ER cells in the absence 

of E2. Previous studies have shown unliganded ER is bound at DNA loops that are 

transcriptionally paused in the absence of E2 (40). This suggests that ER enables loop 

formation in the absence of E2 as a mechanism to allow immediate activation upon E2 

treatment. The findings outlined here suggest that increased ER expression may promote 

DNA loop formation and activation of the transcriptional machinery in the absence of E2.  

Previous studies on E2-induced gene repression suggested that the reconfiguration 

of DNA loops may be mediated by novel ER binding within the looped region which 
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destabilizes the surrounding chromatin (40). The down-regulation of the five genes by E2 

in the MCF7-ER cells led to the hypothesis that increased ER binding within the loop region 

may promote the destabilization of the loop leading to loss of ER binding at the anchor 

regions associated with these genes. Several unique ER binding sites were detected within 

the looping regions associated with each of the five long-range loops in the MCF7-ER cells 

after E2 treatment. However, ER binding was also detected at the anchor regions for these 

long-range loops and maintained in the MCF7-ER cells upon E2 treatment. FISH analysis 

of the long-range loop for TFF1 found loop formation was still significantly increased in 

the MCF7-ER cells after E2 treatment. These findings suggest that rather than disruption 

of loops being the mechanism of gene regulation this long-range loop may be maintained 

under repressive conditions. An alternative explanation for this is that a loop can switch 

from an active to repressive state depending on the receptor conformation. The stability of 

ER-mediated loops near TFF1 under repressive conditions was previously shown in MCF-

7 cells treated with tamoxifen (43). Further support for repressive loop structures was 

shown in studies of the glucocorticoid receptor (GR), which found that a constitutively 

active loop near the GR gene could be repressed in the presence of ligand through GR 

recruitment of corepressors to the promoter region (44). 

5.1.3 A theoretical model for ER-mediated gene regulation 

When considering these results along with published data a theoretical model for 

the unliganded transcriptional function of ER can be formulated. Fluorescence resonance 

energy transfer (FRET) studies have shown that the unliganded ER-LBD can form stable 

dimers in the absence of E2 (45). There is also evidence that at high concentrations the ER 

DBD binds to non-consensus EREs as a homodimer rather than a monomer (36). In this 
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model, increased ER expression may increase the propensity for receptor-receptor 

interactions which enable spontaneous homodimerization that stabilize the receptors in the 

absence of ligand. The formation of unliganded ER homodimers could explain the presence 

of ER binding at the full ERE motifs located in the proximal anchor regions of the five 

differentially regulated genes in this study (Figure 5.1). Previous studies have shown that 

multiple, close proximity non-consensus EREs or ERE half sites promote a transcriptional 

synergism that may be mediated through interactions between multiple ER dimers and/or 

co-recruitment of coactivators (46). In the experiments outline here, the distal anchor 

regions were enriched in ERE half sites and may therefore enable simultaneous binding of 

multiple unliganded ER homodimers which synergize to stabilize receptor binding at lower 

affinity sites (Figure 5.1). Unliganded ER has been shown to recruit coactivators as well as 

members of the basal transcriptional machinery to the TFF1 promoter (47), and studies 

have found that Pol II is often paused at these promoter regions in MCF-7 cells in the 

absence of E2 in order to promote rapid transcriptional response upon E2 treatment (40, 

48, 49).  In the model described here, coactivator recruitment at both anchor regions may 

promote chromatin remodeling and the formation of DNA loops which may enable enough 

basal coactivator activity to activate the paused Pol II at the nearby promoter region (Figure 

5.1). This would permit a basal level of gene expression in the absence of ligand.  

The experimental data show that long-range DNA loops associated with basally 

expressed genes become repressed upon the E2 treatment in the MCF7-ER cells. In this 

model, E2 binding may lead to a change in the conformation of the ER dimers previously 

bound at the anchor regions which promotes the dissociation of the coactivator complexes 

(Figure 5.2). Gene repression may then be mediated by the recruitment of corepressor 

complexes to these regions (Figure 5.2). Additional ER binding within and outside of the 



 203 

anchor regions may further stabilize the formation of these repressed loops (Figure 5.2). It 

is important to note that none of the proliferation genes that overlapped with the PAM50 

gene list were associated with ER-mediated loops in this study. This suggests that the genes 

included in current diagnostic assays may be secondary targets of ER-mediated 

transcription which serve as a readout for the overall level of proliferation in a given tumor 

but may not directly reflect the biological mechanism which enables this response. 

5.1.4 Comparison of experimental results against previously published ER+ cell line 

models 

Previous studies have shown E2-induces apoptosis in MCF-7 cells that have been 

E2 deprived for 6 months up to 2 years (long term estrogen deprived-LTED) (reviewed in 

(50)). These cells often have increased levels of ER expression and an initial increase in S 

phase fraction after E2 treatment that switches to an apoptotic response after 96 hours (50). 

Classic measures of apoptosis such as PARP cleavage and cytochrome C release from the 

mitochondria were not detected in the MCF7-ER cells after 24 hours of E2 treatment. 

Whether prolonged treatment of these cells with E2 would eventually lead to an apoptotic 

response would have to be further tested. Additionally, the three-day adaption period used 

in this study is unlikely to cause similar overall changes in the MCF-7 phenotype that are 

seen after prolonged E2 deprivation and thus cannot be directly compared to the results 

obtained for LTED MCF-7 cell lines. 

The proliferative response of MCF-7 cells to E2 has been well-documented and 

reviewed (51). This pro-proliferative pathway was shown to be mediated by ER through 

the down-regulation of the p21 protein which promotes the activation of cell cycle proteins 

such as Cyclin E further allowing the transition from G1 into S phase of the cell cycle (16, 

52). These reports are consistent with the increase in S phase fraction and corresponding 
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decrease in p21 expression obtained in the MCF7-EM cells after E2 treatment in chapter 2, 

though the decrease in p21 protein did not reach statistical significance. Another study 

investigating E2-induced proliferation in MCF-7 cells found the level of p21 expression 

did not significantly decrease after E2 treatment but showed an increased interaction with 

cyclin D1 which led to increased Cyclin E activity and progression into the S phase of the 

cell cycle (53). When taken together, the results from the MCF7-EM cell line are consistent 

with the previously described proliferative ability of parental MCF-7 cells and a regulatory 

role for p21 and S phase progression.  

Several studies have shown that increased ER expression in ER negative or ER 

positive cell lines leads to an anti-proliferative response to E2 (10-13, 15, 54). A study by 

Moggs et al (2005) found that an ER negative cell line (MDA-MB-231) transfected for 

exogenous ER expression had an anti-proliferative response to E2 which was mediated 

through the down-regulation of several cell cycle associated genes (10). Another study 

using MDA-MB-231 cells with exogenous ER expression treated with E2 found a similar 

anti-proliferative response that was mediated by increased expression of p21 (11). This 

effect has also been reported for the MCF-7 cell line with increased exogenous ER (13). 

This mechanism of cell cycle regulation is consistent with the results from chapter 2 which 

show a significant increase in p21 expression in the MCF7-ER cells after E2 treatment. The 

presence of a G1/S phase block in the MCF7-ER cells after E2 treatment is also consistent 

with these previous reports. 

 Interestingly, a study by Liao et al. (2014) found that exogenous expression of wild 

type ER in the MCF-7 cell line led to an increase in E2-induced proliferation which was 

mediated through down-regulation of p21 (55). However, the level of ER expression after 

transfection was not reported in this study and therefore may not have been within the range 
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to promote an anti-proliferative response to E2. This would be consistent with the 

doxycycline titration experiments in chapter 2 and previous reports by Zhao et al (2004) 

which indicate that MCF-7 cells expressing low levels of exogenous ER can maintain their 

proliferative response to E2 (13). The maintenance of the proliferative response to E2 in 

MCF-7 cells transfected with exogenous ER on a doxycycline promoter has also been 

reported by Fowler et al. (2004) (28). These studies found that MCF-7 cells with an ~8-

fold increase in ER expression (referred to as ERHA) had a similar growth response to 

E2 when compared against cells that did not receive doxycycline (28). The discrepancies 

between this work and the results reported here may be due to differences in overall 

transfection efficiency and the use of a stable clone versus the nonclonal stable MCF7-ER 

transfectants reported here.  

The ERHA cell line reported by Fowler et al (2004) showed a marked increase in 

the level of basal proliferation in the absence of E2, which was attributed the increased ER 

expression and transcriptional activation of the AF-1 domain (28). Consistent with this, 

results from the MCF7-ER cells in chapter 2 found an increase in basal growth and S phase 

fraction when induced with 0.5 g/ml of doxycycline in the absence of E2. Additional 

investigation into the ERHA cell line found that high ER expression led to increased basal 

gene transcription at estrogen-responsive genes, such as TFF1 (56). Similar results were 

shown for the MCF7-ER cell line in this report. However, the effect of high ER expression 

on gene transcription in the presence of E2 was not reported by Fowler et al. (2006)(56) 

and therefore it is difficult to conclude whether the increased level of ER expression in the 

ERHA cells caused a similar decrease in gene transcription when E2 was present that has 

been reported in the MCF7-ER cell line.   
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ChIP-Seq experiments on MCF-7 cells that were E2-deprived for 3-12 days showed 

that unliganded ER binds 585 unique DNA sites associated with differentiation, 

development and morphogenesis (42). ChIP-Seq results from the MCF7-EM cell line 

maintained in E2-deprived media for a total of four days in chapter 3 showed 39,619 ER 

peaks. This is a massive increase in ER binding sites when compared to the results from 

the previous study. Reasons for this discrepancy may include the reporting of the total 

number of peaks for all 3 biological replicates in chapter 3. It is likely that the actual number 

of significant peaks (present in at least 2/3 biological replicates) would be much lower and 

more representative of the previously published data. Furthermore, the first biological 

replicate reported in chapter 3 was done commercially by Active Motif and had very high 

numbers of ER peaks that could not be validated in subsequent replicates.  

The most common motif in the MCF7-EM cells in the absence of E2 was a half-

ERE, whereas the previous ChIP-Seq experiments reported enrichment of the full ERE in 

the top 25% of unliganded ER peaks and enrichment of a half-ERE in the bottom 25% of 

unliganded ER peaks (42). The presence of numerous nonspecific peaks in the data reported 

in chapter 3 may skew the motif analysis toward the presence of lower affinity ER binding 

sites. Consequently, significant ER binding was not detected near the TFF1 gene in the 

MCF7-EM cells without E2 treatment though it was previously reported by ChIP-qPCR by 

Caizzi et al. (2014) (42). This discrepancy may be due to the increased sensitivity provided 

by the additional rounds of DNA amplification steps in ChIP-qPCR experiments compared 

to the ChIP-Seq and ChIP-String experiments in this report.  

The ChIP-Seq experiments on the MCF7-ER cells with and without E2 treatment 

reported here are the first studies to investigate the effect of increased ER expression on 

DNA binding and subsequent gene regulation in an ER positive breast cancer cell line. One 
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previous report investigated the changes in ER binding using ChIP-Seq in MDA-MB-231 

cells expressing exogenous levels of ER (231-ER) (57). Comparison of the ChIP-Seq peak 

sets from 231-ER cells against those obtained from MCF-7 cells showed 44% of ER peaks 

obtained from the 231-ER cells do not overlap with the MCF-7 ChIP-Seq profiles. 

However, it was unclear whether these peaks were obtained after E2-treatment or before 

(57). ChIP-Seq results from the MCF7-ER cells reported here are consistent with the 

presence of unique ER binding sites when the level of ER is increased. A strength for ChIP-

Seq experiments obtained from the MCF7-ER cells rather than the 231-ER cells is that 

these studies allow the assessment of the effects of increased ER expression in the same 

cell line. Thus, differences in ER binding patterns are more likely to be caused by the 

increased level of ER expression rather than differences in the expression of specific 

cofactors or pioneer factors in ER-negative versus ER-positive cell lines.  

When taken together, there are several previous reports that support the anti-

proliferative response to E2 in cells that have high levels of ER expression reported here. 

Differences in cell culture protocols, the cell lines used, ER-transfection efficiencies, the 

number of days for E2-deprivation, as well as the overall heterogeneity of the MCF-7 cell 

line (see section 5.2) could all contribute to the discrepancies between the previous results 

and those reported here. Despite this, there is a strong body of evidence that increased ER 

expression can alter the proliferative response to E2 through regulation of the cell cycle. 

The ability to detect this anti-proliferative response in multiple cell lines and in different 

research laboratories indicate that the role for ER in the regulation of proliferation is a 

robust and critical function. Further investigations into this effect may shed new light on 

the underlying mechanisms that regulate hormone responsiveness in ER+ breast cancers.  

5.1.5 Clinical significance 
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This work aimed to uncover how increased ER expression may mediate the anti-

proliferative response to E2 that has been reported in normal breast tissue and some ER+ 

breast cancer patients (58-62). To accomplish this, a stable MCF-7 transfectant with 

increased ER expression and an anti-proliferative response to E2 was generated. This is the 

first study to suggest that breast cancer cells with increased ER expression can serve as an 

in vitro model which better represents the response to hormones in luminal A tumors. 

Results from the MCF7-ER cells combined with preliminary evidence from the Hugh lab’s 

ongoing PRESTO clinical trial suggest that patients with increased ER expression have an 

anti-proliferative response to E2. Furthermore, the increase in basal proliferation detected 

in the MCF7-ER cells in the absence of E2 highlights a potential mechanism that enables 

luminal A tumors to develop in post-menopausal women with low or undetectable serum 

E2. 

The results of ChIP-Seq experiments indicate increased ER expression can generate a 

subset of unique DNA-binding sites which correlate more closely to those obtained from 

patients with a good response to tamoxifen. Preliminary FISH experiments indicated 

increased ER expression alone may be enough to reconfigure chromatin into large-scale 

loops that become repressed upon E2 treatment. The detection of DNA loops that are poised 

for an anti-proliferative response in patient tumors may offer a novel predictive assay that 

can determine a patient’s response to endocrine therapy. 

5.2 Limitations 

I appreciate that there are limitations to this work. The major limitation remains the 

absence of a cell line that has a validated luminal A molecular profile. Despite the finding 

that the ER binding patterns of the MCF7-ER cells correlate well with those for tamoxifen 
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responsive patients, it cannot be assumed that increased ER expression alone is enough to 

generate a luminal A subtype. The MCF-7 cell line was obtained from a pleural effusion 

and therefore represents an inherently aggressive phenotype (63). This cell line consistently 

shows the molecular profile of luminal B tumors which are associated with increased DNA 

amplification near proliferation genes, increased TP53 mutations, and increased expression 

of FOXM1 which all contribute to transcriptional hyperactivity (64, 65). Luminal A tumors 

have the fewest overall mutations and “simplex” copy number alterations with the gain of 

the long arm of chromosome 1 and the loss of the long arm of chromosome 16 (1q/16) (64). 

This simplex 1q/16 pattern has not been detected in any of the ER+ breast cancer cell lines 

(66) and how this phenotype contributes to ER binding and DNA reconfiguration cannot 

be easily assessed. It is possible that the DNA looping patterns in luminal A tumors have a 

completely novel configuration that cannot be obtained in the MCF-7 cell line. These 

studies were meant as a proof of principle for the role of increased ER expression in 

regulating chromatin reconfiguration and gene transcription. Further validation of the FISH 

probes using tissues obtained from luminal A and luminal B patients would be needed to 

confirm whether these findings are representative of the ER+ subtypes. Patient material is 

difficult to obtain and has been formalin-fixed making confocal imaging difficult, therefore 

these validation experiments were not feasible for this study.  

Breast cancer is a heterogeneous disease with differences occurring both between 

patients as well as within an individual tumor (67). Genetic heterogeneity between breast 

cancer patients diagnosed as the same intrinsic molecular subtype could lead to differences 

in the response to the same therapies due to underlying differences in gene expression and 

somatic mutations (67). In the context of ER expression, the presence of intratumoral 

heterogeneity could lead to differences in the level of ER expression throughout the tumor 
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mass, with some cells having high ER and others having low to no ER expression. Thus, in 

the presence of E2, certain cells within the tumor would be growth inhibited (high ER cells) 

while others would be growth promoted (low ER cells). This heterogeneity of ER 

expression could lead to the development of an E2-resistant tumor. In the case of 

intertumoral heterogeneity, multiple patients who are subtyped as luminal A may have 

differing levels of ER expression which could lead to differences in the overall therapeutic 

response to hormone therapies or E2. 

The marked genetic heterogeneity of the MCF-7 cell line has been well described (68-

70). A recent study has shown that vials from the same lot of MCF-7 cells obtained from 

ATCC already contain subpopulations with differing genetic backgrounds (71). The 

presence of these subpopulations may be the cause of the differences in cell growth rates, 

DNA synthesis, ER, PR and EGFR expression and E2-sensitivity seen in MCF-7 cells from 

different laboratories (71). These differences in phenotypic heterogeneity cannot be 

assessed by common cell line authentication practices, such as the short tandem repeat 

(STR) genotyping experiments that are widely used (71). This hinders the comparisons of 

MCF-7 data obtained from different research laboratories and limits the integrity of cross-

validations of previous studies. Thus, caution must be taken when comparing the data 

obtained in this study against previously published data using the MCF-7 cell line.  

Another limitation of this work was the use of previously mapped ER-loops obtained 

from the MCF-7 cell line. The high correlation between the ChIP data and this published 

ChIA-PET dataset indicates that the chromatin structure in the MCF-7 cell line is relatively 

stable. There was strong preliminary evidence in this study that loops that are formed in 

cells with low endogenous ER expression are maintained with increased ER expression. It 

is not possible to determine whether the novel ER binding sites associated with increased 
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ER expression had any impact on the overall chromatin configuration without performing 

similar high-throughput ChIA-PET or chromosome conformation capture techniques 

combined with sequencing such as 4C and Hi-C on the MCF7-ER cells. These protocols 

are technically difficult and costly to perform and therefore were not within the scope of 

this study.  

The genomic integration site for the ER-mEmerald retroviral plasmid has not been 

mapped for the MCF-7 transfectants used in this study. Without this information it is 

unclear where the plasmid was integrated into the genomic DNA and whether this would 

have an impact on gene transcription or chromatin structures. The genomic integration site 

of DNA vectors previously used to transfect ER have not been reported. However, studies 

have shown that HIV retroviral DNA vectors favour regions of high gene activity, as these 

regions are rich in GC content and have a more open conformation that promotes DNA 

integration (reviewed in (72)). pLVX is a HIV-1 based vector, thus the p-LVX-ER-

mEmerald plasmid was likely integrated into a region of high gene activity which would 

further promote the expression of the ER-mEmerald transcript. 

The use of RNA-Seq to detect changes in transcription may present a limitation as these 

experiments measure the overall level of a transcript at the time of the experiment. In this 

way, though cells have been E2-deprived for three days it is possible that certain mRNA 

transcripts were maintained over the three-day adaptation period leading to a false 

measurement of basal increase in the absence of E2. Techniques such as global run-on 

sequencing (GRO-Seq) would have provided a more accurate measure of active 

transcription as these methods enable the assessment of newly synthesized transcripts. The 

MCF7-EM and MCF7-ER cells were both adapted for three days prior to being induced 

with doxycycline, and therefore both of the transfectants would maintain the endogenous 
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low levels of ER during this time. The lack of basal gene expression in the MCF7-EM cells 

provides support that it was the increase in ER expression induced by the doxycycline 

treatment that enabled the increase in basal transcription. 

The use of FISH as a validation for the presence of DNA loops also has limitations. A 

major limitation for FISH is the lower resolution for loops obtained by FISH compared to 

assays such as ChIA-PET, 4C and Hi-C. While ChIA-PET, 4C and Hi-C can detect small- 

and large-scale DNA loops, the confocal imaging of fluorescent FISH signals requires large 

distances between the probes in order to accurately distinguish colocalized signals (73, 74). 

Studies have also shown the contact frequency detected by ChIA-PET and 4C does not 

directly correlate into spatial distances obtained by FISH (75). The FISH validation 

experiments conducted by Fullwood et al. (2009) indicated a detection limit of 1 Mb for 

accurate assessment of DNA loops (38). This published criterion was followed when 

designing the FISH probe sets and the negative probes showed that in regions where 

mapped looping was minimal there was distinct separation of the probe signals. Another 

limitation for the detection of DNA loops by FISH is the transient nature of these structures 

which may only be detected in 18% of cells in a given experiment (76). Furthermore, ChIA-

PET and 4C techniques require an input of millions of cells which enables detection of 

infrequent loops, such as the long-range loops that can be detected by FISH (75). Thus, 

though a loop may be present under specific experimental condition, it may be difficult to 

assess a significant enrichment by FISH due to the limited number of cells counted. The 

use of a confocal microscope enabled the acquisition of images which contained 300-400 

cells generating a relatively large sample size when compared to what could be done by 

visual counting.  
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The design of the negative FISH probe set also has limitations. The current design of 

these probes is to assess the level of background looping in the region being studied. 

Therefore, these probes often share one probe for an anchor region and then extend at least 

1 Mb away from the loop. For certain genes, there may be additional loops which extend 

beyond the 5’ and/or 3’ anchor regions, making it difficult to find a region that is devoid of 

looping to use as a negative control. Using a negative probe in a region with a significant 

amount of looping may lead to an increase in the collocated signals obtained for the 

negative probe sets. When the positive probe set is normalized against this larger number 

it will lead to an overall lower level of overlap rate. The negative probes designed for the 

TFF1 FISH experiments were located in areas devoid of long-range loops and should not 

have this issue. The negative probe sets are also measured on a separate set of slides, and 

though the cells are prepared at the same time, they do not reflect the actual background 

looping seen in the cells measured for the positive probes. This could be overcome by 

adding a negative probe with a different fluorophore that can be hybridized on the same 

slide. However, this experimental set-up is limited by the overlap in the spectra of the 

available fluorescent dyes for commercial FISH probes as well as the filters and lasers 

available on confocal microscope being used. 

5.3 Future directions 

The findings from this study suggest that increased ER expression enables a DNA 

configuration which promotes transcriptional regulation in the absence of E2. These results 

provided an important proof of principle which can be further tested to determine whether 

the increased ER expression in luminal A tumors generates a unique 3D DNA configuration 

that can be detected by FISH. This work was focused on the conformational changes 
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associated with genes that have a differential response to E2. However, these genes are 

predominately associated with proliferation and had overlapping expression profiles in the 

MCF7-ER cells in the absence of E2. This highlights the need for a diagnostic method that 

will not be influenced by serum E2 levels of ER+ patients at the time of diagnosis. With 

this in mind, the next steps are to utilize 4C-Seq to investigate whether the peaks that are 

unique to the MCF7-ER cells are associated with novel DNA loops. The presence of a long-

range loop in only the MCF7-ER cells could serve as a target for the development of a set 

of FISH probes that could be validated on patient samples. The current results have shown 

that loops which were formed in the MCF7-ER cells in the absence of E2 were maintained 

after E2 treatment. This would suggest that a loop that is unique to a breast tumor with 

increased ER expression could be detected regardless of the level of serum E2 that patient 

may have. Further comparison of these ER peaks against those mapped in the tamoxifen 

responsive and nonresponsive ChIP-Seq dataset (19) may indicate the DNA loops that are 

most likely associated with a response to hormone therapy. This could overcome the 

limitations of the current diagnostic gene expression assays. These loops may also serve a 

prognostic value, as they would indicate a biological mechanism that is poised for an anti-

proliferative response to E2 or tamoxifen.  

Previous reports indicate that DNA loops are only present in 18% of cells in a given 

experiment (76). This would make detecting loops in patient samples difficult as FISH 

procedures commonly count only 50 interphase nuclei (77). To overcome this, multiple 

FISH probes associated with different DNA loop targets will be developed to generate a 

more robust FISH signal and to increase the likelihood of detecting a significant portion of 

DNA loops in the limited number of nuclei. If the 4C-Seq experiments from the MCF7-ER 

cells are unable to detect significant differences in the DNA loops compared to the MCF7-
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EM cell line, then tissue samples from ER+ patients to will need to be obtained in order to 

conduct additional 4C experiments. Patients for these experiments would be chosen based 

on their molecular profile (luminal A and luminal B) and response to hormone therapy. The 

feasibility of these experiments may be limited by the requirement for large amounts of 

archived frozen tissues which will be difficult and costly to retrieve. Validation of the FISH 

probes on a large number of patient samples will be an important step in the development 

of the diagnostic tool as it will allow the effect of tumor heterogeneity to be assessed. 

Patient tissues are formalin-fixed paraffin-embedded which can generate significant 

background autofluorescence (78), therefore multiple FISH probes will be required for each 

anchor region to ensure a robust fluorescent signal. These probes will have to be designed 

carefully to ensure the regions bound by the probes for each loop anchor are not close 

enough to cause overlap of the red and green probe signals in the absence of DNA loops. 

If the 4C and FISH studies are unsuccessful then further investigation of the genes that 

were up-regulated by high ER expression may provide potential biomarkers which could 

be further validated by qPCR on material obtained from patient tissues.  
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Figure 5.1 Theoretical mechanism for unliganded ER mediated DNA loop formation. 

Increased ER expression promotes the binding of unliganded ER homodimers to proximal 

(promoter) anchor regions containing full ERE motifs and paused RNA Pol II and distal 

anchors (enhancers) enriched in ERE half sites. Unliganded homodimer configuration 

enables recruitment of coactivator complexes which promote DNA reconfiguration and the 

stabilization of DNA loops. Loop formation enables association between the enhancer and 

promoter regions and enables a basal activation of RNA Pol II to initiate transcriptional 

elongation at near by gene. 



 217 

 

 

Figure 5.2 Theoretical mechanism for ER mediated repression at DNA loops. Upon 

E2 ligation, the structure of the ER homodimers changes leading to dissociation of the 

coactivator complexes. Additional ER binding at the distal anchor region stabilizes the 

DNA loop. ER recruitment of corepressors to the loop further prevents RNA Pol II function 

leading to down-regulation of the nearby gene. 
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Appendix A 

 

ESR1 Plasmids 

The ESR1 human cDNA open reading frame (ORF) clone was purchased from 

OriGene, (Rockville, MD). The pmEmerald-Dectin1A-N-10 vector was a generous gift Dr. 

Nicolas Touret (Department of Biochemistry, University of Alberta). The pLVX-Tight-

Puro vector, LVX-Tet-on advanced vector were purchased from Clontech Laboratories, Inc 

(Mountain View, CA). The pLVX-tet-on-tight-IRES-mcherry-ESR1-E203G, G204S, 

A207V-His plasmid was purchased from Creative Biogene (Shirley, NY). 

ESR1 lentiviral constructs 

ESR1 was amplified from the ESR1 (NM 000125) human cDNA ORF clone by PCR 

using primers listed in Table 2.2. The human ESR1 ORF was substituted for Dectin 1 into 

the NheI and Sac1 sites of pmEmerald-Dectin1A-N-10 to generate the pESR1-Emerald 

(EM) construct. The ESR1-EM was obtained by PCR from this plasmid using primers listed 

in Table 2.2. In the forward primer, one Kozak consensus sequence was added to enhance 

expression. The PCR product was directly cloned into XbaI and EcoRI sites of the pLVX-

Tight-Puro vector. An ESR1 mutant containing three point mutations at E203G, G204S, 

A207V (ER-mDBD) was PCR amplified from pLVX-tet-on-tight-IRES-mcherry-ESR1-

E203G, G204S, A207V-His using the primers listed in Table 2.2 and cloned into the pLVX-

Tight-Puro-ESR1-EM using the BamHI restriction sites. DNA sequence orientations and 

fidelities of the constructs were verified by both restriction enzyme digestion and full insert 

sequencing. 

Stable MCF-7 transfectant generation 

Lenti-X 293T cells were resuspended at 1x106 cells/ml in DMEM + 10% FBS then 

seeded in 6 cm tissue culture plates and incubated overnight at 37C and 5% CO2. Cells 
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were 80–90% confluent at the time of transfection. The plasmid DNA was prepared for 

transfection by combining: 557 μl Xfect reaction buffer, 36 μl Lenti-X HTX packaging mix 

and 7 μl Lenti-X vector DNA (1 μg/μl) in a clean 1.5 ml microcentrifuge tube. The Xfect 

polymer was prepared by combining: 592.5 μl Xfect reaction buffer and 7.5 μl Xfect 

polymer in a clean 1.5 ml microcentrifuge tube. The polymer solution was added to the 

plasmid DNA mixture, mixed for 10 seconds and then incubated for 10 minutes at room 

temperature to allow nanoparticle complexes to form. The 1200 μl of DNA-Xfect solution 

was added drop wise to the Lenti-X 293T culture medium and the cells were incubated at 

37°C and 5% CO2 overnight. After 24 hours the transfection medium was replaced with 

fresh complete growth medium (containing Tet System Approved FBS) and the cells were 

incubated at 37°C and 5% CO2 for an additional 24–48 hours. Virus stocks were collected 

for up to 48 hours after the start of transfection, filtered at 0.45 μm and then stored at -80C 

until needed. Virus production was confirmed using a Lenti-X GoStix. 

For viral transduction MCF-7 parental cells were plated at 50% confluency in 25 

cm2 flasks in 5 ml of complete growth medium (containing Tet System Approved FBS) 

and incubated at 37°C and 5% CO2 overnight. For transduction 6 µg/ml polybrene was 

added to the thawed viral stock and MCF-7 cells were co-transduced with 1 ml of virus 

stock and 1 ml of the plasmid transfection virus. Cells were incubated for 4-5 hours at 37°C 

and 5% CO2 and then the flasks were topped up with 3ml of culture medium. The 

transduced cells were incubated at 37°C and 5% CO2 for 48 hours. After this 2 day 

incubation the cells were rinsed with PBS and selection media containing 500 g/ml G418 

and 1g/ml puromycin was added to stably select for cells successfully transduced with the 

lentiviral plasmid. After one week cells showed stable selection and were grown at 
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increased numbers to generate frozen cell stocks stored in liquid nitrogen. This protocol 

was used to obtain MCF-7 cells transduced with the pLVX-Tight-Puro-EM (MCF7-EM), 

pLVX-Tight-Puro-ESR1-EM (MCF7-ER) and pLVX-Tight-Puro-ESR1-mDBD-EM 

(MCF7-ERmDBD) vectors (Figure A1).  
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Figure A1 ER lentiviral doxycycline inducible constructs. MCF-7 cells were stably 

transduced with either the lentiviral mEmerald backbone (MCF7-EM), the lentiviral vector 

with ESR1 gene fused with the mEmerald tag (MCF7-ER) or the ESR1 gene containing 

three point mutations in the DNA binding domain (MCF7-ER-mDBD).  
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Appendix B 

 

Table B1 RIN scores for RNA-Seq libraries. 

 

Experimental condition RIN score 

EM0-1 10 

EM0-2 10 

EM0-3 9.8 

EM0-4 9.8 

EM10-1 10 

EM10-2 10 

EM10-3 10 

EM10-4 9.7 

ER0-1 10 

ER0-2 10 

ER0-3 9.9 

ER0-4 9.8 

ER10-1 8.9 

ER10-2 10 

ER10-3 9.9 

ER10-4 9.8 
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Figure B1 Representative Bioanalyzer trace for DNA shearing. ChIP DNA was 

obtained from MCF7-EM cells treated for 1 hour with ethanol control (EM0). ChIP DNA 

from 1% input (A) and ER-immunoprecipitation (B) was analyzed using the Agilent 

Bioanalyzer 2100 High Sensitivity DNA chip. The percent of total fragments within a 100-

500 bp range are shown in the region table below each graph.  
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Figure B2 Quality check confirming the presence of ER binding at the pS2 promoter 

region. ChIP DNA was measured by qPCR using primers for a known ER binding motif 

in the promoter region of the pS2 gene. The results from the pS2 qPCR were normalized to 

those obtained for a negative primer set for a gene desert on chromosome 12. 
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Figure B3 Representative Bioanalyzer trace for ChIP-Seq library. ChIP-Seq library 

was made using ChIP DNA from MCF7-EM cells treated for 1 hour with ethanol control 

(EM0). ChIP-Seq library made from 1% input (A) and ER-immunoprecipitation (B) was 

analyzed using the Agilent Bioanalyzer 2100 High Sensitivity DNA chip. 
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Figure B4 Quality check confirming pattern of ER binding at the pS2 promoter region 

in a ChIP-Seq library. ChIP DNA from one biological replicate was measured by qPCR 

using pS2 primers before (ChIP) and after building the ChIP-Seq library (ChIP-LIB). The 

results from the pS2 qPCR were normalized to those obtained for a negative primer set for 

a gene desert on chromosome 12. 
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Figure B5 Representative FastQC result obtained from the sequencing of ChIP-Seq 

library. Graph shows the per base sequence quality across the 76 bp read. The blue line 

represents the mean quality score. The green region indicates calls of very good quality, 

orange indicates reasonable quality and red indicates poor quality. 
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Figure B6 Principle component analysis (PCA) plot for ChIP peak sets. Plot shows the 

distribution of the 3 biological replicates for each experimental condition. 
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Figure B7 Representative Bioanalyzer traces for RNA-Seq experiments. (A) 

Bioanalyzer trace for the original RNA sample and (B) RNA-Seq library.  
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Figure B8 Representative FastQC result obtained from the sequencing of RNA-Seq 

library. Graphs showing the per base sequence quality across the 76 bp paired-end reads. 

Read 1 (R1) and Read 2(R2). The blue line represents the mean quality score. The green 

region indicates calls of very good quality, orange indicates reasonable quality and red 

indicates poor quality. 
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Figure B9 Illustration of the Imaris split by seed points function. Detection of 

individual nuclei was done by setting the split by seed points to 10. 
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Figure B10 Illustration of paired FISH signals included for analysis. 
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Figure C3 Staining for p21 on the core and surgical tissues from a patient from PRESTO clinical 
trial. 

 


