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Abstract 

Decreased expression of the tumor suppressor gene BRCA1 (breast cancer 1, early onset) is 

frequently observed in sporadic breast tumors, with the decrease not attributed to mutations or 

hypermethylation of the promoter. A critical regulator of the BRCA1 promoter is the GA-Binding 

Protein (GABP), a heterotetramer of GABPα and GABPβ. Previous analysis of the GABPβ 

promoter revealed a regulatory multi-protein complex containing Nuclear Respiratory Factor 1 

(NRF-1), which was aberrant in SK-BR-3 cells, resulting in decreased GABPβ and BRCA1 

expression. To identify the unknown co-regulators of the NRF-1-containing complex at the 

GABPβ promoter, an immobilized-template assay containing the complex binding site was 

utilized. Despite optimization of binding and elution conditions through variations in salt content, 

Mg
2+

 concentration and pH, non-specific DNA-binding proteins were present in the column 

eluate. Further experimentation is therefore required to distinguish between non-specific proteins 

and complex co-activators. As this complex containing NRF-1 is also able to modulate BRCA1, a 

regulator of luminal progenitor differentiation, a defect in NRF-1 or complex co-activators could 

contribute to the abnormal morphogenesis and differentiation of BRCA1-deficient tumors. We 

therefore investigated the role of NRF-1 in mammary cell morphogenesis and its link to the 

GABP/BRCA1 pathway. As both GABPβ and NRF-1 are known regulators of nuclear-encoded 

mitochondrial proteins, this association also provides a link between mitochondrial metabolism 

and breast differentiation, both of which are frequently disrupted in breast cancer. An inducible 

lentiviral system was used to generate NRF-1 knockdown cell lines to examine its effect on 

morphogenesis. Growth in 3D culture resulted in abnormal cell structures having impaired cell 

polarization and lumen formation. In monolayer culture, prolonged NRF-1 knockdown did not 

result in decreased BRCA1 or GABP expression. However, these cells did display notable 

mitochondrial dysfunction, accompanied by the downregulation of several NRF-1 target genes 

involved in mitochondrial biogenesis including Tfam and cytochrome c. These results suggest a 
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role for NRF-1 in mediating mammary morphogenesis through maintenance of functional 

mitochondria. Further investigation into the role of the NRF-1-containing complex at the GABPβ 

promoter during differentiation might also provide insight into the altered cell metabolism and 

differentiation observed in cancer cells. 
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 CHAPTER 1: Introduction and Literature Review 

1.1 Breast Cancer 

 With approximately 22,000 new cases of breast cancer expected to arise in Canada in 

2012, breast cancer represents the most frequently diagnosed cancer in women affecting nearly 1 

in 10 during their lifetime, and is the second leading cause of cancer mortality [1]. Clinical 

classification of breast cancer has typically involved analyses based on stage, histopathology, and 

grade, but molecular classification using expression profiling has stratified breast cancer into six 

biologically distinct subgroups, reflecting the heterogeneity of the disease. These subgroups differ 

in their occurrence [2,3], prognosis [4] and clinical behavior [5], and consist of luminal A, 

luminal B, basal-like/triple negative, claudin-low, HER2/ERBB2 over-expressing, and normal-

like breast cancers [4,6]. These molecular subgroups are also broadly conserved across ethnic 

groups [7] and are apparent in ductal carcinoma in situ, the invasive carcinoma precursor [8], 

supporting the view that unique molecular networks contribute to the initial development of these 

intrinsic tumor subtypes. Additional breast cancer subtypes have been proposed by a recent study 

identifying novel biological subgroups through the examination of somatic copy number 

aberrations and gene expression profiling [9]. In this study ten novel subtypes were identified, 

each characterized by a distinct molecular profile and prognosis. Further studies integrating 

epigenetic and micro-RNA profiles with the currently characterized genomic architecture will 

likely increase the number of breast cancer subgroups as additional molecular mechanisms are 

potentially involved. Even with the current classification of tumor subtypes, there remains a 

considerable underlying complexity, which is reflected in the heterogeneity of responses within a 

tumor subtype to chemotherapy, hormonal, and targeted therapies [10]. In order to improve 

current therapies, a better understanding of the etiology of these tumor subtypes is necessary. The 
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identified molecular tumor subgroups have been suggested to arise from the transformation of 

distinct breast cell types that exist within a cellular hierarchy [10], with the molecular profile of 

the subgroups proposed to reflect the cell of origin [11]. As the cellular organization apparent 

during mammary carcinogenesis is derived from the normal mammary gland, an understanding of 

the normal epithelial hierarchy could provide insight into the origin and development of breast 

cancer subtypes. 

1.2 The Human Mammary Gland  

1.2.1 Structure and Development 

 The mammary gland is comprised of a branching network of ducts that end in clusters of 

small ductules, known collectively as terminal ductal lobular units (TDLUs) [12]. Embedded 

within the mammary fat pad, these TDLUs are the basic functional units of the breast and consist 

of luminal epithelial and myoepithelial cells. The luminal cells can differentiate into both the 

ductal cells that line the hollow breast ducts, and the milk-producing alveolar cells that arise 

during pregnancy. In contrast, myoepithelial cells are specialized contractile units that form the 

basal epithelial cell layer directly surrounding the luminal cells and direct cell polarity through 

the secretion of the basement membrane (BM) which forms the exterior [6].  

 Development of the mammary gland occurs primarily postnatally and consists of two 

functionally distinct growth phases: a ductal phase which generates the basic tissue architecture, 

and a secretory phase responsible for milk production necessary during pregnancy [13,14]. The 

ductal phase begins at birth, where a rudimentary ductal tree stems from the nipple and exists in a 

quiescent state until puberty, after which increased hormonal levels initiate the formation of the 

mature ductal network [13]. These ducts exist in a highly dynamic state, with the distal ends 

undergoing branching morphogenesis and invading the surrounding tissue stroma [13]. The 
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mature glandular tissue is established when the ductal branching, which first develops centrally 

during puberty, expands to the periphery of the mammary gland terminating in TDLUs. Although 

extensive mammary development occurs from puberty to maturity, there are significant glandular 

changes associated with pregnancy. In response to circulating pregnancy hormones there is 

increased ductal branching terminating in new TDLUs, where the luminal epithelial cells 

differentiate into the alveolar cells necessary for milk production and secretion [12]. During post-

pregnancy lactation, the secretory cells present within the mammary gland are maintained 

through mechanical stimulation from suckling [15]. However following weaning, the mammary 

gland undergoes postlactational involution that reverts the tissue to the mature tissue resting state. 

This stage involves apoptosis and phagocytosis of the alveolar cells in addition to inactivation of 

lactation-associated genes and activation of involution-associated genes, with nearly 80% of the 

mammary epithelial cells undergoing programmed cell death [12,16]. 

1.2.2 Epithelial Hierarchy and Tumourigenesis 

 The existence of a cell hierarchy within the mammary gland is supported by early studies 

characterizing bipotent mammary epithelial progenitor cells capable of luminal- and 

myoepithelial-restricted differentiation [17,18]. Mammary stem cells (MaSC) exist at the apex of 

this hierarchy, with the ability to both self-renew and generate epithelial progenitor cells that can 

differentiate along the luminal or myoepithelial cell lineage. MaSC have been shown to reside in 

the ductal branches of the human mammary gland where they are relatively quiescent, while the 

bipotent progenitor cells that result from MaSC differentiation exist in the lobules and 

demonstrate a higher proliferative activity [19]. It has been suggested that the entire lobule and 

ductal structures of the human mammary epithelium can be derived from a single stem cell [20] 
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and it has been shown that a single mouse mammary stem cell is able to reconstitute an entire 

functional mammary gland [21]. 

 Transformed MaSC have been suggested as the initiating and driving force behind 

tumourigenesis given the unique properties and regulation of stem cells. Whereas differentiated 

somatic cells are highly proliferative and short lived with constant turn over, stem cells are 

relatively quiescent and long lived which allows for the accumulation of oncogenic mutations 

from exposures to common mutagens such as ionizing radiation, environmental chemicals, 

viruses and inflammation [22-24]. The maintenance of stem cells in a quiescent cell cycle state 

also permits accrual of DNA damage through reduced activation of checkpoint controls and DNA 

damage response pathways, which prevents repair of damaged DNA or induction of apoptosis 

[25]. Furthermore, the defects acquired by quiescent stem cells could be propagated through self-

renewing progeny and progenitors, resulting in a transformed cell pool. In addition to the inherent 

properties of stem cells, the molecular pathways regulating stem cell renewal including the Wnt, 

Notch and PTEN signally pathways are often deregulated in cancer [26]. 

1.2.3 The Cancer Stem Cell Theory 

 The cancer stem cell theory proposes that malignant tumors exist in a cellular hierarchy 

similar to normal tissues and arise from a small number of transformed cells known as cancer 

stem cells (CSC), with non-CSC being unable to initiate tumor formation [27]. CSCs were first 

identified in the hematopoietic cell system, where hematopoietic stem and multi-/oligopotent-

progenitors capable of indefinite proliferation are able to generate all types of mature blood cells, 

but their transformation results in leukemogenesis [28]. Breast CSCs can be isolated from non-

tumorigenic cancer cells using a combination of cell surface markers (CD44/CD24) and aldehyde 

dehydrogenase activity (ALDH), where the phenotype CD44
+
CD24

-/low
 and ALDH1

high
 is 
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characteristic of breast CSCs [29]. Identification of CSC surface markers and evidence for the 

cancer stem cell hierarchy in the mammary gland comes from transplantation studies in mice. In a 

study by Al-Hajj et al., cells were isolated from nine human breast carcinomas based on the 

expression of CD44 and CD24 markers, which were heterogeneously expressed in tumor tissue 

[30]. The tumorigenic potential was assessed following implantation of the isolated cells into the 

cleared mammary fat pads of NOD/SCID mice, and notably only the CD44
+ 

CD24
-
 cell 

population was able to initiate tumor formation. Furthermore, this tumor-initiating subpopulation 

of breast cancer cells was able to regenerate the heterogeneity of the original tumor, producing 

CD44
+
 CD24

-
 and CD44

+/-
 CD24

+
 cells, and undergo serial transplantation demonstrating a 

capacity for self-renewal. Interestingly, basal-like breast tumors are enriched with cells displaying 

the CD44
+
CD24

-
 stem cell marker phenotype, which is associated with a less differentiated and 

more invasive phenotype [31]. 

1.2.4 Luminal Progenitors as the Cell-of-Origin in Basal-Like Tumors 

 With basal- and luminal-like cancers representing the two most prominent subtypes of 

breast cancer and are identified based on their similarities to the basal and luminal lineages in the 

normal mammary gland [32], it was initially speculated that these breast tumor subtypes 

originated from lineage-specific transformed cells [33,34]. However, there is increasing evidence 

that luminal progenitor cells contribute to both basal- and luminal-like cancers, with gene 

expression signatures of basal- and luminal-like cancers most similar to luminal progenitor cells 

[35-37]. Although luminal cells have traditionally been described as less malignant in comparison 

to basal-like cells [30], these luminal progenitors have recently been shown to be tumor initiating 

and invasive, without de-differentiating or regressing to a basal cell state [38]. The tumor 

suppressor BRCA1 (breast cancer 1, early onset) has been shown to be a regulator of luminal cell 
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differentiation in human breast cancer, where its absence results in expansion of the luminal 

progenitor population and a characteristic basal-like tumor phenotype [36]. 

1.3 BRCA1 and Tumourigenesis 

1.3.1 Familial and Sporadic Breast Cancers 

 Hereditary breast cancer is associated with a high risk of developing breast cancer with 

the increased susceptibility resulting from an inherited germline mutation in one allele of a high 

penetrance tumor suppressor gene including BRCA1, BRCA2, TP53, or PTEN [39]. Inactivation 

of the second allele through loss of heterozygosity (LOH) is able to initiate the oncogenic 

process, with this mechanism of tumourigenesis referred to as the two-hit hypothesis [40]. 

Additionally, BRCA1 haploinsufficiency results in a diminished DNA-repair capacity which has 

been suggested to accelerate the development of hereditary breast carcinogenesis and facilitate 

the accumulation of additional mutations [41]. Germline mutations in BRCA1 account for 

approximately 30% of hereditary breast cancer cases, with hereditary cases representing only 

about 10% of total breast cancer cases [42]. The remainder of breast cancer cases are sporadic in 

nature, with only a limited number of cases attributed to mutations in BRCA1. However, reduced 

BRCA1 mRNA levels are frequently observed in sporadic breast cancers, with decreased BRCA1 

expression levels correlating with increased tumor aggression, enhanced cancer metastasis, and a 

poorer clinical prognosis [43,44]. Therefore, an underlying defect in BRCA1 expression or in 

related pathways will have the same functional consequence as mutational inactivation of BRCA1 

itself. Methylation of the BRCA1 promoter has also been suggested as a contributing factor for 

decreased BRCA1 expression in sporadic breast tumors [45]. However, decreased expression of 

BRCA1 due to promoter methylation is observed in approximately 11% of sporadic breast cancer 

tumors [45-47]. 
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1.3.2 BRCA1 as a Tumor Suppressor 

 There is substantial experimental evidence indicating that BRCA1 functions as a tumor 

suppressor. BRCA1 has been shown to be involved in many cell functions that serve to maintain 

genomic integrity, and its disruption often results in defective G1/S, S, and G2/M cell checkpoints 

[48-50]. In addition to interacting with proteins involved in cell cycle regulation, BRCA1 

interacts with other tumor suppressors and oncogenes, proteins involved in DNA damage repair, 

and transcriptional activators and repressors [51]. As inactivation of BRCA1 alone is not 

sufficient for tumourigenesis, cell cycle checkpoint dysfunction coupled with impaired DNA 

damage repair has been proposed to induce genetic instability in BRCA1 deficient cells, 

increasing the risk for malignant transformation [52]. The progression from genetic instability to 

tumor formation through oncogene activation is supported by the expression profile of BRCA1-

associated tumors, which are frequently associated with increased expression of oncogenes such 

as cyclin D1, c-Myc and ErbB2 [53,54].   

1.3.3 BRCA1 in Development and Differentiation 

 Studies of murine Brca1 expression during development have revealed that it is tightly 

regulated at distinct stages of mammary gland development [55]. During early embryogenesis 

(E9.5-10.5) Brca1 is diffusely expressed among the embryonic tissues, where it shifts in late 

embryogenesis (E13-20) towards tissue specific expression in cells undergoing rapid growth and 

differentiation [56]. Postnatal expression of Brca1 in the breast remains at low levels until 

puberty, where a sudden increase in expression accompanies ductal morphogenesis in the 

mammary gland with the formation of proliferative terminal end buds (TEB) [55]. In the adult 

tissue Brca1 expression is localized primarily in proliferating tissues undergoing differentiation, 

with expression in the mammary gland remaining low in the virgin mouse until pregnancy where 
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a dramatic increase in expression accompanies the formation of milk-secreting alveolar units in 

the TEB [56]. With Brca1 expression remaining elevated during pregnancy and lactation, post-

lactational regression stimulated by weaning results in decreased Brca1 expression. A final 

increase in Brca1 expression accompanies involution of the mammary gland, which is triggered 

by a massive apoptotic event, and returns the mammary gland to a quiescent state [55]. Although 

this quiescent state is associated with low Brca1 expression, this baseline expression is higher 

than in age-matched virgin mice [56]. These increased levels of Brca1 support human 

epidemiological studies describing the protective effect of pregnancy in breast cancer 

development for parous women [57]. 

 Several studies have examined the crucial role of Brca1 in development using targeted 

gene knockout. Mouse models with global homozygous deletions in Brca1 revealed an early 

embryonic lethality (E5.5-13.5), supporting a role for Brca1 in embryonic development.  These 

embryos exhibited various phenotypic deficiencies including developmental delays and structural 

chromosomal aberrations which were likely due to accumulated DNA damage [58], consistent 

with a role for BRCA1 in the maintenance of genome integrity. Similar to BRCA1 knockouts, 

truncations of BRCA1 eliminating the BRCT domain, which has recently been shown to be 

required for its tumor suppressor function [59], results in a delayed early embryonic lethality 

(E9.5-10.5). Embryogenesis was associated with a delay in development and growth arrest but 

continual proliferation and differentiation [60]. Therefore, truncations appear to have a different 

effect on embryonic development than complete protein absence. To overcome the embryonic 

lethality phenotype associated with BRCA1 knockout, Xu et al. utilized conditional knockout of 

BRCA1 in the mammary gland using a Cre-loxP system [61]. Abnormal ductal morphogenesis 

and increased apoptosis was observed following conditional knockout, with 80% of mice 
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remaining tumor free until 10 months of age. Notably, the low frequency and delay in tumor 

formation following conditional Brca1 knockout in these mice suggests that additional 

transformations combined with loss of Brca1 are required for tumourigenesis.  

 The requirement for BRCA1 in embryogenesis and mammary gland development 

suggests it plays a regulatory role during cell proliferation and differentiation. Using murine 

mammary epithelial cells that differentiate in vitro in response to lactogenic hormones, BRCA1 

has been shown to promote differentiation while down-regulating proliferation assessed by the 

expression of the milk protein β-casein and formation of domes [62]. Additionally, its depletion 

was shown to result in attenuation of differentiation. A similar study depleted BRCA1 using RNA 

interference in the human mammary epithelial cell line MCF-10A, which resulted in the 

formation of abnormal cell aggregates having increased cell proliferation during differentiation 

[63]. BRCA1-depleted cells were also associated with down-regulation of genes involved in 

differentiation and up-regulation of genes involved in proliferation. As mammary gland 

development is based on the differentiation of stem/progenitor cells along the luminal or 

myoepithelial lineage, the influence of BRCA1 expression on the epithelial hierarchy has been 

previously investigated [64]. Lim et al. examined the breast tissue of BRCA1 mutation carriers 

(BRCA1
+/-

) and observed a diminished stem and enriched luminal progenitor expression signature 

[36]. In contrast, Liu et al. demonstrated that while BRCA1 expression increases in vitro during 

mammary cell differentiation, knockdown of BRCA1 (~20% expression) results in expansion of 

the undifferentiated stem/basal cell population with a corresponding decrease in luminal cells 

[64]. These results suggest that the effects of BRCA1 on mammary stem/progenitor 

differentiation may be dose dependent. BRCA1 heterozygosity results in expansion of the luminal 

cell population while homozygous BRCA1 inactivation shifts the cell population towards a 
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stem/basal-like state. Interestingly, this model is consistent with BRCA1 expression in normal 

cells where it remains low in the stem/basal population, while being nearly 3-fold higher in 

luminal cells [64]. Collectively, these findings establish BRCA1 as an important regulator of cell 

growth and differentiation. 

1.4 Regulation of the BRCA1 Gene 

 Characterization of the transcription factors that regulate the BRCA1 proximal promoter 

has previously been performed with several protein complexes identified [55]. The GA-binding 

protein (GABP) is a critical regulator of promoter activity and has been shown to bind the RIBS 

site [45]. Recently, the low BRCA1 expression present in the human mammary carcinoma, ErbB2 

amplified, SK-BR-3 cell line was attributed to decreased expression of the GABP subunit, 

GABPβ, that resulted from aberrant regulation of a site within the GABPβ promoter by a multi-

protein complex containing Nuclear Respiratory Factor-1 (NRF-1) [65]. As aberrant activity of 

NRF-1 or its regulatory complex members are able to modulate BRCA1 expression through their 

regulation of GABPβ, further studies are required to identify these complex co-activators. GABP 

also mediates the interaction of the unliganded glucocorticoid receptor with the BRCA1 promoter 

at the RIBS site in the absence of the stress hormone hydrocortisone [66], supporting a 

mechanism in which stress regulates BRCA1 expression (reviewed in [67]). A CREB (Cyclic 

AMP Response Element Binding protein) site exists downstream of the RIBS element and acts as 

a constitutive transcriptional activation element bound by CREB [68]. It was subsequently 

demonstrated that c-Jun/Fra2 also bind this site and positively regulate BRCA1 expression [69]. 

Positive regulation has also been demonstrated by a complex containing 53BP1 (p53 binding 

protein) at the UP site [70]. The oncogene Steroid Receptor Co-activator 3(SRC3) has been 

demonstrated to complex with 53BP1 to regulate the BRCA1 promoter, possibly at the UP site 
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[71]. Although the mechanism by which p53 transcriptionally represses BRCA1 expression is not 

known [72], it is possible that its interaction with bound 53BP1 suppresses its activity and 

reduces BRCA1 expression. Regulatory control of the promoter also appears to be mediated by 

several E2Fs, where binding of either E2F6 or E2F1 has been shown to repress and activate the 

promoter, respectively [73]. Additionally, bound E2F1 and E2F4 at adjacent E2F binding sites 

results in negative regulation of the promoter [74]. Similarly, repression of the BRCA1 gene is 

mediated upon binding of Rb to E2F1 at the E2F binding site [75]. BRCA1 expression is also 

shown to increase in response to treatment with estrogen [76]. Its interaction with estrogen is 

complex as BRCA1 is able to both repress ERα signalling and stimulate its expression (reviewed 

in [77]). The involvement of BRCA1 in hormone signalling may contribute to the associated 

breast- and ovarian-specific tumor development associated with BRCA1 mutation in hereditary 

[78] and BRCA1 inactivation in sporadic cancers [47,79,80]. In addition to regulation of the 

proximal promoter, a recent study has demonstrated c-Myc activation of the promoter through 

distal regulatory elements [81]. 

 Regulation of BRCA1 transcripts has recently been shown to involve micro RNAs 

(miRNA). The decreased expression of BRCA1 associated with sporadic breast cancers has been 

suggested to be mediated by miR-182 in the 3’UTR of BRCA1 [82], resulting in diminished 

DNA damage response capacity. Additionally, miR-335 has been shown to modulate the BRCA1 

regulatory cascade in vitro through regulation of the BRCA1 activators ERα, IGF1R, SP1, and 

the repressor ID4 with miR-335 expression itself being regulated by estrogen [83]. Upstream 

deregulation of miRNAs impacting BRCA1 can result in an amplified downstream effect given 

recent findings that BRCA1 epigenetically controls the oncogenic miR-155 [84] with targets 

involved in apoptosis and proliferation, both of which contribute to tumor development. 
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1.5 GAPB Regulation and Cellular Functions 

 GABP is a critical regulator of the BRCA1 promoter through the RIBS element [45]. 

GABP is a unique ets transcription factor that exists as an obligate multi-subunit protein complex 

[85]. It consists of a GABPα and GABPβ heterodimer, which can in turn form a transcriptionally 

active tetrameric α2β2 complex [85]. GABPα contains the DNA-binding domain (DBD) which is 

characterized by the winged-helix-turn-helix motif common to ets transcription factors, and is the 

only ets factor that can recruit GABPβ to DNA [86]. Its central region also contains an ets 

pointed domain (Ptd), which mediates additional protein-protein interactions [87]. GABPβ 

contains ankyrin repeats (AR) that form the interface with GABPα, a transactivation domain 

(TAD) required for transcriptional activation and a leucine zipper (LZ) motif that mediates 

tetramerization [85]. In humans there are four different GABPβ splice variants that differ in their 

C-termini [88], and are named according to their molecular weight [85]. These GABPβ isoforms 

all contain an N-terminal AR domain and a TAD, but differ in their inclusion of a central 12-

amino acid region (In) having no known function and a C-terminal LZ domain [85]. The structure 

of human GABPα and the GABPβ isoforms are summarized in Figure 1.1. There is currently no 

consensus on the precise location of the TAD and transcriptional activity of these isoforms. 

Gugneja et al. reported that all four GABPβ isoforms exhibit indistinguishable transcriptional 

properties with the TAD located directly upstream from the LZ domain [88]. In contrast, Sawa et 

al. localized the TAD to the extreme C-terminal region, with only GABPβ1-42 and and 

GABPβ1-41exhibiting transcriptional activation properties [89]. Furthermore, Rosmarin et al. 

utilized in vitro luciferase assays which revealed that although all isoforms were capable of 

promoter activation, the GABPβ1-42 and GABPβ1-41 isoforms show greater transcriptional 

activation [85]. The GABP complex is involved in a variety of cellular 
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Figure 1.1. Domain structures of GABPα, GABPβ1 isoforms and NRF-1. (A) The functional 

domains of the GABPα subunit include an ets pointed domain (Ptd, dark grey), a helix-loop-helix 

DNA-binding domain (DBD, green) and a heterodimerization domain (HD, orange). (B) Four 

GABPβ1 splice variants have been identified, with their names derived from their molecular 

weight. The functional domains of the GABPβ1 subunits include an ankyrin repeat 

heterodimerization motif (AR, dark grey) and a transcriptional activation domain which contains 

the nuclear localization signal (TAD, green). Isomer β1-42 and β1-41 also contain a C-terminal 

leucine zipper domain (LZ, yellow), while β1-42 and β1-38 additionally possess a 12 amino acid 

insert of unknown function (In, blue). (C) The functional domains of NRF-1 include a 

homodimerization domain (HD, dark grey), a nuclear localization signal (NLS, blue), a large 

DNA-binding domain (DBD, green), and a bipartite transcriptional activation domain (TAD, 

orange). 

 

 

 

A. 

B. 

C. 



 

14 

 

functions including regulation of mitochondrial cellular respiration, cell-cycle progression and 

differentiation [90,91]. In addition to mitochondrial metabolism which will be discussed below, 

GABPα has recently been demonstrated to be crucial for the maintenance and differentiation of 

hematopoietic stem/progenitor cells (HSC) [92]. Transcriptome analysis revealed that direct 

GABP target genes included the transcription factors Zfx and Etv6, and prosurvival Bcl-2 family 

members, all of which are important for HSC survival [92]. Maintenance of HSC quiescence was 

also linked to GABP through its direct regulation of Foxo3 and Pten [92]. Additionally, GABP is 

involved in the regulation of HSC proliferation and differentiation through transcriptional 

activation of DNA methyltransferases and histone acetylases [92]. Furthermore, GABPα has also 

been implicated in the regulation of Oct-3/4 expression, a factor necessary for the self-renewal of 

embryonic stem cells [93]. Therefore, consistent with its regulation of BRCA1, it is likely that 

GABP is involved in the regulation of breast differentiation. 

 A crucial regulatory role for GABP during development has been demonstrated in vivo 

with mutational inactivation of GABPα [94]. Homozygous GABPα
-/-

 mice exhibit a lethal 

phenotype prior to implantation in the uterine endometrium. While heterozygous mice are not 

phenotypically different from wild-type mice, they interestingly do not show a reduction in 

GABPα protein levels suggesting tight regulation of its expression. The early embryonic lethality 

is suggested to result from mitochondrial and nuclear target gene deficiencies. Notably, an 

embryonic lethality phenotype is also observed with several GABP target genes including 

mitochondrial transcription factor A (Tfam) [95] and BRCA1 [58]. 

1.6 Nuclear Regulators of Mitochondrial Metabolism 

  The mitochondrial genome has a limited coding capacity, with the 16.5 kb of closed 

circular DNA encoding only 13 polypeptides that function as respiratory subunits of complexes I, 
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III, IV, and V, 22 mitochondrial transfer RNAs (tRNA) and 2 mitochondrial ribosomal RNAs 

(rRNA) [96]. As approximately 100 different components are required for the mitochondrial 

oxidative phosphorylation system alone, the nuclear genome is required to encode the remaining 

components involved in oxidative phosphorylation, mitochondrial DNA transcription, translation 

and replication, HEME biosynthesis and protein import and assembly [96,97]. These nuclear-

mitochondrial interactions are regulated by the family of Peroxisome Proliferator-activated 

receptor Gamma Co-activators (PGC)-1 which includes PGC-1α, PGC-1β, and PGC-1 Related 

Co-activator (PRC) [98]. Transcriptional regulation of nuclear encoded mitochondrial proteins by 

this family of nuclear co-activators requires their recruitment to gene promoters through 

interactions with DNA-binding transcription factors including NRF-1, GABP, Estrogen-Related 

Receptors (ERR), and CREB, among others [99]. Finally, additional recruitment of histone acetyl 

transferase (HAT) containing co-activator proteins and SWI/SNF chromatin remodeling 

complexes is required to potentiate the transcriptional activity [99]. The regulatory involvement 

of GABP and NRF-1 in mitochondrial biogenesis is summarized in Figure 1.2. 

1.6.1 GABP and NRF-1 as Regulators of Mitochondrial Biogenesis 

 A number of GABP binding sites are located within the promoters of genes involved in 

oxidative phosphorylation, mitochondrial import, and mitochondrial transcription factors 

involved in mitochondrial genome replication [97]. Consistent with its role in oxidative 

phosphorylation, knockdown of GABPα expression is sufficient to reduce expression of all 10 

nuclear-encoded cytochrome c oxidase (COX) subunit genes in addition to genes required for 

mitochondrial genome replication [100]. The ability of GABP to regulate gene expression is 

controlled by the reduction-oxidation (redox) status of the mitochondria, with the DNA-binding 



 

16 

 

 

 

 

 

Figure 1.2. NRF-1 and GABP coordinately regulate the expression of nuclear-encoded 

mitochondrial proteins (Adapted from Scarpulla, Physiol. Rev 88: 611-638, 2008). Nuclear 

co-regulators (PGC-1α, PGC-1β and PRC) interact with DNA-binding transcription factors 

including NRF-1 and GABP to regulate the expression of nuclear genes required for 

mitochondrial maintenance and function. Their target genes have distinct functions in protein 

import and assembly, heme biosynthesis, oxidative phosphorylation through their expression of 

the majority of respiratory subunits, mitochondrial translation, and mitochondrial DNA (mtDNA) 

transcription and replication. Abbreviations used: NRF-1, Nuclear Respiratory Factor-1; GABP, 

GA-Binding Protein; PGC-1α, PPARγ co-activator-1 alpha, PGC-1β, PPARγ co-activator-1 beta; 

and PRC, PGC-1 related co-activator. 

 

 

 



 

17 

 

ability of the GABPα subunit shown to be severely reduced in conditions of oxidative stress 

[101].  

 NRF-1 was first identified as a regulator of the rat cytochrome c gene, but binding sites 

were subsequently identified in several respiratory protein promoters (reviewed in [90]). NRF-1 

binds to its recognition sequences as a homodimer, where its carboxy-terminal domain is utilized 

for transcriptional activation  and phosphorylation of its amino-terminal domain enhances its 

DNA binding ability [102] (Figure 1.1c). A chicken homologue of NRF-1 functions as a 

transcriptional repressor following glycosylation [103], suggesting that post-translational 

modifications might serve to regulate NRF-1 function. A fundamental role for NRF-1 in 

mitochondrial biogenesis is demonstrated by in vitro studies under conditions of NRF-1 depletion 

[104]. Mitochondrial biogenesis in mouse myoblasts can be stimulated by PGC-1α, however a 

dominant-negative NRF-1 is able to completely abrogate the effect of PGC-1α. Furthermore, 

transactivation of the mitochondrial transcription factor A (Tfam) promoter by PGC-1α requires 

interactions with NRF-1 and GABP [104]. Mutation of the NRF-1 binding site completely 

abolishes activation of the promoter by PGC-1α, while the normal activity is reduced by a much 

smaller extent in the presence of a mutated GABP binding site. These results collectively suggest 

that NRF-1 is a primary target and an essential component of the PGC-1α regulatory network.  

1.6.2 NRF-1 during Development 

 Similar to GABP and BRCA1, the requirement for NRF-1 expression during early 

embryogenesis has been demonstrated with in vivo targeted disruptions in mice. A peri-

implantation lethal phenotype results from homozygous NRF-1 knockdown between embryonic 

days 3.5-6.5, and is associated with reduced mitochondrial DNA content [105]. Although 

heterozygous NRF-1
+/-

 knockout mice are viable, they have a reduced birth weight and a higher 
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mortality with diminished mitochondrial activity. However, the embryonic lethality phenotype 

observed with NRF-1 null mice is not attributed solely to reduced mitochondrial DNA content as 

Tfam knockout mice, although embryonic lethal, survive until embryonic days 8.5-10.5 [95]. The 

difference in embryonic viability for NRF-1 was attributed to its non-mitochondrial regulatory 

functions and potentially disruptions of genes involved in cell growth [90]. 

1.7 Mitochondrial Metabolism in Breast Cancer 

 A unique feature of tumor cells is their preference to metabolize glucose by aerobic 

glycolysis, which is in contrast to the mitochondrial oxidative phosphorylation performed by 

normal cells [106]. Although both tumor and rapidly proliferating normal cells are characterized 

by an increase in glucose consumption and glycolytic activity, tumor cells produce lactic acid 

rather than metabolizing glucose in the citric acid cycle, a phenomenon first identified by Otto 

Warburg more than 75 years ago [106-108]. Although the generation of ATP through aerobic 

glycolysis is inefficient, it facilitates the uptake and incorporation of nutrients into the biomass 

needed for rapid cell proliferation [109]. Although the mechanism for the metabolic shift is 

unknown, there are two predominant theories. Warburg initially proposed that the shift towards 

aerobic glycolysis was the result of impaired mitochondrial function [107]. Although mutations in 

mtDNA are frequently observed in human cancers (reviewed in [110]) and in vitro defects in 

oxidative phosphorylation have been shown to activate the oncogene Akt [111], the prevalence of 

impaired oxidative phosphorylation in breast tumors is varied. Therefore, further studies are 

required to assess the contribution of impaired mitochondrial function to tumourigenesis. In 

contrast, activation of oncogenes including MYC and HIF has been suggested to contribute to the 

Warburg phenotype through activation of glycolytic genes, which are suggested to shift 

metabolism towards glycolysis (summarized in [106]). As tumor cell metabolism is complex, 
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further studies are required to investigate the importance of mitochondrial function in 

tumourigenesis. 

1.8 Rationale and Hypothesis 

 An understanding of the pathophysiological mechanisms involved in the initiation and 

progression of breast cancer is necessary for the identification of therapeutic targets to be used in 

its treatment. As the NRF-1 containing complex that regulates the GABPβ promoter is a positive 

regulator of BRCA1 expression, the downregulation of BRCA1 frequently observed in sporadic 

breast cancers could be mediated by decreased GABPβ, NRF-1 or other unidentified complex co-

activators. Consistent with the fundamental role for BRCA1 in mammary epithelial 

differentiation and recent evidence for the involvement of GABP in the differentiation of 

stem/progenitor cells, NRF-1 might also play a role in cellular differentiation. Given the 

important regulatory functions of NRF-1 and GABP in maintaining mitochondrial metabolism, 

disruption of their expression could also result in the altered tumor metabolism frequently 

observed during breast carcinogenesis and provide a link between the impaired differentiation and 

altered mitochondrial metabolism associated with breast cancer. Therefore, the aim of this study 

was to identify the components of the NRF-1 containing complex that regulates the GABPβ 

promoter and to investigate the role of NRF-1 during BRCA1-mediated differentiation of 

pluripotent breast cell lines. 
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CHAPTER 2: Isolation of a complex containing NRF-1 that regulates the GABPβ promoter 

2.1 Abstract 

Background: Sporadic cases of breast cancer are associated with decreased BRCA1 expression, 

which is proposed to contribute to tumor progression. A critical regulator of the BRCA1 promoter 

is GABP, a heterotetramer of GABPα and GABPβ. A regulatory complex containing NRF-1 has 

been previously shown to activate the GABPβ promoter, where its decreased activity results in 

low BRCA1 expression through downregulation of GABPβ promoter activity. As the 

transcriptional regulation of the GABPβ promoter by the complex containing NRF-1 has not been 

fully elucidated, we attempted to identify the additional co-activators of the complex. 

Results: In the present study, we utilized an immobilized-template assay with a multimerized 

GABPβ promoter binding site for the regulatory complex containing NRF-1, to isolate and 

identify the complex co-activators. Competition assays revealed the presence of non-specific 

DNA-binding proteins in the assay eluate. While optimization of binding and elution conditions 

through variations of Mg
2+

 content and pH minimized binding of non-specific proteins, they were 

still observed to elute from the immobilized-template with NRF-1 and presumably the co-

activators. Furthermore, complex formation at the GABPβ promoter with the isolated fractions in 

an EMSA was not consistent with the elution profile of NRF-1. 

Conclusions: The presence of non-specific DNA-binding proteins in the immobilized-template 

eluate prevented the identification of co-activators in the NRF-1 containing complex that 

regulates GABPβ activity. Modifications to the assay would be required to conclusively identify 

members of the regulatory complex. 
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2.2 Background 

 Women with germline mutations in the tumor-suppressor gene BRCA1 (breast cancer 1, 

early onset) are predisposed to high lifetime risks of developing breast and ovarian cancers, with 

penetrance values of approximately 65% for breast and 39% for ovarian cancers by age 70 

[112,113]. Hereditary breast cancers account for 5-10% of all breast cancer cases, with only 30% 

of these cases being attributed to germline mutations in BRCA1 [42,114,115]. The non-inherited 

sporadic forms of breast cancer make up the remainder of breast cancer cases, with few being 

associated with mutations in BRCA1 [55,116]. However, reduced BRCA1 mRNA levels are often 

observed in sporadic breast cancers, with decreased BRCA1 expression levels correlating with 

increased tumor grade, cancer metastasis, and a poorer clinical prognosis [43,44,117]. As only a 

small proportion of breast cancer tumors present with BRCA1 promoter hypermethylation, 

decreased BRCA1 expression through altered transcriptional regulation has been suggested as 

contributing to sporadic breast cancer progression [45,46,118]. Therefore, a focus should be 

placed on evaluating the BRCA1 regulatory network to determine the basis for the decreased 

BRCA1 expression observed in sporadic breast tumors. 

 BRCA1 transcriptional regulation is complex and under the control of a highly active 

bidirectional promoter regulated by DNA-binding proteins, transcriptional co-activators and co-

repressors [55,119]. One critical activator of BRCA1 expression is the GABP DNA-binding 

complex, which binds the RIBS element of the BRCA1 promoter [45]. The ets transcription factor 

GA-binding protein (GABP) is transcriptionally active following heterotetramer formation, 

consisting of two GABPα and GABPβ subunits, which contain the DNA-binding domain and 

transcriptional activation domain, respectively [85,86,120]. Recently, it has been demonstrated 

that the low BRCA1 expression characteristic of the Erb-B2-amplified SK-BR-3 cell line is the 



 

22 

 

result of reduced GABPβ promoter activity and involves a multi-protein complex containing 

Nuclear Respiratory Factor 1 (NRF-1), that binds and activates the promoter approximately 270 

bp upstream from the transcription start site [65]. The decreased GABPβ expression was not 

attributed to altered NRF-1 expression, but instead to aberrant binding of a complex co-activator. 

To elucidate the mechanism behind the altered GABPβ promoter activation and subsequent 

down-regulation of BRCA1, identification of the complex co-activators is required to understand 

the basis for their aberrant promoter binding and activation. 

 In this study, we set out to identify the unknown co-activators that comprise the GABPβ 

regulatory complex containing NRF-1. To this end, we developed an immobilized-template 

affinity assay similar to that which has proven useful in the identification of brahma-related gene 

1 (Brg-1) and Specificity Protein 1 (Sp1) in the regulation of the SPARC promoter [121]. This 

assay allowed for the capture and purification of proteins from nuclear extracts, which were 

demonstrated to bind the GABPβ promoter at the site activated by the complex containing NRF-

1. Assay conditions were optimized to minimize the purification of non-specific DNA binding 

proteins, which is a frequent occurrence when proteins are isolated by DNA affinity. Here, we 

described the isolation of a complex containing NRF-1 that binds the GABPβ promoter. We also 

reported that in addition to the complex isolation, there were several non-specific binding proteins 

present, which made identification of the specific co-activators in the complex containing NRF-1 

through mass spectrometry unattainable. A discussion on purification strategies to circumvent the 

presence of non-specific DNA-binding proteins is also presented. 
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2.3 Methods 

2.3.1 Cells and cell culture 

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

(Manassas, VA, USA). MCF-7 cells were maintained in RPMI 1640 medium supplemented with 

10% fetal bovine serum, 100 units/ml penicillin, and 100 g/ml streptomycin, humidified at 37
o
C 

with 5% CO2. 

2.3.2 Design of dual biotin-labelled probes 

The GABPβ promoter sequence spanning nucleotides -268/-251 bp upstream from the 

transcription start site was repeated in triplicate following an AGCT overhang to which a dual 

biotin label was bound at the 5’ end for Gb-270multiBT. The same region of the promoter was 

repeated in triplicate following a dual biotin-labeled AGCT with conserved mutations of residues 

-252/-251 for Gb-270(m10)multiBT. The mutated residues were predicted by TRANSFAC 

Alibaba 2.1 to abolish Sp1 binding to the probe. Full double stranded sequences of the probes are 

given in Figure 2-1. 

2.3.3 Immobilized-template assays 

Immobilized-template assays were performed as described previously [121]. Two hundred 

micrograms of Dynabeads M280 streptavidin (Sigma Aldrich) was concentrated using a magnet 

and resuspended in 100 μl of buffer T (10 mM Tris [pH 7.5], 1 mM EDTA, 1 M NaCl). The 

beads were again concentrated and resuspended in buffer T for a total of three washes. The beads 

were then concentrated and resuspended in 16 μl of buffer T with 10 pmol of Gb-270multiBT or 

probe Gb-270(m10)multiBT. The mixture was agitated by flicking for 1 hr at room temperature 

(RT) and the beads were washed 3 times in 100 μl of buffer T to remove unbound probes. Bead-

coupled probes were equilibrated in buffer R (10 mM Tris pH 7.5, 1 mM MgCl2, 0.1% IgePal, 1 
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mM EDTA, 10 mM DTT, 5% glycerol, 60 mM KCl, 12 mM HEPES pH 7.9, 0.03% BSA), buffer 

Z (25 mM HEPES pH 7.6, 60 mM KCl, 12.5 mM MgCl2, 1 mM DTT, 5% glycerol, 0.1% IgePal, 

0.03% BSA), buffer Ze (25 mM HEPES pH7.6, 60 mM KCl, 1 mM DTT, 5% glycerol, 0.1% 

IgePal, 0.03% BSA), or buffer Ze (pH 7.0, 7.5, 8.0) for 30 min RT. Beads were centrifuged, 

isolated and resuspended in buffer R/Z/Ze, to which 200 μg MCF-7 nuclear extracts (prepared as 

described previously [65]) and 40 ng/μl poly (dG-dC) were added (120 μl final volume) and 

mixed for 30 min by flicking at 4
o
C. Beads were collected and unbound proteins were removed 

and saved. The beads were washed three times with buffer R/Z/Ze containing 10 ng/μl poly (dG-

dC). Bound proteins were either immediately eluted by boiling in 1X SDS loading buffer, or 

through gradient salt elution using buffer R/Z/Ze containing 100-1000 mM KCl with two washes 

performed and pooled for each salt concentration. The presence of ARID1A, Brg-1, Sp1, TBP, 

and NRF-1 were detected by Western blot analysis. Large scale immobilized-template assays 

were scaled up from the normal protocol by a factor of 5, utilizing 1 mg MCF-7 nuclear extracts 

with 600 μl binding and elution volume. 

2.3.4 Immobilized-template competition assay 

MCF-7 nuclear extracts (100 μg) were pre-incubated with 50 pmol free NFY, Gb-270, Gb-

270multiBT, or m10 competitors in a final volume of 50 μl adjusted with buffer R, and gently 

agitated on ice for 30 min. Nuclear extracts with and without competitors were added to 

immobilized Gb-270multiBT or Gb-270(m10)multi BT (outlined above) which had previously 

been equilibrated with buffer R for 30 min RT. Beads with nuclear extracts and competitors were 

agitated for 30 min RT, after which beads were collected and unbound proteins isolated. Beads 

were washed three times with buffer R containing 10 ng/μl poly (dG-dC), and bound proteins 
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were eluted by boiling in 1X SDS loading buffer (2.5% sodium dodecyl sulfate, 25mM Tris-HCl 

pH 6.8, 100mM DTT, 10% glycerol). 

2.3.5 Western blot analysis 

Isolated fractions were resolved on a SDS-polyacrylamide gel, transferred to PVDF membrane, 

and probed with the appropriate antibody. Primary antibodies included: anti-ARID1A (2035C5a, 

1:500, Abcam), anti-Brg-1(H-88, 1:1000, Abcam), anti-Sp1 (H-225, Santa Cruz Biotechnology), 

anti-TBP (1TBP18, 1:2000, Abcam) and anti-NRF-1 (M01, 1:250, Abnova). Secondary antibody 

detection was performed using SuperSignal West Pico Chemiluminescence Substrate (Thermo 

Scientific/Fisher, Nepean, Canada). 

2.3.6 Electrophoretic mobility shift assay (EMSA) 

Nuclear extracts (5 μg) or isolated fractions (2 μl of 120 μl volume) were combined with 
32 

P-

labelled oligonucleotides (1 ng) in binding buffer (25 mM HEPES pH 7.6, 5 mM MgCl2, 34 mM 

KCl, 50 μg/ml poly (dI-dC) (Sigma), 0.5 mg/ml bovine serum albumin (BSA)) and incubated on 

ice for 15 min. Samples were resolved on a 6% acrylamide 0.25 x TBE non-denaturing gel, after 

which the gel was fixed (20% ethanol, 10% acetic acid) and dried onto filter paper. The Gb-270, 

Gb-270m6 and RC4 oligonucleotide sequences have been previously reported in [65]. 

2.4 Results 

2.4.1 Isolation of the NRF-1 containing protein complex that binds the GABPβ promoter using an 

immobilized-template assay 

 A multi-protein complex containing NRF-1 has previously been shown to regulate the 

GABPβ proximal promoter, -268/-251 bp upstream of the transcription start site [65]. To identify 

additional proteins in this complex that bind -268/-251, an immobilized template affinity assay 

was employed. The -268/-251 sequence of the promoter was multimerized to increase capture of 
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the protein complex, and dual biotin-tagged to allow for immobilization on streptavidin-coated 

magnetic beads (Figure 2-1a). TRANSFAC AliBaba 2.1 transcription factor prediction software 

was utilized to identify potential artificial binding sites created by multimerizing -268/-251, and 

identified a restored Sp1 binding site from two native binding sites present at either end of -268/-

251 (Figure 2-1a). Several nucleotides not required for binding by the GABPβ regulatory 

complex, but key for the artificial Sp1 binding site in the multimer, were mutated to abolish Sp1 

binding which was confirmed with prediction software.  This mutated -268/-251 multimer was 

dual biotin-tagged for an additional immobilized-template predicted to have reduced non-specific 

protein binding (Figure 2-1b). Previous unpublished work using a maltose binding protein-fused 

NRF-1 affinity column and EMSA identified the SWI/SNF proteins Brg-1 and ARID1A (AT rich 

interactive domain 1A) as potential members of the -268/-251 regulatory complex. Binding of 

Brg-1, ARID1A, NRF-1 and Sp1 to the multimerized -268/-251 was substantiated with Western 

blot analysis of the immobilized-template assay column eluate in the presence and absence of 

excess free -268/-251 monomer and multimer competitors to assess binding specificity (Figure 

2.2). Although binding to the immobilized -268/-251 multimer by Brg-1 and ARID1A and NRF-1 

could be demonstrated, only NRF-1 could be confirmed as binding specifically. While the 

majority of NRF-1 was retained by the multimer, there was substantial unbound Brg-1 and 

ARID1A. Also, free monomer and multimer was able to compete for NRF-1 binding resulting in 

reduced recovery from the immobilized template, with no substantial effect on Brg-1 and 

ARID1A. Therefore, the observed association of Brg-1 and ARID1A with the -268/-251 multimer 

is likely the result of non-specific binding. Additionally, Sp1 was observed to bind the -268/-251  
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Figure 2-1: Dual biotin-tagged probe for DNA affinity assay. Schematic representation of the 66bp immobilized template containing the 

multimerized GABPβ promoter sequence, with a dual biotin (BT) tag at the 5’ end. The nucleotide sequence of the GABPβ promoter located -268 

to -251bp (Gb-270) upstream of the transcription start site is enclosed by solid boxes and repeated in triplicate for Gb-270multiBT (A) with 

predicted NRF-1 and Sp1 binding site indicated with dashed and solid lines, respectively. Gb-270(m10)multiBT (B) is derived from (A) with 

dashed boxes indicating mutated residues in Gb-270, predicted to abolish non-specific Sp1 binding to the probe. Binding site predictions were 

obtained from sequence analysis using TRANSFAC AliBaba 2.1. 
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Figure 2.2. Proteins bind non-specifically to the GABPβ promoter in an immobilized-

template assay. Nuclear extracts were prepared from MCF-7 cells. Proteins which bind to Gb-

270multiBT (Elution) were isolated from the nuclear extracts (Unbound) using the immobilized-

template assay and subjected to Western blot analysis with antibodies against ARID1A, Brg-1, 

SP-1 and NRF-1, with non-specific binding to beads assessed (Beads Only). Specificity of 

binding was determined by pre-incubating proteins with free competitors in separate assays prior 

to addition to the immobilized-template. Competitors included NFY probe (NFY) lacking the 

binding site, Gb-270 (Gb-270), or Gb-270(m10) (m10). 
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multimer in the presence and absence of competitors suggesting its association is also non-

specific, supporting the need for a mutated -268/-251 multimer to reduce non-specific binding.   

2.4.2 Non-specific binding proteins elute with NRF-1 from the immobilized-template           

 In an attempt to isolate NRF-1 and its associated regulatory complex from proteins 

binding the -268/-251 multimer non-specifically, a gradient salt elution of bound proteins was 

performed to preferentially disrupt binding of weaker binding non-specific proteins using low 

salt, while maintaining complex binding which should dissociate from the template at higher salt 

concentrations. The gradient salt elution was performed with the -268/-251 multimer and mutated 

multimer (Figure 2.3). Although NRF-1 was observed to elute between 300-400 mM KCl with 

both immobilized templates, there was considerable overlap with the non-specific binding Brg-1, 

ARID1A and Sp1. There was a general reduction in protein binding with the mutant -268/-251 

multimer, but this included both non-specific proteins and NRF-1. The binding of Sp1 to both the 

-268/-251 multimer and mutated multimer suggests that either the mutated residues of the 

multimer were not sufficient to disrupt DNA binding at the artificial binding site, or that Sp1 is 

binding non-specifically with Brg-1 and ARID1A to the DNA or bound proteins potentially 

mediated by the binding and elution conditions. 

2.4.3 Optimization of the immobilized-template binding and elution conditions 

 The effects of divalent metal ion cofactors such as magnesium on protein-DNA 

interactions are varied, with its presence observed to enhance sequence specific binding [122], 

weaken protein-DNA interactions, or leave them unaffected [123]. Immobilized template assays 

were therefore conducted with the -268/-251 multimer in the presence or absence of magnesium 

in the binding and elution buffers, or a combination of binding in the presence of magnesium and 

elution without it. Following gradient salt elution of bound proteins, there was generally an  
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Figure 2.3. Non-specific proteins elute with NRF-1 in a gradient salt elution. Nuclear extracts 

from MCF-7 cells were incubated with Gb-270multiBT (A) andGb-270(m10)multiBT (B) in an 

immobilized-template assay. Bound proteins were isolated from nuclear extracts (unbound) and 

rinsed with binding buffer (wash), prior to gradient elution using wash buffer containing 60-600 

mM KCl, and a final elution (elute) with high heat. Isolated proteins were then subjected to 

Western blot analysis with antibodies against ARID1A, Brg-1 and NRF-1. 
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increased separation of the elution profiles between NRF-1 and the non-specific proteins. In the 

absence of magnesium (Figure 2.4a) and in the presence of 12.5 mM MgCl2 (Figure 2.4b), NRF-

1 was observed to elute between 300-500 mM KCl while the non-specific proteins were present 

in fractions up to 300 mM KCl. Although the elution profiles were similar in both conditions, the 

relative quantities of eluted proteins in the fractions differed. Within the elution range for NRF-1, 

the majority eluted at the higher salt concentrations using the buffer without magnesium, and at 

the lower salt concentrations in the presence of magnesium. Additionally, subsequent large scale 

assays revealed increased retention of non-specific proteins which overlap with the elution of 

NRF-1 in the presence of Mg
2+

, but is diminished in conditions without it (Figure 2.4c). In 

contrast, protein binding in the presence of 12.5 mM MgCl2 and gradient salt elution without 

magnesium resulted in considerable overlap between NRF-1 and Brg-1 (Figure 2.4d), suggesting 

that binding and elution conditions without magnesium are optimal for minimizing non-specific 

binding while maintaining NRF-1 and presumably complex formation. 

 Both protein-protein and protein-DNA interactions are known to be dependent on pH 

which influences the binding energy resulting from changes in protonation state [124,125]. 

Therefore, the pH of the modified binding and elution buffer without magnesium was varied 

between the physiological pH 7.0-8.0 to further minimize non-specific binding, assessed by Brg-1 

retention, while maintaining NRF-1 binding at higher salt concentrations, which were examined 

by Western blot analysis (Figure 2.4e,f). Non-specific and NRF-1 binding were shown to be 

dependent on pH, as increases in pH from 7.0 to 8.0 were observed to decrease the DNA binding 

activity of Brg-1 to the immobilized -268/-251 multimer, with reduced NRF-1 retention only 

observed at pH 8.0. However, there was still substantial overlap in the elution of Brg-1 and NRF-

1 under these conditions. Based on these observations, the optimized immobilized template assay  
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Figure 2.4. Optimization of elution conditions with Mg
2+

 and pH variation. Nuclear extracts 

were incubated with Gb-270multiBT in an immobilized-template assay. Proteins were bound and 

eluted with a gradient salt elution in Buffer Ze without magnesium (A), in Buffer Z with 12.5mM 

magnesium (B), or bound in Buffer Z and eluted in Buffer Ze (D). Large scale immobilized-

template assays were performed with Buffer Ze or Buffer Z, and non-specific binding assessed by 

Western blot analysis for Brg-1 (C). The pH of Buffer Ze was varied between pH 7.0-8.0 and 

proteins were bound and eluted with a gradient salt elution (E) and (F). Isolated proteins were 

subjected to Western blot analysis with antibodies against Brg-1, NRF-1 and TBP.  
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conditions to retain NRF-1 and likely the regulatory complex binding while minimizing non- 

specific DNA binding consisted of reactions carried out at pH 7.5 using binding and elution 

buffer without magnesium. 

2.4.4 Isolated fractions containing NRF-1 are not consistent with complex formation 

 To verify the presence of the GABPβ -268/-251 regulatory complex in the fractions  

containing NRF-1 isolated using the immobilized -268/-251 multimer with optimized conditions 

(Figure 2.4e-f, pH 7.5), several EMSAs were performed. The -268/- 251 complex binding 

sequence (Gb-270) and an oligonucleotide containing an NRF-1 binding site from the rat 

cytochrome c promoter (RC4) [126] were utilized as probes. Initial EMSAs using these labeled 

probes revealed some discordance between the NRF-1 containing fractions observed between 

200-400 mM KCl using the RC4 probe, and those that produced a shift (C) with the Gb-270 

probe which demonstrated complex formation between 100-200 mM KCl (Figure 2.5). This 

discrepancy was not surprising, as it is possible that the GABPβ regulatory complex containing 

NRF-1 dissociates from the immobilized -268/-251 multimer over multiple salt elution fractions. 

This fractionated elution of the complex is supported by the different protein-protein and protein-

DNA interactions that exist within this complex. It has been proposed that NRF-1 binds the -268/-

251 promoter sequence as a homodimer, with an additional unknown protein (X) making limited 

contact with the upstream promoter and requiring interactions with NRF-1 for stability [65]. A 

third unknown protein (Y) of the complex binds NRF-1 + X and has no contact with the 

promoter. Additionally, it has been demonstrated that a partially assembled regulatory complex 

containing only NRF-1 and protein X is able to shift Gb-270 in an EMSA, producing a faster 

migrating complex than the entire NRF-1+X+Y regulatory complex [65]. Therefore, if protein X 

was present in any fraction other than 100-200 mM KCl where a shift is already observed, then a 
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Figure 2.5. Fractions containing NRF-1 are not consistent with complex formation. Isolated 

fractions from the immobilized-template assay with Gb-270multiBT and Buffer Ze (pH 7.5) 

(Figure 2.4 e-f) were used in an EMSA with labeled oligonucleotide having a known NRF-1 

binding site (RC4), and Gb-270 with the NRF-1 containing complex binding site. NRF-1 binding 

(NRF-1), complex binding (C), non-specific binding (NS), and free probe (F) are indicated. 
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faster migrating complex containing NRF-1 would be observed. To test the possibility of a 

fractionated complex during isolation, a reconstitution EMSA was performed whereby the NRF-1 

containing 300 mM KCl fraction was added in equal volume to each of the gradient salt eluted  

fractions, and the ability of each fraction to bind the GABPβ promoter was assessed using the Gb-

270 probe (Figure 2.6). Despite the addition of NRF-1 to the isolated fractions, there were no 

additional shifts observed with the Gb-270 probe, as binding complexes (C) were again observed 

in the 100-200 mM KCl fractions. The absence of additional shifts with NRF-1 supplemented 

fractions suggests that either protein X and Y are only present in the 100-200 mM KCl fractions 

with non-specific proteins where a shift is already observed, or the -268/-251 regulatory complex 

was not isolated using the immobilized-template assay and is present in the unbound fraction, 

with the shifts observed at the lower salt fractions the result of non-specific DNA binding 

proteins. 

2.4.5 Evaluation of binding specificity to -268/-251 by fractions isolated using the immobilized-

template assay 

 Despite the use of free competitor DNA to deplete non-specific DNA-binding proteins 

and the optimization of binding and elution conditions, the presence of non-specific proteins 

using immobilized-template assays is a frequent occurrence. To verify the specificity of binding 

of the isolated complex to the GABPβ promoter at -268/-251, an EMSA was performed using a 

mutated Gb-270 probe. The mutant probe (Gb-270 m6) contains conservative nucleotide 

substitutions of residues -267/-265 which have been previously shown to disrupt formation of the 

regulatory complex in an EMSA [65]. A shift of the Gb-270 m6 probe by the isolated fractions 

but not with MCF7 whole cell lysate (WCL) positive control would indicate the enrichment of 

non-specific DNA binding proteins in the isolated fractions. When the Gb-270 m6 probe was 
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Figure 2.6. NRF-1 supplemented fractions do not mediate additional complex formation. 
Equal amounts of fractions isolated from the immobilized-template assay with Gb-270multiBT 

and Buffer Ze (pH 7.5) and the NRF-1 containing 300 mM fraction were combined and used in 

an EMSA with labeled RC4 and Gb-270 oligonucleotide. NRF-1 binding (NRF-1), complex 

binding (C) and free probe (F) are indicated. 
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Figure 2.7. Complex binding is diminished upon binding site mutation. A Gb-270 m6 

oligonucleotide with residues mutated to abolish complex binding was used in an EMSA with 

fractions isolated from the immobilized-template assay with Gb-270multiBT and Buffer Ze (pH 

7.5). Complex binding (C), non-specific binding (NS) and free probe (F) are indicated. 
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used in an EMSA with fractions isolated from the immobilized template assay (Figure 2.4 e-f,  

pH7.5), diminished complex formation was observed with the MCF7 WCL positive control and 

the isolated immobilized-template fractions (Figure 2.7).However, the absence of a shift in any of 

the isolated fractions is not conclusive of binding specificity to Gb-270, especially as previous 

Western blot analysis indicated the presence of the non-specific binding Brg-1 in fractions 200-

400 mM KCl (Figure 2.2F, pH 7.5). Therefore, these results collectively suggest that the binding 

observed with Gb-270 is at least in part due to non-specific DNA binding proteins.   

2.5 Discussion 

 GABP is involved in the transcriptional regulation of genes responsible for cell cycle 

control, apoptosis, and differentiation [85]. With BRCA1 being one of its regulatory targets, 

elucidation of the mechanisms regulating GABP expression could prove useful in the 

understanding of human pathologies including sporadic breast cancers, as decreased GABPβ 

promoter activation has been shown to result in low levels of BRCA1 in the tumorigenic SK-BR-

3 mammary cell line [65]. Our present study attempted to identify co-activators of the GABPβ 

promoter that have been shown to form a regulatory complex with NRF-1 (NRF-1+X+Y) 

approximately 270 bp upstream from the transcription start site (Gb-270). Our approach used an 

immobilized-template affinity assay with the promoter-binding sequence of this complex. 

Previous unpublished work suggested that the SWI/SNF subunit proteins ARID1A and Brg-1 

formed part of this regulatory complex with NRF-1. A maltose-binding protein fused NRF-1 

affinity column was initially used to isolate fractions containing NRF-1 binding proteins that 

form a complex in the absence of a DNA scaffold. This was followed by an EMSA with Gb-270 

to determine which fractions could bind the GABPβ promoter. These fractions were then 

analyzed by mass spectrometry to identify possible binding proteins, which included ARID1A 

and Brg-1. The SWI/SNF complex regulates gene expression through the modification of 
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chromatin structure using the energy derived from ATP hydrolysis [127]. As it has no intrinsic 

ability to bind DNA, it requires transcription factors to recruit it to promoters [128]. This is 

consistent with the proposed complex binding structure at the GABPβ promoter as NRF-1 has 

been suggested to bind the GABPβ promoter while recruiting co-activators X and Y to the 

promoter through protein-protein interactions. Evidence of its involvement in cancer comes from 

the roles of several of its subunits, namely Brg-1, ARID1A and SMARCB1, which act as tumor 

suppressors [129].  

 Despite these findings, our competition assay using the immobilized-template suggested 

that these proteins were binding non-specifically (Figure 2.2). These results are supported by the 

literature which maintains that unlike most ARID family proteins which preferentially bind AT-

rich sequences, ARID1A is able to bind DNA without sequence specificity [130,131]. 

Additionally, its affinity for non-specific DNA sequences is maintained up to at least 200 mM 

KCl [130], which is consistent with our observations during the immobilized-template salt elution 

(Figure 2.3). Furthermore, ARID1A is known to promote the formation of the SWI/SNF 

chromatin remodeling complex containing the alternative catalytic cores Brg-1 or Brm [132], and 

has been shown to interact directly with Brg-1 mediated by its helicase/SANT-associated (HSA) 

domain [133]. It is also possible that Brg-1 is binding to the promoter through protein-protein 

interactions with Sp1, which also appears to bind non-specifically. An interaction between Sp1 

and Brg-1 has already been demonstrated at the SPARC promoter, where Sp1 was demonstrated 

to recruit Brg-1 to the promoter [121]. Therefore, the non-specific binding of Sp1 could be 

mediating additional binding of Brg-1 and ARID1A to the immobilized GABPβ promoter 

through protein-protein interactions. Unfortunately, these non-specific DNA-binding proteins 

were shown to be present in the fractions containing NRF-1 despite buffer optimization, with 
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some discrepancy between the fractions containing NRF-1 and those observed to complex at the 

GABPβ promoter in an EMSA. This suggests that the regulatory complex proteins are 

dissociating from the template over multiple isolated fractions, and that if the complex is present 

in the 100-200 mM KCl fractions that are able to shift Gb-270, there are also contaminating non-

specific DNA-binding proteins present, which prevents mass spectroscopy analysis of the entire 

fraction to identify the complex co-activators. 

 GABP and NRF-1 function as DNA-binding transcriptional regulators of mitochondrial 

biogenesis, and frequently work in conjunction as regulators of nuclear-encoded mitochondrial 

proteins required for oxidative phosphorylation [97,100]. As the protein-coding capacity of the 

mitochondrial genome is limited, the expression of several nuclear-encoded genes is required 

during mitochondrial biogenesis [97]. Therefore, coordinated expression of the nuclear and 

mitochondrial genomes during mitochondrial biogenesis requires the coordinated induction and 

regulatory activity of several proteins including GABP and NRF-1. As a complex containing 

NRF-1 has been shown to regulate the GABPβ promoter, it is likely that the unidentified co-

activators that complexes with NRF-1 are also involved in the regulation of mitochondrial 

biogenesis. 

 The peroxisome proliferator-activated receptor gamma co-activator (PGC)-1 family 

members (PGC-1α, PGC-1β and PGC-1 related co-activator (PRC)) are nuclear transcriptional 

co-activators that serve as key regulators of the transcriptional network controlling mitochondrial 

biogenesis and function [98]. This family of co-activators interacts with a number of nuclear 

DNA-binding transcription factors and hormone receptors including NRF-1, GABP, ERRα, and 

PPARα/γ among others to integrate nuclear gene expression with mitochondrial biogenesis 

[97,98]. Through direct binding to NRF-1 in mouse myoblasts, PGC-1α has been shown to 
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transcriptionally activate several NRF-1 target genes, with a dominant negative NRF-1 lacking 

the trans-activation domain able to abrogate this effect [104]. PGC-1β requires an interaction 

with both NRF-1 and ERRα to activate several NRF-1 target genes, where both transcription 

factors are required for maximal promoter activation [134]. PRC has been show to interact with 

NRF-1 to activate the cytochrome c promoter in vitro [135]. As a direct regulatory interaction 

between NRF-1 and all members of the PGC-1 family of co-activators has already been shown to 

exist, it is possible that one of these co-activators forms part of the regulatory complex with NRF-

1 at the GABPβ promoter. Additionally, decreased expression of PGC-1 co-activators have been 

observed in human breast [136,137], colon [138] and ovarian [139] tumor samples, and given 

their role in mitochondrial biogenesis, disruption of PGC-1 co-activator function has been shown 

to result in mitochondrial dysfunction in a number of diseases [140,141]. Interestingly, cancer 

cells exhibit an altered metabolic program known as the Warburg effect, whereby there is a 

preference to perform glycolysis over oxidative phosphorylation despite a sufficient oxygen 

supply to support mitochondrial metabolism. Although it has yet to be demonstrated, disrupted 

PGC-1 co-activator expression could contribute to the low BRCA1 levels characteristic of 

sporadic breast cancers through its aberrant interaction with NRF-1 at the GABPβ promoter, 

while also contributing to the altered metabolism observed in breast tumor cells. Therefore, 

further experimentation is needed to support a role for PGC-1 co-activators in this regulatory 

network. 

 Identifying DNA-binding transcription factors and protein complexes based on their 

affinity for DNA using an immobilized-template is a widely used approach, and has been 

successfully used in the isolation of transcription factors including Sp1 and activator protein 1 

(AP-1) [142], and protein complexes including the NFAT transcriptional complex [143]. The 
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isolation of Sp1 and AP-1 involved the use of competitor DNA during two successive affinity 

purification steps with the oligonucleotide containing the DNA-binding sequence bound to 

CNBr-activated Sepharose. This assay utilized buffer containing 100 mM KCl, 12.5 mM MgCl2, 

and a pH 7.8, with a gradient salt elution of bound proteins. Although Sp1 and AP-1 were 

purified to near homogeneity, there were still non-specific binding proteins present. Further 

purification steps including the use of additional DNA-Sepharose resins with oligonucleotides 

having different flanking sequences would be necessary to isolate a homogeneous solution of the 

desired protein. In contrast to the purification of already identified transcription factors, the 

isolation of novel co-activators in a protein complex can be exemplified by Yang and Chow 

[143]. The identification of PARP-1 as an NFAT transcriptional co-activator important in 

immune response was achieved using an immobilized biotin-labeled PPARγ2 proximal NFAT-

binding oligonucleotide in the presence of poly (dI-dC). A competition assay similar to ours was 

also performed using free oligonucleotide to determine the specificity of isolated proteins. In both 

assays the bound proteins were immediately eluted and resolved using SDS-PAGE, and stained. 

Proteins binding specifically to the oligonucleotide demonstrated reduced binding in the presence 

of competitors, and following gel excision and digestion with trypsin, were identified using 

MALDI-TOF (matrix-assisted laser desorption/ionization – time of flight) mass spectrometry. 

This was necessary as there was substantial non-specific binding observed in their assay eluate. 

Therefore, although it appears our strategy using an immobilized-template assay with optimized 

conditions is valid, it remains incomplete. Our aim to analyze the entire isolated fraction was 

plagued with the presence of non-specific DNA-binding proteins including ARID1A and Brg-1 

that eluted from the immobilized-template in the same fraction as NRF-1 and presumably the co-

activators of the regulatory complex. However, additional experimentation that would include a 
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comparison between proteins immediately eluted from the immobilized-template in the presence 

and absence of GABPβ competitors would reveal which proteins are binding specifically. These 

proteins could be resolved using SDS-PAGE, excised and identified by mass spectroscopy, or the 

entire fractions obtained with and without competitors could be analyzed with a subtractive 

assessment of the fraction contents. The latter would ensure that all bound proteins would be 

accounted for and would circumvent the reliance on protein visualization and gel excision 

techniques.  

2.6 Conclusions 

The isolation and identification of co-activators at the GABPβ promoter that form a regulatory 

complex with NRF-1 was attempted using an immobilized-template assay. While the assay 

isolated proteins including NRF-1 that could bind the promoter, there was substantial non-

specific binding observed that could not be abolished through optimization of binding and elution 

conditions, which prevented identification of the isolated proteins using mass spectroscopy. 

Therefore, further experimentation is needed to distinguish between the non-specific DNA-

binding proteins and the co-activators that complex with NRF-1 at the GABPβ promoter. 
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CHAPTER 3: The role of NRF-1 in BRCA1-mediated differentiation and mammary gland 

tumourigenesis 

3.1 Abstract 

Background: BRCA1 is a tumor suppressor that contributes to the maintenance of genome 

integrity, with a regulatory role in luminal progenitor differentiation. Decreased expression of 

BRCA1 is characteristic of basal-like tumors, which arise from undifferentiated luminal 

progenitors. NRF-1 and GABPβ have been shown to function in a regulatory network with 

BRCA1, while also regulating the expression of genes required for mitochondrial metabolism. 

While both breast differentiation and mitochondrial metabolism are frequently disrupted in breast 

cancer, it remains unclear whether there is a direct role for NRF-1 in BRCA1-mediated 

differentiation. 

Results: In the present study, we utilized a doxycycline-inducible lentiviral system to generate 

NRF-1 knockdown cell lines to examine its effect on differentiation mediated by BRCA1. When 

these cells differentiate, there is significant infilling of the luminal space and altered cell 

polarization in the observed cell structures. In monolayer cells, NRF-1 knockdown does not result 

in decreased BRCA1 expression. However, evaluation of the mitochondrial metabolism of these 

NRF-1 depleted cells revealed notable mitochondrial dysfunction. Furthermore, there was 

decreased expression of several NRF-1 targets genes involved in mitochondrial metabolism and 

mitochondrial-induced apoptosis, which are likely required for maintenance of a hollow luminal 

space. 

Conclusion: Overall, our results reveal a potential role for NRF-1 in mediating apoptosis during 

mammary ductal morphogenesis through the maintenance of normal mitochondrial function, and 
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although its activity has been shown to moderate BRCA1 expression, the involvement of NRF-1 

in BRCA1-mediated differentiation remains undetermined. 

3.2 Background 

 The mammary gland structure is derived primarily from epithelial progenitor cells of 

basal or luminal lineage which gives rise, respectively, to cells forming the exterior or lining the 

interior of hollow mammary ducts [144]. The basal lineage generates a cell layer which consists 

primarily of differentiated myoepithelial cells [145], with several mammary stem cells also 

embedded within this layer [21,144]. Cells of luminal origin include ductal and alveolar cells, the 

latter of which arises during pregnancy and serves as the milk-producing unit during lactation 

[144]. The tumor-suppressor gene BRCA1 (breast cancer 1, early onset) has been proposed to 

regulate luminal progenitor cell differentiation, with reduced expression shown to result in an 

accumulation of undifferentiated stem and progenitor cells which are suggested to serve as prime 

targets for tumourigenesis [36,64]. Furthermore, knockdown of BRCA1 impairs the formation of 

mammary acini in an in vitro 3D culture which mimics in vivo mammary ductal morphogenesis, 

which supports a role for BRCA1 in mammary differentiation [63]. Breast tumors associated with 

a significant reduction in BRCA1 expression characteristically have a basal-like phenotype, and 

have been shown to originate from undifferentiated luminal epithelial progenitors [35,146]. 

Therefore, determining the basis for the decreased BRCA1 expression in breast tumors could 

provide insight into the etiology of these undifferentiated basal-like tumors. 

   The GA-binding protein (GABP) is a well characterized transcriptional regulator of 

BRCA1 expression [45], and exists as an obligate multimer consisting of a pair of GABPα/β 

heterodimers where GABPα seves as the DNA-binding subunit and GABPβ mediates 

transactivation [85,86]. Tetramerization of two GABPα/β heterodimers forms the 



 

46 

 

transcriptionally active GABP, which has been demonstrated as being a crucial regulator of 

several genes involved in the maintenance and differentiation of hematopoietic stem and 

progenitor cells [92]. This role for GABP can likely be extended to the mammary gland through 

its regulation of BRCA1, which has been determined to be crucial for mammary stem and 

progenitor cell differentiation [64]. Recently, BRCA1 expression has also been shown to be 

dependent on Nuclear Respiratory Factor 1 (NRF-1), which regulates the GABPβ promoter [65]. 

Interestingly, GABP and NRF-1 coordinately regulate the expression of several nuclear encoded 

genes that are essential components of mitochondrial metabolism [97]. Breast tumors frequently 

demonstrate a shift in metabolism [147] where they primarily metabolize glucose by aerobic 

glycolysis, rather than the mitochondrial oxidative phosphorylation performed by normal cells; a 

phenomenon known as the Warburg effect [109]. Therefore, down-regulation of BRCA1 through 

reduced NRF-1/GABPβ expression could result in an accumulation of undifferentiated luminal 

progenitor cells, in addition to a shift towards the classical metabolic phenotype of cancer cells, 

providing a link between differentiation and cell metabolism. 

 In this study, we set out to investigate the regulatory role of NRF-1 during BRCA1-

mediated differentiation of pluripotent mammary cell lines, and to evaluate the importance of 

mitochondrial metabolism in this process. We show that reduction of NRF-1 expression by an 

inducible lentiviral shRNA causes a failure of mammary acinar formation in 3D culture, but in 

2D culture does not result in a sustained decrease in expression of GABPβ/BRCA1. We also 

describe the mitochondrial dysfunction resulting from NRF-1 depletion, which accompanies 

decreased expression of several nuclear encoded mitochondrial genes potentially involved in 

hollow lumen formation and maintenance through the induction of caspase-dependent apoptosis. 

The data presented here suggest that NRF-1 plays a role in mammary ductal morphogenesis 
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potentially through its regulation of mitochondrial metabolism and caspase-dependent cell death, 

with its role in BRCA-1 mediated differentiation requiring further investigation. 

3.3 Methods 

3.3.1 Cells and cell culture 

The human non-tumorigenic mammary epithelial cell line MCF-10A was obtained from the 

ATCC (Manassas, VA, USA), while the 184hTERT cell line [148] was a gift from Dr. Calvin 

Roskelley. MCF-10A cells were maintained in DMEM-F12 with L-glutamine (HyClone) 

supplemented with 5% horse serum (Invirogen, Burlington, Canada), 20 ng/ml epidermal growth 

factor (Invitrogen), 10 μg/ml insulin (Sigma), 0.5 μg/ml hydrocortisone (Sigma), 100 ng/ml 

cholera toxin (Sigma), 100 units/ml penicillin and 100 μg/ml streptomycin. 184hTERT cells were 

maintained in MEBM media (Clonetics) supplemented with SingleQuot kit (Clonetics), 400 

μg/ml G418 (BioShop, Burlington, Canada), 1 μg/ml transferrin (BD, Mississauga, Canada), and 

1.25 μg/ml isoproterenol (Sigma). Both cell lines were maintained at 37
o
C with 5% CO2. 

3.3.2 Lentiviral production and transduction  

HEK 293T cells obtained from Dr. David LeBrun were plated for transfection at 5.5 x 10
6
 

cells/100mm plate in DMEM supplemented with 10% fetal bovine serum, 100 units/ml penicillin, 

and 100 g/ml streptomycin, and humidified at 37
o
C with 5% CO2 for 24 hours. HEK293T cells 

were transfected with the following plasmids using the Fugene 6 transfection reagent 

(DNA:Fugene, 1:4) (Promega): packaging vector psPAX2 (11.3 μg/100mm plate), envelope 

vector pMD2.G (5.7 μg/100mm plate) and either non-silencing pTRIPZ-shRNAmir control 

(RHS4743) or NRF-1 targeted silencing pTRIPZ-shRNAmir (V2THS_20255) (17 μg/100mm 

plate) from Open Biosystems (Thermo Fisher Scientific). Lentiviral supernatants were collected 

after 48 and 72 hours post-transfection and immediately filtered with a 0.45 μm PVDF filter and 
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frozen at -80
o
C, producing viral titers of 10

5
-10

6 
transducing units/ml. 184hTERT and MCF-10A 

cells were plated at 5 x 10
4
 cells/ml in 100mm plates and incubated at 37

o
C with 5% CO2 for 24 

hours. Cell media was removed from the plates and 5 ml serum-free media supplemented with 10 

μg/ml polybrene (H9268, Sigma) was added. Cells were transduced with the lentiviral 

supernatant shRNA-control at a multiplicity of infection (MOI) of 1 and 2 (named ctrl-m1 or ctrl-

m2) or shRNA-NRF-1 at a multiplicity of infection (MOI) of 1, 2 and 6 (named shNRF1-m1, -

m2, -m6) added directly to the serum-free media. Following 4 hours incubation at 37
o
C with 5% 

CO2, media was removed and replaced with 10 ml regular culture media. Cells were incubated for 

24 hours at 37
o
C with 5% CO2 and media was replaced with regular culture media containing 0.5 

μg/ml puromycin to select for cells that stably express the shRNA plasmid. The shRNA was 

induced by treating cells with 1 μg/ml doxycycline with daily replenishment directly to cells in 

culture media. 

3.3.3 Acini 

The three-dimensional culture of 184hTERT and MCF-10A cells on Matrigel was performed as 

previously described [149], with the following modifications: Matrigel was spread onto pre-

cooled 12-well plates prior to incubation at 37
o
C with 5% CO2 in a cell culture incubator to 

solidify the basement membrane, after which a total of 3500 cells/well were plated in assay media 

(DMEM-F12 containing 2% horse serum, 100 ng/ml cholera toxin, 0.5 μg/ml hydrocortisone, 10 

μg/ml human insulin, 100 units/ml penicillin, and 100 g/ml streptomycin, and 5 ng/ml epidermal 

growth factor) containing 2% Matrigel overlay. For induction of transduced lentiviral cells with 

doxycycline, the assay media overlay was supplemented with 1 μg/ml doxycycline with daily 

replenishment. 
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3.3.4 Preparation of whole cell lysates 

For NRF-1 knockdown time course, cells were plated in a 6-well plate at 8.75 x 10
4
 cells/well or 

in 100 mm plates at 3.5 x 10
5
 cells/plate in regular culture media. Cells were incubated for 24 

hours at 37
o
C with 5% CO2 after which cells were put into puromycin selection and appropriate 

wells/plates were treated with doxycycline with daily replenishment. Seventy-two hours 

following doxycycline treatment, cells were lysed using 1 x SDS-PAGE loading buffer (2.5% 

sodium dodecyl sulfate, 25mM Tris-HCl pH 6.8, 100mM DTT, 10% glycerol) supplemented with 

protease and phosphatase inhibitors (1 mM EDTA, 1 mM PMSF, 1 μg/ml each of aprotinin, 

leupeptin and pepstatin, 1 mM sodium orthovanadate, 1 mM NaF) and frozen at -20
o
C. 

3.3.5 Western blot analysis 

Whole cell lysates were resolved on a SDS-polyacrylamide gel, transferred to PVDF membrane, 

and probed with the appropriate antibody. Primary antibodies included: anti-NRF-1 (M01, 1:250, 

Abnova), anti-TBP (1TBP18, 1:2000, Abcam), anti-BRCA1 (0P92, 1:500, Calbiochem, San 

Diego, CA, USA), anti-GABPα (H-180, 1:500, Santa Cruz Biotechnology) and anti-GABPβ (H-

265, 10x, 1:5000, Santa Cruz Biotechnology). Secondary antibody detection was performed using 

SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific/Fisher, Nepean, Canada). 

3.3.6 Quantitative real-time PCR (qRT-PCR) 

RNA was isolated using the Genelute Mammalian Total RNA Miniprep Kit (Sigma). Quantitative 

real-time PCR (qRT-PCR) reactions were carried out using specific TaqMan gene expression 

probes for human NRF-1 (Hs00192316_m1, FAM), BRCA1 (Hs01556193_m1, FAM), GABPα 

(Hs01022016_m1, FAM), GABPβ (Hs00242573_m1, FAM), Tfam (Hs00273372_s1, FAM), and 

cytochrome c (Hs01588974_g1, FAM) (all from Life Technologies Incorporated). Human 

hypoxanthine phosphoribosyltransferase 1 HPRT-1 (Hs99999909_m1, VIC, Life Technologies 
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Incorporated) was used as a normalization control. Reactions were performed using the 

SuperScript® III Platinum
® 

One-Step Quantitative RT-PCR System (Invitrogen) with 25 ng RNA 

per reaction and TaqMan probes specified above. Reverse transcription of RNA to cDNA and 

subsequent amplification was done sequentially in one tube. The PCR protocol consisted of 1 

cycle for cDNA conversion and enzymatic activation (15 min at 50
o
C and 2 min at 95

o
C) 

followed by 40 cycles (15 sec at 95
o
C, 30 sec at 60

o
C). Gene expression was expressed relative to 

the wild-type control using the delta-delta Ct method described by PE Applied Biosystems 

(Perkin Elmer, Forster City, CA, USA). 

3.3.7 Dual luciferase assay 

Approximately 48 hours prior to transfection, uninduced lentiviral cells (184hTERT and MCF-

10A shNRF1-m1) were plated in 12-well plates at 3.5 x 10
4
 cells/well. Cells were incubated for 

24 hours at 37
o
C with 5% CO2 after which 72 hr induced shNRF1-m1 cells were treated with 1 

μg/ml doxycycline; 24 hr induced shNRF1-m1 and uninduced received no treatment. Prior to 

transfection, media was replaced for all cells with regular culture media without doxycycline. 

Cells were transfected in triplicate using a total of 250 ng DNA per well with 0.75 μl/well 

FuGENE 6 (Roche, Laval, Canada) according to the manufacturer’s protocol. In each well, 25 ng 

cytomegalovirus (CMV)-luc internal control vector (Promega) and 225 ng of the appropriate 

Renilla luciferase GABPβ reporter vector (pRL) was added. Approximately 6 hours post-

transfection, 1 μg/ml doxycycline was added directly to the cell media for 72 hr shNRF1 induced 

cells only. Approximately 24 hours post-transfection, 24 hr and 72 hr shNRF1 induced cells 

received 1 μg/ml doxycycline treatment. Approximately 48 hours post-transfection, all cells were 

washed with phosphate buffered saline (PBS), lysed in 150 μl passive lysis buffer (Promega), and 
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assayed with the Dual-luciferase
®
 Reporter Assay System according to the manufacturer’s 

protocol (Promega) using an EG&G Berthold microplate luminometer. 

3.3.8 Mitochondrial function assay 

184hTERT and MCF-10A wild-type and shNRF1-m1 cells (uninduced and 72 hr doxycycline 

induced) were plated in duplicate using regular culture media in 6-well plates at 3.5 x 10
4
 

cells/well and allowed to incubated for 24 hours at 37
o
C with 5% CO2. Media was removed and 

replaced with reduced culture media for 184hTERT: RPMI 1640 without glucose [R6504, 

Sigma], supplemented with 2.0 g/L sodium bicarbonate (Sigma), 10% fetal bovine serum, 100 

units/ml penicillin, and 100 g/ml streptomycin; and MCF-10A: DMEM without glucose or L-

glutamine [D5030, Sigma], supplemented with 0.584 g/L of L-glutamine, 3.7 g/L sodium 

bicarbonate, 5% horse serum (Invitrogen, Burlington, Canada), 100 ng/ml cholera toxin (Sigma), 

100 units/ml penicillin and 100 μg/ml streptomycin) containing 10 mM glucose or galactose. 

Cells were maintained in appropriate treatment (1 μg/ml doxycycline or DIUF H2O vehicle), with 

reduced culture media being replaced daily. Cells were lifted using 1x trypsin-EDTA and counted 

using a hemocytometer following 1, 2, 3 and 5 days of growth in reduced culture media 

containing glucose or galactose. 

3.4 Results  

3.4.1 Mammary epithelial cells with decreased NRF-1 expression demonstrate abnormal aciniar 

morphogenesis 

 NRF-1 has been previously shown to regulate the GABPβ promoter, and its aberrant 

activation results in decreased BRCA1 expression [65]. As luminal cell differentiation is 

dependent on BRCA1 expression [64], we evaluated the role of NRF-1 in mammary epithelial 

cell differentiation. Inducible NRF-1 knockdown was achieved through transduction of human 
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non-tumorigenic mammary epithelial cells (184hTERT and MCF-10A) with increasing amounts 

of shRNAmir lentiviral vectors (MOI of 1, 2, and/or 6) encoding a non-silencing control or a 

doxycycline (Dox) inducible shRNA against NRF-1. Stable inducible 184hTERT and MCF-10A 

cell lines are referred to as ctrl-m1 and ctrl-m2 (non-silencing control MOI 1 and MOI 2), and 

shNRF1-m1, -m2, -m6 (shRNA against NRF-1 MOI 1, 2, 6). In shNRF1-m1, -m2, and m-6 for 

both cell lines, a gradient knockdown of NRF-1 was generally observed both with Dox induction 

and increasing MOI at the protein (Figure 3.1 a) and mRNA level (Figure 3.2). Induced 

184hTERT shNRF1-m1 showed a downregulation of 29% in NRF-1 mRNA, followed by 

shNRF1-m6 (45%), and shNRF1-m2 (70%) (Figure 3.2 a), while MCF-10A shNRF1-m1 showed 

a downregulation of 29% in NRF-1 mRNA, followed by shNRF1-m6 (30%), and shNRF1-m2 

(59%) (Figure 3.2 b). The 184hTERT and MCF-10A ctrl-m1 and ctrl–m2 produced no substantial 

effect on NRF-1 protein (Figure 3.1 b) and mRNA expression (Figure 3.2), with the apparent 

decrease in NRF-1 protein for MCF-10A ctrl-m2 attributed to transfer issues during the Western 

blot analysis. However, it was obvious from the qRT-PCR analysis that the uninduced (UT) 

shNRF1-m1,-m2,-m6 in both cell lines resulted in a decrease in NRF-1 expression varying 

between 15-30% knockdown in the absence of Dox induction compared to non-manipulated wild-

type cells, indicating that the shRNA is ‘leaky’.  

 The morphological development of the mammary gland can be modeled in vitro through 

the induced differentiation of 3D mammary acini by growth on Matrigel, where a single epithelial 

cell layer polarizes apico-basally in growth-arrested spheroids with hollow lumens [149,150]. 

Depletion of BRCA1 during cellular differentiation has been shown to result in impaired acinar 
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Figure 3.1. Inducible lentiviral mediated knockdown of NRF-1 protein. 184hTERT and 

MCF10A cells were transduced with lentivirus expressing NRF-1 shRNA (shNRF1) (A) or non-

silencing shRNA control (ctrl) (B) to generate stable lines. A multiplicity of infection (m) of 1, 2, 

and 6 was used for shNRF1 and m1 and m2 for ctrl lines. Cells were grown in the absence (UT) 

or in the presence of 1ug/mL dox for 24-72 hours with daily replenishment. Whole cell lysates 

were prepared and normalized, and Western blot analysis was performed using an antibody 

against NRF-1 for the indicated cell lines and MOIs; an arrow indicates NRF-1 protein. TBP was 

used as a loading control to normalize for overall protein concentration. Western blots for 

shNRF1 are representative of three experiments, and ctrl is representative of one experiment.  

A. B. 
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Figure 3.2. Inducible lentiviral mediated knockdown of NRF-1 mRNA. 184hTERT shNRF1-

m1,-m2,-m6 and ctrl-m1,-m2 (A), and MCF-10A shNRF1-m1,-m2,-m6 and ctrl-m1,-m2 (B) were 

grown in the absence (UT) or in the presence of 1ug/mL dox for 72 hours with daily 

replenishment. RNA was prepared and NRF-1 expression was analyzed by qRT-PCR for 

184hTERT and MCF10A cell lines. Values were normalized relative to an HPRT internal control 

and fold changes are expressed relative to a non-manipulated wild type (WT) control (relative 

expression set to 1.0). qRT-PCR analysis is representative of two experiments and values 

represent averages of triplicate samples +/- SD. 

 

A. 

B. 



 

55 

 

formation, where irregular shaped multilobular structures with filled lumens are observed [63]. 

To determine the effect of NRF-1 depletion on acinar formation, non-manipulated wild type 

(WT), induced ctrl-m1, uninduced shNRF1-m1, and induced shNRF1-m1,-m2,-m6 cells were 

plated on Matrigel, and their differentiation monitored over 15 days for 184hTERT (Figure 3.3) 

and MCF-10A (Figure 3.4) cell lines. After 3 days of growth, 184hTERT and MCF-10A WT, 

induced ctrl-m1 and uninduced shNRF1-m1 acini were spherical in shape and the outer cells had 

begun to polarize, with few irregular structures observed. In contrast, induced shNRF1-m1,-m2,-

m6 acini appeared as globular clusters having outward projections, which has been suggested to 

reflect a migratory behavior or potentially to mediate cell communication [63]. After 12 days, 

WT and induced ctrl-m1 had nearly formed mature acini with a single layer of polarized 

columnar shaped epithelial cells surrounding a hollow lumen. Uninduced shNRF1-m1 cells also 

formed a hollow lumen but additionally had an irregularly polarized epithelial layer with cells 

often protruding from the polarized layer boundary (Figure 3.3, 3.4). The slight morphological 

difference between the WT/induced ctrl-m1 and uninduced shNRF1-m1 acini is attributed to the 

‘leaky’ shRNA expression against NRF-1 that was observed with the qRT-PCR analysis (Figure 

3.2). The induced shNRF1-m1,-m2,-m6 acini also appeared as globular clusters with filled 

lumens and no clear distinction between the outer and inner luminal cells, indicating a lack of cell 

polarization. This infilling and globular morphology is similar to what is observed in acini with 

depleted BRCA1 [63], and with the activated oncogene ErbB2 [151].  

 To quantify the infilling observed in the 184hTERT and MCF-10A shNRF1-m1,-m2,-m6 

acini, the nuclei of acini at day 15 were stained using Hoescht nuclear stain (Figure 3.5a) and the 

proportion of acini with filled lumens was determined (Figure 3.5b). With Dox induction, a large 

fraction of acini (~75%) exhibited filled lumens with this proportion remaining relatively constant 
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Figure 3.3. NRF-1 knockdown impairs mammary cell differentiation in 184hTERTs. Cells were induced to differentiate and form acini with 

growth on Matrigel for 15 days. shNRF1-m1,-m2,-m6 were maintained in 1ug/mL dox with daily replenishment and compared with uninduced 

shNRF1-m1, induced ctrl-m1 and non-manipulated wild type (WT) 184hTERT cells. Bright field images of the cells at Day 3 and 12 with 10x/40x 

magnifications are shown (scale bars 50 μm and 100 μm). Differentiaton assay pictures are representative of two experiments. 

 

       ctrl-m1 184hTERT WT 

Uninduced 

shNRF1-m1  shNRF1-m1           shNRF1-m2          shNRF1-m6 
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Figure 3.4. NRF-1 knockdown impairs mammary cell differentiation in MCF-10As. Cells were induced to differentiate and form acini with 

growth on Matrigel for 15 days. shNRF1-m1,-m2,-m6 were maintained in 1ug/mL dox with daily replenishment and compared with uninduced 

shNRF1-m1, induced ctrl-m1 and non-manipulated wild type (WT) MCF-10A cells. Bright field images of the cells at Day 3 and 12 with 10x/40x 

magnifications are shown (scale bars 50 μm and 100 μm). Differentiaton assay pictures are representative of two experiments. 
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Figure 3.5. NRF-1 deficient cells exhibit impaired lumen formation. The nuclei of Day 15 

differentiated 184hTERT and MCF-10A WT and shNRF1-m1,-m2,-m6, which were either 

untreated (UT) or maintained in 1ug/mL doxycycline, were visualized with Hoescht nuclear stain. 

Representative images of stained 184hTERT cells were imaged at 40x magnification using a 

DAPI filter (scale bar 50 μm) (A). Infilling in both cell lines was quantified by counting hollow 

lumen formation in 200 acini, and compared with infilling present in non-manipulated wild-type 

(WT) acini exposed to doxycycline during differentiation (B). Differentiation assay was repeated 

twice and values represent average results of duplicate samples for each MOI +/- SD. 

A. 

B. 
MCF-10A 

184hTERT 
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among the MOIs, while without Dox induction there was an increasing percentage of infilling 

associated with increasing MOI (25-60%). This increased infilling trend in the uninduced 

shNRF1 acini is again attributed to the increasing amount of ‘leaky’ shRNA present in these cells. 

Although some luminal infilling was observed in WT acini, the incidence was generally less than 

25% for both cells lines (Figure 3.5b). Interestingly, hollow lumen formation is still observed in a 

small proportion of acini with NRF-1 depletion, although likely a result of cell variability in the 

expression of the NRF-1 targeted shRNA. Overall, these observations suggest that NRF-1 is 

essential for the normal aciniar morphogenesis of mammary epithelial cells. 

3.4.2 NRF-1 depletion does not result in a long-term depression of GABPβ/BRCA1 expression in 

monolayer cells 

 Because transient NRF-1 knockdown has been shown to attenuate GABPβ and BRCA1 

gene expression [65], the infilling phenotype associated with NRF-1 depletion may be the result 

of decreased BRCA1 expression, which has already been shown to result in infilled, multilobular 

acinar structures [63]. To determine whether stable NRF-1 knockdown results in a prolonged 

decrease in the expression of GABPα, GABPβ and BRCA1, we assessed their expression through 

Western blot and qRT-PCR analysis in monolayer 184hTERT (Figure 3.6) and MCF-10A (Figure 

3.7) cells over 72 hours of induced NRF-1 knockdown using samples analyzed in Figures 3.1 and 

3.2. Although there was an initial decrease in GABPα and β expression at both the mRNA and 

protein level following 24 hours of NRF-1 knockdown in 184hTERT shNRF1-m1,-m2,-m6 cells, 

the expression generally recovered to uninduced levels by 72 hours (Figure 3.6 a,c-d). As NRF-1 

is not a known regulator of GABPα, it is likely that the initial decrease in expression is the result 

of low GABPβ expression which it requires for stabilization of the α/β heterodimer [65,86], and 

the subsequent increase is a result of a positive feedback loop that serves to maintain steady-state 
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Figure 3.6. NRF-1 depletion does not result in a prolonged decrease of GABPα, GABPβ and BRCA1 expression in monolayer 184hTERT 

cells. Western blot (A) and qRT-PCR analysis of BRCA1 (B), GABPα (C), and GABPβ (D) expression levels in 184hTERT shRNA-m1,-m2,-m6 

over 72 hours of 1ug/mL doxycycline induction to decrease NRF-1 expression. Whole cell lysates were collected and normalized for overall 

protein concentration with TBP loading control, and RNA was prepared from the indicated treatment conditions with an HPRT internal control. 

qRT-PCR fold changes are expressed relative to a non-manipulated wild type (WT) control (relative expression set to 1.0) and values represent 

averages of one experiment with triplicate samples +/-SD. Western Blot figures are representative of two experiments.

D. C. 

B. A.  shNRF1-m1              shNRF1-m2            shNRF1-m6 
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Figure 3.7. NRF-1 depletion does not result in a prolonged decrease of GABPα, GABPβ and BRCA1 expression in monolayer MCF-10A 

cells. Western blot (A) and qRT-PCR analysis of BRCA1 (B), GABPα (C), and GABPβ (D) expression levels in MCF-10A shRNA-m1,-m2,-m6 

over 72 hours of 1ug/mL doxycycline induction to decrease NRF-1 expression. Whole cell lysates were collected and normalized for overall 

protein concentration with TBP loading control; non-phosphorylated GABPβ is indicated with an arrow and phosphorylated GABPβ is indicated 

by (P). RNA was prepared from the indicated treatment conditions with an HPRT internal control. qRT-PCR fold changes are expressed relative to 

a non-manipulated wild type (WT) control (relative expression set to 1.0) and values represent averages of one experiment with triplicate samples 

+/-SD. Western Blot figures are representative of two experiments. 
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GABPα expression [94]. Expression of BRCA1 followed a trend similar to the expression of 

GABPα and β (Figure 3.6 a,b), consistent with their critical role in BRCA1 promoter regulation. 

Induced MCF10A shNRF1-m1,-2,-6 generally behaved similar to 184hTERT cells, although with 

a smaller relative change in expression (Figure 3.7 a-d). A comparison between endogenous 

NRF-1, GABPα/β and BRCA1 RNA levels in wild-type 184hTERT and MCF-10A cells revealed 

that the relative expression was generally consistent between the cell lines, with the exception of 

GABPβ mRNA in MCF-10A cells which was nearly two fold less than in 184hTERTs (Figure 

3.8). This low GABPβ expression in MCF-10As could be contributing to the muted changes in 

relative expression as compared with 184hTERT cells. Although the resultant increase in 

expression of these regulatory network members in both cell lines plated in monolayer is not the 

result of NRF-1 expression, which remained low at 72 hours (Figure 3.1 and 3.2), we cannot 

extend these conclusions to explain the infilling defect  observed following NRF-1 depletion in 

3D acini. This is because while gene expression generally remains constant in monolayer cells, it 

varies during the differentiation of 3D acini; a trend we have already observed with NRF-1, 

GABP and BRCA1 (unpublished). 

 To investigate the molecular basis for the increased GABPβ expression despite persistent 

NRF-1 knockdown in both cell lines, the activity of the GABPβ proximal promoter from -1023 to 

+194 was examined using a series of 5’ promoter deletion constructs prepared using luciferase 

reporter plasmids [65]. As NRF-1 has been shown to regulate the GABPβ promoter activity 

through a site between -268/-251 [65], depletion of NRF-1 would be expected to result in 

decreased activity of the entire promoter. Indeed, the promoter activity of MCF-10A shNRF1-m1 

was decreased by 3-6 fold in comparison to WT cells (data not shown). Additionally, as expected 

there was approximately a two-fold decrease in promoter activity between -268/-251 for 
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Figure 3.8. Endogenous mRNA expression of GABPβ is reduced in MCF-10A cells. 
Endogenous mRNA levels of NRF-1, GABPα, GABPβ, and BRCA1 were compared between 

wild-type 184hTERT and MCF-10A cells using qRT-PCR. Values were normalized relative to an 

HPRT internal control and expression for each gene is expressed relative to 184hTERT 

expression. qRT-PCR analysis is representative of one experiment and values represent averages 

of triplicate samples +/- SD. 
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184hTERT shNRF1-m1 (Figure 3.9 a) and a slightly greater than 2-fold decrease in MCF-10A 

shNRF1-m1 cells (Figure 3.9 b), consistent with the loss of an NRF-1 regulatory binding site. 

However, compared to the uninduced condition there was no substantial decrease in promoter 

activity observed in 184hTERT shNRF1-m1 cells within 24 hours of NRF-1 knockdown, and by 

72 hours the activity increased by 2.0-2.5 fold (Figure 3.9 a). This unexpected recovery of 

expression despite NRF-1 depletion is consistent with the increased GABPβ RNA and protein 

expression observed in Figure 3.6 and suggests regulatory compensation by another mechanism 

triggered by decreased promoter activity. This maintenance of steady-state expression has already 

been observed for GABPα in heterozygous knockout mice (94), suggesting a similar regulatory 

mechanism is in place for GABPβ. In contrast, these constructs identified a persistent decrease in 

promoter activity in MCF-10A shNRF1-m1 cells over 72 hours of NRF-1 knockdown (Figure 3.9 

b). Although the decreased activity agrees with a regulatory role for NRF-1 at the GABPβ 

promoter, the persistent decrease in promoter activity is not consistent with the increased protein 

expression of BRCA1 and GABPβ by 72 hours (Figure 3.7). This discordance can be explained 

by post-translational modifications of GABPβ. Specifically, the high molecular weight bands that 

appear following 72 hr NRF-1 knockdown (Figure 3.7 a) are indicative of GABPβ 

phosphorylation. As phosphorylation of GABPα and β has previously been demonstrated to 

stimulate transcriptional activation of target genes including acetylcholine receptor genes [152], 

this could provide an explanation for the resultant increase in BRCA1 expression (Figure 3.7 a,b). 

The difference in GABPβ promoter activity response in 184hTERT and MCF-10A shNRF1-m1 

cells may reflect underlying genetic differences resulting from the immortalization of the original 

cell lines, and is supported by the difference in endogenous GABPβ expression already observed 

with WT MCF-10A cells (Figure 3.8). 
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Figure 3.9. GABPβ promoter activity differs between 184hTERT and MCF-10A cells upon 

NRF-1 depletion.  A series of 5’ GABPβ promoter deletion constructs with a Renilla expression 

vector and Cmv-luciferase internal control were transfected into 184hTERT (A) and MCF10A 

(B) shNRF1-m1 cells with inducible NRF-1 knockdown. Cells were induced for 24 or 72 hours 

with 1ug/mL doxycycline or left uninduced (UT), and assayed for dual-luciferase activity 48 

hours post-transfection. Values were normalized using the internal control, and GABPβ promoter 

activity is expressed relative to the full length uninduced shNRF1-m1. Transfections were 

repeated twice and values represent average results of triplicate samples +/- SD. 

 

 

A. 
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3.4.3 Loss of NRF-1 is associated with mitochondrial dysfunction in mammary epithelial cells 

 NRF-1 is a well characterized regulator of mitochondrial metabolism, and in conjunction 

with GABPβ, coordinates the expression of several nuclear encoded genes that are essential 

components of the mitochondrial respiratory chain [85,90]. To determine whether NRF-1 

depletion results in mitochondrial dysfunction, we examined cell proliferation in 184hTERT and 

MCF-10A shNRF1-m1 cells forced to rely on mitochondrial oxidative phosphorylation for 

energy production. As in vitro cell lines typically have metabolic adaptations to generate ATP 

primarily through glycolysis despite abundant oxygen supply, we circumvented this phenomenon 

by substituting galactose for glucose in a reduced growth media which shifts energy production 

towards mitochondrial oxidative phosphorylation [153,154]. Cells with functional mitochondria 

are able to grow normally in glucose- and galactose-containing media with energy produced 

through glycolysis and oxidative phosphorylation respectively. Mitochondrial dysfunction 

therefore impairs the proliferative ability of cells when grown in galactose media, but not in the 

presence of glucose. 184hTERT WT cells were able to grow in both glucose and galactose-

containing media, while for induced shNRF1-m1 cells (Gal-DOX) in galactose, proliferation was 

reduced by 77% by day 5 in comparison to WT, with no effect in glucose-enriched media (Glu-

DOX) (Figure 3.10 a). Uninduced shNRF1-m1 cells had an intermediate level of NRF-1 

knockdown as mentioned previously, and accordingly cell proliferation decreased by 45% in 

galactose-containing media (Gal-UT) compared to WT cells, with no effect on proliferation 

observed in glucose-enriched media (Glu-UT). While MCF-10A WT and shNRF1-m1 cells 

exhibited the same growth trend as 184hTERT WT and shNRF1-m1 cells (Figure 3.10 b), the 

total number of MCF-10A cells by Day 5 was notably reduced in comparison. As MCF-10A cells 

require specialized growth media containing a high concentration of glucose, the reduced growth 
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Figure 3.10. Mitochondrial dysfunction results from NRF-1 knockdown. 184hTERT (A) and 

MCF-10A (B) shNRF1-m1 cells were grown in glucose- (Glu) or galactose-enriched (Gal) media, 

with the number of viable cells counted over a period of 5 days. Wild type (WT), uninduced 

(UT), and Dox-induced (DOX) cells represent a decreasing gradient of NRF-1 expression. Cell 

proliferation experiment was performed once for each cell line, and values represent average 

counts of duplicate samples +/- SD. 

A. 

B. 



 

68 

 

media utilized by this assay is likely limiting their rate of proliferation. Collectively, the reduced 

cell growth in galactose-enriched media by uninduced and induced shNRF1-m1 cells indicates 

that a mitochondrial defect results from NRF-1 knockdown.  

3.4.4 The expression of genes involved in mitochondrial metabolism and apoptosis are down-

regulated with NRF-1 knockdown 

 To investigate the source of the mitochondrial dysfunction in NRF-1 deficient cells, we 

examined the expression of several genes that are known NRF-1 targets and are required for 

mitochondrial respiratory function. The nuclear encoded mitochondrial transcription factor A 

(Tfam) is regulated by NRF-1, and is required for mitochondrial DNA (mtDNA) transcription and 

replication [155]. Tfam knockout embryos have been shown to have undetectable mtDNA and no 

functional respiratory chain [95]. Analysis of Tfam expression upon 72 hr induction of 

184hTERT shNRF1-m1,-m2,-m6 revealed a gradient decrease of Tfam expression, with shNRF1-

m1 having the lowest expression (36%) and shNRF1-m6 having the highest (72%) compared to 

WT cells using qRT-PCR (Figure 3.11 a). While NRF-1 expression is lowest in 184hTERT 

shNRF1-m2/-m6 cells (Figure 3.2 a), the increased Tfam expression observed in shNRF1-m6 

could be due to the increased expression of GABPα/β observed at 72 hours of NRF-1 knockdown 

(Figure 3.6) as the Tfam promoter has also been shown to be regulated by GABP [97]. MCF-10A 

shNRF1-m1,-m2,-m6 cells followed a similar trend in Tfam expression with shNRF1-m1 having 

the lowest expression (34%) and shNRF1-m2/-m6 reduced by nearly 2-fold in comparison to WT 

cells (Figure 3.11 b). Cytochrome c is also a direct target of NRF-1 regulation and an integral 

member of the electron transport chain but also an important pro-apoptotic factor, with its release 

from the mitochondria initiating the apoptotic cascade [156-158]. Induced 184hTERT and MCF-

10A shNRF1-m1,-m2,-m6 cells had a reduction in cytochrome c expression ranging from  
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Figure 3.11. Decreased Tfam and cytochrome c expression is associated with NRF-1 

knockdown. RNA levels of Tfam (A, B) and cytochrome c (C, D) were analyzed using qRT-PCR 

in 184hTERT and MCF10A wild type (WT) and shNRF1-m1,-m2,-m6 cells over 72 hours of 

1ug/mL doxycycline induction to decrease NRF-1 expression. RNA was prepared from 

uninduced (UT) and 72 hour dox-induced (72) cells approximately 72 hours post-treatment. 

Values were normalized relative to an HPRT internal control and fold changes are expressed 

relative to a non-manipulated wild type (WT) control (relative expression set to 1.0). qRT-PCR 

analysis is representative of two experiments and values represent averages of triplicate samples 

+/- SD. 
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24% to 39% compared to untreated WT cells (Figure 3.11 c,d). A lack of cytochrome c in vitro 

has been shown to induce respiratory chain dysfunction through the disruption of respiratory 

complex assembly and stability [159]. Therefore, the decreased Tfam and cytochrome c 

expression resulting from NRF-1 knockdown could be contributing to the observed defective 

mitochondrial activity through respiratory chain dysfunction. 

3.5 Discussion 

 NRF-1 is a known transcriptional regulator of mitochondrial biogenesis and function 

[97], and in addition to the regulation of nuclear encoded mitochondrial proteins, it has recently 

been demonstrated that NRF-1 exists in a regulatory network with GABPβ and BRCA1 [65]. 

Given the role of BRCA1 in mammary gland differentiation, we examined the role of NRF-1 

during acinar morphogenesis through lentiviral-mediated knockdown. Our study shows that a 

reduction of functional NRF-1 results in abnormal acinar formation characterized by altered cell 

polariziation and an increased infilling of the central lumen (Figure 3.3-14). Acinar formation 

requires both polarization of the outer cells mediated by interactions with the extra-cellular 

matrix, and caspase-dependent apoptosis of the central cells [151]. Both these processes have 

recently been shown to be regulated by a cyclic AMP (cAMP)-dependent Protein Kinase A 

(PKA) mechanism in vitro [160]. Cell polarization was mediated by cAMP-dependent 

redistribution of the α6 integrin to the cell periphery, while luminal cell hollowing accompanied a 

PKA-dependent post-transcriptional induction of the proapoptotic protein Bcl-2 Interacting 

Mediator (BIM), leading to cell death. Although the mechanism by which NRF-1 expression 

influences cell polarization is unknown, its regulation by cAMP through activation of PGC-1α 

expression [161] provides a link to the cAMP regulatory cascade. A role for NRF-1 in lumen 

formation is more apparent through the probable induction of caspase-dependent apoptosis of the 
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central luminal cells. This is supported by the observed decrease in expression of the NRF-1 

regulated Tfam and cytochrome c genes (Figure 3.11). In vitro studies of human cells without 

mtDNA resulting from Tfam depletion demonstrate no functional oxidative phosphorylation due 

to the absence of electron transport chain proteins that are encoded within the mitochondrial 

genome [162]. These cells have been shown to be resistant to the pro-apoptotic effects of 

staurosporine [163], demonstrating that a lack of oxidative phosphorylation resulting from 

respiratory chain defects can contribute to anti-apoptotic phenotypes. Similarly, in vitro knockout 

cell models of cytochrome c exhibit reduced activation of caspase-3 and a resistance to 

mitochondrial induced apoptotic stimuli including UV exposure, serum deprivation and 

staurosporine [164]. As respiratory chain deficiencies can contribute to impaired mitochondrial 

induced apoptosis [165], the abnormal lumen formation in NRF-1 depleted acini could be due to 

apoptotic resistance of the central cells resulting from respiratory chain deficiency, insufficient 

releasable cytochrome c, or a combination of both.  

 Apoptosis is a notable feature of the developing mouse mammary terminal end bud 

(TEB), with approximately 11% of cells constantly undergoing programmed cell death, 

presumably to maintain a hollow luminal space [166]. Interestingly, luminal infilling is an early 

hallmark of mammary epithelial cancers as it is frequently observed in the invasive carcinoma 

precursor, ductal carcinoma in situ (DCIS) [151]. Luminal infilling results from decreased 

apoptosis and resistance to anti-proliferative signals, which is the case for anti-apoptotic and 

proliferative oncogenes [151]. We have already suggested an anti-apoptotic role for NRF-1 

through down-regulation of mitochondrial oxidative phosphorylation and cytochrome c release, 

and although increased cell proliferation was not observed during monolayer growth of induced 

184hTERT and MCF-10A shNRF1-m1 in glucose-containing media (Figure 3.10), it is still 
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possible that these cells demonstrate some resistance to anti-proliferative signals. NRF-1 has been 

shown to coordinate with E2F transcription factors to regulate a number of genes responsible for 

cell proliferation, DNA replication and cell cycle progression [167]. NRF-1 knockdown in vivo 

has been shown to result in a significant reduction of E2F-responsive gene expression [167], 

supporting a role for NRF-1 in cell proliferation. Therefore, depletion of NRF-1 could result in 

luminal infilling through a reduction of the apoptotic cascade while also initiating the aberrant 

regulation of genes involved in cell proliferation. 

 A recent characterization of oxidative phosphorylation function in human mammary 

epithelial cell lines revealed extensive mitochondrial dysfunction in tumorigenic, but not in 

normal breast cells lines [168]. Similar to our results, normal MCF-10A cells were viable in both 

glucose- and galactose-containing media, while tumorigenic cells including the invasive human 

breast adenocarcinoma cell line MDA-MB-231 had cell growth reduced by approximately 50% in 

galactose-containing media [168]. Interestingly, when human cells devoid of endogenous 

mitochondria were supplemented with mitochondria from normal and tumorigenic cells, only 

cells containing normal mitochondria were able to proliferate under conditions favoring oxidative 

phosphorylation. As these cybrid cells contain the same nuclear DNA, the inability to grow under 

galactose-containing conditions is attributed to mitochondrial defects present in the mitochondria 

of tumorigenic cells. The depletion of NRF-1 in our 184hTERT and MCF-10A cell lines resulted 

in growth rates similar to tumorigenic breast cell lines in galactose-containing media, supporting 

the conclusion that NRF-1 is essential for normal mitochondrial function. 

 A unique feature of tumor cells is their predominant use of glycolysis to metabolize 

glucose, which is in contrast to the mitochondrial oxidative phosphorylation performed by normal 

cells; a phenomenon termed the Warburg effect [109,147]. Although this shift in metabolism has 
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been suggested to result from mitochondrial defects which perturb metabolism by oxidative 

phosphorylation [109], it is also beneficial to cells by facilitating the uptake and incorporation of 

nutrients into the biomass needed for rapid cell proliferation [109]. Several studies have reported 

important differences between normal and tumorigenic mitochondria including aberrations in the 

mitochondrial ultrastructure [169], expression of respiratory chain components [170], oxidative 

phosphorylation capacity [171], and mtDNA levels [172]. Given the role of NRF-1 in 

mitochondrial metabolism through its regulation of genes involved in mtDNA transcription and 

replication, mitochondrial translation, and expression of respiratory chain subunits [90], aberrant 

regulation and expression of NRF-1 could be contributing to the mitochondrial alterations and the 

Warburg effect observed in tumor cells. Interestingly, the pharmacological drug dichloroacetate 

(DCA) has been used to exploit the Warburg effect characteristic of tumor cells, as its use reverts 

the metabolic shift back towards oxidative phosphorylation promoting glucose metabolism 

through the mitochondria, thereby increasing apoptosis and diminishing tumor growth and 

proliferation [173]. 

 Although our results suggest a defect in cell polarization and apoptosis is the underlying 

cause for the impaired acinar formation following NRF-1 depletion, the possibility of a defect in 

differentiation remains plausible. Although in monolayer cell culture, NRF-1 depletion did not 

have a lasting knockdown effect on BRCA1 expression (Figure 3.6, 16), further experimentation 

is required to determine its influence during acinar differentiation in 3D culture. Cell 

differentiation has also been shown to be modulated by mitochondrial metabolism, with the 

spontaneous differentiation of human embryonic and induced-pluripotent stem cells to fibroblasts 

accompanying a shift in metabolism from glycolysis to mitochondrial oxidative phosphorylation 

[174]. During this differentiation process, NRF-1 and nuclear-encoded mitochondrial genes 
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including Tfam are generally up-regulated in undifferentiated cells compared to the fully 

differentiated fibroblasts [174]. We have observed similar increases in NRF-1 expression during 

breast cell differentiation (unpublished work). Additionally, when differentiated fibroblasts 

undergo cellular reprogramming to an undifferentiated state, their metabolic state reverts back 

from oxidative phosphorylation to glycolysis. Generally, it appears as though the level of 

oxidative phosphorylation increases as cells become more differentiated. This may be due in part 

to the production of reactive oxygen species (ROS) from oxidative phosphorylation. The 

hematopoietic system has been shown to be regulated by ROS homeostasis, with stem cell 

differentiation stimulated by increasing ROS levels [175]. Similarly, the differentiation of 

adipocytes which accompanies increased mitochondrial metabolism is stimulated by ROS 

produced by mitochondrial complex III of the respiratory chain [176]. Therefore, the extent to 

which ROS can be regulated during differentiation is dependent on mitochondrial function. 

Through its regulation of mitochondrial metabolism, NRF-1 may play a necessary role mediating 

the regulation of metabolic state and cell differentiation. 

3.6 Conclusions 

 Although the degree of involvement of NRF-1 in BRCA1-mediated differentiation 

requires additional experimentation, our current results indicate that NRF-1 plays a role in the 

formation of mammary acini in vitro as lentiviral-mediated knockdown of NRF-1 resulted in 

impaired cell polarization and luminal formation. Furthermore, these cells exhibited notable 

mitochondrial dysfunction when cultured in galactose. As luminal hollowing is dependent on the 

maintenance of a polarized epithelial layer and selective mitochondrial-induced apoptosis of the 

central luminal cells, NRF-1 may be mediating cell polarization and/or apoptosis through the 

maintenance of functional mitochondria having the capacity to undergo apoptosis given its 
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regulation of genes involved in mitochondrial metabolism and function including Tfam and 

cytochrome c. 
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CHAPTER 4 : General Discussion 

4.1 Metabolic Adaptations in Tumors 

 Among the many characteristics acquired by tumor cells is an altered metabolism 

characterized by a shift from mitochondrial oxidative phosphorylation towards aerobic glycolysis 

for the generation of ATP; a phenomenon termed the Warburg effect [107]. This increased 

dependency on glycolysis for ATP is present in most human cancers, and forms the basis for 

tumor imaging using 
18

fluorodeoxyglucose positron-emission tomography [177]. It also provides 

a growth advantage for tumor cells for a number of reasons (summarized in [178]). First, a 

reliance on glycolysis allows tumor cells to survive under the hypoxic conditions resulting from 

inadequate tumor vasculature [179], where a dependence on oxidative phosphorylation would 

result in tumor lethality. Second, increased acid in the tumor microenvironment resulting from 

lactic acid production through glycolysis has been suggested to promote tumor invasion [180], 

and suppress the cytotoxic activity of T cells [181]. Furthermore, the released lactic acid from 

tumor cells can be recycled into pyruvate by surrounding stromal cells through complementary 

metabolic processes that exist between stromal cells and the surrounding carcinomas [182]. This 

relationship allows for continual regeneration of pyruvate to be used by tumor cells during 

oxidative phosphorylation or lactic acid fermentation, allowing for prolonged tumor growth and 

survival. Third, intermediates from glycolysis are utilized as substrates in anabolic reactions 

conferring cell growth and proliferation including the pentose phosphate pathway, and the 

synthesis of lipids, amino acids, and nucleic acids [183]. 

4.2 Metabolism and Differentiation of Embryonic Stem Cells 

 Pluripotent embryonic stem cells (ESC) have the capacity to both self-renew and
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differentiate to form the germ layers during embryogenesis. Recent studies have determined that 

mouse ESCs are able to switch between oxidative phosphorylation and glycolysis, while the more 

differentiated form of ESCs, epiblast stem cells (EpiSC) which are similar to human ESC, are 

reliant primarily on glycolysis [184]. Although EpiSC/hESCs had more developed mitochondria 

and higher mtDNA copy numbers than ESCs, consistent with increased PGC-1α expression, the 

mitochondrial function was decreased in comparison to ESCs. The source of the muted 

mitochondrial function was attributed to decreased complex IV cytochrome c oxidase (COX) 

activity, with 20 out of its 22 nuclear-encoded genes downregulated. Decreased expression of 

regulators of mitochondrial metabolism including the co-regulator PGC-1β and an ERR 

transcription factor was observed in EpiSC/hESC but not ESC, suggesting a source for the 

mitochondrial dysfunction. Notably, a series of GABP binding sites exist with the COX IV 

promoter [90], and NRF-1 has been shown to coordinate the transcriptional regulation of all ten 

nuclear encoded COX subunits, including COX IV, in neurons [185]. Hypoxia Inducible Factor-1 

alpha (HIF-1α) was identified as a regulator of metabolic reprogramming during ESC 

differentiation, where its overexpression induced a shift in metabolism from oxidative 

phosphorylation towards glycolysis. This finding is consistent with its role in promoting 

glycolysis under hypoxic conditions [186] while inhibiting mitochondrial biogenesis through the 

negative regulation of c-Myc dependent PGC-1β expression [187]. Metabolic regulation of stem 

cell diferentiation might also be present in the mouse mammary gland as HIF-1α has been 

previously identified as a critical regulator of differentiation and lipid secretion [188]. 

Interestingly, HIF-1α and c-Myc have already been shown to play a similar role regulating the 

glycolytic shift in tumors, suggesting that cancer cells exploit the metabolic reprogramming 

process of ESCs in order to facilitate their rapid growth. 
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4.3 Metabolic Reprogramming in Tumourigenesis 

 An emerging view of tumourigenesis suggests that alterations in cancer metabolism are 

contributing factors to the classical hallmarks of cancer including continual growth, evasion of 

growth suppression, resisting apoptosis, limitless replicative potential, sustained angiogenesis, 

and initiation of invasion and metastasis [178,189]. In addition to the activation of HIF-1, 

modulation of p53 and NF-κB activity which regulate genes involved in suppressing glycolysis 

while increasing oxidative phosphorylation might also contribute to metabolic reprogramming 

[183] and lead to self-sufficient growth, limitless replication and evasion of growth suppression 

[189]. In mice, NF-κB is able to regulate oxidative phosphorylation through activation of NRF-1 

when coupled with CREB [190], while also able to upregulate HIF-1α expression in response to 

hypoxia [191]. Mitochondrial dysfunction has also been shown to be sufficient in inhibiting p53 

expression and function [192], and dysregulation of oxidative phosphorylation can contribute to 

apoptotic resistance while byproducts of the metabolic process influence tumor invasion, 

metastasis and immunosuppression. 

 It is also possible that the metabolic shift and hallmarks of cancer arise independently of 

one another, with their co-evolution resulting from the selective pressure for rapidly proliferating 

cells to evade multiple tumor suppressive processes [178]. Regardless, the common involvement 

of mitochondrial metabolism and a metabolic shift in tumors has several therapeutic implications. 

Increased understanding of the mechanisms driving the metabolic reprogramming in tumor cells 

could be used to inhibit the glycolytic switch, thereby impairing cell transformation and tumor 

development. As metabolism has also been shown to regulate stem cell differentiation, insight 

into the networks controlling metabolic-mediated differentiation could lead to new insights into 
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cancer stem cell differentiation and generate novel therapies to target this elusive subpopulation 

of tumor-initiating cells. 
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CHAPTER 5 : Summary and Conclusions 

 NRF-1 forms a complex with several unidentified proteins to regulate the GABPβ 

promoter. We have attempted to identify these co-activators through the use of an immobilized-

template assay with the GABPβ regulatory site. However, the presence of non-specific DNA 

binding proteins in the isolated fractions prevented the identification of co-activators. Through its 

interaction with GABPβ, NRF-1 is potentially involved in BRCA1-mediated cellular 

differentiation. Using an in vitro 3D model of mammary gland development, knockdown of NRF-

1 results in impaired mammary differentiation characterized by a lack of cell polarization and 

luminal infilling. Although monolayer culture of NRF-1 deficient cells does not result in a 

sustained downregulation of GABPβ/BRCA1 expression, it may play a role during differentiation 

when the NRF-1 pathway seems to be more significant. Additionally, these cells display some 

mitochondrial dysfunction and downregulation of known NRF-1 target genes involved in 

mitochondrial transcription, the respiratory chain and apoptosis. As NRF-1 is a regulator of 

nuclear-encoded mitochondrial proteins involved in mitochondrial biogenesis and metabolism, its 

downregulation could possibly result in a defect in oxidative phosphorylation or mitochondrial-

dependent apoptosis that would be reflected in impaired mammary gland formation. Further work 

is required to investigate the role for NRF-1 in differentiation, as a metabolic switch between 

oxidative phosphorylation and glycolysis has been shown to regulate stem cell differentiation. As 

this same type of switch is frequently observed in cancer, NRF-1 and mitochondrial activity may 

also be involved in altered tumor cell metabolism. 
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