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ABSTRACT 

Abstract 

Breast cancer it is the most common type of cancer and leading cause of cancer mortality among 

women worldwide. Women who inherit mutations in the breast cancer 1 susceptibility gene 

(BRCA1) are five times more likely to develop breast cancer than women who do not. However, 

only ~5-10% of breast cancer cases are due to germline mutations in tumor suppressor genes. 

There are currently no targeted therapies available triple negative breast cancers (TNBC), which 

often lack BRCA1 expression. BRCA1 is epigenetically silenced by the activated aryl-

hydrocarbon receptor (AhR), suggesting that dietary antagonists of the AhR may inhibit BRCA1 

silencing. Genistein is an isoflavone abundant in soy foods and its high consumption levels is 

thought to underlie the lower prevalence of breast cancer in Asian countries compared to Western 

countries. The hypothesis of this work is that genistein antagonizes AhR-dependent epigenetic 

silencing of BRCA1. To test this hypothesis we first determined the capacity of genistein to 

prevent AhR-dependent silencing of BRCA1 in estrogen receptor-alpha (ERα) expressing cells, 

with wild-type BRCA1 and inducible AhR (MCF-7). We also determined the effectiveness of 

genistein in reversing silencing of BRCA1 in ERα-negative cells with hypermethylated BRCA1 

and constitutively active AhR (UACC-3199). The effect of genistein on BRCA1 promoter 

methylation and markers of cell proliferation was also determined in both cell lines.  
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CHAPTER I: INTRODUCTION 

Breast Cancer 

Overview 

Estimates by the American cancer society indicate ~1 in 8 women will develop breast cancer 

throughout their lifetime [2]. In 2017 alone, the number of new breast cancer cases in the U.S. is 

expected to be ~255,180, whereas the estimated number of deaths (from breast cancer) is ~41,070 

[3]. The breast cancer burden extends internationally, as it is the most common type of cancer and 

leading cause of cancer mortality among women worldwide [1]. Despite advances in screening, 

diagnostic and therapeutic technology, breast cancer incidence appears to be increasing. 

According to GLOBOCAN statistics, incidence and mortality increased ~18% from 2008 to 2012 

and went from representing 11% to 12% of total cancers within the same time frame [4]. 

Moreover, recent projections indicate global incidence to reach ~3.2 million new cases per year 

by 2050 [4]. 

 

Breast cancer is considered an affliction of Western society, which is demonstrated by the large 

difference in development rates between Western countries (i.e. U.S., Western Europe) and 

regions such as Eastern Asia and Middle Africa (Figure 1.1) [5]. The variation in international 

breast cancer incidence is likely a result of differences in the availability of early detection 

technology in addition to lifestyle and environmental risk factors [5]. Given that the majority 

(~90%) of breast cancer cases are sporadic, a deeper understanding of the interactions between 

environmental exposures, such as diet, and factors involved in mammary carcinogenesis is 

essential for optimal preventative and therapeutic approaches.  
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Figure 1.1 Global breast cancer incidence and mortality. According to GLOBOCAN statistics 
from 2012. Adapted from [5] 
 
 

Mammary gland biology and carcinogenesis 

Mammary gland development begins during embryogenesis as ectoderms form mammary lines 

that resolve into placodes [6]. Development continues throughout postnatal life including at the 

neonatal stage, puberty, and pregnancy. The mammary gland consists of a simple ductal tree at 

birth [7]. Branching and elongation of the ductal system occurs during pre-puberty and is driven 

mainly by epidermal growth factor (EGF) and parathyroid hormone (PTH) signaling [7]. 

Differentiation of the mammary gland becomes hormone dependent at puberty and is driven by 

endogenous estrogens (i.e 17β-estradiol) and progesterone binding their cognate receptors, the 

estrogen receptor (ER) and progesterone receptor (PR) [7, 8].  Hormone receptor (HR) signaling 

stimulates further branching; development of alveolar buds at the terminal ends of ducts; and 

invasion of the ductal tree into the surrounding mammary fat pad [7, 8]. The final stage of 

mammary gland development occurs at the onset of first pregnancy when the mammary epithelial 

cells differentiate into milk-producing alveolar-lobular subunits. Differentiation at this stage is 
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thought to be largely mediated by signal transducer and activator of transcription (STAT) 

signaling [7].  

 

Only ~5-10% of breast cancer cases are due to hereditary breast cancer syndromes (HBCS) that 

occur as a result of germline mutations in putative tumor suppressor genes [9, 10]. Mutations in 

breast cancer 1 and 2 (BRCA1 and BRCA2), which encode the breast cancer type 1 and type 2 

susceptibility proteins (BRCA1 and BRCA2), account for ~20% of familial cases [11]. Other 

mutated genes in HBCS include tumor protein 53 (TP53); phosphatase and tensin homolog 

(PTEN); cadherin 1 (CDH1); checkpoint kinase 2 (CHEK2); serine/threonine kinase 11 (STK11); 

ATM serine/threonine kinase (ATM); and partner and localizer of BRCA2 (PALB2) [10, 12]. The 

identification of putative breast tumor suppressor genes (i.e. BRCA1) through the characterization 

of HBCS has provided insight toward potential targets of genetic aberrations that drive mammary 

carcinogenesis. However, unlike in colon cancer, defining a stepwise etiology of sporadic breast 

cancer has proven difficult due to a lack of knowledge regarding molecular and genetic changes 

that accompany progression through the stages of neoplastic evolution [13, 14]. A traditional 

linear multistep model of breast carcinogenesis suggests that invasive carcinomas arise from 

carcinoma in situ (CIS), which evolve from atypical hyperplasia in ductal or lobular regions of 

the mammary tree [15]. However, current knowledge indicates that although precursor lesions 

(atypical hyperplasias, CIS) are high index risk factors for invasive tumor development, their 

transformation is a nonobligate process and precursor lesions that do transform are likely 

genetically distinct from those that do not [16].  

 

Histological and molecular classifications 

A recent publication [16] describes 29 distinct histological subtypes of breast carcinoma. 

Generally, breast carcinomas are classified as either CIS or invasive carcinoma. Carcinoma in situ 

is divided into ductal (DCIS) or lobular (LCIS) CIS. Ductal carcinoma in situ can be further sub 
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divided into five distinct architectural subtypes. Unlike DCIS, subtyping of LCIS has remained 

unnecessary due to low histological variation. Invasive carcinomas are classified as either 

invasive ductal (IDC) or lobular (ILC). Fifteen subtypes of IDC have been described, which are 

distinguished by architectural features; cell type; amount, type and location of secretion; and 

immunohistochemical profile. Five histological variants contribute to the ILC classification. The 

majority of invasive carcinomas (~80%) are IDC, whereas ILC account for ~10-15% of cases 

[17].  

 

Gene-expression microarray approaches have defined distinct molecular subtypes of sporadic 

breast cancer (Table 1.1) that appear to represent divergent pathways of tumor evolution from a 

common epithelial stem cell of origin [18]. These intrinsic molecular subtype classifications 

complement morphological classifications with molecular profiles that account for heterogeneity 

regarding tumor behavior, response to targeted therapy, and prognosis [16, 19-21]. Molecular 

subtype classification determined by expression status of ER, PR, and human epidermal growth 

factor receptor 2 (HER2), a receptor tyrosine kinase overexpressed in some breast cancers by 

amplification of the ERbB-2 gene, has led to the characterization of the luminal A (ER+, PR+, 

HER2-), luminal B (ER+, PR+/-, HER2+/-), HER2-enriched (ER/PR-, HER2+), and basal-like 

and non basal-like triple negative  (TNBC; ER/PR/HER2-) subtypes. Recently, both microarray 

and RNA-seq analysis of patient-derived samples identified transcriptional variation and unique 

molecular profiles among TNBC cases [22, 23]. Thus, TNBC has been regarded as a 

heterogeneous cancer type in itself and is comprised of six distinct subtypes known as basal-like 

1, basal-like 2, mesenchymal, mesenchymal stem-like, luminal androgen receptor, and 

immunomodulatory [23]. TNBC represent ~15-20% of cases and, compared to other molecular 

subtypes, are associated with higher growth rates, increased susceptibility to metastasis, and 

worse overall survival [24]. 
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Table 1.1 Intrinsic molecular subtypes of breast cancer. Adapted from [25] 
BC Subtype Immunoprofile Prevalence Available Therapy 

Luminal A “Luminal A-like” 
ER & PR positive 
HER2 negative 
Ki-67 low (<14%) 

30-70% α-Endocrine therapya  

Luminal B “Luminal B-like” (HER2-) 
ER positive 
HER2 negative 
Ki-67 high (>20%) or PR negative 
 
“Luminal B-like” (HER2+) 
ER positive 
HER2 amplified/overexpressed 
Any Ki-67 
Any PR 

10-20% α-Endocrine therapy + 
chemotherapy  
 
 
 
 
α-endocrine therapy +  
α-HER2b therapy + 
chemotherapy  
 

HER2-Enriched  “HER2 Positive” (non-luminal) 
ER & PR negative 
HER2 amplified/overexpressed 

5-15% α-HER2 therapy + 
chemotherapy 

Triple Negative “Basal like”  
ER, PR, and HER2 negative 
CK5/6 and/or EGFR positive 
EGFR positive 
 
“Non-basal like” 
ER, PR, and HER2 negative 
CK5/6 and EGFR negative 

 
15-20% 
 
 
 

Chemotherapy 

a. SERMS (i.e. Tamoxifen), and aromatase inhibitors 
b. Trastuzumab (Herceptin) 
CK: cytokeratin; EGFR: epidermal growth factor receptor; ER: estrogen receptor; HER2: human epidermal growth        
factor receptor 2; PR: progesterone receptor;  
 

 

Targeted therapies in breast cancer 

The effectiveness of current targeted therapies demonstrates the clinical efficacy of molecular 

subtyping. In the case of HR-positive breast cancers (luminal A, luminal B), aromatase inhibitors 

(AIs) and selective estrogen receptor modulators (SERMs) antagonize the pro-proliferative 

activity of ERα signaling [25]. Aromatase inhibitors function as anti-breast cancer agents by 

suppressing the availability of endogenous E2, which is synthesized from androgenic precursors 

by the enzyme aromatase, a cytochrome P450 (CYP19A1) [26]. SERMs represent a more 
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complex class of anti-endocrine therapy with respect to their mechanism of action. Tamoxifen, a 

prototypical SERM, has shown partial agonist/antagonist effects on ERα signaling, depending on 

the cell or tissue type, and has purely antagonistic effects on ERβ [27]. Studies of SERMS, 

particularly concerned with mechanisms of resistance, have revealed the complexity of ER ligand 

pharmacology. Traditionally, agonists of ER signaling were thought to mimic the actions of E2, 

whereas antagonists were thought to act through competitive inhibition of estrogen binding [28]. 

Thus until recently, it was believed that when corrected for affinity, all ER agonists were 

qualitatively the same, and likewise antagonists differed only in their affinity for the receptor. 

However this has been proven not be the case, and it has been shown that SERMs modulate ER 

signaling by inducing conformational changes in the receptor that influence its ability to interact 

with transcriptional coactivators. This property is not inherent to the prototypical SERMs used in 

the clinical setting (i.e. Tamoxifen, Raloxifene) and underlies the differential effects on ER 

signaling imparted xenoestrogenic compounds (i.e. phytoestrogens).    

 

As demonstrated in Table 1.2, SERMS and AIs have been shown to significantly reduce HR-

positive breast cancer recurrence and related mortality compared to treatment with no adjuvant 

endocrine therapy [29]. Similar success has been observed with trastuzumab, a humanized 

monoclonal antibody against HER2 that can be utilized against both HR-positive (luminal B 

HER2+) and -negative (HER2-enriched) tumors overexpressing HER2. Compared with patients 

not receiving trastuzumab, adjuvant therapy has been shown to increase disease free survival 

(DFS) by 7% and 9.4% and OS by 3.8% and 8.8% in HR-positive and -negative cases, 

respectively [30]. Although our arsenal of targeted therapies has expanded in parallel with our 

increased knowledge regarding the molecular subtypes of breast cancer, there are currently no 

targeted therapies for TNBC [25] and targetable cancers can develop drug resistance [31]. This 



20 

indicates a necessity to continue to identify new and novel biomarkers/targets and improve 

preventative approaches.   

 

 
Table 1.2 Clinical outcomes with anti-endocrine therapy. Adapted from [29]. 

 5 years of tamoxifen v. no adjuvant 
RR (95% CI) 

5 years of AI v. no adjuvant 
RR (95% CI) 

Breast Cancer 
Recurrence   

Years 0-4 0.53 (0.48-0.57) 0.37 (0.33-0.42) 
Years 5-9 0.68 (0.60-0.78) 0.63 (0.53-0.74) 

Breast Cancer Mortality   

Years 0-4 0.71 (0.62-0.80) 0.56 (0.46-0.68) 
Years 5-9 0.66 (0.58-0.75) 0.60 (0.50-0.72) 

 

 

Epigenetics 

Overview  

In multi-cellular organisms that evolve from a single cell (zygote), epigenetic regulatory 

mechanisms are responsible for determining cell fate (differentiation) and phenotype despite 

harboring identical genomes [32, 33]. A consensus definition of epigenetics emerged from a 2008 

panel of experts who met to discuss various aspects of chromatin-based epigenetics [34]. An 

epigenetic trait is defined as “a stably heritable phenotype resulting from changes in a 

chromosome without alterations in DNA sequence.” A proposed model (Figure 1.2) for the 

operational steps involved in the initiation, maintenance, and heritability of epigenetic states 

describes three roles: the 1) epigenator, 2) epigenetic initiator, and 3) epigenetic maintainer [34].  
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Figure 1.2 Operational model of epigenetic regulation. Three types of signal are involved in 
establishment and maintenance of the cellular epigenetic state. 1) Epigenators, represented by 
block arrows, originate as signals outside of the cell (i.e. environmental cues) and continue 
through intracellular pathways to activate 2) initiators, shown as light gray circles. Initiators 
function to coordinate and recruit 3) maintainers, represented by dark gray ovals, to specific DNA 
sites. Epigenetic maintainers (i.e. DNA methyltransferases and histone deacetylases) deposit 
epigenetic signatures and are responsible for their preservation throughout cell division. Adapted 
from [34] 
 

 

The term epigenator refers to any factor that influences the epigenetic process occurring before 

the first chromosomal event, including environmental cues and exposures, cellular niches, and 

subsequent pathways and molecular activity that lead to initiator activation [34]. Initiators 

intercept epigenator signaling and mediate the coordination of a specific chromatin state at 

precise DNA locations through the recruitment of epigenetic maintainers.  Examples of initiators 

include DNA-binding proteins and non-coding RNA (ncRNA), in addition to any other factor 

with sequence recognition capabilities enabling it to specify coordinates for the assembly of a 

chromatin structure. Unlike epigenators, which are transient signals, initiator signaling may be 
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sustained after eliciting its subsequent effects. Thus, a key feature of initiators is the ability to 

self-reinforce and self-renew through positive feedback mechanisms. Epigenetic maintainers are 

responsible for de novo deposition of epigenetic signatures; carrying chromatin states through the 

cell cycle; and preserving epigenetic modifications in fully differentiated cells. Maintainers do 

not have sequence recognition capabilities and rely on initiators for recruitment to specific 

chromosomal locations. Pathways of epigenetic maintainers include histone post-translational 

modifications (methylation, acetylation, ubiquitination, and phosphorylation), and DNA 

methylation among other mechanisms [34].   

 

The end result of epigenetic modifications is either a transcriptionally permissive or repressive 

chromatin state, depending on the pattern of epigenetic signature.  DNA methylation is generally 

regarded as a transcriptionally repressive epigenetic modification with respect to the majority of 

genes [35]. The effect of histone modifications on transcription is largely dependent on the type 

and pattern of post-translational modification. However the impacts of several histone acetylation 

and methylation marks on transcription have been extensively documented and classified as either 

permissive or repressive. For example, di- and tri-methylation at lysine 4 (K4) of histone 3 (H3) 

(H3K4me2 and H3K4me3, respectively) are associated with a transcriptionally permissive state 

[36]. Other transcriptionally active marks include overall acetylation of histones 3 (acetyl-H3) 

and 4 (acetyl-H4); and acetylation of H3 at lysine 4 (H3K4ac) [36-38]. On the other hand, tri-

methylation of H3 at lysine 9 (H3K9me3) and 27 (H3K27me3) are considered transcriptionally 

repressive marks [36].  

 

Although somatic mutations have been linked to sporadic breast tumorigenesis, aberrant 

epigenetic processes may also play a driving role in cancer initiation and progression [39, 40]. 

Dysregulation of cellular epigenetics often occurs at the early stages of carcinogenesis and can 

lead to altered gene function and neoplastic transformation [41]. Epigenetic silencing of several 
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tumor suppressor genes has been well documented in breast cancer [39]. Given that epigenetic 

changes are potentially reversible, targeting specific aberrations in otherwise non-targetable 

tumors may have profound clinical significance [42, 43]. 

 

 
Table 1.3 Tumor suppressor genes silenced by DNA methylation in breast cancer  

Pathway Genes 
Cell Cycle Control p16INK4, 14-3-3σ, Rb, Cyclin D2 
DNA Repair MGMT, hMLH1, BRCA1 
Growth Inhibitory Signaling RARβ, RASSF1A, HIN1, SFRP1, PTEN 
Cell Adhesion CDH1 
Angiogenesis SERPINB5 
Carcinogen Detoxification GSTP1 
Hormone Regulation ERα, PR, 17βHSD-1 
Apoptosis TWIST, HOXA5, DAPK1 

 

 

DNA methylation and methyltransferases 

DNA Methylation is an epigenetic maintenance mechanism that refers to the covalent addition of 

a methyl group (CH3) to the C5 position of cytosine residues in cytosine-guanine (CpG) 

dinucleotides [44, 45]. Methylation-sensitive gene promoters typically harbor CpG islands, a 

CpG-rich (≥50%) region of DNA ≥200 bp in length with an observed/expected CpG ratio ≥60% 

[46, 47]. DNA methylation generally represents a transcriptionally repressive epigenetic 

modification and hypermethylation near gene promoters is associated with downregulation or 

silencing of that particular gene [35]. In contrast, actively transcribed genes are typically 

hypomethylated [37, 48, 49]. However, these general effects are not dogmatic and exceptions 

have been documented. For example, hypermethylation of the human telomerase reverse 

transcriptase (hTERT) gene has been classified as transcriptionally permissive [50-52]. Both 

hyper- and hypomethylation of DNA has been observed in breast cancer, with silencing effects on 

tumor suppressor genes and activating effects on proto-oncogenes [53, 54]. Several tumor 
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suppressors are reported to be silenced by DNA methylation in breast cancer (Table 1.3)  

including genes involved in cell cycle regulation, DNA repair, growth inhibitory signaling, cell 

adhesion, angiogenesis, carcinogen detoxification, hormone regulation, and apoptosis [54].  

 

DNA methylation (Figure 1.3) is catalyzed by DNA methyltransferases (DNMT), which transfer 

methyl groups from a cofactor molecule, S-adenosyl-L-methionine (SAM), to cytosine substrates 

in CpG dinucleotides [55]. Upon donating its methyl group, SAM is converted to S-adenosyl-L-

homocysteine (SAH), which can act as a potent negative feedback inhibitor of DNMT reactions 

through competitive binding at the cofactor binding pocket [56, 57].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 DNA methylation reaction.  
DNA methylation is catalyzed by DNMTs, which utilize SAM as a methyl-donating cofactor. 
Transfer of a methyl group to the 5 position of a cytosine substrate leads to the formation of 5-
methylcytosine and SAH. SAH imparts negative feedback inhibition on DNMT by competitively 
binding at the cofactor binding pocket. O-methylation reactions catalyzed by COMT also utilize 
SAM as a substrate, and formation of SAH through these reactions is thought to be responsible 
for the DNMT inhibitory capacity of dietary catechols (i.e. epigallocatechin, myricetin). Adapted 
from [58].  
 

Three isoforms of DNMT have been identified in humans (DNMT1, DNMT3a, DNMT3b) [58]. 

Their general structure consists of an N-terminal regulatory region and a C-terminal catalytic 
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region tethered by a lysine- and glycine-rich KG linker domain [59]. DNMT1 is the biggest 

human DNMT (1620 amino acids) due to its large multidomain N-terminal region [60]. 

Methylation reactions are catalyzed by nucleophilic attack at the C6 position of a CpG 

dinucleotide by a cysteine residue in motif IV of the DNMT catalytic domain [55]. Formation of 

a covalent bond between the enzyme and nucleotide base imparts a partial negative charge at the 

C5 atom that is resolved through β-elimination. This transfers the methyl group from SAM to C5 

and releases the DNMT enzyme. Methylation at the C5 position of a CpG situates the methyl 

group within the major groove of DNA where it does not interfere with Watson-Crick base paring 

and is efficiently recognized by DNA-interacting proteins.  

 

DNMT3a and DNMT3b are regarded as de novo DNMTs that have similar affinity for both 

unmethylated and hemimethylated CpG sites [61]. De novo DNMTs are responsible for setting 

the initial methylation pattern and adding new methylation marks to DNA under the proper 

stimulus [55]. Methylation marks are carried through cell division by DNMT1, the ‘maintenance’ 

methyltransferase, which has higher affinity for hemimethylated DNA [58]. Hemimethylated 

DNA is present after DNA replication, when parental strands harbor pre-replication methylation 

patterns and newly synthesized daughter strands are devoid of methylation marks. The affinity of 

DNMT1 for hemimethylated DNA leads to the methylation of daughter strands and subsequent 

preservation of the pre-replication pattern. Inhibition of DNMT1 is a mechanism of passive DNA 

demethylation, which leads to the loss of ~50% of global methylation for every round of DNA 

replication.  

 

DNMT inhibitors 

Currently, there are two general classes of DNMT inhibitors, known as nucleoside and non-

nucleoside analogues [62].  Nucleoside analogues, such as 5-azacytidine (5-aza), function as 

antimetabolites and have gained FDA approval for treatment of myelodysplastic syndrome [63]. 
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In addition to their clinical use, these compounds have been utilized extensively in the research 

setting to elicit perturbations in DNA methylation. Following cellular uptake, azacytidines are 

metabolically activated to 5-aza-2′-deoxycytidine-triphosphate nucleotides [64]. 5-aza 

triphosphates enter the pool of available nucleotides and are substituted for cytosines during DNA 

replication. DNMT1 recognizes 5-aza-guanine dinucleotides as methylation substrates [65]. 

Nucleophilic attack at the C6 position leads to subsequent DNMT/5-aza adduct formation as 

described previously. However, nitrogen substitution at the C5 atom in 5-aza prevents β-

elimination of the covalent bond, leaving the DNMT/5-aza adduct intact. This triggers a DNA 

damage response resulting in DNMT1 degradation and passive DNA demethylation [64].  

 

Examples of non-nucleoside DNMT inhibitors include SAH; the synthetic analogues RG108 and 

NSC14778; and several dietary phytochemicals including epigallocatechin gallate (EGCG), 

genistein, curcumin, myricetin, and quercetin among others [62, 66]. Non-nucleoside analogues 

suppress DNMT activity through binding at key catalytic regions such as the active site or 

cofactor binding pockets [62]. For example, genistein has been shown to inhibit DNMT1 activity 

through direct binding at the catalytic site [67]. Catechol-containing polyphenols are also 

believed to have an indirect inhibitory effect on DNMT via a catechol-O-methyltransferase 

(COMT)-dependent mechanism [58]. COMT-mediated reactions utilize SAM as a cofactor 

similarly to DNMT reactions and O-methylation of catechol-containing polyphenolic substrates 

leads to the accumulation of SAH, which acts as a potent inhibitor of DNMT activity (Figure 

1.3). Relative to the other dietary DNMT inhibitors, EGCG is one of the most potent with an 

IC(50) of ~0.47 µM. Molecular modeling studies have shown the gallic acid moiety of EGCG is 

crucial for its mechanism of action, which involves direct binding at the catalytic site of DNMT1. 

Table 1.4 highlights examples of known DNMT inhibitors in breast cancer cells and their 

corresponding mechanisms.  
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Table 1.4 Example DNMT inhibitors in breast cancer cells 
Compound Mechanism 
5-azacytidine Antimetabolite. Forms irreversible 

covalent bonds with DNMT1.  

SAH Competitive binding at co-factor 
binding site 

EGCG, genistein Direct binding at catalytic site  

Catechin, epicatechin, 
quercetin*, myricetin*, fisetin 

COMT-dependent SAH 
accumulation  

                               *May also have COMT-independent mechanism 
 
 

Dietary modulators of breast cancer epigenetics 

Several dietary compounds from various classes of bioactives (i.e. flavones, flavonols, catechins, 

isoflavones, isoflavanoids, isothiocyanates, stilbenoids) have been reported to elicit significant 

epigenetic modifying activity, including changes in DNA methylation, histone modification, and 

miRNA expression in breast cancer models. For example, EGCG has been demonstrated to be a 

DNMT inhibitor and stimulator of permissive histone modifications in both ERα-positive and -

negative cell lines [52, 68-70]. Resveratrol, a stilbenoid found in grapes, berries and red wine has 

also demonstrated DNA demethylation properties and has been reported as a modulator of miR 

expression [71-76]. There is also accumulating evidence to suggest genistein, an isoflavone 

abundant in soy products, has modulating effects on DNA methylation, histone post-translational 

modifications, and miR expression in breast cancer cells [66, 67, 77, 78]. An attractive quality of 

many of these dietary compounds is their limited toxicity in normal cells [40]. Thus, given that 

epigenetic changes are reversible [79] and often occur early in neoplastic evolution [41], dietary 

bioactives may represent effective preventative and therapeutic agents against breast cancer and 

may explain the protective effects associated with certain dietary practices.  
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BRCA1 

Overview 

Estimates indicate an ~5x increase in lifetime risk of breast cancer development in women who 

inherit loss-of-function mutations in BRCA1 [80].  The tumor suppressor activity of the BRCA1 

protein is attributed to its role in DNA repair, cell cycle checkpoint control, transcriptional 

regulation, apoptosis and mRNA splicing [81]. In contrast to BRCA1, the function of BRCA2 is 

limited to DNA recombination and repair processes [18]. Cells that lose BRCA1 or BRCA2 

function are unable to repair DNA double stand breaks (DSB) by the conservative pathway of 

homologous recombination (HR), and must utilize non-conservative, and potentially mutagenic, 

pathways such as non-homologous end joining (NHEJ) and single-strand annealing to repair 

DNA lesions. The overall result of absent BRCA1 and BRCA2 activity is defective DNA repair, 

increased susceptibility to DNA damaging agents and genomic instability [18, 81].  

 

Genomic instability, which can lead to chromosomal translocations involving large deletions 

and/or amplifications of potentially non-homologous chromosomes, is thought to underlie the 

increased risk of breast cancer associated with loss of BRCA function.  BRCA-deficient cancer 

cells are believed to evade cell cycle arrest and apoptosis induced by unrepaired DNA damage as 

a result of aberrations in cell cycle checkpoint control. In line with this hypothesis, a high 

frequency of p53 mutations (~67%) has been observed in familial-BRCA1 tumors [82, 83]. 

Activation of proliferative signaling in BRCA1 tumors is thought to be a result of amplification 

of c-MYC or expression of EGF receptor (EGFR), which has been documented in ~53 and 67% 

of familial BRCA1 cancers, respectively [18, 84, 85].   

 

Epigenetic silencing in ERα-negative and TNBC 

Mutations in BRCA1 lead to highly penetrant breast tumors with poor prognostic outcomes [86]. 

The majority (>80%) of familial-BRCA1 tumors are triple-negative [87-90] and strongly 
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segregate with basal-like sporadic cases in gene expression profiling [91]. This suggests a similar 

etiology between the two distinct tumor types [18]. Tumors arising as a result of germline 

mutations contribute only ~5-10% of cases [9, 10]. Loss of BRCA1 in sporadic tumors is rarely 

accompanied by somatic mutations in the BRCA1 gene [92] and is thought to be resultant of 

aberrant epigenetic processes [18]. This appears to be of particular relevance in ERα-negative 

cases and TNBC. For example, bisulfite sequencing of DNA from six sporadic breast cancer cell 

lines revealed hypermethylation at all 36 CpG sites of the BRCA1 promoter in an ERα-negative 

cell line (UACC-3199), whereas ERα-positive cells had little to no methylation [93]. A 

methylation-specific qRT-PCR (MSP) approach in patient derived breast tumor samples showed 

~7.5x higher BRCA1 CpG methylation in TNBC samples compared to healthy control tissue and 

samples from other molecular subtypes [94]. In another study, MSP analysis of DNA from 24 

formalin-fixed paraffin-embedded tumors indicated the prevalence of BRCA1 methylation in 

TNBC to be ~40% [95]. A recent meta-analysis [96] of 40 studies sought to investigate the 

association between BRCA1 methylation and various clinicopathological features of breast 

cancer. Strong significant associations were reported for the interactions between BRCA1 

methylation and ER-negative (OR= 2.36), PR-negative (OR=2.14), and triple-negative (OR= 

2.79) breast cancers. Additionally, methylation of the BRCA1 gene was significantly associated 

with increased risk of breast cancer overall (OR= 3.15), lymph node metastasis (OR= 1.25) and 

histological grade 3 (OR= 2.29). Thus, unraveling the mechanisms contributing epigenetic 

silencing of BRCA1 may have a profound clinical impact particularly in ERα-negative tumors 

and TNBC.  

 

Protein structure and function  

The BRCA1 protein is 1863 amino acids with two functional domains [81]. At the N-terminus, a 

series of eight Cys3-His-Cys4 motif repeats make up the RING domain involved in protein 
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ubiquitination and protein-protein interactions. Interaction with the BRCA1 associated RING 

domain protein 1 (BARD1) occurs at the RING domain resulting in formation of the 

BRCA1/BARD1 E3 ubiquitin ligase complex. BRCA1/BARD1 is suggested to mediate K6-

linked ubiquitination as a post-translational regulatory mechanism of target protein function and 

recruitment [81]. The C-terminal end of the BRCA1 protein has two BRCA1 C-terminal (BRCT) 

domains with transcription activation functions [97]. The BRCT domains mediate BRCA1 

interaction with several transcriptional coactivators such as p53 [98, 99], RNA Polymerase II 

[100], RNA helicase A [101], and p300 and CREB binding protein (CBP) [102].  The BRCA1 

protein also has two nuclear localization signals (NLS; amino acids 503-509 and 606-615) and a 

nuclear export signal (NES; amino acids 81-99) [103, 104]. The central region of the BRCA1 

protein (amino acids 170-1649) is encoded by exon 11 and has been predicted to be a disordered 

region flanked by structural domains, which likely allow binding promiscuity and flexibility, 

facilitating the formation of multiple macromolecular complexes [81].  

 

The most well-studied tumor suppressor function of BRCA1 is its role in DNA repair. BRCA1 is 

implicated in the non-homologous end joining (NHEJ), homologous recombination, and 

nucleotide excision repair (NER) DNA repair pathways [81]. The role of BRCA1 in NHEJ is 

largely undefined but is believed to be through interactions with Ku80, a subunit of the Ku 

heterodimer, which binds ends of DNA DSB [105]. BRCA1 participation in homologous 

recombination has been well classified and attributed to its participation in multiple protein 

complexes. A complex consisting of BRCA1, Mre11:Rad50:Nbs1 (MRN complex), and CtIP has 

been suggested to be involved in DSB end resection, likely through the repositioning of the 

53BP1 protein, a NHEJ promoter and inhibitor of homologous recombination [81]. As a result, 

this complex facilitates activation of the ATR/Chk1 pathway involved in intra-S phase cell cycle 

arrest. Another BRCA1 complex containing RAP80, MERIT40, BRCC36/45 and Abraxas is 

suggested to maintain DNA damage signaling and promote G2/M checkpoint arrest. This 
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complex is also believed to be involved in end resection inhibition, a likely mechanism to prevent 

over resection of DSB [106, 107]. A complex comprised of BRCA1, TopBP1, and BACH1 is 

also suggested to play a role in DNA end resection via BACH1 helicase activity, in addition to S-

phase arrest as a result of TopBP1-mediated activation of ATR [108]. Finally, a complex of 

BRCA1, BRCA2, PALB2, and Rad51 is involved in the exchange of replication protein A 

(RPA), which prevents formation of secondary DNA structures during resection, for Rad51, 

which promotes sister strand invasion, and formation of Holliday junctions during homologous 

recombination [109, 110]. The role of BRCA1 in NER is attributed in part to its participation in 

the BRCA1-associated genome surveillance complex (BASC), which is involved in the 

recognition and repair of aberrant DNA structures [111]. BRCA1 is also necessary for repair of 8-

oxoguanine lesions via a BRCA1/BARD1-dependent mechanism involving ubiquitylation of 

RNA polymerase II [112, 113]. BRCA1 also has an indirect influence on DNA repair by inducing 

the expression of xeroderma pigmentosum C and damaged DNA binding 2 (DDB2), factors 

involved in NER [114].  

 

Gene structure and regulation  

The BRCA1 gene spans ~80 kb at the chromosomal location 17q21.31 and consists of 22 coding, 

and 2 non-coding exons [115, 116]. In mammary tissue, BRCA1 produces two distinct transcripts 

from dual transcription start sites in exons 1a and 1b [75, 116]. Exon 1a has binding sequences 

for the transcription factors specificity protein 1 (Sp-1), ETS variant 4 (ETV4, previously known 

as E1AF), CCAAT-enhancer-binding proteins (C/EBP), cAMP response element-binding protein 

(CREBP), and transcription factor E4F1 (E4F1). In contrast, exon 1b has Sp-1, ETV4, and 

nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) binding sites [116]. 

Activator protein-1 (AP-1) binding sites, which interact with Jun and Fos transcription factors, 

are also found upstream of exon 1b [117]. BRCA1 also harbors consensus sequences for aryl 

hydrocarbon receptor (AhR) binding (XRE) in exon 1a (1598–1602), the intervening sequence 
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between exons 1a and 1b (1756–1760), and exon 1b (2069-2073) [118]. The 5’ region of the 

BRCA1 promoter lacks TATA boxes, however it is considered a CpG island because it is 1580 bp 

in length, has 56% cytosine and guanine content and an observed/expected CpG frequency of 

0.72 [93]. Sodium bisulfite sequencing of BRCA1 in normal human mammary epithelial cells 

(HMEC), peripheral blood lymphocytes (PBL), and six sporadic breast cancer cell lines identified 

36 CpG sites ranging from the 5’ promoter region (-567) to intron 1 (+255) to be differentially 

methylated depending on the cell type [93].    

 

Despite the lack of an estrogen response element (ERE) consensus sequence in the BRCA1 gene, 

E2 has been shown to induce its transcription through a non-canonical mechanism [119]. The 

canonical pathway of ER-dependent transcriptional activation involves E2 binding to the ERα or 

ERβ, which induces a conformational change followed by receptor dimerization, either as 

homodimers (ERα/ERα or ERβ/ERβ) or heterodimers (ERα/ERβ), and their subsequent nuclear 

translocation [120]. In the nucleus, ER dimers recognize and bind EREs and activate target gene 

transcription through the recruitment of transcriptional co-activators [121]. In the transcriptional 

activation of BRCA1 (Figure 1.4), E2 stimulates the recruitment of a heterocomplex containing 

ERα and the transcriptional co-activators p300 and SRC-1 (ERα/p300/SRC-1) to the AP-1 site 5’ 

of exon 1b [117]. Here, the ERα/p300/SRC-1 interacts with Jun and Fos transcription factors to 

activate the BRCA1 promoter. Estrogen also stimulates recruitment of Sp-1 and Sp-4 to the 5’ Sp 

binding site, an event that appears to be necessary for ERα-dependent transcriptional activation 

of BRCA1 [122].   
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Figure 1.4 BRCA1 transcriptional activation by estrogen. Estrogen activates transcription of 
BRCA1 through a non-canonical mechanism, independent of ERE binding. E2 binding to ERα 
stimulates its recruitment to AP-1 sites as part of a coactivator complex consisting of 
ERα/p300/SRC-1. The ERα/p300/SRC-1 complex influences transcription through interaction 
with Jun and Fos transcription factors bound to the AP-1 sites. E2/ERα also stimulates 
recruitment of Sp-1 and Sp-4 to Sp sites, which is necessary for E2-stimulated transcription. Gray 
notches on the gene proximal to Exon1a represent unmethylated CpG sites. Adapted from [75].  
 

 

Aryl Hydrocarbon Receptor  

Overview 

The aryl hydrocarbon receptor (AhR) is a highly conserved ligand-activated transcription factor 

belonging to the basic helix–loop–helix–PER–ARNT–SIM (bHLH/PAS) subgroup of the bHLH 

superfamily [123, 124].  The AhR gene battery (Table 1.5) consists of various drug metabolizing 

enzymes such as phase I monooxygenases [123], phase II conjugation enzymes [125-127], and 

phase III transporters [128], in addition to genes involved in antioxidant response [129].  The 

AhR system has been shown to influence processes such as apoptosis, proliferation, cell growth 

and differentiation, suggesting its role in carcinogenesis [123, 124].  

 

Table 1.5 Target genes of the AhR 
Function Gene 
Phase I metabolism CYP1A1, CYP1A2, CYP1B1, ALDH3 
Phase II metabolism GSTA1, GSTA2, UGT1A1, UGT1A6, NQO1 
Phase III metabolism (drug transporters) ABCG2, MDR1, MRP2, MRP3, MRP5, MRP6 

MRP7, BCRP, OATP3, OATP8 
CYP: cytochrome p450; GSTA: Glutathione S-transferase A; ABCG2: ATP-binding cassette sub-family G member 2; 
NQO1: NAD(P)H:quinone oxidoreductase; MRP: multidrug resistance protein; BCRP: Breast cancer resistance 
protein; OATP; Organic anion-transporting polypeptide 
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Perhaps the most well studied biological action of the AhR is its role in mediating the toxic and 

tumor-promoting properties of environmental contaminants such as 2,3,7,8-tetrachlorodibenzo-p-

dioxin (TCDD, Figure 1.5A) in addition to other halogenated aromatic hydrocarbons (HAH, i.e. 

polychlorinated biphenyls, PCBs) and polycyclic aromatic hydrocarbons (PAH, i.e. dimethyl-

benz[a]anthracene Figure 1.5B, benzo[a]pyrene Figure 1.5C,) through metabolic bioactivation 

[123, 130].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5 Chemical structures of AhR agonist toxicants. AhR affinity represents EC50 for 
AhR activation [131]. A) TCDD is a halogenated aromatic hydrocarbon and has the highest 
affinity for the AhR. B) DMBA and C) B[a]P are polycyclic aromatic hydrocarbons with lower 
affinity.  
 

TCDD and other dibenzo-p-dioxins (PCDDs) are formed through several human-conducted 

processes including incineration of waste, operation of automobiles, combustion of fossil fuels, 

and the production of metal among other sources [132]. PAH are formed through incomplete 

burning of coal, oil, gas, garbage or other organic substances such as tobacco or charbroiled meat 

[130]. TCDD is likely the most well studied AhR ligand and has been shown to cause 

teratogenesis, tumor promotion, endocrine disruption, immune and liver toxicity, and skin 

disorders [130]. Due to high lipophilicity, TCDD and related compounds have extended half-lives 



35 

(months to decades) [133]. Thus, as a result of environmental contamination these toxicants can 

enter the food chain through bioaccumulation in adipose tissue of livestock and seafood [43, 133]. 

To date, several agonist and antagonist ligands of the AhR have been identified (Table 1.6) 

including both endogenous and exogenous compounds. 

 

Table 1.6 Example AhR ligands. Adapted from [123, 130, 134] 
Source Examples 
Exogenous  
Xenobiotic 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) 

7,12-Dimethyl-benz[a]anthracene (DMBA) 
Benzo[a]pyrene (B[a]P) 
Biphenyls 
Polycyclic aromatic hydrocarbons (PAH) 
Halogenated aromatic hydrocarbons (HAH) 
3,3’,4,4’,5-Pentachlorobiphenyl (PCB) 

Dietary Quercetin 
Galangin 
Indole 3-carbinol 
3-3’-diindoylmethane  
Resveratrol  
Curcumin 

Endogenous  
Tryptophan metabolites 6-formylindolo[3,2b]carbazole 

Kynurenic acid 

Arachidonic acid metabolites Lipoxin 4a 

Heme degradation Bilirubin 
Biliverdin 

 

 

An example historical event involving large-scale environmental TCDD contamination is the 

1976 disaster at a chemical manufacturing plant in Seveso, Italy where a reactor synthesizing 

2,4,5-trichlorophenol reached critical temperatures, causing the relief valve to open and the 

release of 30 kg of TCDD over 18 km2 of the surrounding area [135].  Shortly after the accident 

serum levels from individuals that were exposed ranged from 2.5-56000 ppt, with a median level 

of 272 ppt in individuals residing in the area of greatest contamination (Zone A, 15.5-5,477 µg/m2 

TCDD in surface soil samples) and 47 ppt in those from the less contaminated zone (Zone B, 5 to 
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43.8 µg/m2) [135]. Displaying the propensity for these compounds to accumulate, measurements 

taken 20 years after the incident found plasma concentrations to range from 1.2-88.9 ppt, with 

median levels of 53.2 and 11.0 ppt in individuals from Zone A and B, respectively [136]. Another 

example of a large-scale TCDD exposure took place during the Vietnam War during defoliation 

operations (Operation Ranch Hand), which sprayed large amounts of Agent Orange, some of 

which was contaminated up to 50 ppm with TCDD, over rural areas of Southern Vietnam [137]. 

A 2014 study in veterans from Operation Ranch Hand reported 5.0 pg of TCDD/g of lipid tissue 

in in samples from taken in the year 2002 [138]. Known examples of incidents involving dioxin 

contamination in food include the Belgian dioxin crisis of 1999 [138], where detectable amounts 

of PCBs were found in eggs, tissues, and feedstock of commercial chickens, and the 2008 Irish 

pork crisis [139], where ~80-200x the recommended safety limit for dioxins and dioxin-like 

PCBs was found in pork from >50 farms in Ireland.    

 

Gene structure and regulation 

The human AhR gene is located on the short arm of chromosome 7 (7p21.1) and contains 11 

exons [123, 140, 141]. Like other members of the bHLH superfamily (HIF-1α, ARNT), the AhR 

promoter harbors multiple transcription start sites located within GC-rich regions absent of both 

TATA and CCAAT core promoter sequences [142]. Rather, the promoter region contains 

consensus binding sequences for the SP-1 and -3, and AP-1 and -2 transcription factors [123, 

142]. Transforming growth factor (TGF)-β and its downstream targets SMAD-2, -3, and -4 are 

also involved in the regulation of AhR expression, in a cell type specific fashion. Studies in 

human A549 lung carcinoma cells demonstrated TGF-β to negatively regulate AhR at the 

transcriptional level, whereas treatment with TGF-β led to an ~3x induction in AhR promoter 

activity in human HepG2 hepatocarcinoma cells [143]. However, TGF-β does not elicit changes 

in AhR expression in human MDA-MB-231 breast cancer cells [143, 144], suggesting that 
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regulation of AHR is independent of TGF-β in the breast. Studies in mouse models have that NF- 

E2 p45-related factor 2 (NRF2), the master regulator of the cellular antioxidant response, may 

induce AhR promoter activity through binding of an antioxidant response element (ARE) located 

at position -230 in the murine AhR promoter [145]. 

 

Canonical pathway  

In normal conditions (Figure 1.6), the AhR is constitutively expressed and sequestered in the 

cytosol by a complex containing a heat-shock protein 90 (hsp90) homodimer and the co-

chaperone proteins X-associated protein 2 (XAP2), and p23 [146, 147]. Upon binding by an 

agonist ligand, the AhR undergoes a conformational change, which exposes its NLS leading to its 

nuclear translocation. The AhR translocates to the nucleus as part of the chaperone complex 

[148], which is subsequently displaced by binding with the aryl hydrocarbon receptor nuclear 

translocator (ARNT). AhR/ARNT heterodimers then recognize and bind XRE sequences in target 

genes and modulate gene transcription through recruitment of co-activator and co-repressor 

proteins [146-148].  

 
Figure 1.6 Canonical AhR pathway. 
The AhR is constitutively expressed and 
sequestered in the cytosol as part of a 
complex containing hsp90, XAP2, and 
p23. Upon ligand binding (i.e. TCDD) the 
AhR undergoes a conformational change, 
exposing its nuclear localization signal, 
which causes it to translocate into the 
nucleus. In the nucleus, 
heterodimerization with ARNT 
dissociates the chaperone complex and 
forms the active transcription factor 
complex (AhR/ARNT). AhR/ARNT 
binds XRE sequences in target genes and 
influences transcription through 
recruitment of transcriptional machinery 
(i.e. RNA polymerase II). Adapted from 
[130]   
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Crosstalk with ERα 

Crosstalk between the ER and AhR has been extensively investigated. This crosstalk is 

multifactorial involving both ERα and ERβ in addition to classical and non-classical AhR-

dependent mechanisms [147]. AhR-dependent induction of CYP1A1 and CYP1B1 increases 

estrogen catabolism, which decreases available E2 and corresponding ER-signaling [146, 149, 

150]. In human BG1 ovarian carcinoma cells, the AhR was shown to induce the expression of an 

unidentified gene product that was directly involved in the inhibition of ERα-dependent gene 

expression [151]. Inhibitory XREs (iXREs) are XRE-like DNA sequences that are nonproductive 

(i.e. don’t stimulate gene expression), however the mechanism underlying their inability to 

stimulate transcription is largely undefined [147, 149, 152]. Formation of AhR/ARNT/iXRE 

complexes has been shown to inhibit E2-dependent gene transcription by directly interfering with 

the ability for ER to bind ERE sequences in gene promoters. Another mechanism of AhR-

dependent suppression of ER activity is through ‘squelching’ of common transcriptional 

coactivators used by both receptors (i.e. p300, CBP, SRC-1) [147].  

 

Direct binding between the AhR and ER has been shown to antagonize ER-dependent 

transcriptional activation through two mechanisms. First, the AhR associates with an E3 ubiquitin 

ligase complex composed of AhR, cullin 4B, damaged DNA-binding protein 1, Rbx1, 

proteasomal 19S regulatory particle, transducin-b-like 3 and ARNT. AhR/Cullin 4B-dependent 

polyubquitintation of has been shown to enhance proteasomal degradation of ERα and ERβ 

[153]. The second method has been termed ‘hijacking’ where it has been shown that through 

direct AhR/ER binding, ERs can be sequestered away from response elements in their target 

genes to AhR-responsive elements [147, 154]. 
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Role in BRCA1 silencing 

Previous work by our group has indicated a potential role for the AhR as an epigenetic initiator of 

BRCA1 silencing (Figure 1.7). Exposure of ERα-positive breast cancer cells to TCDD 

significantly mitigates the stimulatory effect of E2 on BRCA1 expression [75, 155]. Activation of 

the AhR by TCDD leads to its nuclear translocation and recruitment to XRE sequences in the 

BRCA1 promoter [75]. At the BRCA1 promoter, the activated AhR facilitates coordination of a 

transcriptionally repressive chromatin state. Epigenetic signatures contributing to transcriptional 

repression include hypermethylation at CpG sites and altered histone post-translational 

modifications including enrichment of H3K9me3 and diminution of acetyl-H4, acetyl-H3, and 

AcH3K9. Additional repressive events include decreased recruitment of p300 and SRC-1, and 

increased recruitment DNMT1, DNMT3a, DNMT3b, MBD2, and HDAC1 [75].  

 

 
Figure 1.7 The activated AhR antagonizes E2-mediated BRCA1 expression. The activated 
AhR (agonist ligand depicted as black circle) is recruited to XRE sequences in the BRCA1 gene 
promoter. Increased AhR binding is associated with recruitment of repressive epigenetic 
modifying machinery including DNMT1, DNMT3a, DNMT3b, HDAC1, and MBD; increased 
DNA methylation at CpG sites (black circles on sticks); enrichment of inhibitory histone 
modifications such as H3K9me3DNA; and decreased recruitment of the ERα/p300/SRC-1 
transcriptional complex. Filled arrowheads indicate stimulus. Blunted lines represent inhibition. 
Adapted from [75]    
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Dietary bioactives and AhR antagonists 

Certain dietary bioactive compounds, particularly flavonoids (i.e. flavones, flavonols, flavanones, 

catechins), have demonstrated antagonistic effects on the AhR through varying mechanisms 

(Table 1.7). In mouse hepatoma Hepa-1c1c7 cells, flavones (flavone, apigenin, luteolin) and 

flavonols (galangin, kaempferol) (10 µM) acted as competitive inhibitors of TCDD (0.5 nM) 

binding and prevented AhR nuclear translocation and chaperone protein dissociation [156].  In 

the same study, flavanones (naringenin, eriodictyol) and catechins (epigallocatechin, EGCG) 

prevented phosphorylation of AhR and ARNT, which is necessary for their heterodimerization 

and DNA binding, through inhibition of the ERK/MEK pathway.  In MCF-7 cells, 3,3-

diindolylmethane (DIM, 100 µM) antagonized AhR-dependent activation of CYP1A1 by directly 

binding the AhR and inducing a conformational change that allowed DNA binding, but prevented 

recruitment of RNA Polymerase II and CBP [157].  In a study by our group, DIM (10 µM) 

abrogated TCDD-induced (100 nM) recruitment of the AhR to XRE sequences in the COX-2 

promoter of MCF-7 cells [158]. Another study in MCF-7 cells showed effectiveness of 

resveratrol (10 and 20 µM) to antagonize dioxin-induced (100 nM) recruitment of the AhR and 

RNA polymerase II to the CYP1A1 and CYP1B1 promoters [159]. Studies by our group have 

shown resveratrol (10 and 20 µM) to have this effect against TCDD-induced (100 nM) 

recruitment of the AhR to XRE sequences in the BRCA1 promoter [155]. Interestingly, biochanin 

A, an O-methylated metabolite of genistein, antagonized DMBA-induced recruitment of the AhR 

to CYP1A1, however when used alone and high doses (50 µM) it enhanced its recruitment [160]. 

In Caco-2 cells, a high dose of genistein (50 µM), an isoflavone derived from soy, antagonized 

TCDD-induced (5 nM) nuclear localization of AhR [161]. α-napthoflavone (NF, Figure 1.8), also 

known as 7,8-benzoflavone, is a synthetic compound that was used in our study as a prototypical 

AhR antagonist. Depending on concentration, NF has been shown to act as both an agonist (≥10 

µM) and antagonist (≤10 µM) of AhR activity [162]. In mouse hepatoma Hepa 1c1c7 cells and 
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human MCF-7 cells, the antagonistic effect of NF was attributed to its direct binding to the AhR, 

which induces a protein confirmation with low affinity for DNA XRE binding [163, 164].  

 

Table 1.7 Dietary antagonists of the AhR  
Dietary Bioactive Mechanism of AhR Inhibition 
Flavones  
Flavone 
Apigenin 
Luteolin 

Competitive inhibitors of TCDD binding, prevent nuclear translocation 
and dissociation from chaperone complex 

Flavonols  
Galangin 
Kaempferol 

Competitive inhibitors of TCDD binding, prevent nuclear translocation 
and dissociation from chaperone complex 

Flavanones  
Naringenin  
Eriodictyol 

Prevention of ARNT/AhR phosphorylation through MEK/ERK inhibition 

  

Catechins  
Epigallocatechin 
EGCG 

Prevention of ARNT/AhR phosphorylation through MEK/ERK inhibition 

Isoflavones 
Genistein 

 
Decreases AhR nuclear localization 

Isothiocyanates 
DIM  

 
Induces conformational change in AhR that allows DNA binding but 
prevents recruitment of RNA Pol II and CBP (rat hepatoma cells) 

Stilbenoids 
Resveratrol 

 
Decreases AhR binding at DNA XRE sequences 

 

 

Figure 1.8 α-napththoflavone chemical structure 
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Genistein 

Overview 

Evidence suggests both a predisposing and protective role of dietary factors in breast cancer 

development [165]. A low-fat diet, high in soy and fiber is thought to underlie the significantly 

lower rates of breast cancer incidence among Asian women compared to women from Western 

countries [166]. In support of this hypothesis, it has been demonstrated that when Asian women 

migrate to Western countries, their risk of breast cancer rises over several generations and is 

comparable to Western white women [167]. Moreover, migrants living in the U.S. for ≥10y have 

shown an ~80% greater risk of breast cancer compared to more recent migrants [167]. These 

increases in risk upon migration have been attributed primarily to changes in dietary pattern 

[168]. In fact, immigrants from Asia to Western countries who consume less soy bean-enriched 

food, have comparable relative risks of breast cancer to those of Western women [169].  

 
 
Table 1.8 Epidemiological evidence supporting protective role for soy 

Author, year  Variable Outcome OR (95%CI)* 
Trock et al, 2006 [170] Soy exposure Pre-Menopausal: OR: 0.70 (0.58-0.85) 

Post-Menopausal: OR: 0.77 (0.60-0.98) 
Dong et al, 2011 [171] Soy isoflavone intake OR: 0.89 (0.79-0.99) 
Liu et al, 2014 [172] Soy food consumption OR: 0.65 (0.43-0.99) 
Woo et al, 2014 [173] Total soy products OR: 0.61 (0.38-0.99) 
Chen et al, 2014 [174] Soy isoflavone intake Pre-Menopausal: OR: 0.59 (0.48-0.69) 

Post-Menopausal: OR: 0.59 (0.44-0.74) 
*All outcomes reported were of statistical significance 

 

 

There is epidemiological evidence to support a protective role for dietary soy (Table 1.8). 

Estimates from meta-analyses have reported an ~25-39% decrease in risk of breast cancer 

associated with higher consumption of soy and soy foods [172, 173, 175, 176]. Isoflavones, such 

as genistein and daidzein, are the predominant bioactive constituents of soy. Studies suggest an 

~11-40% decrease in risk of breast cancer incidence among Asian individuals with higher levels 
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of soy isoflavone intake [171, 174]. Additionally, both soy and soy isoflavone intake have been 

reported to be associated with protection in both pre- and post-menopausal women [170, 174].  

 

Chemistry and dietary sources 

Genistein (5,7-dihydroxy-3-(4-hydroxyphenyl)chromen-4-one) is reported to be the main anti-

cancer component of soy [177]. Genistein and daidzein (7-Hydroxy-3-(4-hydroxyphenyl) 

chromen-4-one) are isoflavones, a type of flavonoid. Three general classifications of flavonoid 

exist including flavonoids, isoflavanoids, and neoflavanoids, which share a common structure: a 

15-carbon skeleton with two phenyl rings (A and B), and a heterocyclic ring (C) (Figure 1.9) 

[168]. Isoflavones (Figure 1.9) contain a 3-phenylchromen-4-one skeleton (heterocyclic C ring 

substituted at position 3 of B ring) without hydroxyl group substitution at position 2. Similarly to 

other phenolic compounds, the structure of genistein confers antioxidant activity by enabling its 

capacity to donate hydrogen atoms from the phenolic hydroxyl groups [178]. 

 

 

 

 

 

 

 

 
 
 
Figure 1.9 Flavonoids and isoflavones. A) Flavonoids consist of 2 phenyl rings (A and B) with 
a heterocyclic ring substitute (C ring).  B) Isoflavones have a 3-phenylchromen-4-one backbone, 
with the C ring substituted at position 3 of the B ring.   
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In addition to soy, several other sources of genistein have been identified (Table 1.9) including 

both dietary (i.e. fava beans, garbanzo beans, coffee) and botanical sources [179, 180]. Daily 

intake of soy isoflavones varies depending on dietary pattern, however estimates have indicated 

intakes up to ~80 mg total isoflavones/d in Asian cultures with the highest consumption of soy 

[181]. Average daily intake in Japanese people ranges from 39.4-47.4 mg/d [182, 183]. In the 

multi-ethnic cohort, which consists of Japanese Americans, whites, Latinos, African Americans, 

and Native Hawaiians, the median daily intakes of isoflavones for quantiles 1-5 were: 1.7, 4.8, 

9.1, 16.0, and 29.6 mg/d, respectively [184]. Another study, found that only 35% of the U.S. 

adults in their population consumed soy isoflavones, with an average intake of 3.1 mg/d. After 

normalization, this resulted in a mean intake of 1.0 mg/d for all adult U.S. residents [185]. 

Clinical trials investigating the effect of soy isoflavone on bone mineral density and vasomotor 

symptoms are commonly dose in the range of 35-54 mg/day [186].  

 

Table 1.9 Dietary and botanical sources of genistein. Derived from [179, 180] 
Dietary Sources Botanical Sources 
Fermented soybean 427.6 mg/g 
Soybean 229 mg/g 
Fava bean 92.1 mg/g 
Lupine bean 59.2 mg/g 
Garbanzo bean 46.1 mg/g 
Coffee 4.7-15.1 µg/30mL* 

Psoralea coryfolia 2151.0 mg/g 
Baptista australis 350.7 mg/g 
Puerania lobata (kudzu) 316.9 mg/g 
Sophora japonica 181.6 mg/g 

*Depending on bean type, grind type, and degree of roast 
 
 

Chemopreventative effects  

The anti-cancer properties of genistein are attributed to its anti-proliferative capacity [186]. The 

anti-proliferative effects of genistein are thought to be a result of non-estrogenic and estrogenic 

activity. A phospho-proteomic approach reported genistein to have inhibitory effects on several 

tyrosine kinase signaling pathways including EGFR, platelet derived growth factor receptor 

(PDGFR), insulin receptor, Abl, Fgr, Fyn and Src [187]. In human BT-474 HER2 enriched breast 

cancer cells, 1 µM genistein inhibited HER2 expression, phosphorylation and promoter activity 
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through an ER-independent mechanism [188]. Other non-estrogenic mechanisms driving the anti-

proliferative effect of genistein include inhibition of topoisomerase II [189] and induction of p21 

[190].  

 

Genistein is considered a phytoestrogen due to its property as an ER ligand. Although the most-

well known phenotypical outcome of E2/ER interaction is stimulation of cell growth, non-

cognate ER ligands (SERMS, xenoestrogens) can induce differential downstream effects. This is 

thought to occur by acting through different receptor dimer isoforms (ERα/ERα, ERβ/ERβ, or 

ERα/ERβ) or inducing changes in the receptor that modify its ability to interact with 

transcriptional coactivators [168].  ERα and ERβ share ~97% similarity in their DNA-binding 

domains and activate transcription through the same response elements (EREs). In contrast, their 

estrogen-binding domains have only ~55% identity, suggesting variation in their affinities for 

different ligands. It has also been demonstrated that ERβ activation counteracts the pro-

proliferative signaling of ERα in breast cancer cells and is thought to be a ‘brake’ for estrogenic 

drive [191, 192]. To demonstrate this, inducible expression of ERβ in MDA-MB-468 cells, 

resulted in G1 cell cycle arrest and inhibited growth by ~25% compared to control cells [193]. 

Moreover, treatment of these cells with E2 significantly enhanced the anti-proliferative effects. In 

the same study, xenografts of the ERβ inducible cells had significantly slower growth rates and 

E2-treatment led to tumor regression.   

 

Genistein has been shown to bind ERβ with an ~7-11x greater affinity than ERα [194, 195]. 

Additionally, genistein preferentially stimulates ERβ binding at ERE [196] and is more efficient 

at recruiting coactivators (such as SRC-1) to ERβ than ERα [194]. Although there is sufficient 

evidence to support an anti-proliferative effect in both hormone sensitive and hormone refractory 

breast cancer cells, some studies have reported a pro-proliferative effect in ERα-positive models, 
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such as MCF-7 cells. However, this has been shown to be an effect of concentration and 

consistent findings suggest that concentrations of genistein <10 µM have a pro-proliferative 

effect, whereas >10µM is anti-proliferative [186].   

 

Pharmacokinetics 

Ingestion of genistein from plant compounds is mainly in the glycoside form of genistin [197]. 

Due to low membrane permeability of genistin, its absorption in the gut is dependent on bacterial 

metabolism to the aglycone [198]. In both rodents and humans, intestinal absorption of genistein 

occurs rapidly and efficiently due to its small molecular weight (~270 kDa) and lipophilic 

properties [169]. In humans, the rate of genistein absorption from soy foods depends on the 

product. In a comparison of genistein pharmacokinetics after consumption of various soy foods, 

fermented soymilk had the most rapid absorption of genistein (Tmax= 1.0 ± 0h) [199] and soybean 

flour was the most delayed (Tmax= 8.0 ± 0.7h) [200].  Interestingly, genistein from fermented 

soybeans is absorbed more rapidly (Tmax= 2.1 ± 0.6h) than from non-fermented soybeans (5.0 ± 

0.7) [201]. Studies in rodents have shown the absorption efficiency of total genistein to range 

from ~46-100%, depending on the animal model, genistein source, and sex [202-206]. Absorption 

of genistein in the intestine appears to be region dependent, with studies in rats showing 

absorption in the duodenum (44%) and colon (35%) to be greater than in the terminal ileum 

(18%) and jejunum (16%) [207].   

 

Following absorption, genistein undergoes significant phase II metabolism with limited phase I 

CYP involvement [169]. The major pathways of genistein metabolism are glucuronidation and 

sulfation [208-210], with predominant plasma metabolites of genistein-7-glucuronide-4'-sulfate 

(G-7G-4'S) and genistein-4',7-diglucuronide (G-4',7-diG); and principle urinary metabolites of 

genistein-7-glucuronide (G-7-G) and genistein-4'-glucuronide (G-4'-G) [210, 211]. Studies have 
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shown that 7- and 4’-glucuronidation of genistein is catalyzed by UDP-glucuronosyltransferases 

(UGT) (1A1, 1A4, 1A6, 1A7, 1A9 and 1A10) [209, 212-214].  Genistein glucuronidation 

reactions occur largely in the kidney and colon, and to a lesser extent in the liver [214]. Sulfation 

is the other pathway of genistein metabolism and major sulfate metabolites including genistein-7-

sulfate (G-7-S), genistein-4’-sulfate (G-4’-S), genistein-4’sulfate-7-sulfate (G-4’S-7S), and G-

7G-4'S have been found in human plasma [215]. The sulfotransferases (SULTS) 1A1, 1A2, 1E 

and 2A1 catalyze 7- and 4’-sulfation of genistein [214]. Although less is known about the tissue 

specific distribution of genistein sulfation reactions, it has been demonstrated to be metabolized 

to G-4'-S and G-7-S in human Caco-2 colorectal adenoma cells [216]. In vitro studies have also 

shown sulfation to occur in breast cells. In human ZR-75-1, BT-20 and T47D breast cancer cells, 

G-7-S was identified as the major genistein metabolite (95%) [217] and similar results were 

observed in normal human mammary epithelial cells [218]. Cell proliferation assays identified the 

IC50 on cell growth did not correlate with G-7-S production, indicating the glucuronide species 

had less of an anti-proliferative effect than the aglycone parent compound. However, studies in 

healthy women who consumed a serving of isoflavone-rich soymilk once a day for 5 days 

reported 98% of genistein metabolites in the breast tissue to be glucuronides (particularly G-7-G), 

with no detection of monosulfates or sulfoglucuronides [219].  

 

Following an oral gavage (4 mg/kg BW) of radiolabeled genistein in rats, it was found that the 

tissues with the highest distribution of genistein were in the order of gut > liver > plasma > 

reproductive tissues (uterus, ovary, vagina and prostate) [203]. Another study in rats showed that 

an isoflavone-enriched diet (1,047 mg/kg), led to distribution that was greatest in the plasma 

(6.18 µM), followed by the liver (0.45 nmol/g), and mammary gland (0.11 nmol/g) [220]. In 

humans, after a 5d intervention period with either isoflavone-rich soymilk (16.98 mg genistein 

and 5.40 mg daidzein aglycone per serving) or a soy-based dietary supplement (5.27 mg genistein 

and 17.56 mg daidzein aglycone per serving) total genistein concentration in breast tissue ranged 
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from 92-494 pmol/g of tissue compared to 35-2831 nmol/L in plasma [219]. However only 2% of 

genistein in the breast was in the aglycone form.  

 
Table 1.10 Circulating genistein levels after dietary exposure 

Author, year  Genistein Source 
(Daily genistein load) 

Intervention 
 Period 

Concentration 

Nettleton et al., 2004 
 

Soy protein isolate 
(~25 mg/d) 

42d Mean: 250 nM 
Max: 379.1 nM 

Pop et al., 2008 Isoflavone capsules 
(~600 mg/d) 

84d Mean: 11.1 µM 
Max: > 30 µM 

Gardner et al., 2009 Provided soy foods 
(~76 mg/d) 

7d Mean: 3 µM 

Bolca et al., 2010 Soy milk 
(~50 mg/d) 

5d Mean: 797 nM 
Max: 3 µM 

Khan et al., 2012 Isoflavone supplement 
(~150 mg/d) 

6m Mean: 629 nM 
Max: 1.4 µM 

van der Velpen et al., 2014 Isoflavone supplement 
(~41 mg/d) 

8w Mean: 1.29 µM 
Max: 2.23 µM 

Pawlowski et al., 2015 Isoflavone supplement 
(~94 mg/d) 

50d Mean: 729 nM 
Max: 1.7 µM 

 

 

Depending on the source, dose, and duration of genistein exposure, circulating concentrations can 

range from nanomolar to micromolar levels  (Table 1.10) [219, 221-226]. A study investigating 

potential adverse outcomes of high dose genistein (600 mg/d) supplementation in post-

menopausal women reported mean trough serum concentrations to be ~11.1 µM after an 84 d 

intervention [221].  Two of the subjects in this study required dosing adjustments due to 

circulating genistein concentrations >30 µM. 

 

Epigenetic activity  

In addition to the well-documented anti-proliferative effects of genistein, it may also play an anti-

cancer role through modulation of cellular epigenetics. Genistein has demonstrated the ability to 

modify miRNA expression, histone acetylation, and DNA methylation in breast cancer cells. In 
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MDA-MB-231 and MDA-MB-157 (claudin-low TNBC) cells, a significant increase in ERα 

transcription was observed after exposure to genistein (25 µM) for 3 days, which was associated 

with enrichment of acetyl-H3, acetyl-H3K9, acetyl-H4, and dimethyl-H3K4; decreased HDAC 

and DNMT activity; and inhibition HDAC1 and DNMT1 binding at the ESR1 promoter [77]. 

Additionally, the combination of genistein and TSA induced functional ERα expression, which 

was sensitive to the proliferative effects of E2 and cytotoxic effects of tamoxifen. In MCF-7 cells 

a cytotoxic effect of genistein was established after 48h of treatment (IC50= 175 µM), which was 

associated with increased expression of miR-23b (~57-fold) [78]. Several investigations have 

reported miR-23b is silenced via methylation in cancer and that it has a putative tumor 

suppressive role associated with anti-migratory, anti-metastatic, and anti-mesenchymal properties 

[227, 228]. Micro-RNA-23b has also been shown to inhibit cell invasion and motility in MCF-7 

and MDA-MB-231 cells via targeting of p21-activated kinase 2 (PAK2) transcripts [229]. 

 

Genistein has also showed effects on DNA methylation in breast cancer cells. In MDA-MB-468 

cells, a 6-day treatment with non-cytotoxic levels of genistein (3.125 µM) decreased GSTP1 

methylation and increased expression. However, in MCF-7 cells, genistein failed to elicit a 

similar response [66].  On the other hand, after 48 and 72h exposure to genistein (60 and 100 

µM), MCF-7 and MDA-MB-231 cells had significantly decreased global DNA methylation [67]. 

When looking at specific genes, genistein was reported to decrease methylation and increase 

expression of the tumor suppressors PTEN, ATM, adenomatous polyposis coli (APC), and 

mammary serpin peptidase inhibitor (SERPINB5). These changes were associated with decreased 

DNMT activity and DNMT1 protein levels in both cell lines, however levels of DNMT3a and 

DNMT3b were unaffected by genistein. Molecular modeling techniques suggested genistein 

inhibits DNMT1 by binding its catalytic domain, forming hydrogen bonds with key residues that 

normally stabilize cytosine substrates during DNMT reactions [67]. This cumulative evidence 
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suggests that modification of cellular epigenetics may play a role in the anti-cancer properties of 

genistein.  

 

Project Overview 

The long-term objective of our group’s work is to characterize the role of the AhR in sporadic 

breast cancer development. The insight gained from successful completion of the specific aims 

highlighted in this work is another step towards a comprehensive understanding of BRCA1 

epigenetic regulation in sporadic breast cancer, and further contributes to the field of AhR 

pharmacology. Given that >60% of anti-cancer drugs have originated from naturally occurring 

analogues [230], continued progress in this field may stimulate the discovery of novel compounds 

that enable targeted therapy of otherwise non-targetable tumor types. Identification of intrinsic 

molecular subtypes of breast cancer has facilitated the expansion of efforts devoted to the 

discovery of novel therapeutic targets. Significant clinical efficacy has been demonstrated with 

targeted therapies currently used hormone responsive and HER2-enriched breast cancers [29, 30]. 

However, given that there are currently no targeted therapies available for TNBC [25], and there 

exists a potential for targetable cancers to develop drug resistance [31, 231], there is a continued 

need to identify new and novel targets/biomarkers and improve preventative approaches.   

 

BRCA1 is a putative tumor suppressor gene that is epigenetically silenced in sporadic breast 

cancer [232]. Cumulative evidence from our group implicates the AhR as an epigenetic initiator 

of BRCA1 silencing and this activity is elicited through exposure to ubiquitous xenobiotic 

toxicants (i.e. HAH, PAH) [75, 118, 155, 233, 234]. Given that epigenetic aberrations are 

reversible [79], targeting the BRCA1 epigenome may prove clinically efficacious in otherwise 

non-targetable tumors. Furthermore, since epigenetic changes occur early in carcinogenesis [41] 

and respond to environmental stimuli (i.e. diet) [79], it is likely that the relative risk of breast 

cancer associated with certain dietary practices is influenced by the exposure to epigenetic 
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modifying compounds. The specific objective of this thesis is to determine the effects of genistein 

on BRCA1 epigenetic silencing resulting from AhR activation. The central hypothesis of this 

investigation is that genistein has preventative and reversing effects that antagonize AhR activity. 

To that end, the following specific aims are proposed:  

 

Aim 1: To determine if genistein prevents AhR-dependent activation of the AhR from 

epigenetically silencing BRCA1 in ERα-positive MCF-7 cells that have wild-type BRCA1.  

 

 Aim 2: To determine if genistein reverses AhR-mediated silencing of BRCA1 in ERα-negative 

cells with hypermethylated BRCA1 and constitutively active  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



52 

CHAPTER II: MATERIALS AND METHODS 

Reagents, Cell Culture Experiments & Sample Extraction  

Human MCF-7 breast adenocarcinoma and UACC-3199 IDC cells were purchased from 

American Type Culture Collection and maintained in DMEM/F12 and RPMI media (Mediatech, 

Manassas, VA), respectively, supplemented with 5% or 10% fetal bovine serum (FBS; Hyclone 

Laboratories, Logan, UT). Cells were maintained at 37º with 5% CO2 injection and ~85% relative 

humidity. 17β-estradiol (Ref. E8875 ; ≥98%) and alpha-Naphthoflavone (Ref. N-5757, 97%, 7,8-

Benzoflavone,) were purchased from Sigma-Aldrich (St. Louis, MO). Genistein (4’,5,7-

trihydroxyisoflavone) was purchased from Research Products International (Ref. G36000, Mount 

Prospect, IL). (-)-Epigallocatechin gallate (EGCG) was purchased from Santa Cruz 

Biotechnology (Ref. sc-204739; Dallas, TX). 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) was 

supplied via the National Cancer Institute, Division of Cancer Biology, Chemical and Physical 

Carcinogenesis Branch and obtained from Midwest Research Institute under contract (64 CFR 

72090, 64 CFR 28205). The concentration of E2 (10 µM), TCDD (10 µM), NF (2 µM), and 

EGCG (1 µM) was kept consistent for all cell culture work. Genistein was used at a range of 

concentrations between 1x10-3 and 20 µM. For cell culture experiments requiring protein, DNA, 

and RNA, cells were subcultured at a density of 5 x 105 cells/well in 6-well plates. After 24h, 

cells were put in phenol-red free DMEM/F12 or RPMI supplemented with 5% charcoal-stripped 

FBS. 

For experiments in MCF-7 cells requiring TCDD, after ~60h cells were pretreated with TCDD 

for 12h prior to treatment with other reagents. In TCDD co-treatment experiments, after 

pretreatment, cells were exposed to E2 and TCDD (E2/TCDD media) in the presence or absence 

of genistein (0.5-20 µM) and EGCG for 24-72h. In TCDD washout experiments, cells were 

treated with E2/TCDD media for 24h. After 24h incubation, E2/TCDD media was removed and 

cells were exposed to E2 in the presence or absence of genistein (1 µM) or EGCG (1 µM) for 
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both short (24-48h) and long (7-9d) time-course studies. Cell culture media was replaced every 

72h in long time-course studies. For experiments in UACC-3199 cells not requiring TCDD, after 

72h incubation in phenol red-free media, cells were treated with αNF or genistein (1 and 10 µM) 

in the presence or absence of E2 for 72h.  

For sample harvesting, cells were washed in ice-cold PBS, scraped into solution (PBS) using cell 

scrapers, collected in microcentrifuge tubes and pelleted at 1600 RPM for 10 minutes. For protein 

extraction, cell pellets were re-suspended in Pierce RIPA buffer (Ref. 89900; Thermo Fisher; 

Waltham, MA) containing 1% protease inhibitors (Ref. P50700-1; Research Products 

International; Mount Prospect, IL) and incubated on ice ~30m with occasional vortexing. mRNA 

and genomic DNA (gDNA) extraction was performed using the RNeasy (Ref. 74104) and 

DNeasy (Ref. 69504) kits from Qiagen (Hilden, Germany) according to the protocols supplied by 

the manufacturer. The final concentration of protein, mRNA and gDNA was obtained using the 

Nanodrop1000 Spectrophotometer (Thermo Scientific; Wilmington, DE).  

 

Antibodies 

Antibodies were used for Western blotting experiments to determine relative changes in protein 

abundance. Antibodies for GAPDH (Ref. 14C10; Rabbit mAb) and Cyclin D1 (Ref. 92G2; 

Rabbit mAb) were purchased from Cell Signaling Technologies (Danvers, MA). The antibody 

used for ERα (sc-542, Rabbit pAb) was purchased from Santa Cruz Biotechnology (Dallas, TX). 

The antibody for DNMT-1 (ab13537, Mouse mAb) was purchased from abcam (Cambridge, 

MA). Antibodies against BRCA1 were purchased from Santa Cruz Biotechnology (sc-642, 

Rabbit pAb) and Boster (PB9015, Rabbit pAb; Pleasanton, CA). Horseradish peroxidase-

conjugated secondary antibodies against rabbit (#7074) and mouse (A16072) IgG were purchased 

from Cell Signaling Technologies and Invitrogen (Thermo Fisher; Waltham, MA), respectively.  
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Western blotting and densitometry 

For Western blot analyses, protein extracts (300 µg) underwent SDS-PAGE with subsequent 

immunoblotting. Protein lysates were resolved on Novex WedgeWell Tris-Glycine mini gels 

(Fisher Scientific; Waltham, MA) with a 4-12% acrylamide gradient. Electrophoresis was 

performed using the Mini Gel Tank by Invitrogen (Thermo Fisher; A25977; Waltham, MA) at 

120V for ~80m at room temperature. Following electrophoresis, protein was transferred to 

nitrocellulose membrane paper (10600044; GE Healthcare Amersham; Pittsburgh, PA) using the 

Trans-Blot SD semi-dry transfer cell by Biorad (1703940; Hercules, CA) at 15V for ~90m at 

room temperature. Nitrocellulose membranes were stained with Ponceau stain (82009-945; 

VWR; Workingham, United Kingdom) to determine efficient protein transfer. Following transfer, 

non-specific antigens were blocked using 10% skim milk (C6961; Hardy Diagnostics; Santa 

Maria, CA) for 1h at room temperature. Immunoblotting was performed using antibodies 

described previously. Incubations in primary antibody solutions were carried out in 2% skim milk 

overnight at 4º using the indicated concentrations for BRCA1 [1:200], Cyclin D1 [1:200], ERα 

[1:1000], DNMT-1 [1:1000], and GAPDH [1:2000]. Following overnight incubation in primary 

antibodies, membranes were washed in TBS-T and probed with secondary antibodies [1:10,000] 

for 45m at room temperature. Detection of immunocomplexes was performed using enhanced 

chemiluminescence solution (RPN2109; GE Healthcare Amersham; Pittsburgh, PA) or 

SuperSignal West Femto (34094; Thermo Scientific; Rockford, IL). GAPDH signal was used as 

an internal standard to determine equal protein loading across samples. The intensities of the 

detected bands of interest were quantified using ImageJ software (National Institutes of Health) 

and normalized to the intensity of GAPDH bands to determine relative changes in protein 

abundance.   
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Complementary DNA synthesis and quantitative real-time polymerase chain reaction (qRT-

PCR) 

Complementary DNA (cDNA) was synthesized from mRNA transcripts using the qScript™ 

cDNA SuperMix kit by QuantaBio (95048-025; Beverly, MA). Briefly, mRNA (1 µg) was mixed 

with 5X qScript cDNA SuperMix and incubated in a thermal cycler with the following 

parameters: 5m at 25º, 30m at 42º, 5m at 85º, hold at 4º. Following synthesis, cDNA was 

amplified by qRT-PCR using PerfeCTa SYBR Green FastMix with ROX (95073-250; 

QuantaBio; Beverly, MA). qRT-PCR reactions were carried out in 96-well plates at a final 

volume of 10 µL using a master mix containing: 5 µL of 2X PerfeCTa SYBR Green FastMix 

with ROX, 1 µL each of the selected forward and reverse primers, 2 µL of nuclease-free water, 

and 1 µL of cDNA template.  Amplification was carried out using a 7300 Real-Time PCR System 

(Thermo Scientific; Rockford, IL) with the following reaction parameters: Stage 1) 95º for 10m; 

Stage 2) 95º for 15s followed by 57º for 1m for 40 repetitions; and Stage 3) 95º for 15s, followed 

by 60º for 30s, then 95º for 15s. Amplification of GAPDH mRNA was used for normalization of 

transcript expression levels. Table 2.1 gives the sequences of the forward and reverse primers 

used in qRT-PCR reactions, which were synthesized by Sigma (St. Louis, MO).   

 
Table 2.1 Oligonucleotide primers used in this study 

Target Oligonucleotide 
AhR mRNA Sense: 5’-GCCGCTTGGAAGGATTTGAC-3’ 

Antisense: 5’-GCCGCTTGGAAGGATTTGAC-3’ 
CYP1A1 mRNA Sense: 5’-TAACATCGTCTTGGACCTCTTTG-3’ 

Antisense: 5’-GTCGATAGCACCATCAGGGGT-3 
CYP1B1 mNA Sense: 5’-AACGTCATGAGTGCCGTGTGT-3’ 

Antisense: 5’-GGCCGGTACGTTCTCCAAATC-3’ 
GAPDH mRNA Sense: 5’-ACCCACTCCTCCACCTTT-3’ 

Antisense: 5’-CTCTTGTGCTCTTGCTGGG-3’ 
BRCA1 MSP Sense: 5’-TGGTAACGGAAAAGCG-3’ 

Antisense: 5’-ATCTCAACGAACTCACGC-3’ 
β-Actin MSP Sense: 5’-TGGTGATGGAGGAGGTTTAGTAAGT-3’ 

Antisense: 5’-AACCAATAAAACCTACTCACTCCCTTAA-3’ 
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Bisulfite modification and methylation-specific PCR 

The methylation status of BRCA1 and ERα was determined by performing methylation-specific 

PCR analysis on sodium bisulfite converted gDNA (BSgDNA). BSgDNA was synthesized from 

gDNA using the Qiagen EpiTect Bisulfite kite (Ref. 59104; Hilden, Germany). Briefly, 1 µg of 

purified gDNA was subjected to bisulfite-mediated conversion of unmethylated cytosines to 

uracil in a thermal cycler with the following reaction conditions: 95º for 5m, 60º for 25m, 95º for 

5m, 60º for 85m, 95º for 5m, and 60º for 175m. Following bisulfite conversion, converted DNA 

was purified according to the manufacturers instructions. Briefly, single-strand DNA was bound 

to membranes embedded in EpiTect spin columns. Membrane-bound DNA was then subjected to 

desulfonation, followed by a series of wash steps, before eluting pure BSgDNA from the column. 

Relative changes in promoter methylation were determined by amplifying 1 µL of BSgDNA 

eluent with primers specific for methylated DNA using qRT-PCR as described above.     

 

Cell viability assay  

Cell viability was determined by MTT assay, which measures the relative absorbance of the 

formazon product formed by mitochondrial reductase-mediated reduction of 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Relative viability was 

determined by using absorbance values from experimentally treated cells against equations 

derived from standard curves generated from serial dilutions of cells. Cells were sub-cultured in 

96-well plates for MTT analysis. For standard curve generation, cells were seeded at a density 

ranging from 2.5 x 103 to 8 x 104 cells per well. Experimental cells were seeded at a density of 2 x 

104 cells per well. Experimental conditions for viability assays were identical to those described 

above for protein, gDNA, and RNA in 6-well plates. However, on the last day of the experiments 

15 µL of MTT solution (5 mg/ml MTT in PBS) was added to culture media and the cells were 

incubated for 4h at 37º. After incubation, the MTT/Media mixture was aspirated, 150 µL of MTT 
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solvent (4 mM HCL, 0.1% Nonidet P-40 in isopropanol) was added to the wells, and the 96-well 

plates were placed on an orbital rocker for 1h at room temperature. After dissolution of the 

formazon product by the MTT solvent, the absorbance was read at 570 nM with a reference 

wavelength of 690 nM using a Bio-TEK Synergy HT plate reader (Winooski, VT, USA). The 

absorbance values of serial diluted cells were plotted against the number of cells seeded to 

generate a standard curve. To determine relative changes in experimental cell viability, the 

number of cells was calculated using equations derived from standard curves, and normalized the 

cell count of experimental controls.  

 

Statistical analysis  

Statistical analysis was performed using R 3.2.2 (The R Foundation for Statistical Computing). 

Data were analyzed by one-way ANOVA. Multiple comparisons between means were performed 

by post-hoc Tukey’s HSD after main effects were found to be significant at P≤0.05. Statistical 

differences are indicated with different letters.   
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CHAPTER III: GENISTEIN PREVENTS AHR-DEPENDENT SILENCING OF BRCA1 

IN ERα-POSITIVE MCF-7 CELLS 

 

Abstract 

Here we investigated the effects of the soy-derived isoflavone, genistein, on AhR-mediated 

epigenetic silencing of BRCA1 in ERα-positive and BRCA-1 wild-type (MCF-7) sporadic breast 

cancer cells. We analyzed by Western blotting the dose- and time-dependent effects of genistein 

on BRCA1 expression following co-treatments with the AhR-agonist TCDD. We then measured 

the impact of genistein on AhR-dependent BRCA1 promoter methylation by quantitative 

methylation specific PCR (MSP). We also analyzed genistein-induced changes in cell viability 

and protein markers of proliferation (phospho-p53 and CCND1). The same end points were 

considered in TCDD washout experiments. Genistein prevented loss of BRCA1 protein in co-

treatment experiments with effective doses of 0.5 and 1 µM after 72h in culture. This effect 

occurred at 24 and 48h at the 1 µM dose. Genistein also prevented downregulation of BRCA1 

protein in TCDD washout experiments. Genistein showed anti-proliferative effects in both co-

treatment and TCDD washout experiments. These changes in cell proliferation were in parallel 

with upregulation of phosphorylated-p53 and attenuation of CCND1 protein in the co-treatment 

experiments. Finally, genistein significantly decreased BRCA1 promoter hypermethylation and 

protein levels of DNMT1. Our results suggest that genistein is effective in preventing activated 

AhR from silencing BRCA1 by DNA methylation.  
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Introduction 

Targeted breast cancer therapeutics have proven significant clinical efficacy in hormone-

responsive and HER2 expressing tumors. However, there are currently no targeted therapies for 

TNBC [25] and cancer cells have the ability to acquire resistance to targeted therapies [31]. Given 

the prevalence of these non-targetable tumors, it is important to continue to discover new and 

novel targets. BRCA1 is a putative breast cancer susceptibility gene, with mutations conferring an 

~50-80% lifetime cancer risk [80]. BRCA1 is lost in sporadic breast cancer in the absence of 

mutations [9, 10, 92, 234] and this silencing can be attributed to aberrant epigenetic processes 

[95]. Thus factors involved in the initiation and maintenance of the transcriptionally repressive 

epigenetic regulation of BRCA1 may prove efficacious targets. Furthermore, understanding how 

these processes are influenced by dietary and environmental exposures may help to unravel the 

apparent protective effects of certain lifestyle practices and contribute to improving preventative 

approaches.  

 

The central hypothesis of this investigation is that genistein has preventative and reversing effects 

on activated AhR-induced silencing of BRCA1. To that end, two specific aims have been 

proposed. This chapter addresses Specific Aim 1: To determine if genistein prevents AhR-

dependent activation of the AhR from epigenetically silencing BRCA1 in ERα-positive breast 

cancer cells with wild-type BRCA1. The model system for the experiments outlined in this 

chapter was cell culture in human MCF-7 invasive breast ductal carcinoma cells with TCDD-

induced AhR activation. These cells display a luminal a-like immunoprofile (ER/PR-positive, 

HER2-negative), express wild-type BRCA1, and have a non-constitutively active AhR that 

responds to agonistic treatments. Thus, these cells serve as an excellent platform to investigate 

AhR-dependent mechanisms leading to BRCA1 epigenetic silencing. In this chapter, genistein is 

investigated for its potential to prevent against AhR-dependent BRCA1 downregulation.  
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Two main experimental designs were utilized in this section. Co-treatment experiments (Figure 

3.1A) were designed to test whether the presence of genistein prevented increases in DNA 

methylation and loss of BRCA1 protein upon exposure to TCDD. Washout experiments (Figure 

3.1B) were used to test the effect of genistein on the same parameters after exposure to TCDD 

and its subsequent removal. Associated changes in cell viability and biomarkers of proliferation 

were also determined. The hypothesis is that genistein prevents BRCA1 silencing by antagonizing 

the epigenetic perturbations elicited by AhR activation.  

 

 

 

Figure 3.1 Experimental design for cell culture studies in Chapter III. Procedures are 
outlined in detail in Chapter II. A) Co-treatment experiments and B) Washout experiments. 
*Experimental controls (untreated or E2-treated) did not receive TCDD at any point. 
Experimental treatments include E2, Genistein, and EGCG.  
 

 

 

 

B 
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Results 

Activation of AhR antagonizes E2-mediated expression of BRCA1  

Previous studies have demonstrated that cells treated with E2 in the presence of TCDD have 

decreased expression of BRCA1 compared to cells treated with E2 alone [75, 117]. To confirm 

this observation, MCF-7 cells were cultured for 72h in the presence of E2, TCDD, and their 

combination. Quantitation of BRCA1 immunocomplexes detected by Western blot (Figure 3.2A) 

indicated E2 increased BRCA1 protein ~2.7x compared to untreated control cells (Figure 3.2B). 

TCDD alone did not appear to significantly alter BRCA1 protein levels compared to controls. 

However, Immunocomplex signals detected from E2/TCDD-treated cells showed ~50% less 

BRCA1 protein compared to cells treated with E2 alone. These data confirmed previous 

observations that TCDD antagonizes stimulation of BRCA1 expression by E2 [75, 118, 155].  

 

 

  
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 3.2 Activation of AhR antagonizes E2-mediated expression of BRCA1. Cells were 
cultured in control (untreated media) or treated with E2, TCDD, or their combination for 72h. A) 
Bands are immunocomplexes for BRCA1 and GAPDH. B) Densitometry for BRCA1 relative 
abundance. Bars are means ± SEM from 5 runs. Significance indicated by different letters. Blot 
obtained from Andreas Papoutsis.  
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Genistein prevents AhR-dependent silencing of BRCA1  

Genistein has previously demonstrated effectiveness at increasing BRCA1 protein levels in ERα-

positive cells [235]. To determine the potential for genistein to increase BRCA1 protein in ERα-

positive cells with activated AhR, MCF-7 cells subjected to TCDD pretreatment were cultured for 

72h in E2/TCDD media containing a range of genistein concentrations (0.5-20 µM). Quantitation 

of BRCA1 immunocomplexes detected by Western blot (Figure 3.3A) indicated that relatively 

higher concentrations of genistein (2-20 µM) did not significantly alter BRCA1 protein levels 

from those observed in cells exposed to E2/TCDD without genistein (Figure 3.3B). In contrast, 

the intensity of signals detected from cells treated with 1 µM of genistein indicated levels of 

BRCA1 protein that were significantly greater than E2/TCDD-treated cells and comparable to 

cells treated with E2 that did not receive a TCDD challenge. Additionally, cells treated with 0.5 

µM genistein showed significantly higher levels of BRCA1 protein relative to cells treated with 

E2/TCDD and E2 alone (~3.8x E2-treated, P<0.05). Following these observations, the 1 µM dose 

of genistein was selected for the remainder of our studies in the MCF-7 cell line.  To determine 

the time-course of the preventative effects of genistein, TCDD-pretreated MCF-7 cells were 

cultured in E2/TCDD media alone and in combination with genistein (1 µM) for 24, 48, and 72h. 

As a control, we compared our results in the same study design to those elicited by EGCG, a 

well-documented DNMT inhibitor [52, 68-70]. Quantitation of BRCA1-immunocomplexes 

detected by Western blot (Figure 3.3C) indicated that at all time points, the relative level of 

BRCA1 protein in genistein-treated cells was statistically similar to E2-treated controls (Figure 

3.3D). Similar effects were observed in cells treated with EGCG (Figure 3.3E and 3.3F). 

Together, these data suggest that at lower doses, genistein may prevent TCDD from antagonizing 

E2/ERα-dependent expression of BRCA1. 
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Figure 3.3 Genistein prevents AhR-dependent silencing of BRCA1. Results from co-treatment 
studies. Cells were cultured in E2/TCDD in the presence or absence of genistein or EGCG for 24-
72h. A) Bands represent immunocomplexes of BRCA1 and GAPDH from genistein dose-
response. B) Densitometry for A. C) Bands represent BRCA1 immunocomplexes from genistein 
time-course experiments. D) Densitometry for B. E) Bands represent immunocomplexes for 
BRCA1 and GAPDH from EGCG time-course experiments. F) Densitometry for E. Bars 
represent means ± SEM from 3 runs. Significance indicated by different letters. Blots obtained 
from Andreas Papoutsis. 
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Genistein reverses AhR-dependent silencing of BRCA1  

Following our observations that low doses of genistein prevented TCDD from silencing E2/ERα-

dependent induction of BRCA1, we sought to determine whether genistein could reverse the 

inhibitory effect after the TCDD challenge had been removed. To that end, we performed 

Western blots on samples from washout experiments, in which MCF-7 cells were pretreated with 

TCDD for 12h then E2/TCDD for 24h. After 24h in culture with E2/TCDD, media was removed 

and cells were treated with E2 alone and in combination with genistein or EGCG for 24 and 48h. 

As experimental controls, samples were obtained from cells treated with E2 alone (Figure 3.4A 

lane 1) for 24h and cells that received the 36h TCDD challenge (pre-washout E2/TCDD) (Figure 

3.4A lane 2).  

 

 

 

 

 
 
 
 

 
 
 
 
Figure 3.4 Genistein reverses AhR-dependent silencing of BRCA1. Results from TCDD 
washout experiments. Cells were pretreated for 12h with TCDD then cultured for 24h in 
E2/TCDD. After 24h, media was aspirated and cells received experimental treatment (E2, 
genistein, or EGCG). A) Bands show immunocomplexes of BRCA1 and GAPDH. B) 
Densitometry for A. Bars represent means ± SEM from 3 runs. Significance indicated by different 
letters. Blot obtained from Andreas Papoutsis.  
 

Quantitation of signals detected by Western blot (Figure 3.4A) revealed that after TCDD 

washout, E2 alone did not increase BRCA1 protein levels above those observed in pre-washout 

E2/TCDD cells (Figure 3.4B). BRCA1 levels in TCDD washout cells treated with EGCG were 

comparable to E2-treated controls but were not significantly different from pre-washout 

A B 
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GAPDH 
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E2/TCDD levels. In contrast, TCDD washout cells treated with genistein showed BRCA1 levels 

that were comparable to E2-treated controls and significantly greater than pre-washout E2/TCDD 

cells at 24 (~1.2x E2 control) and 48h (~1.4x) (Figure 3.4B). Together, these data suggest that 

genistein was effective in reversing TCDD-mediated downregulation of BRCA1. 

 

Genistein and EGCG are anti-proliferative in ERα-positive cells with activated AhR 

Previous studies have demonstrated an anti-proliferative effect of genistein on breast cancer cells 

[236-238]. To determine the effect of genistein on cell viability in ERα-positive cells with 

activated AhR, we performed MTT assays on MCF-7 cells grown in conditions that recapitulated 

co-treatment and washout studies of BRCA1 protein. In co-treatment experiments (Figure 3.5A) 

after 72h in culture, E2 elicited an ~3x increase in cell viability relative to untreated control cells. 

Addition of TCDD (E2/TCDD) to the culture decreased viability to ~2x that of control cells, 

although this difference from E2 alone was not statistically significant. The viability of cells 

treated with either genistein or EGCG alone in E2/TCDD media was similar to untreated control 

cells. However, the combination of genistein and EGCG significantly decreased cell viability by 

~70% compared to untreated controls. These data suggested that genistein and EGCG alone 

attenuate proliferation of AhR activated cells, and their combination has a synergistic effect. In 

washout experiments (Figure 3.5B), relative viability of cells cultured in control media after 

TCDD washout (CNTL+E2/TCDD) was ~1.2x that observed in untreated controls. Relative 

viability of cells treated with E2 alone after TCDD washout was similar to untreated control cells. 

Treatment with genistein either alone or in combination with E2 after TCDD washout resulted in 

~60% decreased cell viability.  Together these data suggest genistein may be anti-proliferative 

after exposure to AhR activating agents.  
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Figure 3.5 Genistein and EGCG are anti-proliferative in ERα-positive cells with activated 
AhR. Results from MTT assay from A) co-treatment experiments and B) TCDD washout 
experiments. Bars represent means ± SEM from 3 runs. Significance indicated by different letters.  
 

 

Genistein modulates markers of proliferation  

To gain insight toward potential mechanisms driving the anti-proliferative effect of genistein on 

MCF-7 cells with activated AhR, we analyzed changes in levels of markers associated with 

apoptosis and cell cycle progression. Genistein has previously demonstrated the ability to 

increase levels of p53 in breast cancer cells. We analyzed by Western blot, changes in p53 with a 

stabilizing phosphorylation at Ser 20 (P-p53) in MCF-7 cells pretreated with TCDD then cultured 

for 24, 48, and 72h in E2/TCDD media containing genistein or EGCG (Figure 3.6A). Compared 

to cells cultured in E2/TCDD without additional treatment, immunocomplex signals detected 

from both genistein- and EGCG-treated cells showed significantly increased P-p53 at 24 and 48h, 

however the signal had decreased to E2 control levels by 72h (Figure 3.6B). Despite the anti-

proliferative effect of genistein observed by MTT assay, genistein has been shown to increase 

CCND1 levels and stimulate cell cycle progression in ERα-positive breast cancer cells at low 

concentrations (0.5 µM) [239, 240]. To determine the effect in AhR-activated cells, we analyzed 

by Western blot CCND1 levels in MCF-7 cells (Figure 3.6C) pretreated with TCDD then cultured 

A B 



67 

for 72h in E2/TCDD in the presence or absence of genistein. Quantitation of immunocomplex 

signals (Figure 3.6D) indicated that cells cultured in E2/TCDD without genistein had CCND1 

levels that were comparable to cells treated with E2 alone for 72h (~2.5x untreated controls). In 

contrast, cells treated with genistein against E2/TCDD media had ~30% less CCND1 protein than 

cells cultured in E2/TCDD without genistein. Together, these data suggest that genistein may 

inhibit proliferation of ERα-positive cells with activated AhR through interactions involving p53 

and CCND1.  

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 3.6 Genistein modulates markers of proliferation. Changes in proliferation observed 
with genistein treatment are associated with increased phospho-p53 and decreased CCND1. A) 
Bands represent P-p53 and GAPDH immunocomplexes. B) Densitometry for A. C) Bands 
represent immunocomplexes for CCND1 and GAPDH. D) Densitometry for C. Bars represent 
means ± SEM from 3 runs. Significance indicated by different letters.  
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Genistein modifies BRCA1 promoter methylation   

Previous studies by our lab indicated that AhR-dependent silencing of BRCA1 is mediated 

through epigenetic changes including hypermethylation of the CpG island flanking exon 1a in the 

BRCA1 promoter [75].  Genistein has previously demonstrated the ability to decrease methylation 

of known tumor suppressor genes, such as PTEN, in both ERα-positive and –negative breast 

cancer cells through inhibition of DNMT activity and downregulation of DNMT1 [67]. To 

determine if the effect of genistein on BRCA1 protein in AhR-activated cells was associated with 

changes in DNA methylation, we amplified BSgDNA extracted from cells in 72h TCDD co-

treatment experiments using primers specific for methylated BRCA1 (Figure 3.7A). Cells cultured 

in E2/TCDD alone had significantly increased (~2.25x) BRCA1 promoter methylation compared 

to E2-treated controls. In contrast, cells cultured in E2/TCDD in the presence of genistein 

harbored significantly less (~50% of E2-controls) BRCA1 promoter methylation compared to 

both E2-treated controls and cells cultured in E2/TCDD alone. Similar reductions were observed 

in cells treated with EGCG. Quantitation of immunocomplex signals detected by Western blot 

(Figure 3.7B) indicated that DNMT1 was upregulated at 24 and 48h in MCF-7 cells treated with 

E2 after TCDD washout (Figure 3.7C). However, signals detected from cells treated with 

genistein after TCDD washout indicated DNMT1 levels that were comparable to untreated 

control cells. Together, these data suggest that the antagonistic effect of genistein on AhR-

mediated silencing of BRCA1 in ERα-positive cells is likely due, at least in part, to its ability to 

decrease DNMT1 leading to passive DNA demethylation.  
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Figure 3.7 Genistein modifies BRCA1 promoter methylation. Genistein attenuates AhR-
dependent increases in BRCA1 promoter methylation. A) Results from MSP analysis in co-
treatment experiments. Co-treatment with either genistein or EGCG in E2/TCDD media 
decreases methylation. B) Bands represent immunocomplexes of DNMT1 and GAPDH. C) 
Densitometry for B. Bars represent means ± SEM from 3 runs. Significance indicated by different 
letters. Blot obtained from Andreas Papoutsis.  
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Discussion 

The BRCA1 protein derives its tumor suppressive functions from its role in DNA repair, cell 

cycle checkpoint control, apoptosis, transcriptional activation, and mRNA splicing [81]. 

Mutations in BRCA1 are associated with ~50-80% risk of breast cancer [80]. However, germline 

mutations account for only ~5-10% of cases and somatic mutations in BRCA1 are rare in sporadic 

breast cancer [9, 10, 92, 234]. A potential mechanism driving low BRCA1 levels in sporadic 

tumors is aberrant epigenetic processes including promoter hypermethylation [95]. Estimates of 

the prevalence of BRCA1 hypermethylation in sporadic breast cancer range from ~10-85% 

depending on the type of tumor, however there appears to be a strong correlation with HR-

negative status and TNBC [96]. Thus, characterizing the events that lead to epigenetic silencing 

of BRCA1 may help in the development of refined preventative and therapeutic approaches.  

 

The consensus pathway of epigenetic regulation proposes three key roles involving activation of 

an initial cellular response by epigenators, direction to a specific DNA site by initiators, and 

mediation and maintenance of a specific chromatin state by epigenetic maintainers [34]. Previous 

work by our group has demonstrated that the environmental toxin TCDD antagonizes E2/ERα-

dependent expression of BRCA1 by activating the AhR, a potential epigenetic initiator [118]. 

Activation of the AhR by TCDD leads to nuclear translocation and subsequent coordination at 

BRCA1 XRE sequences, a specific chromatin state including methylation of CpG dinucleotides; 

repressive histone modifications such as enrichment of H3K9me3, and decreased acetylated 

histone 4 and histone 3 at lysine 9 (AcH3K9); and decreased recruitment of p300 and SRC-1 with 

increased recruitment of DNMT1, DNMT3a, DNMT3b, MBD2, and HDAC1 [75, 118, 155].  

 

The purpose of experiments highlighted in Chapter III were to determine if genistein could 

prevent epigenetic silencing of BRCA1 induced by AhR activation in ERα-positive breast cancer 
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cells. To confirm the effect of TCDD on BRCA1 expression, we semi-quantitatively assessed, by 

Western blot, changes in BRCA1 protein in MCF-7 cells after treatment with E2, TCDD, and 

their combination. Results indicated the level BRCA1 protein in cells treated with E2/TCDD was 

~50% less than in cells receiving E2 alone, which confirmed what we have previously observed 

[75, 155].  

 

Epidemiological evidence suggests intake of dietary soy is associated with decreased risk of 

breast cancer [174, 241, 242] and genistein, the main bioactive constituent, has been suggested as 

a potential mediator of soy’s oncoprotective effects [243, 244]. Previous studies reported 

stimulation of BRCA1 expression with 0.5 and 1 µM of genistein in ERα-positive MCF-7 and 

T47D breast cancer cells [235]. We began assessing the potential for genistein to prevent AhR-

dependent silencing of BRCA1 in dose-response co-treatment studies, which demonstrated lower 

concentrations (0.5-1 µM) to effectively inhibit downregulation of BRCA1 in the presence of 

TCDD. The ameliorating effect of 1 µM genistein on BRCA1 expression was observed at 24, 48, 

and 72h in time-course studies, with results that were comparable to EGCG, a well-documented 

DNMT inhibitor and DNA demethylation agent [52, 68-70]. Results from co-treatment 

experiments suggest that the presence of genistein in culture with TCDD prevents downregulation 

of BRCA1 similarly to EGCG. Results from washout experiments demonstrated that treatment 

with genistein after TCDD exposure resulted in BRCA1 levels that were similar to E2-treated 

controls by 24 and 48h.  Together, these data suggested that genistein is capable of preventing 

AhR-dependent silencing of BRCA1 in ERα-positive cells.  

 

The 5’ region flanking exon 1a of the BRCA1 gene is a CpG island [93] and aberrant methylation 

of the BRCA1 promoter has been associated with its loss in sporadic breast cancers [232, 245, 

246]. Genistein has shown effectiveness at decreasing methylation of tumor suppressor genes 
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such as GTSP1, PTEN, ATM, APC, and SERPINB5 in both ERα-positive and ERα-negative cell 

lines through inhibition of DNMT activity and downregulation of DNMT1 [66, 67]. Molecular 

docking experiments indicate genistein likely functions as a DNMT1 inhibitor by binding its 

catalytic domain, interrupting stabilizing interactions with key catalytic residues, and preventing 

it from binding hemimethylated DNA [66].  We assessed whether the observed effects of 

genistein and EGCG on BRCA1 protein levels were associated with changes in BRCA1 promoter 

methylation using MSP. Compared to E2-treated controls, cells cultured in E2/TCDD had 

hypermethylated BRCA1, which was prevented by co-treatment with either genistein or EGCG. 

Western blot analyses suggested hypomethylation of BRCA1 in genistein-treated cells was 

associated with decreased DNMT1 protein. This cumulative evidence suggests that genistein may 

prevent epigenetic silencing of BRCA1 in ERα-positive cells treated with TCDD through passive 

demethylation involving downregulation and inhibition of DNMT1.  

 

We performed MTT assays to determine if experimentally induced changes in BRCA1 expression 

brought about concomitant changes in cell proliferation. In co-treatment experiments, the 

presence of genistein attenuated the proliferation of cells cultured in E2/TCDD, and combination 

treatments with EGCG significantly decreased proliferation compared to untreated control cells. 

In washout experiments, treatment with genistein after TCDD exposure significantly decreased 

proliferation relative to untreated controls. These changes in relative cell proliferation were 

observed in parallel with upregulation of p53 and downregulation of CCND1. Our findings that 

genistein increased phosphorylated p53 were in line with previous studies in MDA-MB-231 and 

MCF-10a cells [247]. However, our observation that genistein in culture with E2/TCDD 

decreased CCND1 levels was in contrast with previously published studies, which have shown 

increased levels of CCND1 with exposure to genistein concentrations ranging from 0.5-10 M 

[239, 240, 248]. Potential explanations regarding this disparity are discussed in detail in 
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subsequent sections of this text (Chapter IV Discussion) after a summary of additional findings 

from the UACC-3199 cell line. 

 

In summary, these experiments demonstrated the ability of genistein to prevent AhR-dependent 

epigenetic silencing of BRCA1 in ERα-positive cells. The effects of genistein on BRCA1 levels 

were attributed to decreased DNA methylation likely brought about in part by downregulation of 

DNMT1. Furthermore, these observations were associated with an anti-proliferative effect of 

genistein. Together, evidence from this chapter suggests the anti-breast cancer activity of 

genistein may be due in part to its capacity to prevent of epigenetic silencing of BRCA1 as a result 

of exposure to AhR-activating xenobiotic toxins.   
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CHAPTER IV: GENISTEIN REVERSES BRCA1 SILENCING IN ERα-NEGATIVE 

UACC-3199 CELLS 

 

Abstract 

Here we investigated the effects of genistein on epigenetic silencing of BRCA1 in ERα-negative 

(UACC-3199) sporadic breast cancer cells harboring a hypermethylated BRCA1 promoter and 

constitutively active AhR. Effects of genistein were compared to those elicited by NF at AhR 

antagonistic concentrations. We analyzed by Western blot, the dose-dependent effects of 

genistein on BRCA1 protein levels after 72h in culture. Western blot was also used to determine 

changes in BRCA1 protein following treatments with NF alone or in combination with E2. 

Methylation-specific PCR was used to determine the impact of genistein on BRCA1 promoter 

methylation. Genistein- and NF-induced changes in cell viability were determined by MTT assay 

and CCND1 protein levels were determined by Western blot. To determine the modulating effects 

of genistein and NF on AhR activity, we measured CYP1A1, CYP1B1, and AhR mRNA levels. 

Genistein (5 µM) and NF (alone and in combination wit E2) restored BRCA1 protein levels in the 

UACC-3199 cell line. NF also restored ERα. Rescued BRCA1 protein levels were associated 

with decreased BRCA1 promoter methylation. Both genistein and NF showed anti-proliferative 

effects and decreased CCND1 levels. NF appeared to elicit significant influence on the AhR 

activity, however the effect by genistein was limited to slight induction of CYP1A1. Overall our 

results suggest that genistein is effective in reversing BRCA1 silencing in ER-negative cells. 
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Introduction 

The investigations highlighted in Chapter III were in fulfillment of Specific Aim 1. Findings 

indicated that genistein was effective at preventing BRCA1 epigenetic silencing in ERα-positive 

cells exposed to TCDD and this effect was associated with decreased methylation at the BRCA1 

promoter. This could potentially explain the protective effects observed in epidemiological 

studies investigating soy intake in relation to breast cancer risk. 

 

This Chapter addresses Specific Aim 2: To determine if genistein reverses AhR-mediated 

silencing of BRCA1 in ERα-negative cells with hypermethylated BRCA1 and constitutively 

active AhR. The model system for the experiments outlined in this chapter was cell culture in 

UACC-3100 infiltrating ductal carcinoma of the breast. These cells display the HER-2-positive 

immunoprofile (ER/PR-negative, HER2+) however they express EGFR, a signature of basal-like 

subtypes. Sodium bisulfite analysis of this cell line identified hypermethylation at 36 CpG sites in 

the 5’ CpG island flanking exon 1a [93]. Previous work by our group has shown that, compared 

to MCF-7 cells, UACC-3199 cells have markedly decreased BRCA1 protein and a constitutively 

active AhR pathway [94]. Thus, experiments in this model are distinct from those in Chapter III 

given the difference in cellular subtype, the presence of constitutively active (rather than TCDD-

induced) AhR, and the already hypermethylated BRCA1 promoter. In this chapter, genistein is 

investigated for its capacity to reverse BRCA1 silencing in this cell line. To gain mechanistic 

insight toward the effects elicited by genistein, results were compared to those elicited by NF at 

antagonistic concentrations. The hypothesis is that in ERα-negative cells, genistein reverses 

BRCA1 silencing through mechanisms similar to those observed in ERα-positive cells.   
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Results 

Partial AhR antagonist rescues BRCA1 in ERα-negative cells  

The UACC-3199 cell line harbors hypermethylation at the 5’ promoter region of BRCA1 

associated with loss of BRCA1 protein [93]. This cell line also has constitutively active AhR  

[94]. We previously reported increases in BRCA1 and ERα in these cells upon treatment with the 

partial AhR antagonist NF [94]. To investigate interactions of NF with E2 in ERα-negative cells 

with constitutively active AhR, we analyzed changes in BRCA1 and ERα protein extracts from 

UACC-3199 cells cultured in E2, NF, and their combination for 72h. Quantitation of 

immunocomplexes detected by Western blot (Figure 4.1A) indicated E2 did not increase BRCA1 

or ERα protein above basal levels observed in untreated control cells (Figure 4.1B).  

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 4.1 Partial AhR antagonist rescues BRCA1 in ERα-negative cells. UACC-3199 cells 
were treated with E2, NF, and their combination for 72h. A) Bands represent immunocomplexes 
for BRCA1, ERα, and GAPDH. B) Densitometry for A. Bars represent means ± SEM from 3 
runs. Significance indicated by different letters. Blot obtained from Ornella Selmin.  
 

In contrast, signals detected from immunocomplexes of cells treated with NF alone and in 

combination with E2 were of significantly higher intensity for both targets. NF alone brought 

about an ~3x and ~9x increase in BRCA1 and ERα, respectively, whereas the combination (NF + 

E2) led to an ~4x and ~12x induction. The difference between treatments was significant for both 
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antigens (P<0.05), suggesting a potential synergistic effect between NF and E2 in ERα-negative 

cells with respect to changes in BRCA1 and ERα levels. 

 

Genistein reverses BRCA1 silencing in ERα-negative cells with hypermethylated BRCA1 

Our previous studies in MCF-7 cells (Chapter 3) indicated genistein may prevent BRCA1 

silencing in ERα-positive cells by experimentally induced AhR activation. To determine if 

genistein could rescue silenced expression of BRCA1 associated with promoter hypermethylation 

in cells with constitutively active AhR, we cultured UACC-3199 cells for 72h in the presence of 

E2 or a range of genistein concentrations (0.001-20 µM). In contrast to MCF-7 cells, quantitation 

of signals detected by Western blot (Figure 4.2A) indicated E2 did not significantly increase 

BRCA1 protein levels (Figure 4.2B).  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Genistein reverses BRCA1 silencing in ERα-negative cells with hypermethylated 
BRCA1. Cells were treated for 72h against a range of genistein concentrations. A) Bands 
represent BRCA1 and GAPDH immunocomplexes. B) Densitometry for A. Bars represent means 
± SEM. Significance indicated by different letters. Blot obtained from Ornella Selmin 
 

Analysis of genistein-treated samples indicated a dose-dependent effect on BRCA1 protein, 

requiring relatively higher doses (1 µM to 20 µM) to significantly increase levels above untreated 
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controls. Densitometry showed the most effective doses (≥5 µM) in titration experiments led to 

~1.8x higher BRCA1 levels compared to controls. These data suggest that genistein may reverse 

silencing of BRCA1 in ERα-negative cells with hypermethylated BRCA1 and constitutively 

active AhR.  

 

Genistein and NF decrease proliferation in ERα-negative cells with synergistic effects with E2 

We next sought to determine if increases in BRCA1 and ERα protein in UACC-3199 cells were 

associated with changes in cell proliferation as demonstrated in MCF-7 cells (Chapter III). To 

that end we analyzed by MTT assay, the relative viability of UACC-3199 cells treated for 72h 

with NF or genistein (1 µM and 10 µM) alone and in combination with E2. Interestingly, cells 

treated with E2 alone had significantly decreased viability, which was ~60-70% of untreated 

controls (Figure 4.3A and B). Single agent treatment with NF, and both concentrations of 

genistein led to decreased viability relative to untreated controls that was comparable to E2-

treated cells. However, co-treatment with NF or 10 µM genistein, in combination with E2, 

appeared to elicit synergistic anti-proliferative effects that were significantly enhanced over 

single agent treatment. To gain insight into potential mechanisms driving the anti-proliferative 

effect observed in cells treated with NF and genistein, we analyzed changes in CCND1 protein 

levels, as a marker of cell cycle progression. Quantitation of immunocomplex signals detected by 

Western blot (Figure 4.3C) indicated E2, 1 µM genistein, and their combination did not 

significantly alter levels of CCND1 protein compared to untreated control cells (Figure 4.3D). NF 

alone and in combination with E2 significantly decreased CCND1 protein by ~40% compared to 

control cells. Additionally, treatment with 10 µM genistein alone and in combination with E2 

decreased CCND1 by ~80% compared to untreated control cells. The effects elicited by NF and 

10 µM genistein were significantly different. Together, these data suggest genistein and NF are 
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anti-proliferative in ERα-negative cells and CCND1 protein data suggest modulation of cell cycle 

progression as a potential mechanism. 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 

 
 
 
 
 
 
 
Figure 4.3 Genistein and NF decrease proliferation in ERα-negative cells with synergistic 
effects with E2. Cells were treated for 72h with NF or genistein alone and in combination with 
E2. Data represent relative cell viability from MTT assays with A) NF and B) genistein. C) Bands 
represent immunocomplexes of CCND1 and GAPDH. D) Densitometry for C. Bars indicate 
means ± SEM. Significance indicated by different letters.  
 

Genistein and NF decrease methylation of BRCA1 promoter 

The UACC-3199 cell line has been documented to have constitutively active AhR and 

hypermethylation of the BRCA1 promoter [93, 94]. We also previously demonstrated (Chapter 

III) that genistein may antagonize epigenetic silencing of BRCA1, induced by AhR activation, 
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through passive DNA demethylation. These collective data led us to determine whether changes 

in BRCA1 protein levels brought about by genistein and NF in UACC-3199 cells was associated 

with decreased methylation at the BRCA1 promoter. Analysis of data derived from MSP indicated 

NF alone and in combination with E2 led to an ~60% decrease in BRCA1 promoter methylation 

compared to untreated control cells (Figure 4.4A). Amplification of BSgDNA from cells treated 

with 1 and 5 µM of genistein did not significantly alter BRCA1 promoter methylation relative to 

untreated controls, however 10 µM of genistein significantly decreased methylation by ~30% 

(Figure 4.4B). Together these data suggest that genistein and NF may increase BRCA1 expression 

in UACC-3199 cells through demethylation of the BRCA1 promoter.  

 

 

 

 

 

 

 

 

 
Figure 4.4 Genistein and NF decrease methylation of BRCA1 promoter. Results from MSP 
analysis indicated that cells treated with A) NF or B) genistein (10 µM) alone and in combination 
with E2 had decreased BRCA1 promoter methylation relative to untreated control cells. Genistein 
at lower concentrations (1 and 5 µM) do not modulate promoter methylation. Bars represent 
means ± SEM.  
 

Genistein-induced BRCA1 rescue is independent of AhR pathway modulation  

Cytochrome p450 enzymes including CYP1A1 and CYP1B1 are target genes of the AhR. 

CYP1A1 regulates AhR through negative feedback and decreased CYP1A1 activity is associated 

with constitutive AhR activation [249].  Additionally, previous studies have demonstrated a 

A B 
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preferential increase in CYP1B1 expression and CYP1A1 repression in rodent models of 

mammary tumorigenesis [94, 250, 251]. In order to analyze changes in AhR pathway activity 

brought about by our experimental conditions, we analyzed by qRT-PCR changes AhR, CYP1A1, 

and CYP1B1 mRNA levels from UACC-3199 cells cultured for 72h with NF or 10 µM genistein 

in the presence and absence of E2. Compared to untreated controls, treatment with E2 alone did 

not modulate expression of AhR or either CYP (Figure 4.5A, B and C). NF alone and in 

combination with E2 significantly decreased AhR expression (~0.6x of untreated controls, Figure 

4.5B). These changes in AhR expression were associated with a large increase (~40x untreated 

controls) in CYP1A1 expression (Figure 4.5B) and moderate upregulation (~2.25x) of CYP1B1 

(Figure 4.5C). In regard to the effects of genistein on AhR pathway activity, we observed 

moderate but statistically significant increases in CYP1A1 expression with no change in AhR and 

CYP1B1 expression (Figure 4.5D). Together these data suggest that NF may have mediating 

effects on the AhR pathway that are distinct from genistein.  
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Figure 4.5 Genistein-induced BRCA1 rescue is independent of AhR pathway modulation. 
Analysis of mRNA levels of AhR and CYP target genes in cells treated for 72h with NF or 
genistein alone and in combination with E2. A) CYP1A1, B) CYP1B1, and C) AhR expression in 
response to NF ± E2. D) CYP1A1/1B1 and AhR expression in response to genistein ± E2. Bars 
indicate means ± SEM 
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Discussion 

Chapter III demonstrated, in ERα-positive cells, the effectiveness of genistein to prevent TCDD-

induced activation of the AhR from coordinating a hypermethylated state at the BRCA1 promoter.  

The purpose of the experiments highlighted in Chapter IV was to determine the potential for 

genistein to reverse hypermethylation of BRCA1 in an ERα-negative cell line with constitutively 

active AhR. A secondary objective was to gain mechanistic insight toward the antagonistic 

properties of genistein by comparing its effects to those of NF, a partial AhR antagonist.   

 

Our findings demonstrate that genistein is effective at reversing DNA methylation-induced 

silencing of BRCA1 associated with constitutively active AhR, and this effect is likely 

independent of AhR inhibition. Our group previously demonstrated constitutive AhR activity in 

the UACC-3199 cell line and showed that treatment with NF significantly upregulated BRCA1 

and ERα protein [94]. To begin experiments in the UACC-3199 cell line, changes in ERα and 

BRCA1 protein levels were analyzed after treatment with E2, NF and their combination. The 

previously observed effect of NF on ERα and BRCA1 protein levels was confirmed. Treatment 

with E2 alone had no effect on either protein. Interestingly, the combination of NF and E2 had 

synergistic effects over NF alone. Extensive investigations into crosstalk between AhR and ERα 

have demonstrated that the AhR negatively regulates ERα through several mechanisms [252]. 

These data might suggest that through AhR inhibition, NF increases functional ERα that is 

perhaps capable of stimulating BRCA1 expression in response to E2. This hypothesis should be 

further tested. 

 

Having established a control for the phenotype elicited by a known AhR antagonist with respect 

to changes in BRCA1, we investigated the dose-response to genistein using a series of 

concentrations ranging from 1 nM to 20 µM. Whereas in MCF-7 cells, lower doses of genistein 
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(≤1 µM) appeared to elicit optimal effects on BRCA1 protein levels, higher doses (≥1 µM) were 

needed in the UACC-3199 cell line. These results were similar to those reported in a previous 

study in which 5 µM of genistein significantly increased BRCA1 mRNA levels in the ERα-

negative MDA-MB-231 cell line [253].  

 

We next sought to determine whether the effect of NF and genistein on BRCA1 were associated 

with changes in cell viability. Interestingly, MTT assay revealed treatment with E2 alone to be 

anti-proliferative compared to untreated control cells. Initially this observation was surprising and 

thought to be a result of experimental error. However, this effect continued to occur throughout 

subsequent assays and was demonstrated in experiments with both NF and genistein. It is possible 

that the anti-proliferative effect of E2 in UACC-3199 cells is mediated through ERβ. Although 

homologous to ERα, ERβ activation is associated with inhibition of cell growth and is thought to 

act as a negative regulator of estrogenic drive [191]. ERβ is expressed in ~50-90% of ERα-

negative breast cancers [191, 254]. In MDA-MB-468 TNBC cells, inducible expression of ERβ 

decreased cell growth by ~25% compared to control cells, which was associated with G1 cell 

cycle arrest, and treatment with E2 significantly enhanced the anti-proliferative activity [193]. 

Furthermore, a xenograft experiment in the same study showed ERβ expression inhibited growth 

and therapy with E2 to induced tumor regression. The hypothesis that ERβ mediates activity in 

the UACC-3199 cell line should also be further explored.  

 

In MTT assays, NF alone was anti-proliferative and decreased cell by viability to ~0.8x of 

untreated controls. The combination of NF and E2 had a synergistic anti-proliferative effect and 

decreased cell viability to ~0.5x. To date there have been no studies reporting a pro- or anti-

proliferative effect of NF in breast cancer cells. However, NF has shown cytotoxicity in mouse 

3T3-L1 differentiated adipocytes at concentrations ranging from 1.5-5 µM [255].  
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Our observation of the anti-proliferative effect of genistein at 10 µM replicates the findings of a 

study conducted in ERα-negative MDA-MB-231 cells, which showed a similar rate of growth 

inhibition (~0.5x of untreated control) after 72h in culture with 10 µM genistein [256]. 

Additionally, our finding that E2 enhances the growth inhibitory effect of genistein at the 10 µM 

dose is supported by similar observations in the MDA-MB-231 cell line [257]. There is less 

evidence to corroborate the anti-proliferative effect of 1 µM genistein reported here. Another 

study in the MDA-MB-231 cell line suggests biphasic effects, with slight pro-proliferative 

activity at lower concentrations (10 nM–1 µM) and anti-proliferative activity at higher 

concentrations (10 µM) [258]. However, a relatively low concentration (2.5 µM) decreased the 

growth rate of MDA-MB-231 cells to ~0.7x of untreated controls in a previous study [257].  

 

In chapter III we demonstrated the presence of genistein (1 µM) to attenuate E2/TCDD-induced 

CCND1 protein levels. Similarly, treatment with NF and 10 µM genistein led to potent decreases 

in CCND1 protein levels in UACC-3199 cells. In contrast, treatment with 1 µM genistein alone 

and in combination with E2 did not significantly alter CCND1 protein levels.  There is disparity 

among currently published data regarding the effect of genistein on CCND1 levels in breast 

cancer cells. However, to our knowledge, there have been no other studies that conducted 

investigations using models of activated AhR.  

 

At low concentrations (0.5 µM) genistein increased CCND1 protein levels in G1-arrested MCF-7 

cells after 9 and 12h in culture [239]. Another study in MCF-7 cells showed genistein (10 µM) to 

induce transient increases in CCND1 expression, with ~1.75x more mRNA after 2h and a 

subsequent return to baseline levels by 24h [240]. In non-transformed MCF-10a mammary 

epithelial cells a 6h treatment with 2 µM genistein led to an ~58% decrease in CCND1 transcript 
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levels [248]. In contrast, concentrations ranging from 10nM to 1 µM of genistein did not appear 

to affect CCND1 protein levels in MCF-7 cells after 48h in culture [259]. Activation of the 

canonical Wnt pathway has been shown to upregulate expression of the AhR in multiple cell 

types [260]. Interestingly, a study in mouse mammary epithelial HC11 cells showed that genistein 

(40 nM) attenuated Wnt-1-induced, but had no effect on basal, expression of CCND1 [261]. This 

cumulative evidence, along with our findings in Chapters III and IV, suggest the effect of 

genistein on CCND1 expression may be influenced due to interactions with increased AhR 

activity.  

 

Analysis by MSP revealed that 10 µM genistein, in addition to NF alone and in combination with 

E2, was able to significantly decrease methylation at the BRCA1 promoter. To date, no studies 

have documented a DNA demethylating effect of NF. However, this likely occurs through 

indirect mechanisms involving inhibition of AhR epigenetic initiating activity. On the other hand, 

our findings that genistein functions as a demethylating agent in ERα-negative cells is in line 

with several other studies. In MDA-MB-231 TNBC cells, a 48h exposure to genistein (18.5 µM) 

significantly decreased methylation of BRCA1 and BRCA2, which was associated with 

concomitant increases in protein levels [262]. A study in ERα-negative MDA-MB-468 

demonstrated a relatively low dose of genistein (3.125 µM) to partially demethylate the GTSP1 

gene promoter resulting in restored mRNA expression levels [66]. At superphysiological levels 

(60 and 100 µM) genistein decreased methylation in the promoter regions and increased mRNA 

expression of ATM, APC, PTEN, and SERPINB5 in both ERα-positive MCF-7 and ERα-negative 

MDA-MB-468 cells [67]. In this study, DNA demethylation was linked to downregulation of 

DNMT1 (which we observed in Chapter III) and inhibition of DNMT activity. Molecular docking 

experiments indicated the inhibitory effect of genistein on DNMT1 is due to direct binding in the 

catalytic site, which prevents substrate (CpG) binding.  
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Depending on the concentration, NF can act as either an antagonist (<10µM) or agonist (≥10 µM) 

of AhR activity [162]. In rat hepatic cytosol extracts and mouse hepatoma Hepa 1c1c7 cells, it 

was demonstrated that NF (1 µM) acts as an antagonist by directly binding to the AhR and 

inducing a protein confirmation with low affinity for DNA XRE binding [163]. This pathway of 

inhibition is also active in breast cancer cells. MCF-7 cells treated with NF alone (1 µM) and in 

combination (10 nM-1 µM) with TCDD (1 nM) had significantly decreased levels of 

transcriptionally active nuclear AhR complexes [164]. Experiments laid out in this chapter were 

not designed to test whether genistein or NF modulated BRCA1 expression by decreasing AhR 

recruitment to XRE sequences in the BRCA1 promoter, although this hypothesis is currently 

being investigated by our group using a chromatin immunoprecipitation approach.  However, we 

have already published work showing that an analog of NF (3-methoxy-4-naphthoflavone) 

prevents AhR recruitment to XRE sequences in the COX-2 promoter in MCF-7 cells [158]. Our 

findings do suggest that NF may influence the AhR/BRCA1 axis through downregulation of AhR 

expression. Our observation that exposure to NF decreased AhR transcript levels is supported by 

previous studies in mouse 3T3-L1 differentiated adipocytes, in which NF concentrations ranging 

from 1.5-5 µM significantly decreased AhR protein levels (~0.6-0.8x that of untreated control) 

after 16h in culture [255].  

 

Preferential expression of CYP1B1 over CYP1A1 has been demonstrated in rat models of DMBA-

induced mammary carcinogenesis [250]. Studies have also shown CYP1A1 to be preferentially 

repressed in ERα-negative breast cancer cells [263, 264] and human invasive carcinomas [265, 

266]. Downregulation of CYP1A1 is also associated with constitutive AhR activation [249].  Our 

findings regarding the effect of NF on CYP expression recapitulate previously published data by 

our group [94], which show large (>30x) increases in CYP1A1 expression, with moderate (~2.5x) 
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increases in CYP1B1 expression. These data suggest that downregulation of AhR expression and 

modulation of AhR activity may underlie the effectiveness of NF to reverse epigenetic silencing 

of BRCA1. 

 

Compared with NF, genistein had a significantly weaker effect on CYP1A1 induction and no 

effect on AhR and CYP1B1 transcript levels. Previous studies have shown genistein (1 µM) to 

upregulate CYP1A1 (~6x that of control) and CYP1B1 (~3x) in MCF-7 cells after 4h in culture, 

however this occurred in the absence of an AhR-activating ligand [267]. Another study in MCF-7 

cells demonstrated that biochanin A, an O-methylated metabolite of genistein, induced significant 

accumulation of CYP1A1 mRNA however this effect was attenuated in the presence of the AhR 

agonist DMBA [160]. Given that the AhR is constitutively active in the UACC-3199 cell line, 

and that genistein is significantly weaker (IC50= >50 µM) than NF (IC50= 0.39 µM) as an 

antagonist against TCDD-induced AhR activity [268], it is likely that genistein (10 µM) had 

markedly less influence over AhR activity. Thus, the effectiveness of genistein to rescue BRCA1 

expression in these cells is likely not through interactions with the AhR, but due to its DNMT 

inhibitory properties.  The cumulative data from Chapters III and IV suggest that genistein, 

similar compounds, or analogues that mimic its activity with more potency, may be effective 

preventative agents against breast cancer and potential targeted therapeutic agents in TNBC.  

.   
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CHAPTER V: CONCLUSIONS AND FUTURE DIRECTIONS 

The long-term objective of our group’s work is to characterize the role of the AhR in sporadic 

breast cancer development. The insight gained from successful completion of the specific aims 

highlighted in this work is another step towards a comprehensive understanding of BRCA1 

epigenetic regulation in sporadic breast cancer, and further contributes to the field of AhR 

pharmacology. The specific objective of this thesis is to determine the effects of genistein on 

BRCA1 epigenetic silencing resulting AhR activation. The central hypothesis of this investigation 

is that genistein has preventative and reversing effects that antagonize AhR activity. To that end, 

the following specific aims were proposed:  

Aim 1: To determine if genistein prevents AhR-dependent activation of the AhR from 

epigenetically silencing BRCA1 in ERα-positive MCF-7 cells that have wild-type BRCA1.  

 Aim 2: To determine if genistein reverses AhR-mediated silencing of BRCA1 in ERα-negative 

cells with hypermethylated BRCA1 and constitutively active AhR.  

 

The findings from this investigation indicate that genistein is effective at both preventing and 

reversing AhR-dependent BRCA1 silencing in ERα-positive and -negative cells, respectively. The 

implications of these findings are that genistein or analogous compounds may represent attractive 

agents in preventative and therapeutic approaches against breast cancer by targeting BRCA1 

epigenetic regulation. Furthermore, this may facilitate the exploitation of the AhR/BRCA1 axis as 

a potential therapeutic target in previously non-targetable breast cancer cases. In ERα-positive 

breast cancer cells with wild-type BRCA1, genistein had effects similar to EGCG, which involved 

preventing AhR-dependent downregulation of BRCA1 protein and hypermethylation of the 

BRCA1 promoter. In ERα-negative cells with constitutively active AhR and hypermethylated 

BRCA1, genistein had effects similar to the known AhR antagonist NF, which included 

restoration of BRCA1 protein levels and decreasing BRCA1 promoter methylation. However, 
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based on our assays, there is no evidence to suggest an antagonistic effect of genistein on AhR 

activity at this time. Although, it is possible that genistein modulates AhR activity through a 

mechanism that was not measurable by the assays used in these experiments. Previous studies 

have identified genistein as a DNMT inhibitor, which derives its mechanism of action through 

direct binding at the catalytic site of DNMT, leading to degradation/downregulation, and passive 

DNA methylation [67]. Together, this information suggests that the effectiveness of genistein to 

prevent and reverse BRCA1 epigenetic silencing is likely due to its inhibitory effects on DNA 

methylation rather than on the AhR. Figure 5.1 demonstrates a current model of our findings.  

 

Figure 5.1 Summary of current model for BRCA1 regulation by genistein. Previous studies 
have shown an antagonistic effect of the activated AhR on BRCA1 expression (described in 
Introduction). Evidence from Chapter III and IV suggests that genistein has antagonistic effects 
on DNA methylation, however there is no evidence to support an antagonistic effect on the AhR 
at this time. NF, is a known AhR antagonist and likely exerts its effect on BRCA1 expression 
through inhibition of AhR activity. Filled black arrows represent stimulus. Blunted lines represent 
antagonism.  
 

 

The findings from this work stimulate several areas of future investigation. Although we provided 

evidence that the effectiveness of genistein to prevent BRCA1 downregulation was associated 

with a permissive methylation state at the promoter, there is no direct evidence supporting 

mechanisms involved in this process. Future studies should investigate changes in BRCA1 

promoter recruitment of AhR and epigenetic modifying machinery (i.e. DNMT, HDAC, etc.), and 
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enrichment of histone modification signatures (i.e. H3K9me3, acetyl-H4, etc.) in response to 

genistein and NF exposure. Our findings do not support a modulatory effect of genistein on AhR 

activity at this time. Previous studies have shown that the antagonistic effect of genistein (EC50 

>50 µM) on TCDD-induced (1 nM) AhR activation is significantly weaker than NF (EC50= 0.39 

µM) [268]. However, other dietary compounds such as the flavonols, galangin (EC50= 0.22 µM, 

Figure 5.2A) and quercetin (EC50= 1.5 µM. Figure 5.2B), appear to be stronger AhR antagonists 

than the isoflavone genistein. Future studies should investigate the effects of these compounds in 

our experimental design.  

 

 

 

 

 

 

 

 

Figure 5.2 Flavonol AhR antagonists. A) Galangin and B) Quercetin 

 

Another observation leading to an area open for investigation is the anti-proliferative effect of E2 

in the ERα-negative UACC-3199 cells. Previous studies have found ERβ expression in breast 

cancer cells to be anti-proliferative [193]. This observation has even stimulated clinical trials 

investigating the potential therapeutic effect of E2 treatment in late stage breast cancer patients 

with ERα-negative tumors [191]. Future studies warrant probing the mechanism driving this 

observation in UACC-3199 and similar cells. Finally, previous studies have found that epigenetic 

reactivation of the ERα by genistein led to tamoxifen sensitivity in MDA-MB-231 TNBC cells 
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[77]. Future investigations are warranted to determine if a similar effect occurs in the UACC-

3199 cell line in response to genistein and/or NF treatment.  

 

Evidence suggests both a predisposing and protective role of dietary factors in breast cancer 

development [165]. Given that the epigenome is largely responsive to environmental stimuli [79], 

it is likely that diet influences breast cancer risk, at least in part, through modulation of epigenetic 

activity. In line with this hypothesis, several naturally occurring dietary components, namely 

polyphenolic compounds, have been reported to elicit epigenetic modifying properties associated 

with anti-cancer end points. This work supports a role for genistein in the epigenetic regulation of 

BRCA1. The observation that genistein may prevent BRCA1 silencing may explain the lower rates 

of breast cancer incidence in certain populations and may have a significant impact on 

preventative approaches. Additionally, our finding that genistein may reverse BRCA1 silencing in 

breast cancer cells with constitutively active AhR suggests that genistein, or analogous 

compounds, may represent model agents in the design of novel breast cancer therapeutics.   
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