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ABSTRACT 

 Breast cancer is the second leading cause of cancer-related death in women.  

Mutations in the tumor suppressor gene BRCA-1 confer a high risk of breast tumor 

development.  However, in sporadic breast cancers, which represent 90-95% of breast 

cancer cases, BRCA-1 expression is downregulated in the absence of mutations in the 

BRCA-1 gene. This suggests that epigenetic effectors may contribute to disruption of 

BRCA-1 expression and the onset of mammary tumors.  

Prototypical environmental contaminants found in industrial pollution, tobacco 

smoke, and cooked foods include benzo[a]pyrene (B[a]P) and  2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD), which have been shown to alter mammary gland 

development, act as endocrine disruptors and tumor promoters. Population studies 

detected accumulation of TCDD in women’s adipose tissue and breast milk.  Moreover, 

sporadic breast tissue exhibited statistically significant higher levels of PAH-DNA 

adducts. Based on this information, we examined the effect of B[a]P on the tumor 

suppressor BRCA-1and observed that exposure to B[a]P led to repression of BRCA-1 

transcription through a p53-dependent mechanism.  We have also demonstrated that 17β-

estradiol (E2) stimulated the recruitment of ERα and AP-1 family members to a region of 

the BRCA-1 promoter flanking an AP-1-like site.  However, accumulation of p53 

prevented E2-mediated BRCA-1 transcription and recruitment of ERα, potentially 

providing one mechanism of B[a]P-mediated repression.                          

In addition, the effects of B[a]P and TCDD are mediated through binding of the 

liganded aromatic hydrocarbon receptor (AhR) to dioxin or xenobiotic-responsive 



 13

elements (XRE).  We have evidence that suggests B[a]P and TCDD may modulate 

repression of E2-stimulated BRCA-1 expression through 1) binding of the liganded AhR 

to XREs on the BRCA-1 promoter and 2) preventing promoter occupancy by p300 and 

SRC-1.     

Taken together, the data presented here suggest that the transcriptional regulation 

of BRCA-1 is complex and involves modulation of the recruitment of ERα, AhR, p53, 

and their cofactors.  An important implication of these findings is a greater understanding 

of the role of ERα, AhR, and p53 in regulation of BRCA-1 which could lead to the 

development of therapeutic strategies that target these interactions to enhance 

upregulation of BRCA-1 expression in sporadic breast tumors.        
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CHAPTER I: BACKGROUND 

Epidemiology of Breast Cancer: 

Statistically, breast cancer is the second leading cause of cancer-related death 

among women.  The American Cancer Society estimates that in 2005 about 211,240 new 

cases of breast cancer will be diagnosed and 40,410 deaths will be due to breast cancer.  

Several factors can influence the risk of developing breast cancer.  These include but are 

not limited to age, family history, diet, exercise, number of pregnancies and use of 

hormonal therapies (American Cancer Society, 2005).  Breast cancer mainly develops in 

women of advanced age, yet a small proportion of women under the age of 50 develop 

breast tumors.  Many of these cases are considered to have a hereditary component, but 

they account for only 5-10% of all breast cancer cases (Hall and Lee, 1990).  

Interestingly, only 2-3% of all breast cancer cases can be attributed to mutations in the 

breast cancer associated-1 gene (BRCA-1) coding sequence (Easton et al., 1993; Rosen et 

al., 2003).  Thus 90-95% of all breast carcinomas cases are sporadic.  In the vast majority 

of these tumors, it has been observed that the BRCA-1 gene is downregulated rather than 

mutated.  This suggests that epigenetic events, such as exposure to environmental 

carcinogens, may contribute to altering BRCA-1 transcriptional regulation.    
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BRCA-1 Gene:  

The BRCA-1 gene, located on chromosome 17q, was cloned in 1994 (Miki et al., 

1994; Futreal et al., 1994).  Based on investigations of its function and protein 

interactions, BRCA-1 is a tumor suppressor gene.  BRCA-1 binds to cyclins, cyclin-

dependent kinases, and transcription factors (Wang et al., 1997).  Moreover, BRCA-1 has 

been shown to interact with DNA repair proteins, such as RAD51, RB and p53 (Scully et 

al., 1997; Wang et al., 1997; Zhang et al., 1998), and increase transcriptional activation 

of p53 (Zhang et al., 1998).  Elimination of BRCA-1 expression increased proliferation 

whereas over-expression of BRCA-1 had an opposite effect (Thompson et al., 1995).  In 

addition, inhibition of BRCA-1 prevents apoptosis while the introduction of exogenous 

BRCA-1 increases apoptosis which is also associated with the downregulation of p300 

and increased BRCA-1 interactions with the Fas-Fas ligand (Fan et al., 2001).  These 

studies suggest that BRCA-1 is involved in repairing DNA damage, maintaining genomic 

integrity as well as regulating cellular proliferation and differentiation (Rajan et al., 1996).   

Investigations of BRCA-1 involvement in sporadic breast cancer development can 

be classified into two categories – one focusing on posttranslational modifications and the 

other on transcriptional regulation.  Studies of the BRCA-1 protein have shown that the 

protein contains a nuclear import and export signal.  Transport to the cytoplasm may 

occur by phosphorylating a region next to the import signal (Thakur et al., 1997; 

Rodriguez and Henderson, 2000).  Accumulation of BRCA-1 in the cytoplasm may 

disrupt its ability to regulate genes.     
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Studies of BRCA-1 transcriptional regulation have demonstrated that expression is 

associated with cell cycle progression.  Upregulation of BRCA-1 coincides with the S-

phase while downregulation occurs at the end of the cell cycle (Marks et al., 1997; Rajan 

et al., 1996).  Estrogen upregulation of BRCA-1 requires ERα (Romagnolo et al., 1998), 

while DNA damaging agents, including the DNA topoisomerase I inhibitor camptothecin, 

UV radiation and the carcinogen benzo[a]pyrene, downregulate BRCA-1 (Andres et al., 

1998; Fan et al., 1998; Jeffy et al., 1999).  Examination of the BRCA-1 promoter revealed 

two distinct transcriptional start sites (exon 1a and exon 1b).  However, translation of the 

BRCA-1 mRNA always starts from exon 2 (Xu et al., 1995).  In addition to the 

requirement of ERα for upregulation of BRCA-1, recruitment of other cofactors including 

CBP/p300 may be necessary to enhance BRCA-1 transcription (Pao et al., 2000).  

Analysis of the BRCA-1 promoter has mapped regions that match XRE, Sp1, and AP-1 

sequences where cofactors may bind (Figure 1).  To date the involvement of these sites in 

transcriptional regulation of BRCA-1 has not been documented.  Misregulation of BRCA-

1 may confer resistance to apoptosis and increase genomic instability.  Therefore it is 

important to examine the effects of exogenous and endogenous factors on transcriptional 

regulation of BRCA-1.      
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Figure 1: Map of the BRCA-1 promoter.  Upstream of the +1 are XRE and Sp1 and AP1 
consensus sequences 
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Aromatic/Aryl Hydrocarbon Receptor (AhR) Pathway:  

The aromatic/aryl hydrocarbon receptor (AhR) pathway mediates the toxic effects 

of halogenated aromatic hydrocarbons (HAH) and polycyclic aromatic hydrocarbons 

(PAH).  HAHs and PAHs enter the cell and bind to the AhR, which is normally located in 

the cytosol and associated with chaperone proteins such as hsp90.  The agonist-bound 

AhR disassociates from the chaperone proteins, translocates to the nucleus, and 

heterodimerizes with the aromatic hydrocarbon receptor nuclear translocator (ARNT).  

The activated AhR/ARNT heterodimer can interact with dioxin or xenobiotic responsive 

elements (DRE or XRE=5’-GCGTG-3’) in promoter regions of responsive genes, 

including cytochrome p4501A1 (Figure 2) (Whitelaw et al., 1993; Sogawa et al., 1995; 

Safe, 2001).   

After the complex binds to DNA, cofactors may be recruited to alter transcription.  

Investigations have shown that receptor-interacting protein 140 (RIP140) and steroid 

receptor coactivator-1 (SRC-1) interact with the AhR/ARNT complex and enhance 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-mediated induction of an XRE-driven 

luciferase reporter gene (Kumar et al., 1999; Beischlag et al., 2002).  Moreover, p300 

binding to ARNT is required to maintain TCDD-induced expression of drug metabolizing 

proteins (Kobayashi et al., 1997).  Coimmunoprecipitation studies have also 

demonstrated that the corepressor silencing mediator for retinoic acid and thyroid 

receptor (SMRT) interacts with the AhR/ARNT complex.  The physical interactions of 

SMRT and AhR/ARNT decrease the binding of AhR/ARNT to an oligonucleotide 

comprising a consensus DRE (Nguyen et al., 1999).   
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To date, an endogenous ligand for the AhR has not been discovered, suggesting 

that the AhR pathway acts as a toxic indicator.  However, an investigation utilizing 

CYP1A1-defecient mouse hepatoma c37 cells and wild-type Hepa-1 cells have shown 

that the AhR/ARNT complex can be transcriptionally active in the absence of an 

exogenous ligand (Chang and Puga, 1998).  This suggests that the AhR/ARNT may have 

a role in the constitutive expression of certain genes.  This notion was further supported 

by studies documenting that C57B1/6J mice with AhR-/- status had arrested development 

of the mammary glands as compared to littermates with AhR +/+ status.  In the presence 

of 2,3,7,8-tetrachlorodibenzofuran (TCDF), the AhR +/+ mice had mammary glands with 

similar morphology to the AhR -/- mice.  These data suggest that the unliganded AhR 

may be required for cell proliferation during the development of the mammary gland 

(Hushka et al., 1998). 
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Figure 2:  Overview of the AhR pathway. The activated AhR pathway induces 
transcription of genes including cytochrome p450 family members (From Safe, 2001). 
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AhR Agonists – TCDD and B[a]P: 

The halogenated aromatic hydrocarbon 2,3,7,8-tetrachlorodibenzo-p-dixon 

(TCDD) (Figure 3A) is considered one of the most toxic compounds to contaminate the 

environment.  Investigations with AhR-null mice have shown that exposure to 10-fold 

higher levels of TCDD do not result in thymic or hepatic damage found in normal mice.  

This suggests that the toxicities induced by TCDD are conducted through the AhR 

pathway (Fernandez-Salguero et al., 1996).  TCDD has been suspected to mediate 

carcinogenesis by acting as a tumor promoter through inhibition of apoptosis (Dragan and 

Schrenk, 2001; Davis et al., 2000; Davis et al., 2001).  TCDD may also act as a 

carcinogen by altering repair pathways.  In fact, TCDD has been shown to increase the 

frequency of homologous repair of double stranded breaks (Chan et al., 2004).  

Homologous repair requires a template duplex DNA.  It is possible to have homologous 

repair occur between strands that are not entirely homologous.  Therefore, homologous 

repair may produce genetic changes including deletions (Bishop and Schiestl, 2001).  

Since TCDD increases homologous repair, it may be contributing to greater genetic 

instability.   

Another class of AhR ligands is the polycyclic aromatic hydrocarbons (PAHs), 

which are complete carcinogens and can act as initiators and promoters (Bláha et al., 

2002; Baird and Ralston, 1997).  PAHs may induce tumors through several mechanisms, 

including: transcriptional repression of tumor suppressor genes (Denissenko et al., 1996); 

upregulation of protooncogenes (Bral and Ramos, 1997); activation of enzymes that 

metabolize the parent PAH to a procarcinogen (Aust et al., 1981; Whitlock, 1999).  As 
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with TCDD, repeated exposure to PAHs can induce tumors in wild-type AhR mice while 

AhR null mice do not develop tumors (Dertinger et al., 1998; Shimizu et al., 2000).  

Unlike TCDD, PAHs, such as benzo[a]pyrene (B[a]P), are genotoxic and exposure can 

elicit a p53 response and activation of cell cycle checkpoints as well as DNA repair 

pathways (Jeffy et al., 2000; Drukteinis et al., 2005; Keshava et al., 2005).   

A well known PAH is B[a]P (Figure 3B).  B[a]P binds to the AhR and 

transcriptionally activates CYP1A1 and CYP1B1, which are involved in biotransforming 

xenobiotic compounds (Whitlock, 1999).  These enzymes metabolize B[a]P to its diol 

epoxide 7r,8t-dihydroxy-9t,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE), an 

ultimate carcinogen.  BPDE reacts with DNA to form DNA adducts that upon 

intercalation may not be recognized by DNA repair systems and lead to fixation of 

mutations (Wu et al., 2002).  The metabolism of B[a]P has an important impact on 

mammary carcinogenesis as studies have shown that sporadic breast tissue contain 

statistically significant amounts of PAH-DNA adducts as compared to benign tissue 

(Rundle et al., 2002; Li et al., 1996).  Human exposures to B[a]P occurs through tobacco 

smoke, burning of fossil fuels, and diet (Boffeta et al., 1997; Phillips, 1999). Considering 

that the average human intake of B[a]P has been estimated to be 2.2 μg per day 

(Hattemer-Frey and Travis, 1991), investigations of B[a]P-mediated regulation of various 

genes should be emphasized.           
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A  

 
 
 
 
 
 
 
 
 
 
 
 B  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  Structure of AhR Agonists. (A) 2,3,7,8,-tetrachlorodibenzo-p-dioxin (TCDD) 
and (B) benzo[a]pyrene (B[a]P). 
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Antagonists of the AhR and Selective AhR Modulators:  
 

Activation of the AhR pathway results in upregulation of the cytochrome p450 

family, which can lead to the production of carcinogenic metabolites (Whitlock, 1999).  

AhR antagonists including the synthetic flavonoids α-naphthoflavone (ANF) and 3’-

methoxy-4’-nitroflavone (3M4NF) have been investigated as a potential method to 

prevent the activation of the AhR pathway and eventually the bioactivation of 

promutagens.  ANF (Figure 4A) has been shown to reduce the accumulation of TCDD 

bound AhR/ARNT complexes by directly competing for binding of the cytosolic AhR 

(Merchant et al., 1990; Wilhelmsson et al., 1994).  However, through saturation binding 

and sucrose gradient assays, ANF has been categorized as a partial antagonist in the 

presence of TCDD by directly competing for binding sites of the cytosolic AhR 

(Merchant et al., 1990).  Conversely, 3M4NF has been identified as a “pure” antagonist 

of AhR in MCF-7 cells (Figure 4B) (Lu et al., 1995).  Competitive binding assays have 

shown that 3M4NF has a similar IC50 value to unlabeled TCDD.  Moreover, 3M4NF has 

demonstrated the ability to bind to the AhR but does not induce a conformation change in 

the receptor or nuclear translocation (Henry and Gasiewicz, 2003; Henry et al., 1999).  

In addition to AhR antagonists, selective Ah receptor modulators (SAhRMs) have 

been the focus of new strategies for the treatment of breast cancer.  SAhRMs are virtually 

nontoxic AhR agonists.  Studies have shown that the use of 6-methyl-1,3,8-triCDF in 

addition to tamoxifen prevents mammary tumors in rats while inhibiting the potential 

estrogenic activities of tamoxifen in the rat uterus.  SAhRMs represent a novel class of 

drugs for the treatment of hormone-dependent cancers and the combined therapies of 
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SAhRMs with tamoxifen or other SERMs may also be effective (Safe et al., 1999; 

McDougal et al., 2001).  As ANF has been reported to have weak agonist activity for the 

AhR, perhaps ANF could be developed into a SAhRM.  With tamoxifen as an example of 

a promising drug that ultimately had side effects, the developing field of SAhRMs into 

therapeutic agents further emphasizes the need to fully understand the outcomes of 

various classes of ligands on the AhR pathway and ultimately gene expression. 
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A 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B  
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 4:  Structure of AhR antagonists. (A) Structure of α-naphthoflavone (ANF). (B) 
Structure of 3’-methoxy-4’-nitroflavone (3M4NF) (From Dertinger et al., 2000). 
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Estrogen Receptor α (ERα) Pathway: 
 

The ERα consists of six domains.  The NH2 terminal domain, also known as AF1, 

is involved in transcriptional activation through a ligand-independent pathway (Berry et 

al., 1990; Tora et al., 1989; Nilsson et al., 2001).  Receptor dimerization and DNA 

binding occur through the DNA binding domain located between the amino and carboxy 

terminal regions of the ERα.  The carboxy terminal mediates receptor dimerization, 

ligand binding, and nuclear translocation of the ERα (Tsai and O’Malley, 1994; Nilsson 

et al., 2001).   

The most well-examined agonist of the ERα is the steroid hormone 17-β-estradiol 

(E2), commonly known as estrogen.  Upon estrogen binding to ERα, the receptor can act 

as a transcription factor through either the classical or non-classical signaling pathway 

(Figure 5).  In the classical model, the activated ERα homodimerizes and binds to 

estrogen responsive elements (ERE) in the promoter regions of E2-inducible genes 

(Driscoll et al., 1998) such as cathepsin D and pS2.  However, the activated ERα may 

mediate its signal through a non-classical pathway in which it interacts with transcription 

factor complexes that contain Sp1 or AP-1 proteins bound to their respective DNA 

consensus sequences.  The activated ERα may recruit a variety of cofactors including 

RIP140 (Peters and Khan, 1999), p160/SRC-1, and p300/CBP (Jaber et al., 2004).  The 

precise complement of coactivators or corepressors may vary depending on the ligand 

(Jakacka et al., 2001).  For example, the literature documents that binding of the ERα 

antagonist tamoxifen leads to receptor recognition of EREs in the pS2 and c-myc 

promoters, and the recruitment of multiple protein complexes including nuclear 
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corepressor (NCoR), histone deacetylase 3 (HDAC3), and a chromatin-remodeling 

complex known as NuRD (Liu and Bagchi, 2004).  The addition of repressive trans-

factors may alter the expression levels of the target gene. 
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Figure 5: Models of transcriptional activation by ERα. (A) In the classical model, 
binding of estrogen to ERα leads to receptor dimerization and recognition of estrogen 
responsive elements.  (B)  The liganded ERα can also bind to AP-1 and Sp-1 protein 
complexes located at AP-1 or Sp-1 consensus sequences respectively in the non-classical 
model.    
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Selective Estrogen Receptor Modulator (SERM): 
 

The estrogen receptors have been the focus of study and the target for therapeutic 

treatments of breast, ovarian and uterine cancer.  A study involving women with 

increased risk of developing breast cancer demonstrated that tamoxifen, a selective 

estrogen receptor modulator (SERM), reduced the risk of developing breast cancer by 

50% (Fisher et al., 1998).  However, tamoxifen may stimulate proliferation of 

endometrial cells which may explain the increased risk of endometrial carcinoma 

associated with tamoxifen usage (De Muylder et al., 1998; Assikis and Jordan, 1995).  

As tamoxifen has demonstrated a range of biological properties, several 

investigations have examined the mechanism of action of this antiestrogen (Figure 6).  

When tamoxifen binds to ERα, it induces ligand-independent activation of the AF-1 

region (Berry et al., 1990).  Unlike estrogen, tamoxifen prevents the necessary 

conformational change of ERα that would allow the ligand-dependent AF-2 region to 

interact with coactivators (Nilsson and Koehler, 2005).  The tamoxifen/ER then 

dissociates from heat shock protein 90 (hsp90), homodimerizes, and translocates to the 

nucleus (Figure 7).  Upon tamoxifen/ER binding to estrogen responsive elements, 

corepressors may interact with the receptor, but coactivators may be recruited depending 

on the tissue type (Furr and Jordan, 1984; Shang and Brown, 2002).  Published data have 

documented that in endometrial Ishikawa cells, treatment with tamoxifen led to the 

recruitment of the coactivator SRC-1 to the c-Myc promoter.  On the other hand, 

corepressors including SMRT were present at the c-Myc promoter in breast MCF-7 cells 

in the presence of tamoxifen (Shang and Brown, 2002).  Cofactor expression levels may 
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differ between the target organs, which may contribute to the agonist activity of 

tamoxifen in endometrial tissue.  As tamoxifen has the potential to act as an agonist, 

other antiestrogens including ICI182,780 have been investigated for their therapeutic 

potential in both breast and endometrial carcinoma (Osborne et al., 2004; Howell et al., 

2000; Wakeling et al., 1991).  ICI182,780 promotes  ER degradation to prevent nuclear 

translocation.  This strategy may avoid activation of the ER and coactivator recruitment 

regardless of differences between various tissues (Dauvois et al., 1993).   
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Figure 6: Structure of tamoxifen. Tamoxifen is an ERα antagonist that prevents ER-
mediated signaling depending on tissue type (modified from Osborne et al., 2004). 
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Figure 7: Mode of action for ERα ligands. (A) Estrogen binds to the ER with high 
affinity.  Hsp90 dissociates and the liganded ER homodimerizes.  The complex 
translocates to the nucleus to bind to EREs and leads to the recruitment of coactivators to 
activate transcription. (B) Tamoxifen binds to ER with a lower affinity but still results in 
the dissociation of hsp90 and homodimerization of ER as well as nuclear translocation to 
bind to EREs.  Coactivator recruitment and transcriptional activation may be attenuated 
although some partial agonist activity may occur through the activation of AF1 by 
tamoxifen. (Modified from Howell et al., 2000). 
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Endocrine Disruption Induced by the AhR Ligand TCDD:  ERα/AhR Crosstalk: 

 Research examining the AhR and ERα crosstalk has produced a wide range of 

results.  Nonetheless, ample evidence exists to suggest that activation of the AhR 

pathway disrupts ERα mediated transcription (Buchanan et al., 2000; DeVito et al., 1992; 

Umbreit and Gallo, 1988).  In fact, in an AhR mutant cell line, TCDD is no longer 

antiestrogenic, suggesting that the functional AhR is required to mediate the 

antiestrogenic effects of TCDD (Kharat and Saatcioglus, 1996).  Several mechanisms 

have been explored to explain the crosstalk including (1) the AhR stimulating 

transcriptional activation of CYP1A1/1B1 to increase metabolism of estrogen, (2) 

competition between the two pathways for cofactors, (3) activation of proteasomes to 

degrade ERα, (4) recruitment of corepressors to prevent transcription of E2-stimulated 

genes (Figure 8).  However, the prevailing hypothesis is that the activated AhR may 

disrupt ER-mediated transcriptional complex formations by binding to an adjacent or 

overlapping XRE also known as an inhibitory DRE (iDRE) (Figure 9) (Krishnan et al., 

1995; Duan et al., 1993, Gillesby et al., 1997).  Studies have shown that the binding of an 

activated AhR at a proximal XRE interferes with transcriptionally active complexes 

located at a nearby AP-1 site on the pS2 promoter as well as a consensus or imperfect 

ERE on the ER promoter, resulting in TCDD inhibition of E2-stimulation of these genes 

(Klinge et al., 1999; Gillesby et al., 1997; White and Gasiewicz, 1993).  However, the 

antiestrogenic effects of AhR ligands are not mediated through impeding estrogen 

binding to ER. Competition assays investigating AhR ligands have documented that the 
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AhR ligands TCDD, benzo[a]pyrene, 3,3’,4,4’,5-pentachlorobiphenyl, β-napthoflavone, 

and α-napthoflavone do not bind to the ERα (Klinge et al., 1999).        

Numerous studies have demonstrated that TCDD can inhibit mammary tumor 

formation in female rats and can also prevent carcinogen-induced mammary tumor 

growth in mice with mammary tumor cell xenografts (Safe et al., 1999).  In addition, 

epidemiological evidence collected after a mass exposure of women to TCDD in Seveso, 

Italy demonstrated a negative association between the exposure and the rates of breast 

and endometrial cancer (Bertazzi et al., 1993).  Further analysis has suggested that TCDD 

is an important AhR ligand which is not metabolized and because of its lipophilic 

chemical nature is stored in fat deposits in the human breast and milk fat (Hooper et al., 

1998).  However, the crosstalk between the two pathways may not always be inhibitory.  

Studies have shown that in the cathepsin D promoter the interaction of the AhR/ARNT 

complex with Sp-1 may be required to sustain basal activity (Wang et al., 1999).  

Moreover, overexpression of ARNT enhanced ERβ transcriptional activity.  While 

overexpression of ARNT stimulated ERα transcriptional activity, the levels were lower 

than ERβ (Brunnberg et al., 2003).  The contradictory data surrounding TCDD actions 

requires further examination into the molecular mechanisms of TCDD-induced 

antiestrogenicity.
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Figure 8:  Potential pathways for the ligand-activated AhR to disrupt ERα pathways   
Activation of the AhR (1) increases expression of CYP1A1/CYP1B1, which may result 
in E2 metabolism, (2) recruits corepressors to the promoter regions of E2-inducible genes, 
(3) leads to binding of the AhR/ARNT dimer at inhibitory DREs, (4) results in 
competition for coactivators and (5) stimulates proteasomes targeting the ERα.  
Disruption of E2-dependent transcriptional activation may be due to the activation of one 
or a combination of these pathways (From Safe and Wormke, 2003). 
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Figure 9: The liganded AhR/ARNT complex disrupts estrogen induced transcription of 
cathepsin D, c-fos, pS2 and Hsp27 by interaction with DREs located in the respective 
promoter (From Safe, 2001). 
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The p53 gene and BRCA-1 interactions: 

 The tumor suppressor p53 is considered the guardian of the genome by acting as a 

transcription factor to initiate growth arrest, DNA repair, and apoptosis (Greenblatt et al., 

2001; Olivier and Hainaut, 2001).  Approximately 30% of breast cancers contain 

mutations in the coding region of p53 (Sigal and Rotter, 2000).  Mutation of p53 has led 

to loss of function and has been associated with decreased DNA repair, genomic 

instability, and inhibition of apoptosis.  Exposure to DNA damaging agents, such as 

B[a]P and DMBA (Denissenko et al., 1996; Medina et al., 2002), have been shown to 

induce p53 coding sequence mutations.  Mutant p53 can form a tetramer with wild-type 

p53 to prevent normal p53 functions and thereby acting as a dominant-negative mutant 

(Monti et al., 2002).  In addition, DNA damage may affect p53 function by altering p53 

stability through mutation of acetylation sites on the p53 protein (Sakaguchi et al., 1998; 

Barlev et al., 2001).   

As p53 and BRCA-1 have similar functions, several studies have focused on the 

potential relationship between the two pathways.  These investigations have shown that 

increased BRCA-1 levels, either due to exposure to estrogen or B[a]P (Jeffy et al., 2002; 

Jeffy et al., 2005), lead to physical interactions with p53 and p53 activation (Ouchi et al., 

1998; Zhang et al., 1998).  BRCA-1 mediated activation of p53 may trigger cell cycle 

arrest and DNA repair rather than apoptosis as evidenced by p53-stimulated transcription 

of the DNA repair genes Gadd45 and p53R2 in the presence of overexpressed BRCA-1.  

Accumulation of BRCA-1 did not stimulate the expression of the apoptotic gene PIG3, 
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which was upregulated by p53.  On the other hand, depletion of BRCA-1 expression 

eliminated p53R2 expression but stimulated PIG3 (MacLachlan et al., 2002).    

Interestingly, p53 participates in a negative feedback loop in regulation of BRCA-

1 (MacLachlan et al., 2000).  Overexpression of p53 has been demonstrated to prevent 

ERα promoter occupancy of BRCA-1 in the presence of estrogen and lead to BRCA-1 

transcriptional repression (Jeffy et al., 2005).  As tumors from patients with BRCA-1 

mutations also have p53 mutations (Crook et al., 1998), it is possible that both the loss of 

p53 and decreased BRCA-1 levels may favor the accumulation and progression of 

tumorgenic cells.     
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Relevance: 

Current treatments for breast cancer include surgery, radiation therapy, and the 

use of ER antagonist tamoxifen as well as other chemotherapeutic agents. However, 

surgery may not remove all the tumorgenic cells, while radiation and tamoxifen have 

undesirable side effects.  For example, tamoxifen competes with estrogen for binding to 

the ER and thus prevents pro-oncogenic ER signaling.  Investigations have shown that 

this mechanism is in play in breast tissue, but in endometrial cells tamoxifen activates the 

ER.  Moreover, the use of tamoxifen may inhibit ER-mediated transcriptional activation 

of tumor suppressors, such as BRCA-1.  In light of evidence that the vast majority of 

sporadic tumors already express lower levels of BRCA-1, the use of tamoxifen may not 

be beneficial.  Therefore, examining the role of exposure to environmental PAHs and 

TCDD may be important.  Previous studies have shown that TCDD and B[a]P activate 

the AhR pathway.  Downregulation of BRCA-1 by the activated AhR may be a means of 

directly predisposing women to the onset of sporadic breast cancer.  Moreover, exposure 

to B[a]P may subsequently trigger the stabilization of p53, which has been shown to act 

as a repressive trans-element of BRCA-1.  As many different pathways and factors play a 

role in the regulation of BRCA-1, it is important to define the precise mechanisms of 

regulation.  Further investigations into the roles of the ERα, AhR and p53 pathways in 

regulation of BRCA-1 expression, may assist in developing more effective or new 

preventative and therapeutic strategies.    
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Statement of Problem: 

Early detection of breast cancer plays a key role in increasing the chances for 

patient survival.  Due to limitations in current detection methods, however, the tumor 

may have already metastasized by the time of detection.  The 5-year relative survival rate 

for women with breast cancer that has metastasized is 26% (American Cancer Society, 

2005).  As sporadic breast tumors express lower levels of BRCA-1, understanding the 

endogenous as well as environmental influences on regulation of BRCA-1 may lead to the 

development of treatment strategies or lifestyle changes that prevent the onset of 

mammary tumors.    

Based on the literature and data from our laboratory, we identified regions of the 

BRCA-1 promoter as activator protein 1 (AP-1) and xenobiotic responsive elements 

(XREs) upstream of the +1 for exon 1b suggesting that exogenous compounds may alter 

endogenous transcriptional regulation of BRCA-1.  Therefore, the project will examine 

the role of these elements in regulation of BRCA-1 transcription.   

The central hypothesis of the project is that transcriptional regulation of BRCA-1 

is modulated by cross-talk between ERα and p53 at the AP-1 site as well as the AhR 

recruited at neighboring XREs within the promoter region of BRCA-1.  The rationale for 

this hypothesis is based on information that p53 and AhR modulate E2-dependent 

transcriptional activation (Buchanan et al., 2000; DeVito et al., 1992; Umbreit and Gallo, 

1988; Jeffy et al., 2005).  Exposure to environmental carcinogens has been shown to 

activate the AhR and p53 (Fernandez-Salguero et al., 1996; Whitlock, 1999; Jeffy et al., 

2000; Drukteinis et al., 2005; Keshava et al., 2005).  However, the interactions of the 
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ERα, p53 and AhR pathway in regulation of BRCA-1 by estrogen still remains to be 

elucidated. We predict that 1) E2 activates BRCA-1 transcription through the recruitment 

of the liganded ERα to transcriptional complexes located at the AP-1-like site 2) p53 

negatively regulates BRCA-1 expression by sequestering ERα 3) the XRE sites act as 

either a positive or negative regulator of BRCA-1 depending on whether or not the ligands 

of the AhR are present 4) ligands of the AhR disrupt BRCA-1 transcription, whereas the 

unliganded AhR is required for estrogen regulation of BRCA-1 5) interaction of the AhR 

and ERα occurs through direct physical interactions and 6) estrogen may influence the 

recruitment of coactivators to the BRCA-1 AP-1 site for estrogen-mediated transcriptional 

activation.  The proposed mechanism is that overexpression of p53 or the liganded AhR 

may sequester the ERα and coactivators to transrepress BRCA-1 while the liganded ERα 

remains at the AP-1 site to transactivate BRCA-1. 
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Specific Aims: 

Specific Aim 1: Examine the mechanism of estrogen-dependent BRCA-1 transcription. 

Characterize the interactions of the ERα and p53 at transcriptional complexes located on 

the BRCA-1 promoter.  

Published data have suggested that estrogen indirectly regulates BRCA-1 as the 

BRCA-1 promoter lacks a consensus ERE (Marks, 1997), and its expression peaks in the 

S and M phases of the cell cycle (Chen, 1996; Vaughn, 1996; Gudas, 1996).  However, 

mapping of the BRCA-1 promoter has indicated that it contains a potential activator 

protein-1 (AP-1) site through which the liganded ERα may upregulate BRCA-1 

transcription.  On the other hand, exposure to the genotoxic carcinogen B[a]P triggered 

p53 activation and downregulation of BRCA-1 (Jeffy, 1999, Jeffy, 2000; Jeffy, 2002).  

These studies seek to determine the potential regulatory mechanism of ERα and p53 on 

BRCA-1 transcription.        

Specific Aim 2: Investigate the role of xenobiotic responsive elements (XRE) and 

aromatic hydrocarbon receptor (AhR) in the transcriptional regulation of the BRCA-1 

gene.  Examine the kinetics of cofactors recruited to the AP-1 and XRE site. 

The literature indicates that binding of the liganded AhR to XREs disrupted 

ERα/cofactor complex formations at AP-1, Sp1 or EREs thus abrogating transcriptional 

regulation of E2-responsive genes (Krishnan et al., 1995; Duan et al., 1993; Gillesby et 

al., 1997; White and Gasiewicz, 1999; Safe, 2001).  The goal of this work was to 

determine the mechanisms of AhR-mediated repression of BRCA-1 transcription in the 

presence of estrogen.     
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CHAPTER II: MATERIALS AND METHODS 

Cell culture and chemicals:   

HCT-116 and HCT116 p53KO cells were a generous gift from B. Vogelstein. 

MCF-7 and HeLa cells were obtained from American Type Culture Collection (Manassas, 

VA) and maintained in DMEM/F12 (Sigma-Aldrich Chemical Co., St. Louis, MO) 

supplemented with 10% fetal bovine serum (FBS) (Hyclone Laboratories, Logan, UT) as 

described previously (Jeffy et al., 2002).  Estrogen (E2), α-naphthoflavone (ANF), 

benzo[a]pyrene (B[a]P), penicillin/streptomycin solution, and DMEM/F12 were 

purchased from Sigma-Aldrich Chemical Co.  2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD) was purchased from Midwest Research Institute (Kansas City, MO).  Antibodies 

against ERα were purchased from Lab Vision Co. (Fremont, CA) while antibodies 

against AhR and HDAC1 were purchased from Santa Cruz Biotechnologies, Inc. (Santa 

Cruz, CA).  Antibodies for p300 and SRC-1 were purchased from Upstate Biotechnology 

(Lake Placid, NY). 

 

Transient Transfections:  

MCF-7 and HeLa cells were cultured for 3 days in phenol red-free DMEM/F12 

and supplemented with 5% charcoal-stripped fetal bovine serum (CS-FS).  Cells were 

seeded in 6-well plates 24 hours prior to transfection. The reporter plasmids were 

transfected using the Lipofectamine-Plus (Invitrogen, Carlsbad, CA) procedure as 

described previously (Jeffy et al., 2002).  Plasmids encoding for renilla were also 

cotransfected to account for variations in transfection efficiency.  Luciferase reporter 
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activity was monitored with a Luminometer 20/20 and expressed as relative luciferase 

units corrected for renilla. 

 

Western Blotting and flow cytometry: 

Western blotting for BRCA-1 was performed as described previously (Jeffy et al., 

2002). Cell extracts were normalized to protein content and separated by 4-12% gradient 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Immunoblotting was carried 

out with antibodies raised against BRCA-1 (Ab-2) (Oncogene Research Products, 

Cambridge, MA). Normalization of western blots was confirmed by incubating 

immunoblots with β-actin antibody-1 (Oncogene Research Products). The 

immunocomplexes were detected by enhanced chemiluminescence (Amersham Corp. 

Arlington Heights, IL). Flow cytometry was performed in triplicate as described 

previously (Jeffy et al., 2002). Briefly, cells were harvested with trypsin and washed in 

PBS. Then cells were treated with RNAse and stained with propidium iodide (70 μmol/L 

in PBS). Cell cycle distribution profiles were recorded with a FACscan (Becton-

Dickinson), using a CELLQuest program.  

 

Electrophoretic Mobility Shift Assay (EMSA): 

Cells were plated in DMEM plus 5% charcoal-stripped fetal bovine serum.  After 24 

hours, cells were treated for 24 hours with 10 nM E2 then subsequently harvested. Briefly, 

cells were trypsinized then washed with ice-cold DPBS.  Cells were resuspended in ice-

cold 25 mmol/L Hepes buffer containing 1.5 mmol/L EDTA, 1 mmol/L DTT, 0.5 
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mmol/L PMSF, and 5 μg/mL aprotinin and placed on ice for 10 minutes.  Cells were 

pelleted and resuspended in 1 mL ice-cold 25 mmol/L Hepes buffer containing 1.5 

mmol/L EDTA, 10% (v/v) glycerol, 1 mmol/L DTT, 0.5 mmol/L PMSF, and 5 μg/mL 

aprotinin.  The cell suspension was transferred to a mortar for drilling with a Teflon 

pestle until more than 90% of the cells in a 2-µL aliquot were unable to exclude trypan 

blue.  After centrifugation, cell pellets were resuspended in 150 µL ice-cold 25 mmol/L 

Hepes buffer containing 1.5 mmol/L EDTA, 10% (v/v) glycerol, 0.5 mol/L KCl, 1 

mmol/L DTT, 0.5 mmol/L PMSF, and 5 μg/mL aprotinin and placed on ice with 

intermittent vortexing.  Cell debris was removed by centrifugation.  Supernatants 

containing nuclear protein were stored at -70ºC.  Nuclear protein concentration was 

determined using the BCA protein assay (Pierce Chemical Company). Oligonucleotides 

used for binding and gel retardation assay were:  BRCA-1 , 5’-

AACCTGAGAGGCGTAAGGCGTT -3’ (sense) and 5’-

AACGCCTTACGCCTCTCAGGTT-3’ (antisense); and consensus TRE, 5’-

CAAACACATGAGTAATGTGTT-3’ (sense) and 5’-

AACACATTACTCATGTGTTTG-3’ from the human collagenase promoter. The 

complementary oligonucleotides were annealed then phosphorylated at the 5’-end with 

[γ-32 P]ATP and T4 polynucleotide kinase.  Unincorporated nucleotides were removed 

using the TE-10 spin columns (Clontech).  Binding assays were performed by incubating 

5 μg of nuclear protein in the binding buffer then incubated with the labeled 

oligonucleotides for 20 minutes. For supershift assays, antibodies (Affinity Bioreagents) 

were incubated with 1 µg nuclear extracts for 2 hours prior to addition of labeled 
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oligonucleotides. For cold competition, a 100-fold excess of the respective unlabeled 

oligonucleotides was added to the binding reaction 10 minutes prior to addition of the 

labeled oligonucleotides.  Samples were electrophoresed through a 5% non-denaturing 

polyacrylamide gel at 200 V for 90 minutes.  Finally, the gel was dried and exposed to a 

phosphor screen and digital phosphorimages were retrieved using the Storm system 

(Molecular Dynamics). 

 

Site-directed mutagenesis:  

Details concerning the cloning of a 1.7kb BRCA-1 promoter fragment into pGL3 

Basic are described elsewhere (Jeffy et al., 2002).  Mutation of XRE core sequences 

(GCGTG to Gccaa) was carried out by site-directed mutagenesis (Stragene, La Jolla, CA) 

using the following primers synthesized by Sigma-Genosys (The Woodlands, TX): 

XRE1-F-Mut, 5’-GGATTTCCCAAAGAATTGTGCC-3’; XRE1-R-Mut, 5’-

GGCACAATTCTTTGGGAAATCC-3’; XRE2-F-Mut, 5’-

GGGTACTGGCCAAGGAGAGTG-3’; XRE2-R-Mut, 5’-

CACTCTCCTTGGCCAGTACCC-3’.  Insertion of mutations was confirmed by direct 

sequencing. The plasmid pTam67 was originated by cloning the Tam67 cDNA into the 

EcoRI site of pCR3.1. 

 

Chromatin Immunoprecipitation Assay:  

MCF-7 cells were prepared in phenol red-free DMEM/F12 supplemented with 5% 

CS-FS for three days.  Cells were collected after fixation of protein and DNA following 
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the addition of formaldehyde to a final concentration of 1% to cell culture medium and 

incubation at 25oC for 10 minutes.  Cells were harvested and resuspended in lysis buffer 

(1% SDS, 10mM EDTA, 50mM Tris-HCl, protease inhibitor cocktail). After sonication 

(10 X 15 seconds), samples were diluted in ChIP buffer (1% Triton X-100, 2mM EDTA, 

150mM NaCl, 20mM Tris-HCl, protease inhibitor cocktail).  Dilutions of chromatin 

preparations were reserved as either input (no antibody) material or utilized for 

immunoprecipitation with the desired antibody.  The sonicated samples were 

immunocleared with 2μg sheared salmon sperm DNA (Invitrogen, Carlsbad, CA), 5μg 

mouse IgG (MP Biomedicals, Irvine, CA), and 45 μL protein G beads (Pierce 

Biotechnology, Rockford, IL) for 2 hours at 4oC.  The supernatant was then incubated 

with desired antibodies overnight at 4oC.  After immunoprecipitation, 2 μg sheared 

salmon sperm DNA and protein G beads were added to samples and incubation continued 

for an additional hour.  The bead complexes were sequentially washed with TSE I (0.1% 

SDS, 1% Triton X-100, 2mM EDTA, 20 mM Tris-HCl, 150 mM NaCl), TSE II (0.1% 

SDS, 1% Triton X-100, 2mM EDTA, 20 mM Tris-HCl, 500mM NaCl), buffer III (0.25% 

LiCl, 1% NP-40, 1% deoxycholate, 1mM EDTA, 10mM Tris-HCl), TE. Then DNA was 

extracted three times with extraction buffer (1% SDS, .1M NaHCO3).  Samples were 

uncrosslinked in a 65oC wather bath overnight and the DNA was purified using the 

Qiagen Nucleotide Removal Kit.  PCR primers used to amplify the BRCA-1 promoter 

region flanking the AP-1 binding site were: forward, 

ATCGGTACCAAGTGATGCTCTGGGGTACTG; reverse, 

ACTAGATCTACCTCATGACCAGCCGACGTT (237 bp).  The oligonucleotides used 
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to amplify the region flanking the XRE1 and XRE2 binding sites were: forward, 

CTCCCATCCTCTGATTGTACCTTGAT; reverse, 

GTCAGCTTCGGAAATCCACTCTC (311 bp). As a positive control for estrogen 

treatment and ChIP assay for ERα, we tested for recruitment of ERα at the ERE region 

of the estrogen-inducible pS2 gene using the primers, forward:  

TATGAATCACTTCTGGAGTGA; Reverse:  GAGCG TTAGATAACATTTGCC (289 

bp). As negative controls, we tested for recruitment of ERα at exon-7 of the BRCA-1 

gene using forward: 5’-ATGCAAACAGCTATAATTTTG-3’; reverse, 5’-

CAAGGAAGGATTTTCGGG TTC-3’ (140 bp) and coincubation with IgG.   

 

Real-time PCR:  

The SYBR Green PCR Reagents kit (Applied Biosystems, Foster City, CA) was 

used as described by the manufacturer.  Briefly, reactions were run at a final volume of 

25 μL consisting of the following master mix: 2.5 μL of 10X sybrgreen buffer, 3 μL of 

25 mM MgCl2, 2 μL of 12 mM dNTPs (dATP, dCTP, dGTP, dTTP), 2 μL each of 

forward and reverse primers, 0.25 μL of Amperase Uracil-N-glycosylase, 0.125 μL of 

Taq polymerase, 11.125 μL nuclease free ddH2O, and 2 μL of DNA.  The ABI 5700 

sequence detection system and comparative CT method were used to quantify the relative 

differences in PCR product as described previously (Selmin et al., 2004).  BRCA-1 

promoter amplicons were normalized to input. 
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Statistical analysis:  

Results of transfection and real-time PCR experiments are presented as means + 

SEM. Statview, the SAS Institute (Cary, NC) statistical analysis software was used for 

analysis of variance (ANOVA). Comparison of means following a significant (P<0.05) 

ANOVA test were performed by Fisher’s protected least significant difference test. 

 



 51

CHAPTER III: AN ESTROGEN RECEPTOR-α/p300 COMPLEX ACTIVATES 
THE BRCA-1 PROMOTER AT AN AP-1 SITE THAT BINDS JUN/FOS 

TRANSCRIPTION FACTORS: REPRESSIVE EFFECTS OF p53 ON BRCA-1 
TRANSCRIPTION 

 
 
Introduction 
 
The breast and ovarian cancer susceptibility gene BRCA-1 (Miki et al., 1994; Futreal et 

al., 1994) encodes for a transcription factor, which contributes to recombination and 

DNA repair functions (Li et al., 2000; Cortez et al., 1999; Scully et al., 1997).  Reduced 

levels of wild-type BRCA-1 protein have been detected in a large percentage of sporadic 

breast tumors in the absence of mutations in the BRCA-1 gene (Wilson et al., 1999) 

suggesting that disruption of BRCA-1 expression may be a contributing factor in the onset 

of mammary carcinogenesis (Thompson et al., 1995).  The exposure to ovarian estrogens 

has been recognized as one risk factor in breast tumorigenesis based on the evidence that 

therapies with the estrogen receptor agonist tamoxifen reduced the incidence of breast 

cancer (Strassmer-Weippl and Goss, 2003).  Effects of estrogen on responsive genes are 

mediated by two estrogen receptors, ERα and ERβ.  In the classical pathway, the ERα 

contacts the DNA at specific EREs comprised in target genes and recruits coactivators 

and cofactors that enhance transcription (Shang et al., 2000). Alternatively, the ERα may 

physically interact with p160/p300 proteins bound to an AP-1 (Jun/Fos) complex that 

contacts DNA (Jakacka et al., 2001).  The profile of cofactors and the type of ligand have 

been shown to influence transcription activity of the ERα (Shang and Brown, 2002; 

Paech et al., 1997).  
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The expression of BRCA-1 peaks in S-phase of the cell cycle (Chen et al., 1996; 

Vaughn et al., 1996; Gudas et al., 1996) and is induced by estrogen in breast cancer cell 

lines (Gudas et al., 1995; Romagnolo et al., 1998) and estrogen plus progesterone in the 

mammary gland of ovariectomized mice (Marquis et al., 1995).  Although estrogen 

depletion reduces BRCA-1 expression (Spillman and Bowcock, 1996), the stimulatory 

effects of estrogen on BRCA-1 expression are believed to be indirect based on the 

observations that the proximal BRCA-1 promoter lacks consensus EREs that bind the 

ERα and de novo protein synthesis is required for BRCA-1 upregulation (Marks et al., 

1997). To clarify the mechanisms of estrogen stimulation of BRCA-1 expression, we 

investigated whether estrogen regulated BRCA-1 transcription through an alternative 

pathway involving the recruitment of complexes containing the ERα at non-EREs in the 

BRCA-1 promoter.  We report that in response to estrogen an ERα/p300 complex is 

recruited to an AP-1 domain located in the proximal BRCA-1 promoter and activates 

BRCA-1 transcription, whereas the overexpression of p53 prevents the recruitment of the 

ERα and represses BRCA-1 promoter activity. 
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Results 

Estrogen Induces BRCA-1 Promoter Activity: 

 In transient transfection assays with ERα-positive MCF-7 breast cancer cells, we 

found that the treatment with 17β-estradiol (E2) for 24 hours, but not earlier time points 

(data not shown), stimulated by a factor of 2.0 the transcriptional activity of a 1.69 kb 

BRCA-1 promoter-reporter construct (pGL3BRCA-1) (Jeffy et al., 2002) containing both 

transcription start sites for exon-1A and exon-1B (Figure 10A). The E2-treatment 

stimulated luciferase-reporter activity form a positive control promoter-reporter construct 

(p3xERE) containing an array of three consensus EREs (Figure 10B) and the 

accumulation of BRCA-1 protein (Figure 10C).  The requirement for the ERα in the E2-

dependent regulation of BRCA-1 transcription was confirmed in cervical Hela and colon 

HCT116 cancer cells transiently transfected with pGL3BRCA-1 plus a vector encoding 

for the ERα (pERα).  For these experiments, we adopted transfection conditions similar 

to those of previous studies, which examined the role of BRCA-1 on ERα signaling (Fan 

et al., 1999). In detail, we transfected ~70% confluent 24-well dishes with 0.5 μg of 

pERα. Our results indicated that in ERα-negative Hela (Figure 11A) and HCT116 

(Figure 11B) cells transfected with either pGL3BRCA-1 or an empty vector (pCR3.1) the 

E2-treatment was not sufficient to induce BRCA-1 promoter activity. However, BRCA-1 

transcription became responsive to E2 following cotransfection with various amounts of 

pERα as documented by stimulation of luciferase activity from pGL3BRCA-1. Similarly, 

transcription from the positive control p3XERE reporter construct was induced by E2 

upon cotransfection with pERα.  The cotransfection of ERα into Hela and HCT116 cells 
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produced a fold-induction in BRCA-1 transcription similar to that observed in transfected 

MCF-7 cells expressing endogenous ERα and treated with E2. 
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Figure 10: Estrogen induces BRCA-1 promoter activity in transiently transfected MCF-7 
cells.  (A) MCF-7 cells were precultured for 4 days in phenol-red free Dulbecco’s 
modified Eagle’s medium (DMEM) containing 5% charcoal-dextran-stripped fetal bovine 
serum (FBS) (Hyclone Laboratories). Then, a 1.69-kb fragment of the BRCA-1 5′ 
flanking region driving the expression of a luciferase cassette (pGL3BRCA-1) was 
transiently transfected using  Lipofectamine Plus (Life Technologies) into MCF-7 cells, 
which were cultured in DMEM or DMEM plus 10 nM 17β-estradiol (E2) (Sigma) for 
various periods of time. (B) The treatment with E2 induces promoter activity from a 
positive control vector (p3xERE) transfected into MCF-7 cells.  Bars represent mean 
luciferase units corrected for the internal control renilla ±SE from two independent 
experiments performed in quadruplicate. (C) Western blotting with antibodies for BRCA-
1 (Ab-2) and β-actin (Ab-1) (Oncogene Research Products) documents that BRCA-1 
protein levels are induced in MCF-7 cells cultured for 24 hours in DMEM plus 10 nM E2. 
Asterisks indicate statistically significant (P<0.05) differences compared to 24 hour 
control (DMEM). 
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Figure 11: ERα is required for estrogen-mediated induction of BRCA-1. (A) Hela and (B) 
HCT116 cancer cells were cotransfected with pGL3BRCA-1 and either a plasmid 
encoding for the ERα (pERα) or an empty vector (pCR3.1). Transfected cells were 
cultured in DMEM or DMEM plus 10 nM E2 for 24 hours. Control plates were 
transfected with p3xERE. Bars represent mean luciferase units corrected for the internal 
control renilla ±SE from two independent experiments performed in quadruplicate. 
Asterisks indicate statistically significant (P<0.05) differences compared to control 
(DMEM). 
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In search of non-ERE sites located in the proximal BRCA-1 promoter that may 

recruit transcription complexes containing the ERα, we mapped a sequence (5’-CTGAG-

3’) with significant homology to consensus sequences for AP-1 transcription factors 

(Weis and Rosales, 1990) at position -31/-27 upstream of the transcription start site on 

exon-1B (Figure 12A). Site-directed mutagenesis of the candidate AP-1-like (CTGAG to 

Cacta) site abrogated basal and E2-dependent activity of the BRCA-1 promoter as 

evidenced by the significant reduction in luciferase activity observed in MCF-7 cells 

transfected with a mutated BRCA-1 promoter-luciferase reporter construct (pAP1mut) 

(Figure 12B). Moreover, cotransfection with an expression vector encoding for a 

dominant-negative variant (pTam67) of c-Jun abrogated basal and E2-induced BRCA-1 

promoter activity (Figure 12C), confirming the requirement for AP-1 in basal and 

estrogen-dependent regulation of BRCA-1 transcription. 
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Figure 12. An AP-1-like site contributes to estrogen-induced BRCA-1 promoter activity. 
(A) Position of the candidate AP-1 element in the BRCA-1 promoter. (B) MCF-7 cells 
were precultured for 4 days in DMEM with 5% FBS and then transiently transfected with 
pGL3BRCA-1 or pGL3BRCA-1 mutated at the AP-1 site (pAP1mut).  The treatment 
with E2 induces promoter activity of p3xERE. (C) Transient transfection of MCF-7 cells 
with a dominant-negative c-Jun plasmid (pTam67) represses basal and estrogen-regulated 
BRCA-1 transcription. Data represent mean luciferase units corrected for the internal 
control renilla ±SE from two independent experiments performed in quadruplicate. 
Askerisks indicate statistically significant (P<0.05) differences compared to control 
(DMEM). 
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Estrogen stimulates the recruitment of the ERα  to an AP-1 site in the BRCA-1 Promoter 

Region: 

We used chromatin immunoprecipitation (ChIP) assays to investigate whether or 

not estrogen stimulated the recruitment of the ERα to the BRCA-1 promoter region 

containing the AP-1 domain.  Based on the information that BRCA-1 levels peak in S 

phase (Rajan et al., 1996), we enriched the fraction of MCF-7 cells positioned in G1 

phase of the cell cycle (Table 1).  Time course-experiments showed that E2 stimulated 

the recruitment of the ERα to a BRCA-1 promoter fragment comprising the AP-1-like 

motif (Figure 13A).  This was accompanied by recruitment of p300 (Figure 13B) and 

accumulation of cells in S-phase (71.5%) (Table 1).  Conversely, the E2-induced 

accumulation in S-phase and recruitment of ERα and p300 were antagonized by 

cotreatment with tamoxifen (TMX) (Figure 14).  Even though the treatment with TMX 

stimulated by ~50% BRCA-1 promoter activity, in combination with E2 it antagonized 

the activation of BRCA-1 transcription. These agonist/antagonist effects of TMX were 

similar to those exerted by this compound on expression of other estrogen-responsive 

genes (Jakacka et al., 2001).  

The E2-treatment stimulated the recruitment of cJun and FosB (Figure 15) 

confirming that AP-1 contributed to formation of a transcription complex at this region. 

Control experiments indicated that the coincubation of cross-linked chromatin with 

preimmune IgG did not generate a corresponding BRCA-1 amplification product (Figure 

16A). Neither did E2 stimulate the recruitment of ERα to the coding region of exon-7 in 

the BRCA-1 gene (Figure 16B). However, the treatment with E2 triggered the recruitment 
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of ERα to a consensus ERE in the pS2 gene (Figure 16C) thus confirming the efficacy of 

the E2 treatment and the experimental conditions for the ChIP assay.   

To obtain additional evidence that the BRCA-1 promoter region containing the 

AP-1 site was targeted for binding by the ERα, we incubated nuclear extracts obtained 

from E2-treated MCF-7 cells with a BRCA-1 oligonucleotide spanning 22 bp (-40/-19) 

upstream of the exon-1B transcription start site.  The incubation of nuclear extracts with 

the BRCA-1 oligonucleotide produced two distinct complexes (bands A and B).  The 

band A was supershifted in a dose-dependent fashion following coincubation of the 

BRCA-1 oligonucleotide with increasing amounts of an ERα antibody (ERαAb) (Figure 

17) suggesting this complex contained the ERα. These results mapped the binding region 

for the ERα to the BRCA-1 promoter segment comprised between -40 to -19 bp, which 

included the AP-1-like domain.  Conversely, the coincubation of nuclear extracts with 

control preimmune IgG did not produce a supershifted band.  The formation of complex 

A was competed by coincubation  with excess cold oligonucleotide containing the 

consensus AP-1 sequence 5’-TGACTCA-3’ from the human collagenase promoter (data 

not shown) confirming the BRCA-1 oligonucleotide was a target for AP-1. Taken 

together, these results suggested that induction of BRCA-1 transcription by estrogen 

required the concomitant expression of the ERα and its occupancy along with p300 at an 

AP-1 site in the proximal BRCA-1 promoter.  
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Table 1. Estrogen stimulates G1 to S phase transition of MCF-7 cells. 
________________________________________________________ 
Treatment                                          G1                    S            G2/M 
________________________________________________________ 
4 days in DMEM                              65.0                 34.5              0.5  
after 24 h DMEM                             40.5                 59.0               0.5 
                        E2                             28.0                 71.5               0.5 
                    TMX                            54.6                  42.0               3.4 
              TMX+E2                            35.2                 61.2               3.6 
________________________________________________________ 
MCF-7 cells were pre-cultured for 4 days in phenol-red free Dulbecco’s modified Eagle’s 
medium (DMEM) containing 5% charcoal-dextran-stripped fetal bovine serum (FBS). 
Then cells were cultured for 24 hours in basal DMEM or DMEM supplemented with 10 
nM 17β-estradiol (E2), 1 μM tamoxifen (TMX), or their combination. Cell were stained 
with propidium iodide and used for flow cytometry. Cell cycle distribution profile were 
recorded with a FAC-scan (Becton-Dickinson) using a CELLQuest program. 
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Figure 13: Treatment of MCF-7 cells with estrogen stimulates BRCA-1 promoter 
occupancy by ERα and p300 at an AP-1 site.  (A) MCF-7 cells were precultured for 4 
days in DMEM with 5% FBS and then treated with 10 nM 17β-estradiol (E2) for various 
periods of time. Cells were processed for ChIP assay using an antibody against the ERα 
(Neomarkers, Fremont, CA). Inputs are control bands generated by PCR from cross-
linked chromatin. (B) Estrogen stimulates at 24 hours the recruitment of ERα and p300 
(antibody from Affinity Bioreagents, Boulder, CO), whereas 1 μM tamoxifen (TMX) 
(Sigma) antagonizes E2-dependent recruitment of ERα and p300.
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Figure 14: E2-induced BRCA-1 transcription in transiently transfected MCF-7 cells is 
antagonized by cotreatment with TMX.  MCF-7 cells were precultured for 4 days in 
DMEM with 5% FBS and then transiently transfected with pGL3BRCA-1. Transfected 
cells were cultured in DMEM or DMEM plus 10 nM E2, 1 μM TMX or their 
combination for 24 hours.  Bars represent mean luciferase units corrected for the internal 
control renilla ±SE from two independent experiments performed in quadruplicate. 
Askerisks indicate statistically significant (P<0.05) differences compared to control 
(DMEM). 
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Figure 15: E2 stimulates the recruitment of c-Jun and FosB. MCF-7 cells were 
precultured for 4 days in DMEM with 5% FBS and then treated with 10 nM 17β-estradiol 
(E2) for 24 hours. Cells were processed for ChIP assay using an antibody against c-Jun or 
FosB (Affinity Bioreagents, Boulder, CO). Inputs are control bands generated by PCR 
from cross-linked chromatin. 
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Figure 16: Negative and positive controls for ChIP assay. (A) Coincubation with IgG 
followed by PCR amplification does not produce a band comprising the AP-1 segment. 
(B) The recruitment of ERα to a region of exon-7 in the BRCA-1 gene (negative control) 
is not stimulated by E2, which stimulates (C) the recruitment of ERα to a consensus ERE 
in the pS2 gene (positive control). The size of the amplicon was 237 bp for BRCA-1 (-98 
to +139 bp from the +1 on Exon-1B), 289 bp for the pS2 ERE, and 140 bp for exon-7 of 
the BRCA-1 gene. 
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Figure 17: Electromobility shift assay for ERα at the BRCA-1 promoter.  MCF-7 cells 
were precultured for 4 days in DMEM with 5% FBS and then treated for 24 hours with 
E2. Nuclear extracts were coincubated with a 32P-labeled BRCA-1 oligonucleotide (-40/-
19 bp) plus various amounts of mouse IgG or an antibody for the ERα. The ERα 
antibody supershifted a complex (band A) in a dose-dependent manner, thus confirming 
the presence of the ERα at this region (FP=free probe). 
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Overexpression of p53 prevents the recruitment of ERα to the AP-1 and represses BRCA-

1 transcription: 

 In previous studies, p53 has been shown to repress BRCA-1 expression (Jeffy et 

al., 2002; MacLachlan et al., 2002), through yet unknown mechanisms. Therefore, we 

examined whether or not p53 interfered with E2-stimulation of BRCA-1 transcription. In 

transient transfection experiments with MCF-7 cells, we found that basal and E2-induced 

BRCA-1 promoter activity were repressed following cotransfection with various amounts 

of a vector encoding for wild-type p53 (p53WT) (Figure 18A).  In parallel transfection 

experiments with HCT116 cells lacking p53 (HCTKO, p53-/-), the treatment with E2 did 

not influence BRCA-1 transcription in cells cotransfected with pGL3BRCA-1 plus the 

empty vector pCMV (Figure 18B). The cotransfection with pGL3BRCA-1 plus pERα did 

not alter basal promoter activity, but resulted in a modest increase (~20%) in BRCA-1 

transcription following E2 treatment.  Conversely, the cotransfection of HCTKO cells 

with various amounts of p53WT repressed in a dose-dependent fashion BRCA-1 promoter 

activity. However, the relative induction by E2 was greater in cells transfected with 

higher amounts (0.25 to 1.0 μg) of p53WT suggesting that E2 regulation of BRCA-1 

transcription was influenced by the relative expression levels of p53 and ERα. 
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Figure 18: Overexpression of wild-type p53 represses basal and estrogen-induced BRCA-
1 transcription.  (A) MCF-7 and (B) HCTKO (p53-/-) cells were precultured for 4 days in 
DMEM with 5% FBS and then transiently transfected with pGL3BRCA-1 or 
pGL3BRCA-1 plus various amounts of a plasmid encoding for wild-type p53 (p53WT) 
(gift from Bert Vogelstein, Johns Hopkins University) under the control of the 
cytomegalovirus (CMV) promoter or an empty plasmid (pCMV). Where indicated, the 
HCTKO cells were cotransfected with 3.0 μg pERα. Transfected cells were cultured in 
DMEM or DMEM supplemented with 10 nM E2 for 24 hours. Bars represent mean 
luciferase units corrected for the internal control renilla ±SE from two independent 
experiments performed in quadruplicate. Askerisks indicate statistically significant 
(P<0.05) differences compared to control (cotransfected with empty vector in DMEM). 
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Based on the information that p53 physically interacts with the ERα (Yu et al., 

1997), we asked whether or not overexpression of p53 modulated the recruitment of ERα 

to the AP-1 site.  ChIP experiments with MCF-7 cells indicated that E2-induced 

recruitment of the ERα to this site was repressed following overexpression of exogenous 

p53WT (Figure 19A and B). These findings suggested p53 represses E2-induced BRCA-1 

transcription by preventing the recruitment of the ERα to the BRCA-1 promoter.  Western 

blotting analysis confirmed that in MCF-7 cells overexpressing p53 the induction of 

BRCA-1 protein by E2 was greatly reduced compared with MCF-7 cells transfected with 

the empty plasmid pCMV. These data suggested that the interaction of the ERα at the 

AP-1 was critical for the E2-dependent increase in BRCA-1 protein observed in western 

blots. 
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Figure 19: Overexpression of p53 in MCF-7 cells prevents estrogen-induced 
accumulation of ERα and BRCA-1 protein. In (A) bands are PCR products following 
ChIP assay for ERα. Inputs are control bands generated by PCR from cross-linked 
chromatin. (B) Western blotting with antibodies for p53 and BRCA-1 document that p53 
protein levels are overexpressed in MCF-7 cells transfected with p53WT, whereas E2-
induced BRCA-1 protein is repressed. In (A) and (B) MCF-7 cells were cultured for 24 
hours in DMEM or DMEM plus 10 nM E2. 
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Discussion 

The objective of the present study was to investigate whether or not E2 activated 

BRCA-1 promoter activity and the potential involvement of the ERα. Previous studies 

have documented that E2 stimulates BRCA-1 expression (Gudas et al., 1995; Romagnolo 

et al., 1998). However, the lack of EREs in the promoter of BRCA-1 has led to the 

suggestion that E2-activation of BRCA-1 expression is indirect (Marks et al., 1997).  In 

this study, we used a 1.7-kb BRCA-1 promoter fragment containing both transcriptional 

start sites of exon-1A and -1B (Jeffy et al., 2002) to investigate the E2 regulation of the 

BRCA-1 promoter. The results of transfection studies indicated that E2 stimulated BRCA-

1 promoter-reporter activity in breast MCF-7 cells expressing endogenous ERα, and in 

colon (HCT116) and cervical (Hela) cells cotransfected with a plasmid encoding for the 

ERα. Our transfection conditions were similar to those used in previous studies that 

examined the interplay between BRCA-1 and ERα (Fan et al., 1999). In the current 

studies, the efficacy of transfection conditions and E2 treatment were confirmed by 

induction in transfected cells of transcription activity from a control expression construct 

containing an array of three consensus ERE (p3XERE) as well as accumulation in MCF-

7 cells of BRCA-1 protein. Conversely, the cotreatment with the antiestrogen tamoxifen 

abrogated E2-induced BRCA-1 promoter activity in MCF-7 cells confirming the 

involvement of the ERα in regulation of the BRCA-1 transcription.  

The action of the ERα at an ERE (5′-GGTCAnnnTGACC-3′) is well understood 

and involves direct binding of the ER homodimer to DNA and the recruitment of 

coactivators including CBP/p300 and p160 (Shang et al., 2000; Webb et al., 1998). 
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Alternatively, the ERα has been shown to activate transcription of several E2-inducible 

genes including IGF-1 (Umayahara et al., 1994), collagenase (Uht et al., 1997), and 

cyclin D (Geum et al., 1997) at AP-1 sequences that bind members of the Jun and Fos 

family. Inspection of the proximal BRCA-1 promoter revealed the presence in close 

proximity to the exon-1B transcription start site of an element (CTGAG) homologous to 

a sequence that binds AP-1 factors (Weisz and Rosales, 1990). Several observations 

presented in this report support the notion that this site is important for basal and E2-

induced regulation of BRCA-1 transcription. First, mutation of the candidate AP-1 site as 

well as overexpression of a dominant-negative variant of cJun (pTam67) led to repression 

of BRCA-1 promoter activity in transfected MCF-7 cells. These results were in agreement 

with those of previous investigations documenting that mutation of sites binding Jun/Fos 

proteins and expression of Tam67 reduced basal and E2-inducible AP-1 transactivation 

(Brown et al., 1993; Cooper et al., 2003; Thompson et al., 2002). Second, the results of 

ChIP assays provided direct evidence that the BRCA-1 promoter region flanking the AP-1 

site was targeted by cJun and FosB upon treatment of MCF-7 cells with E2. Compared to 

other members of the Jun and Fos families, c-Jun and FosB are considered strong 

transactivators (Hess et al., 2004) and their recruitment to the BRCA-1 gene highlights 

the role of AP-1 in E2-dependent activation of BRCA-1 transcription. Third, the treatment 

with E2 induced the recruitment of ERα and its cofactor p300 to the BRCA-1 promoter 

region comprising the AP-1, whereas the antiestrogen tamoxifen antagonized these 

effects. Results of electro mobility shift assays mapped the recruitment of the ERα to a 

21-bp promoter region (-40 and -19bp) spanning the AP-1 site. These cumulative data are 
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consistent with a model that attributes to the ERα and its coactivator p300 a key role in 

activation of BRCA-1 transcription through an AP-1. The physiological relevance of these 

findings is that ERα/AP-1 interactions may lead to activation of BRCA-1 promoter 

activity, which is paralleled by an increase in BRCA-1 protein. Unlike gel mobility 

studies with segments of the BRCA-1 promoter, the ChIP assay offered the opportunity to 

examine the recruitment of these transcription factors to the BRCA-1 promoter in the 

context of the native chromatin. 

The dynamics of cofactor recruitment to the AP-1 site is likely complex and 

involves an orderly recruitment of transcription factors and alterations in chromatin state 

(Shang et al., 2000). For example, the participation of p300, which possesses intrinsic 

histone acetyl transferase (HAT) activity (Ogryzko et al., 1996) in the formation of the 

transcription complex recruited at the AP-1 may be a key event that leads to chromatin 

remodeling and activation of BRCA-1 transcription. This notion is supported by the 

current observations that cotreatment with tamoxifen antagonized the recruitment of p300 

to the AP-1 site and antagonized the stimulatory effects of E2 on BRCA-1 promoter 

activity. Although in this study we did not assess the presence of p160s, members of this 

family of transcription factors have been shown to physically interact with the ERα at 

AP-1 sites (Webb et al., 1998). One possibility is that Jun/Fos heterodimers bound to the 

BRCA-1 DNA may recruit p300-p160s, whereas the ERα may be recruited to the 

complex via contacts with the coactivator p160 (Kushner et al., 2000). Furthermore, it is 

plausible that the ERα may form bridges with accessible transcription factors recruited at 

adjacent sites in the BRCA-1 promoter. For example, we identified just upstream of the 
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AP-1 site a consensus sequence (5’-GGGCGG-3’) for the transcription factor Sp1, which 

has been shown to interact with the ERα (Porter et al., 1997). This potential interaction 

may stabilize the ERα/p300 transcription complex formed at the AP-1. Finally, another 

factor that may influence the degree and temporal activation of the BRCA-1 gene by E2 is 

the relative abundance and profile of AP-1 proteins recruited to the BRCA-1 promoter. 

Regardless of the precise complement of cofactors and coactivators recruited at the AP-1 

site, our studies showed that ERα and p300 play an important role in E2-dependent 

activation of the BRCA-1 promoter. The recruitment of an ERα/p300 complex to an AP-1 

rather than an ERE site may integrate the role of AP-1 in regulation of cell proliferation 

(Kushner et al., 2000) with that of BRCA-1 in cell growth response. The fact that the 

kinetics and magnitude of BRCA-1 induction by E2 are different from those of inducible 

genes containing EREs (Marks et al., 1997) may due to the type of transcriptional 

response that is required for BRCA-1. Elevation of BRCA-1 expression as cells enter S-

phase may offer a control mechanism that activates DNA repair and cell cycle 

checkpoints before DNA replication occurs (Vaughn et al., 1996).  

Previous studies by other investigators (Arizti et al., 2000; MacLachlan et al., 

2000) and our laboratory (Jeffy et al., 2002) documented that BRCA-1 expression levels 

were down-regulated in response to p53 induction and that these effects were due to 

transcriptional repression by p53. However, no consensus p53-binding sites have been 

found in the BRCA-1 promoter (Artizti et al., 2000) suggesting the repressive effects of 

p53 on BRCA-1 transcription are not mediated through direct binding to target DNA 

sequences. In this study, we found that overexpression of p53 counteracted the E2-
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dependent upregulation of BRCA-1 promoter activity. Results of ChIP assays 

documented that the recruitment of ERα to the AP-1 site in the BRCA-1 promoter was 

abrogated in MCF-7 cells overexpressing exogenous p53. One potential explanation for 

these results is that p53 may physically interact with the ERα thus hampering the 

transcriptional activity of the liganded ERα (Yu et al., 1997).  The interaction between 

p53 and ERα occurs at multiple sites on the ERα protein and interferes with the ability of 

ERα to bind to EREs or other proteins in an ERα-mediated transcription complex (Liu et 

al., 1999). In addition, p53 may interfere with the recruitment of p300 and associated 

factors to the AP-1, while stimulating the recruitment of corepressors and histone 

deacetylases. For example, the physical interaction of p53 with histone deacetylase-1 and 

mSin3a has been reported to mediate transcriptional repression of the Map4 gene 

(Murphy et al., 1999). Other reports documented that p53 binds to p300 in a region that is 

required for its intrinsic HAT activity (Ogryzko et al., 1996). The formation of p53-p300 

complexes have been shown to reduce the amount of p300 available and repress 

transcription from an AP-1 site, whose activation is p300-dependent (Avantaggianti et al., 

1997).  

  Overall, these findings provided evidence for a direct role of ERα in regulation of 

BRCA-1 promoter activity by E2. The increased expression of BRCA-1 may lead to 

activation of S-phase checkpoints including p53 and p21 (MacLachlan et al., 2000; Ouchi 

et al., 1998; Zhang et al., 1998; Somasundaram et al., 1997) and DNA damage-

responsive genes (Harkin et al., 1999) (Figure 20). This signaling may be of particular 

significance in cells of the breast, which undergo cyclical proliferative pressure by 
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ovarian estrogens.  Without the positive regulation of BRCA-1 expression by ERα, it is 

conceivable that E2 may stimulate progression through S-phase without proper control 

and increase the risk for cancer growth in E2-responsive tissue. Studies have shown that 

90% of BRCA-1 tumors are likely to be ER-negative (Lakhani et al., 2002) and may 

explain the lower levels of BRCA-1 observed in sporadic breast tumors (Wilson et al., 

1999).  In turn, increased expression of BRCA-1 may inhibit the transcriptional activity of 

the ERα as suggested by earlier studies (Fan et al., 1999).  

Our results also indicated that endogenous p53 levels appeared to have no effects 

of ERα recruitment to the BRCA-1 promoter. Conversely, overexpression of p53 

antagonized the recruitment of the ERα to the AP-1 site. These data may explain at least 

in part how accumulation of p53 leads to repression of BRCA-1 transcription (Arizti et al., 

2000).  Interestingly, upregulation of BRCA-1 has been shown to stabilize wild-type p53 

providing a feedback loop in which these tumor suppressor genes regulate each other 

(MacLachlan et al., 2002).  Overall, the interplay between the positive and negative 

regulation by ERα and p53 respectively on BRCA-1 expression may be part of an integral 

signaling pathway that is mediated by AP-1 and determines whether the cell undergoes 

checkpoints/DNA repair or apoptosis should the damage be irreparable.  Disruption of 

this trafficking may predispose to the onset of breast cancer.
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Figure 20: Proposed model that integrates E2 regulation of BRCA-1 expression with G1 
to S-phase transition. Our data suggest that E2 stimulates the recruitment of an ERα/p300 
transcription complex to an AP-1 site in the BRCA-1 promoter. In turn, increased BRCA-
1 levels may activate G1/S-phase checkpoints to allow time for DNA repair (MacLachlan 
et al., 2000) and block ERα transcriptional activity (Fan et al., 1999). However, 
accumulation of p53 interferes with the recruitment of ERα leading to transcriptional 
repression of BRCA-1. 
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CHAPTER IV: THE LIGAND STATUS OF THE AROMATIC HYDROCARBON 
RECEPTOR MODULATES TRANSCRIPTIONAL ACTIVATION OF BRCA-1 

PROMOTER BY ESTROGEN 
 

Introduction 

The tumor suppressor gene BRCA-1 encodes for a transcription factor that 

participates in regulation of cell proliferation (MacLachlan et al., 2002) and maintenance 

of genome integrity (Wang et al., 2000; Xu et al., 2001). Although mutations in BRCA-1 

confer a high risk of developing breast cancer, genetic susceptibility accounts for only 

about 10% of breast cancer cases.  However, in sporadic breast tumors, which represent 

90-95% of breast cancers, BRCA-1 expression is downregulated in the absence of 

mutations in the BRCA-1 gene suggesting that disruption of BRCA-1 regulation may 

contribute to the etiology of breast cancer (Wilson et al., 1999).   

Several factors are believed to contribute to the etiology of sporadic breast cancer 

including reproductive history, diet, and environmental toxins (American Cancer Society, 

2005; Hilakivi-Clarke et al., 2000). Prototypical environmental pollutants found in 

industrial pollution, tobacco smoke, and cooked foods include the polycyclic 

polyhalogenated 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), which has been shown to 

alter mammary gland development (Huska et al., 1998; Vorderstrasse et al., 2004), 

disrupt endocrine functions (Gierthy, 1987; Holcomb, 1994), and promote tumor growth 

(Nebert et al., 1990; Dragan and Schrenk, 2000). Population studies have detected the 

accumulation of TCDD in breast milk (Hooper et al., 1998; Weiss et al., 2003) 

suggesting this agent may reach breast tissue and be a risk factor in mammary neoplasia. 

Another class of environmental pollutants is polycyclic aromatic hydrocarbons (PAH) 
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including the prototypical carcinogen benzo[a]pyrene (B[a]P), which is found in cigarette 

smoke and cooked meat (Hattemer-Frey and Travis, 1991). Diet contributes average 

values of 600 ng/day of B[a]P (Scherer et al., 2000).  

The biological effects of dioxins and PAHs are mediated through binding to the 

aromatic hydrocarbon receptor (AhR), a member of the basic helix-loop-helix family of 

transcription factors (Burbach et al., 1992; Reyes et al., 1992). The liganded AhR recruits 

the aromatic receptor nuclear transclocator (ARNT) and related adaptor molecules 

including CBP/p300 to form a heterocomplex, which activates transcription of target 

genes such as the P450s CYP1A1 and CYP1A2 at cis-acting dioxin or xenobiotic-

responsive elements (XRE=5’-GCGTG-3’).  

In animal and cell culture models the recruitment of the activated AhR/ARNT 

heterocomplex to XREs has been shown to disrupt transcription of E2-responsive genes 

including cathepsin D, (Wang et al., 2001; Krishnan et al., 1995), pS2 (Gillesby et al., 

1997), and c-fos (Duan et al., 1999). Proposed mechanisms for these inhibitory effects 

include DNA-binding interference between the AhR/ARNT- and ERα-containing 

complexes for adjacent or overlapping target sites (Gillesby et al., 1997; Zacharewski et 

al., 1994; Safe et al., 1998), and competition for common transcription factors (Ricci et 

al., 1999). Conversely, the agonist-activated AhR/ARNT heterodimer has been shown to 

activate E2-responsive promoters through the recruitment of the unliganded ERα and the 

co-activator p300 to estrogen responsive gene promoters (Ohtake et al., 2003). The 

estrogenic/anti-estrogenic effects of AhR ligands are influenced by several factors 

including concentration and binding affinity of AhR ligands, E2 levels, ER status, cell 
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type, availability of nuclear cofactors, and target promoter (Ricci et al., 1999; Gozgit et 

al., 2004; Spink et al., 1994; Marlowe et al., 2004). 

Previously, we reported that estrogen induced BRCA-1 transcription by 

stimulating the recruitment of an estrogen receptor-α (ERα)/p300 complex to a region of 

the proximal BRCA-1 promoter containing an AP-1 site (Jeffy et al., 2005). Based on 

earlier observations by our group that the AhR-ligand B[a]P repressed expression of 

BRCA-1 in ERα positive breast and ovarian cancer cells (Jeffy et al., 1999; Jeffy et al., 

2002), we investigated whether the AhR modulated ERα signaling at the BRCA-1 

promoter. Here, we document that in ERα-positive breast cancer cells E2 stimulates the 

recruitment of the unliganded AhR to the proximal BRCA-1 promoter region flanking the 

AP-1 site and potentiates the effects of the liganded ERα in activation of BRCA-1 

transcription. Conversely, we report that the AhR ligands B[a]P and TCDD repress E2-

induced BRCA-1 promoter activity. This repression is accompanied by increased 

occupancy by the liganded AhR and HDAC1 on a BRCA-1 promoter segment comprising 

two consensus XRE sites located upstream from the AP-1 element, and reduced 

recruitment of the cofactors p300 and SRC-1. We conclude that the ligand status of the 

aromatic hydrocarbon receptor modulates E2-dependent transcriptional activation of the 

BRCA-1 promoter.



 81

Results 

The unliganded AhR is required for E2-induction of BRCA-1 transcription:  

Previous studies documented that the effects of AhR ligands on E2-responsive 

gene may be due to crosstalk between the AhR and the ERα recruited to estrogen 

responsive elements (EREs) (Ohtake et al., 2003). The BRCA-1 promoter does not 

contain ERE (Xu et al., 1997; Marks et al., 1997), but it harbors an AP-1 site (Figure 

21A), which upon E2 stimulation recruits an ERα/p300 complex (Jeffy et al., 2005). 

Based on the information that the AhR physically interacts with the ERα (Ohtake et al., 

2003), we used ChIP assay to test whether or not E2 influenced the recruitment of the 

AhR to the BRCA-1 promoter region containing the AP-1 element. We used the breast 

cancer MCF-7 cell line because it has been used extensively to investigate the crosstalk 

between the AhR and ERα pathways in regulation of E2-responsive genes (Wang et al., 

2001; Ohtake et al., 2003; Gozgit et al., 2004; Jeffy et al., 2002). The results of 

experiments depicted in Figure 21B indicated that E2 stimulated the recruitment of the 

unliganded AhR to the BRCA-1 promoter flanking the AP-1 element. The occupancy by 

the AhR was not altered by treatment with TCDD confirming that E2 stimulated the 

recruitment of the unliganded AhR. Based on these data, we examined the effects of α-

naphthoflavone (ANF) and 3’-methoxy-4’-nitroflavone (3M4NF), which are antagonists 

of the AhR (Henry et al., 1999; Lu et al., 1995; Merchant et al., 1990), on BRCA-1 

promoter activity and AhR occupancy.  The treatment with E2 stimulated a ~2.5-fold 

induction in BRCA-1 promoter activity. Conversely, the treatment with ANF or 3M4NF 

alone had no effects on BRCA-1 transcription (Figure 22A). However, both AhR 
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antagonists repressed E2-induced BRCA-1 promoter activity in transfected MCF-7 cells 

suggesting that the unliganded AhR was required for E2-dependent activation of BRCA-1 

transcription.  This notion was corroborated by results of ChIP assay indicating that the 

treatment with E2 induced the recruitment of the unliganded AhR to the promoter region 

flanking the AP-1 site, whereas the cotreatment with 3M4NF abrogated promoter 

occupancy by the AhR (Figure 22B). 
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Figure 21. Occupancy of the BRCA-1 promoter by the unliganded AhR at an AP-1 site. 
(A) The diagram depicts the positions of the candidate XRE-1, XRE-2 and AP-1 
elements in the BRCA-1 promoter. Numbers indicate base pairs from the transcription 
start site on exon1B. The arrows depict the position of oligonucleotides used to test the 
recruitment of AhR to the BRCA-1 promoter region flanking the AP-1 element. (B) MCF-
7 cells were precultured for 3 days in phenol-red free Dulbecco’s modified Eagle’s 
medium (DMEM) with 5% charcoal-stripped fetal bovine serum (CS-FS) and then 
treated with 10 nM E2 for 90 minutes. Cells were processed for chromatin 
immunoprecipitation (ChIP) assay followed by PCR amplification as described in 
Materials and Methods with antibodies against the AhR. Inputs are control bands 
amplified from chromatin prior to immunoprecipitation. The size of the amplicon is 
237bp.  MW, DNA molecular weight marker. 
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Figure 22: The unliganded AhR is required for E2 stimulation of BRCA-1 transcription. 
(A) MCF-7 cells were precultured for 3 days in DMEM containing 5% CS-FS. Then, a 
luciferase reporter construct driven by a 1.69-kb fragment of the BRCA-1 5′ flanking 
region (pGL3BRCA-1) was transiently transfected using Lipofectamine Plus into MCF-7 
cells, which were cultured for 24 hours in control medium (DMEM), DMEM plus 10 nM 
E2, 100 nM 3’-methoxy-4’-nitroflavone (3M4NF), the combination of E2 and 3M4NF, 
25 μM α-napthoflavone (ANF), or the combination of ANF and E2. Columns represent 
mean relative luciferase units corrected for renilla ±SE (bars) from two independent 
experiments in performed in triplicate (n=6) and normalized to the DMEM.  Asterisks 
indicate statistically significant (P<0.05) differences compared to control (DMEM). 
Statistical analysis performed as described in Materials and Methods. (B) MCF-7 cells 
were treated for 90 minutes with E2, 3M4NF, or their combination.  Samples were 
processed by ChIP assay with antibodies against the AhR as described in B.  MW, DNA 
molecular weight marker. 
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Because the AhR has been shown to inhibit ERα transcriptional activity (Reen et 

al., 2002; Klinge et al., 1999), we examined the interplay between these receptors on 

BRCA-1 regulation. For these experiments we used cervical Hela cells, which lack 

endogenous ERα.  The E2 treatment of Hela cells transfected with pGL3BRCA1 did not 

influence BRCA-1 transcriptional activity.  However, BRCA-1 transcription was induced 

by E2 in Hela cells cotransfected with a plasmid containing a cassette for wild-type ERα 

(pERα).  The stimulatory effects of E2 on BRCA-1 promoter activity were of the same 

magnitude as those measured in MCF-7 cells expressing endogenous ERα (Figure 23A). 

Conversely, basal and E2-induced BRCA-1 transcription were reduced in Hela cells 

cotransfected with a plasmid encoding for an ERα lacking the binding domain for the 

AhR (pERαΔAhR) (Figure 23A). The efficacy of the E2 treatments was confirmed by 

activation of a positive control reporter construct (p3XERE) cotransfected with pERα 

into Hela cells (Figure 23B). These data provide evidence that the physical interaction 

between the ERα and the AhR plays an important role in basal and E2-dependent 

activation of BRCA-1 promoter activity.  
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Figure 23: The ERα/AhR protein interaction region is required for E2-induced BRCA-1 
promoter activity. (A) Hela (ERα negative) cells were precultured for 3 days in phenol 
red-free DMEM plus 5% CS-FS. Then, cells were transiently transfected with 
pGL3BRCA-1 or pGL3BRCA-1 cotransfected with either an expression vector encoding 
for the human ERα (pERα) or ERα lacking the AhR interacting region (pERαΔAhR). (B) 
The positive control plasmid p3XERE, containing three EREs, plus pERα were 
contransfected into Hela cells to confirm efficacy of E2 treatment and transfection 
conditions. Columns represent mean relative luciferase units corrected for renilla ±SE 
(bars) from two independent experiments performed in triplicate (n=6) and normalized to 
the DMEM.  Asterisks indicate statistically significant (P<0.05) differences compared to 
control (DMEM).
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The liganded AhR represses E2-induced BRCA-1 transcription:  

In previous studies, we reported that the AhR-ligand B[a]P repressed E2-induced 

accumulation of BRCA-1 mRNA (Jeffy et al., 1999).  Therefore, we investigated whether 

activation of the AhR pathway interfered with induction of the BRCA-1 promoter in 

transfected MCF-7 cells.  We observed that treatment with E2 induced a 2.5-fold increase 

in BRCA-1 promoter activity, which was abrogated upon cotreatment with B[a]P (Figure 

24A).  These repressive effects of B[a]P were paralleled by activation of a positive 

control promoter element (p1A1-4X) transfected into MCF-7 cells (Figure 24B). Because 

metabolism of B[a]P has been shown to generate reactive intermediates with anti-

estrogenic properties (Jeffy et al., 2002), we tested the effects of TCDD, which is not 

metabolized, on BRCA-1 promoter activity. These experiments indicated that TCDD 

reduced basal promoter activity by ~25% (Figure 24A) and abrogated entirely the 

stimulation by E2. The efficacy of the treatments with TCDD and E2 were confirmed by 

activation of transcription respectively from the control p1A1-4X and p3XERE 

expression vectors (Figure 24B).         
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Figure 24: Agonists of the AhR abrogate E2-induced BRCA-1 transcription. (A) MCF-7 
cells were precultured for 3 days in DMEM containing 5% CS-FS. Then, pGL3BRCA-1 
was transiently transfected using Lipofectamine Plus into MCF-7 cells, which were 
cultured in control medium DMEM, 10 nM E2, 5 μM B[a]P, 100 nM TCDD, B[a]P plus 
E2 or TCDD plus E2.  (B) In transfected MCF-7 cells the treatment with B[a]P and 
TCDD induced the positive control reporter luciferase construct p1A1-4X containing four 
XREs; E2-treatments induced transcription from p3XERE. Columns represent mean 
relative luciferase units corrected for renilla ±SE (bars) from two independent 
experiments performed in triplicate (n=6) and normalized to the DMEM.  Asterisks 
indicate statistically significant (P<0.05) differences compared to control (DMEM). 
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Previous studies have documented that the repressive effects of AhR ligands on 

E2-responsive genes were mediated through the recruitment of the liganded AhR to 

XREs. Therefore, we examined whether the BRCA-1 promoter harbored potential XRE 

sites.  Inspection of the BRCA-1 promoter led to the identification of two elements 

located upstream of the AP-1 site at positions -260/-256 (XRE-1), and -102/-98 (XRE-2) 

with sequence homology to the consensus XRE (5’-GCGTG-3’). Using ChIP assays, we 

detected basal occupancy levels of the unliganded AhR at the BRCA-1 promoter region 

flanking the XRE sites. However, the treatment with TCDD stimulated the time-

dependent recruitment of the AhR to this promoter segment (Figure 25A). The intensity 

of the BRCA-1 amplicon increased linearly from 30 to 90 minutes post-treatment as 

measured by real-time PCR (Figure 25B). Based on these results, we examined the 

combinatorial effects of TCDD and E2 on recruitment of the AhR to the BRCA-1 

promoter region containing XRE-1 and XRE-2. Compared to control DMEM, the 

treatment with E2 did not influence basal occupancy by the AhR, whose recruitment 

however was stimulated by treatment with TCDD (Figure 26A). In cells cotreated with 

TCDD plus E2 the occupancy by the liganded AhR was higher than control (DMEM) and 

E2-treated samples, but was lower compared to TCDD alone suggesting that E2 

antagonized the recruitment of the AhR to this region of the BRCA-1 promoter.   
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Figure 25: TCDD stimulates the recruitment of the AhR to a region of the BRCA-1 
promoter flanking the XREs. (A) MCF-7 cells were precultured for 3 days in DMEM 
containing 5% CS-FS. Then, cells were cultured in control medium (DMEM) or DMEM 
plus 100 nM TCDD for the indicated times.  At the end of the incubation period, cells 
were processed by ChIP assay using antibodies against the AhR.  Inputs are control bands. 
(B) Recruitment of AhR to the BRCA-1 region containing XRE-1 and XRE-2 was 
examined by real-time PCR as described in Materials and Methods. Columns represent 
mean amplification product corrected for input ±SE (bars) and normalized to Time 0. 
Asterisks indicate statistically significant (P<0.05) differences compared to control (Time 
0). 
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Figure 26: TCDD stimulates recruitment of AhR but does not interfere with ERα 
promoter occupancy.  MCF-7 cells were precultured for 3 days in DMEM containing 5% 
CS-FS and then cultured in for 90 minutes in control medium DMEM, DMEM 
supplemented with 10 nM E2, 100 nM TCDD or their combination.  At the end of the 
incubation period, cells were processed by ChIP assay using antibodies against the AhR 
(A) or ERα (B). Bands represent amplified products from immunoprecipitated complexes 
containing the AhR or ERα or control input. The cartoons depict the positions of the 
oligonucleotides used to amplify the BRCA-1 promoter region flanking the XREs (311bp) 
or the AP-1 site (237bp). 
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To clarify the mechanisms underlying the repressive effects of TCDD on E2-

induced BRCA-1 transcription, we examined the effects of E2, TCDD and their 

combination on occupancy by the ERα at the AP-1 site.  Results of ChIP assays (Figure 

26B) indicated that the treatment with TCDD did not interfere with the ability of E2 to 

stimulate the recruitment of the ERα. Therefore, we examined whether TCDD stimulated 

changes in the recruitment of p300, which has been shown to act as a coactivator for both 

the AhR and ERα (Ohtake et al., 2003). Results of ChIP assays followed by quantitation 

by real-time PCR documented that the treatment with E2 and to a lesser extent, TCDD 

stimulated the recruitment of p300 to the region flanking the XREs (Figure 27A). The 

treatment with E2 also induced the recruitment of SRC-1, a member of the p160 family 

of transcription factors (Figure 27B). In contrast, the cotreatment with TCDD plus E2 

reduced the occupancy by p300 and SRC-1 indicating that reduced recruitment of these 

coactivators may contribute to the repressive effects of TCDD on E2-stimulation.  

Because p300 and SRC-1 possess histone acetyl transferase (HAT) activity, 

removal of these cofactors from transcription complexes has been correlated with 

increased histone deacetylation. Therefore, we examined if downregulation of E2-

stimulated BRCA-1 transcription by TCDD was accompanied by changes in the 

acetylation status of histones and the recruitment of histone deacetylases. Results of ChIP 

assays and real-time PCR demonstrated E2-induced acetylation of the core histone H4 

(~3.28-fold) was reduced (~32%) upon cotreatment with TCDD (Figure 28A). 

Conversely, treatment with TCDD or TCDD plus E2 stimulated (~2.8-fold and 1.9-fold 

respectively) the recruitment of HDAC1 to the BRCA-1 promoter region flanking the 
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XRE-1 and XRE-2 (Figure 28B). Moreover, cotransfection with a plasmid encoding for 

HDAC1 (myc-HDAC1) confirmed the ability of HDAC1 to repress BRCA-1 promoter 

activity (Figure 29A).  E2 activated transcription of the positive reporter constructs 

p3XERE (Figure 29B) confirmed the efficacy of the transfection conditions. We then 

examined whether changes in acetylation status mediated the repressive effects of B[a]P 

on E2-induced BRCA-1 transcription. As expected, treatment with E2 induced BRCA-1 

promoter activity (~2.0-fold), whereas the cotreatment with B[a]P repressed E2 

stimulation.  In contrast, the presence of trichostatin A (TSA), a histone deacetylase 

inhibitor, reversed the inhibitory effects of B[a]P  (Figure 30). These cumulative data 

supported a role for histone deacetylation in the transcriptional repression of BRCA-1 by 

TCDD and B[a]P. 
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Figure 27: TCDD inhibits recruitment of histone acetyl transferases. MCF-7 cells were 
precultured for 3 days in DMEM containing 5% CS-FS and then cultured for 90 minutes 
in control medium DMEM, DMEM plus 10 nM E2, 100 nM TCDD or their combination.  
At the end of the incubation period, cells were processed by ChIP assay using antibodies 
against p300 (A), SRC-1 (B). Recruitment of p300, SRC-1 to the BRCA-1 region 
containing XRE-1 and XRE-2 was examined by real-time PCR as described in Materials 
and Methods. Columns represent mean amplification product corrected for input ±SE 
(bars) and normalized to control (DMEM). Asterisks indicate statistical (P<0.05) 
differences compared to control. The cartoon depicts the position of oligonucleotides 
used to amplify the BRCA-1 promoter region flanking the XREs (311bp). 
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Figure 28: TCDD represses BRCA-1 by altering histone status. Acetylation of core 
histone H4 (A) and the recruitment of HDAC1 (B) to the BRCA-1 region containing 
XRE-1 and XRE-2 were examined by real-time PCR. Columns represent mean 
amplification product corrected for input ±SE (bars) and normalized to control (DMEM). 
Asterisks indicate statistically significant (P<0.05) differences compared to control. The 
cartoon depicts the position of oligonucleotides used to amplify the BRCA-1 promoter 
region flanking the XREs (311bp).  
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Figure 29: Overexpression of HDAC1 inhibits BRCA-1 transcription.  (A) MCF-7 cells 
were precultured for 3 days in phenol red-free DMEM plus 5% CS-FS. Then, cells were 
transiently transfected with pGL3BRCA-1 or pGL3BRCA-1 cotransfected with an 
expression vector encoding for the human HDAC1 (myc-HDAC1) which were then 
cultured for 24 hours in DMEM or DMEM plus 10nM E2. (B) The positive control 
plasmid p3XERE was transfected into MCF-7 cells to confirm efficacy of E2 treatment 
and transfection conditions. Columns represent mean relative luciferase units corrected 
for renilla ±SE (bars) and normalized to the DMEM.  Asterisks indicate statistically 
significant (P<0.05) differences compared to control (DMEM). 
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Figure 30: HDAC inhibitor prevents transcriptional repression of BRCA-1. Cotreatment 
with the histone deacetylase inhibitor TSA (25 nM) antagonizes the repressive effects of 
B[a]P on E2-induced BRCA-1 promoter activity in transfected MCF-7 cells. Columns 
represent mean relative luciferase units corrected for renilla ±SE (bars) and normalized to 
the DMEM.  Asterisks indicate statistical (P<0.05) differences compared to control 
(DMEM). 
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Based on information that XREs located on E2-inducible promoters acted as 

negative regulatory elements (Wang et al., 2001; Krishnan et al., 1995; Gillesby et al., 

1997; Duan et al., 1999; Porter et al., 2001), we formulated the hypothesis that mutation 

(GCGTG to GCcaa) of either XRE-1 (pXRE-1mut) or XRE-2 (pXRE-2mut) would 

reverse the repressive effects of TCCD.  The data depicted in Figure 31A indicated that 

compared to MCF-7 cells transfected with wild-type pGL3BRCA-1, mutation of XRE-1 

and XRE-2 reduced respectively by ~20-30% and ~65% basal (DMEM) and E2-induced 

activity. TCDD and E2 activated transcription of the positive reporter constructs p1A1-

4X or p3XERE respectively (Figure 31B) confirming the efficacy of the transfection 

conditions. These results suggested that the XRE-1 and XRE-2 sequences were required 

for maximal E2-activation of BRCA-1 transcription.
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Figure 31. Mutation of XRE-1 and XRE-2 represses estrogen-induced BRCA-1 
transcription. MCF-7 cells were precultured for 3 days in DMEM containing 5% CS-FS. 
(A) Luciferase reporter constructs driven by a 1.69-kb fragment of the BRCA-1 5′ 
flanking region containing mutations in the XRE-1 or XRE-2 elements (XRE1mut or 
XRE2mut) were transiently transfected using Lipofectamine Plus into MCF-7 cells, 
which were cultured for 24 hours in control medium (DMEM), DMEM supplemented 
with 10 nM E2, 100 nM TCDD, or their combination. (B) TCDD and E2 respectively 
induced transcription from p1A1-4X or p3XERE in transfected MCF-7 cells. Columns 
represent mean relative luciferase units corrected for renilla ±SE (bars) from three 
independent experiments. 
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Discussion 

The repressive effects of AhR ligands on E2-responsive genes have been 

intensively investigated and include proteasome-dependent degradation of ERα 

(Zacharewski et al., 1994; Wormke et al., 2003) and enhanced oxidative metabolism 

(Spink et al., 1994). However, the negative effects of TCDD on E2-responsive genes 

have been shown to precede the activation of metabolic enzymes such as CYP1A1 

(Krishnan et al., 1995) and do not alter circulating levels of E2 in vivo (Shiverick et al., 

1982). Therefore, alternative mechanisms may contribute to the inhibitory AhR-ERα 

cross-talk on E2-inducible genes. Transcriptional effects of AhR-ligands include 

competition between the AhR heterocomplex and several transcription factors including 

ERα, Sp1, and AP-1 for binding to promoter regions of E2-responsive promoters (Wang 

et al., 2001; Krishnan et al., 1995; Gillesby et al., 1997). This type of interaction has 

been shown for the c-fos (Duan et al., 1999), cathepsin-D (Wang et al., 2001; Krishnan et 

al., 1995), pS2 (Gillesby et al., 1997), and heat shock protein 27 (Porter et al., 2001) 

promoters.  

In previous studies (Jeffy et al., 2005), we documented that E2 induced BRCA-1 

promoter activity by stimulating the recruitment of a p300/ERα complex to an AP-1 

motif located in close proximity to the start site on exon-1B. Based on earlier evidence 

obtained by our laboratory (Jeffy et al., 1999) that the AhR-ligand B[a]P repressed E2-

induced expression of BRCA-1, we investigated the role of the AhR in E2-dependent 

activation of BRCA-1 transcription. The current findings indicated that the unliganded 

AhR potentiated the transactivation functions of the liganded ERα at the BRCA-1 
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promoter. This conclusion was supported by several lines of evidence. First, results of 

ChIP assays clearly documented that the treatment with E2 stimulated the recruitment of 

the unliganded AhR and liganded ERα to the BRCA-1 promoter region flanking the AP-1 

site. Second, cotreatment with the AhR antagonists ANF and 3M4NF repressed E2-

dependent BRCA-1 transcription. ChIP experiments indicate that 3M4NF prevented the 

recruitment of the unliganded AhR to the BRCA-1 promoter flanking the AP-1 region. 

These results were consistent with those of previous studies documenting that flavone 

antagonists blocked nuclear translocation of the AhR to XRE of target genes (Henry et al., 

1999; Dertinger et al., 2000; Merchant et al., 1993). Third, overexpression of exogenous 

ERα lacking the binding domain for the AhR abolished E2-induced BRCA-1 promoter 

activity. The physical interaction between the unliganded AhR and ERα may stimulate 

the recruitment of common nuclear factors such as p300 and SRC-1 (Ohtake et al., 2003, 

Hestermann and Brown, 2003). The intrinsic histone acetyl transferase activity of p300 

and SRC-1 may in turn induce acetylation of core histones, such as H4, and changes in 

chromatin structure leading to transcriptional activation. Fourth, the stimulatory effects of 

E2 on BRCA-1 promoter activity were dependent on the functionality of two consensus 

XREs located upstream of the AP-1 site. In fact, mutation of either XRE-1 or XRE-2 

repressed E2-induced BRCA-1 promoter activity. Interestingly, the combined mutation of 

XRE-1 and XRE-2 led to complete repression of BRCA-1 transcription in transfected 

MCF-7 cells (data not shown). To our knowledge, these cumulative results are the first 

demonstration that the unliganded AhR bound to the XREs may be a necessary cofactor 

for ERα-dependent activation of BRCA-1 transcription.     
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In contrast, we found that the AhR ligands B[a]P and TCDD antagonized the 

stimulatory effects of E2 on BRCA-1 transcription. Unlike B[a]P, TCDD is not genotoxic. 

Therefore, we used TCDD to detail the role of the AhR in regulation of BRCA-1 

promoter activity. The treatment with TCDD stimulated the recruitment of the liganded 

AhR and HDAC1 to the BRCA-1 promoter region flanking the XRE sites. Conversely, 

cotreatment with TCDD reduced occupancy by the cofactors p300 and SRC-1 while 

preventing acetylation of the core histone H4. The repressive effects of TCDD on BRCA-

1 transcription were in agreement with findings of previous studies documenting 

inhibitory AhR-ERα cross talk on E2-responsive genes. For example, Marlowe et al. 

(2004) reported that following treatment with TCDD the AhR displaced p300 leading to 

repression of S-phase-specific genes. AhR-ligand activation may lead to silencing of 

BRCA-1 promoter activity by displacing the coactivators p300 and SRC-1, thus 

increasing the recruitment of HDAC1 and possibly other corepressors. This concept is 

supported by our results showing that 1) overexpression of HDAC1 abrogated BRCA-1 

promoter activity, 2) TCDD decreased the accumulation of E2-stimulted acetylation of 

core histone H4, and 3) TSA, a histone deacetylase inhibitor, antagonized the repressive 

effects of B[a]P on E2-stimulation of BRCA-1 transcription.       

 Although the transactivating functions of the AhR at XREs are enhanced by the 

association with the adaptor molecule ARNT (Reyes et al., 1992), we did not examine 

the recruitment of ARNT to the BRCA-1 promoter. While it is possible that ARNT may 

contribute to transcriptional repression of BRCA-1, studies by Brunnberg and colleagues 

(Brunnberg et al., 2003) reported that ARNT was found to potently enhance 
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transcriptional activity of ERβ and to a lesser degree ERα. In this study, we focused our 

attention on the role of AhR based on finding that the AhR, but not ARNT, physically 

interacts with the unliganded ERα and ERβ (Ohtake et al., 2003).  The fact the BRCA-1 

promoter harbors more than one XRE suggests that the multiplicity of AhR binding sites 

may assist in increasing the stability of transcription complexes containing the ERα and 

augment accessibility to cofactors.  This interpretation finds support in results of previous 

investigations with the CYP1A1 gene documenting that the presence of multiple binding 

sites for the AhR contributed to stabilization of chromatin in an accessible configuration 

(Ko et al., 1996, Okino and Whitlock, 1995).    

Figure 32A depicts a schematic representation of the crosstalk between the 

unliganded AhR and ERα at the BRCA-1 promoter. Estrogen may transcriptionally 

activate BRCA-1 through the non-classical pathway which involves formation of 

ERα/p300 complex and physical interaction between the unliganded AhR and ERα.  A 

possible implication of this proposed model is that antagonists that block the 

translocation of the AhR to the nucleus may interfere with estrogen regulated BRCA-1 

expression. Figure 32B illustrates a model which takes into account the inability of the 

liganded AhR to participate in the formation of a transcription complex with the liganded 

ERα. Disruption of the interaction between the ERα and AhR may result in loss of 

coactivators, recruitment of HDACs, deacetylation of histones, and thus transcriptional 

repression of BRCA-1.  

Because BRCA-1 expression peaks in S-phase (Chen et al., 1996; Gudas et al., 

1996) and BRCA-1 protein is involved in cell cycle control and DNA repair functions 
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(Xu et al., 2001; Scully et al., 1997), the positive interaction between the AhR and the 

ERα may play a critical role in regulation of cell cycle progression by modulating the 

expression of BRCA-1. On the other hand, the physiological function of the activated 

AhR may be to sense exposure to environmental and dietary AhR-ligands and repress 

BRCA-1 expression and cell cycle progression. The continuation of these studies in vivo 

may assist in the validation of the proposed model of BRCA-1 regulation by the AhR and 

ERα.
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Figure 32:  Proposed models that integrate the crosstalk between the ERα and AhR in 
transcriptional regulation of BRCA-1 by E2.  (A) In the presence of E2, the unliganded 
AhR bound to the XREs contacts the liganded ERα recruited at an AP-1 site and assists 
in the stabilization of a transcription complex that comprises p300 and SRC-1. The 
recruitment of the AhR to this complex is prevented by antagonists of the AhR leading to 
loss of E2-induction of BRCA-1 transcription.  (B) In contrast, binding of agonists to the 
AhR stimulates the recruitment of the ligand-activated AhR to XREs interfering with 
promoter occupancy by the cofactors p300 and SRC-1 while recruiting HDAC1. The 
possible role of multiple XREs in regulation of BRCA-1 promoter is discussed in the text. 
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CHAPTER V: CONCLUSIONS 

Since the cloning of the BRCA-1 gene in 1994 (Miki et al., 1994; Futreal et al., 

1994), its functional significance has been intensely investigated.  Although BRCA-1 has 

been determined to act as a tumor suppressor, the role of BRCA-1 in sporadic breast 

cancer has yet to be defined as the vast majority of sporadic breast tumors lack mutations 

in the BRCA-1 coding region (Zhang and Tombline et al., 1998).  However, studies have 

indicated that BRCA-1 levels are downregulated in these tumors (Thompson et al., 1995), 

suggesting that epigenetic factors including exposure to environmental carcinogens may 

alter BRCA-1 regulation.  Yet, the mechanism of BRCA-1 regulation has not been fully 

elucidated.  

Previous studies from our laboratory have demonstrated that the ubiquitous 

environmental pollutant B[a]P and its diol epoxide (BPDE) inhibit accumulation of 

BRCA-1 mRNA and protein in ERα+ MCF-7 cells.  In ERα- MDA-MB-231 cells, B[a]P 

did not abrogate BRCA-1 expression indicating that B[a]P-mediated downregulation may 

be ERα-dependent.  In the same study, we observed that B[a]P prevented E2-stimulated 

BRCA-1 mRNA accumulation and that this required the AhR pathway (Jeffy et al., 1999).  

In addition, treatment with B[a]P and BPDE induced S-phase and G2/M cell cycle arrest 

as well as accumulation of p53, mdm2, and p21 in MCF-7 cells.  However, the repression 

of BRCA-1 and cell cycle arrest by BPDE were not reversible, indicating that the 

metabolite BPDE and not the parent compound B[a]P was the culprit in misregulation of 

BRCA-1 and cell cycle control (Jeffy et al., 2000).  Cotreatment with the AhR antagonist, 

ANF, prevented cell cycle arrest and p53 accumulation indicating that the activation of 
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the AhR pathway and subsequent metabolism of B[a]P to BPDE may play a key role in 

the early stages of cellular transformation.  As B[a]P activated p53 and suppressed 

BRCA-1 expression, we examined the potential requirement for wild-type p53 in 

downregulation of BRCA-1. We observed that B[a]P abrogated both BRCA-1 promoter 

activity and protein levels in p53+/+ MCF-7 cells but not in ZR75.1 cells, which express 

mutant p53 (Jeffy et al., 2002).  Moreover, concomitant transfection of our reporter 

construct, pGL3 BRCA-1, with a vector encoding for a mutant p53 (pCMV53mut) into 

MCF-7 cells prevented the repression of BRCA-1 transcription by B[a]P.  Taken together, 

the data indicated that B[a]P suppresses BRCA-1 expression in an AhR and p53-

dependent manner.       

Our present studies have focused on dissecting the mechanisms of estrogen- 

stimulated regulation of BRCA-1 and the B[a]P and TCDD-mediated repression of 

estrogen-mediated transcriptional activation of BRCA-1.  We have concentrated our 

efforts on defining the interactions between ERα and p53 as well as ERα and AhR.   

An investigation by Marks, et al., (1997) indicated that estrogen indirectly 

regulated BRCA-1 transcription based on the observation that de novo protein synthesis 

occurs prior to BRCA-1 upregulation and that the promoter lacks a consensus ERE.  

However, studies conducted in our laboratory with a luciferase reporter construct driven 

by a 1.69 kb region of the BRCA-1 promoter, demonstrated that estrogen stimulated 

BRCA-1 promoter activity by 2.0-fold, which was abrogated either upon cotreatment with 

tamoxifen, mutation of an AP-1-like element in the proximal BRCA-1 promoter or 

concomitant transfection of a vector encoding for the dominant negative variant of c-Jun.  
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Moreover, analysis with ChIP assays demonstrated that estrogen stimulated the 

recruitment of ERα, p300, cJun, and Fos B to a region of the BRCA-1 promoter 

comprising the AP-1-like site, while the ERα antagonist tamoxifen prevented promoter 

occupancy by ERα and p300.  Interestingly, overexpression of wtp53 suppressed 

estrogen-mediated expression of BRCA-1.  Through ChIP assays, we confirmed that 

overexpression of p53, which could potentially mimic a response to genotoxic stress such 

as exposure to B[a]P, resulted in loss of promoter occupancy by ERα.  These data 

indicated that estrogen stimulated BRCA-1 transcriptional activity required an AP-1-like 

site and recruitment of the ERα as well as its cofactors, while accumulation of p53 

repressed BRCA-1. 

Future studies are needed to establish the combinatorial and dynamic nature of the 

transcriptional complex and histone status located at the AP-1-like site on the BRCA-1 

promoter, and define the repressive role of p53 on regulation of BRCA-1.  The questions 

that remain to be tested include: 1) the identity of the coactivators recruited by the 

liganded ERα, and 2) what is the mechanism of p53-mediated repression of BRCA-1 

promoter activity.  To answer these questions, we plan to characterize in vitro the kinetics 

of recruitment of ERα and its coactivators, such as p300, p160 family members (SRC-1 

and GRIP), and CARM-1.  As p300 and p160 have HAT activity, we will also determine 

whether key histones (H3 and H4) have been acetylated.  If histone acetylation has 

occurred, then it stands to reason that RNA polymerase II recruitment will follow.  To 

address the mechanism of p53-mediated repression of BRCA-1, stable cell lines 

expressing wild-type p53 or mutant p53 using a TET-inducible system will be developed 
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to examine the BRCA-1 promoter occupancy by p53 and the effects of an over-abundance 

of p53 on cell cycle progression.  Mutant p53 will consist of altering acetylation sites on 

p53 to prevent interaction with the cofactor p300. Non-acetylated p53 should not be 

activated and thus BRCA-1 expression should not be inhibited.  

Moreover, our studies have demonstrated that the liganded AhR negatively 

regulates BRCA-1 by binding to a region of the BRCA-1 promoter flanking the XRE1 and 

XRE2 consensus sequences and reducing acetylation of the core histone H4, diminishing 

promoter occupancy of p300 and SRC-1 while stimulating recruitment of HDAC-1.  

These data were corroborated by results of experiments with TSA, a histone deacetylase 

inhibitor. The addition of TSA reversed B[a]P inhibition of E2-induced BRCA-1 

promoter activity.  Interestingly, mutation of the XRE sites and cotreatment with the AhR 

antagonists 3M4NF and ANF demonstrated that the unliganded AhR was required for 

estrogen-stimulation of BRCA-1. 

Future studies will elucidate the profile of corepressors that participate in 

repression of BRCA-1 in the presence of the AhR ligands TCDD and B[a]P.  Through a 

time course and ChIP assays, we will examine the dynamic nature of the corepressors 

mSin3a, SMRT, and NCoR1.  The potential difficulty of these studies will be to 

differentiate between p53 and AhR-mediated repression of BRCA-1 and then the 

combinatorial activation of the p53 and AhR pathways.  Studies have shown, however, 

that in mice it is the combination of p53 alterations, exposure to chronic doses of an 

environmental mutagen and mitogens that lead to malignant transformation (Cressman et 

al., 1999; Medina et al., 2002).  The loss of p53 alone, even in cells with mutant BRCA-1, 
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is not sufficient for tumor formation (Brodie et al., 2001; Deng et al., 2002).  Therefore, 

future investigations will be undertaken to mimic these situations in vivo.  Briefly, wild-

type p53 and BRCA-1 Balb/c female mice will be treated with B[a]P for 4 weeks and 

sacrificed at 40 weeks.  We expect that tumor incidence associated with B[a]P will 

increase over time.  Mammary fat pads will be surgically removed and we will separate 

the epithelial cells from the stromal cells as described previously (Young 2000).  At this 

point, we will separate tumor cells from normal cells by using antibodies against 

oncogenic markers, such as breast cancer resistance protein-1 (BCRP1) and Sca-1 (Li and 

Rosen, 2005).  From the two populations, differences will be assessed through western 

blots and immunohistochemistry to measure p53, BRCA-1, ERα, AhR protein levels. 

ChIP assays will be performed to determine histone status.  We expect that AhR levels 

and histone deacetylation will be increased while BRCA-1 as well as ERα will be 

diminished.  These studies will characterize the complex molecular events associated 

with downregulation of BRCA-1.    

 In conclusion, the studies presented here provide a greater understanding of the 

mechanisms of BRCA-1 regulation, the various factors that can alter BRCA-1 expression 

and their contribution to tumor initiation as well as promotion.  As current treatment 

strategies, such as tamoxifen, attack the tumor through a systemic approach, it is our hope 

that the understanding of BRCA-1 regulation in normal versus transformed cells will lead 

to the development of more specific treatment strategies that can reverse BRCA-1 

downregulation and inhibit breast tumor growth with fewer side effects and perhaps 

greater efficacy.         
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APPENDIX A: ABBREVIATIONS 

Abbreviation   Name 
 
3M4NF   3’-methoxy-4’-nitroflavone 
AhR    aromatic/aryl hydrocarbon receptor 
ANF    α-naphthoflavone 
AP-1    activator protein-1 
B[a]P    benzo[a]pyrene 
ChIP    chromatin immunoprecipitation  
ERα    estrogen receptor 
HAT    histone acetyltransferase 
HDAC    histone deacetylase 
HSP90    heat shock protein 90 
RIP140   receptor interacting protein-1 
SAhRM   selective AhR modulator 
SRC-1    steroid receptor coactivator-1 
SERM    selective estrogen receptor modulator 
SMRT    silencing mediator for retinoic acid and thyroid hormone  

receptor 
TCDD    2,3,7,8-tetrachlorodibenzo-p-dioxin 
XRE    xenobiotic responsive elements 
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APPENDIX C: ABSTRACTS AND PUBLISHED MATERIAL 

Ku Chi-Fan (Jennifer), Morgan SS, and Romagnolo DF. Requirement for the Aromatic 
Hydrocarbon Receptor in Estrogen-Induced Transcriptional Regulation of BRCA-1. 2005 
Proceedings of the American Association for Cancer Research Annual Meeting.  
 
Ku Chi-Fan (Jennifer), Morgan SS, Jeffy BD, and Romagnolo DF. ERα and AhR 
Cross-talk Regulates Estrogen-Dependent Activation of BRCA-1 Transcription.  2004 
Proceedings of the American Association for Cancer Research Annual Meeting. 
 
Ku Chi-Fan (Jennifer), Jeffy BD, and Romagnolo DF. The Activated Aromatic 
Hydrocarbon Receptor Regulates BRCA-1 Promoter Activity at Xenobiotic Responsive 
Elements. 2003 Proceedings of the American Association for Cancer Research Annual 
Meeting. 
 
Romagnolo DF, Chirnomas RB, Ku J, Jeffy BD, Payne CM, Holubec H, Ramsey L, 
Bernstein H, Bernstein C, Kunke K, Bhattacharyya A, Warneke J, and Garewal H. 
Deoxycholate, an Endogenous tumor Promoter and DNA Damaging Agent, Modulates 
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Jeffy BD*, Hockings JK*, Kemp MQ, Morgan SS, Hager JA, Whitesell LJ, Bowden GT, 
and Romagnolo DF. An Estrogen Receptor-α/p300 Complex Activates the BRCA-1 
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p53 on BRCA-1 Transcription. Neoplasia In Press. 
*These two authors contributed equally. 
 
Hockings JK, Thorne PA, Kemp MQ, Morgan SS, Selmin O, Romagnolo DF. Ligand 
Status of the Aromatic Hydrocarbon Receptor Regulates Estrogen-Induced BRCA-1 
Transcription. Cancer Res In Submission. 
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constituents-gene interactions in carcinogenesis. Current Nutrition & Food Science. In 
submission.
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	Western blotting for BRCA-1 was performed as described previously (Jeffy et al., 2002). Cell extracts were normalized to protein content and separated by 4-12% gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Immunoblotting was carried out with antibodies raised against BRCA-1 (Ab-2) (Oncogene Research Products, Cambridge, MA). Normalization of western blots was confirmed by incubating immunoblots with -actin antibody-1 (Oncogene Research Products). The immunocomplexes were detected by enhanced chemiluminescence (Amersham Corp. Arlington Heights, IL). Flow cytometry was performed in triplicate as described previously (Jeffy et al., 2002). Briefly, cells were harvested with trypsin and washed in PBS. Then cells were treated with RNAse and stained with propidium iodide (70 mol/L in PBS). Cell cycle distribution profiles were recorded with a FACscan (Becton-Dickinson), using a CELLQuest program.  

