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Polycyclic aryl hydrocarbons such as benzo[a Jpyrene (BPI are produced 
during combustion or pyrolysis of organic matter and are thus ubiquitous in the 
human environment. BP has been shown to induce mammary carcinomas in 

laboratory animais and can accumulate in lipid stores such as the mammary fat 
pad. In the process of converting BP to a more water-soluble and excretable forrn, 
highly rnutagenic intemediates are fomed. BP can enhance expression of the 
metabolizing enzymes involved in this process by binding to a ligand-activated 
transcription factor known as the aryl hydrocarbon receptor (AIiR). In its native 
state, cytosolic AhR is found in association with a dimer of 90 kDa heat shock 
proteins (HSPSO) and an immunophilin-like protein. Ligand binding causes loss 
of accessory proteins and translocation to the nucleus where it heterodimerizes 
with the Arnt protein. The AhR/Amt cornplex modulates gene expression by 
binding to cognate DNA sequences in the promoter region of Ah-responsive 
genes. 

Two approaches were utilized to detennine the effects of BP on human 
mammary epithelial cells (HMEC). Firstly, spontaneously immortalized 
nontransfonned HMEC were subjected to multiple rounds of BP exposure and in 
vitro transfonned clones were isolated based on a loss of contact inhibition and 
altered morphology. Unlike parental cells, the BP-transfonned clones were found 
to possess chromosomal alterations that frequently occur in human breast cancer, 
including an isochromosome 8q. Secondly, the mechanism of resistance was 
investigated in a HMEC hunor cell line selected for growth in BP. AhR mRNA 
expression was significantly reduced in the BP-resistant cells, which led to 
decreased AhR protein and DNA-binding activity. Additionally, HSP90 was 
investigated for its ability to regulate AhR activity in vivo in HMEC tumor ce11 
lines. 



Les hydrocarbures polycycliques aromatiques, tel que le benzo[a]pyrene 
(BPI sont produits pendant la combustion des matières organiques et sont par 
conséquent abondant dans notre environnement. Il a été demonhé que BP peut 
causer des carcinomes mammaires dans des animaux de laboratoire et peut 
s'accumuler dans les dépôts de matières grasses tels que le tissu adipeux 
mammaire. Au cours du procéde métabolique qui sert a rendre BP plus 
hydrophilique et donc plus facile à éliminer, des intermédiaires extrêmement 
mutagéniques sont formés. BP augmente l'expression des enzymes impliquées 
dans ce métabolisme. Cette induction est causée par l'activation d'un facteur de 
transcription ligand induit, connu sous le nom de récepteur d'aryles 
d'hydrocarbures (Ahr). Dans son état naturel. l'Ah cytosolique s'associe a un 
dimère de protéines de stress de 90 kDa (HSP 90) et une protéine ressemblant à 

l'immunophiline. L'interaction d'un ligand avec ce récepteur entraine la perte 
des protéines accessoires et le déplacement du complexe ainsi formé vers le 
noyau, où une autre association avec Arnt se produit. Le complexe Ahr/Arnt 
modifie l'expression de certains gènes en reconaissant des séquences d'ADN 
spécifiques dans la région du promoteur des gènes répondant aux aryles 
d'hydrocarbures. 

Deux approches ont été suivies pour étudier les effets de BP sur des 
cellules humaines mammaires épitheliales. Premièrement, des cellules HMEC 
non-transformées et spontanément immortalisées ont été assujeties a plusieurs 
cycles d'exposition au BP. Des clones transformés in vitro ont ete isolés selon le 
phenotype de perte d'inhibition de contact et une morphologie visiblement 
modifiée. Contrairement aux cellules parentales, les clones isoles apres le 
traitement au BP ont des alterations chromosomales qu'on retrouve 
fréquemment dans les cancers mammaires humains, dont un isochrome 8q. 
Deuxièmement, le méchanisme de résistance au BP a &te étudié dans une lignée 
de HMEC tumorale selectionée au BP. L'expression d ' m m  de Ahr était réduite 
de faqon significative dans les cellules resistantes au BP, et par conséquent, 
l'expression de la protéine et sa liaison à I'ADN. De plus, la capacite de HSP 90 
de réguler l'activité de Ahr in vivo dans les cellules tumorales HMEC a été 
étudiée. 
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Excluding skin cancer, breast cancer is the leading type of cancer in 

Canadian women [l]. Currently, one in nine women cm expect to develop breast 

cancer in her lifetime and one in 23 WU die from the disease. Breast cancer is 

verv much a disease of Western countries: rates are nearly six times higher in 

Canada, the United States, or Northern Europe than in Asia or black Africa. Even 

more troubling, from 1981-1998 incidence rates for breast cancer in Canada have 

sipficantiy increased (p=O.Ol) at an average annual rate of 1.5% (21. 

1.1 Eshogen 

The majority of known risk factors for breast cancer relate to the level of 

exposure to endogenous and exogenous estrogens. Early age at menarche and 

late age at menopause are associated with increased risk 131. Although the rate of 

breast cancer incidence increases with age, it declines after age 50, the 

approximate age of natural menopause when ovarian function ceases and 

secretion of estrogen and progesterone drops. Breast cancer is markedly reduced 

by oophorectomy at a young age. Obesity, which increases risk in 

postmenopausal women, is thought to operate through increased estrogen levels: 

in the postmenopausal period, the major source of estrogen is extraglandular 

(largely adipose tissue) conversion of the adrenal androgen androstenedione to 

estrone 14, 51. A slight increase in risk also occurs with the use of oral 

contraceptives and hormone replacement therapy [6,7]. 

The role of estrogens in breast cancer has only recently been studied 

diredly. In a large cohort study of postmenopausal New York women, Toniolo et 

al. 181 fond  that those who subsequentiy developed breast cancer show higher 

serum levels of estrone, total estradiol, and free estradiol, and a lower percent of 



estradiol bound to sex hormone-binding globulin (SHBG) than women who 

remained free from cancer. Sirnilarly, another report has shown that women in 

the highest quartile for non-SHBG bound estradiol had a 5.2-fold elevated risk 

compared to those women in the lowest quartile [9). In a study designed to 

examine estrogen receptor alpha (ERa) expression in benign breast epithelium, 

women who were ER-positive had a 2.5-fold increase risk, after controlling for 

known breast cancer risk factors, compared to those who were ER-negative [IO]. 

The biologic mechanisms involved are poorly understwd, but the theory 

mos t often ci ted is that estrogens initia te carcinogenesis in nonbansformed ceiis 

by providing a mitogenic stimulus (i.e. by enhancing the opportunity for genetic 

mishaps) [Il]. Another possibility is that estrogen metabolism leads directly or 

indirectly to the production of carcinogenic products 1121. Although DNA 

adducts are not associated with estrogen exposure [13], it has b e n  proposed that 

during the process of estrogen metabolism free radicals are created that can 

directly damage the phosphodiester bonds of DNA or alter the nucleotide base 

sequence [14, 151. These free radicals are thought to anse by cytochrome P450 

(CYP)- and CYP reductase-catalyzed redox cycling between catechol estrogen 

metabolites and their corresponding quinones. In this process semiquinone 

intermediates may react with molecular oxygen to form superoxide radicals, 

which are then converted to hydrogen peroxide and further to hydroxyl radicals 

[16, 171. 

Humans are exposed to environmental estrogens in the fom of synthetic 

compounds ("xenoestrogens") and naturally occurring plant estrogens 

("phytoestrogens"). Structurally diverse organochlorine environmental 

contaminants such as polychlorinated biphenyls (PCBs), hydroxylated PCBs, 

kepone, methoxychlor, DDT, DDE, and related compounds exhibit weak 

estrogenic activîty [18], whereas other compounds, specifically the dioxins and 



some PCB congeners, possess antiestrogenic activity. Unlike naturally occuning 

estrogens which possess a half-iife of minutes or hours, organochlo~es are 

resistant to metabolism. Many of these highly LipophiIic compounds persist in the 

body and accumulate in the food chah, and have been linked to reproductive 

failure in anirnals living in the wild or the laboratory [19]. %me studies have 

found associations between semm levels of organochlorine compounds and 

breast cancer [20-231, but most large studies have not found evidence of an 

association [24, 251. In contrast, epidemiological evidence supports the 

hypothesis that phytoestrogens appear to have some protective effects in 

humans, including inhibition of breast cancer formation and growth 1261. 

1.2 Heredity 

The proportion of al1 breast cancer cases that is attributed to hereditary 

factors is in the range of 5-10% [27, 281. It has been estimated that 36% of the 

breast cancer cases diagnosed in women under 30 years of age are the result of an 

inherited genetic defect, making early age at onset the strongest indicator of 

hereditary involvement [29]. Genes currently thought to conhibute to hereditary 

breast cancer indude BRCAI, BRCAZ, p53, PTEN/ MMACI, ATM, and HRASI.  Of 

these genes, mutations of the BRCAl gene have the most impact on breast cancer 

development [30]. About 1/500 to 1/1000 women carry mutant alleles for this 

gene, which are implicated in about 4% of breast cancers in al1 age groups, and 

close to 25% of those diagnosed before age 40 [31]. Women who carry a 

deleterious BRCAl allele have an 85% chance of developing breast cancer by the 

age of 80 and more than half of the cases wiil have occurred before age 50 (321. 

BRCAZ and BRCAZ are very similar stnichirally and behave as classic -or 

suppressor genes, in that loss of both aileles is required for tumorigenesis. ïhese 

proteins appear to interact physically with RadSI, a protein involved in the 



repair of DNA damage and in meiotic and mitotic recombination. BRCAl and 

BRCA2 proteins appear to be involved in the response to DNA damage at several 

different levels including ceii cycle checkpoint activation, induction of apoptosis, 

and DNA repair [33]. interestingly, although approximately 90% of hereditary 

breast cancer involve BRCAl and BRCAZ, neither of these genes have been 

implicated in sporadic breast cancer. 

Familial breast cancer in Li-Fraumeni, Cowden and ataxia telangiectasia 

syndromes led to the identification of p53, PTEN/MMACZ and A TM genes, 

respectively, as genes involved in hereditary breast cancer. A genetic locus near 

the HRASI proto-oncogene, llp15, has been found to be highly polymorphic. 

Krontiris et al. [34] reported a 2-fold increase in breast cancer risk within the 

general population with certain 1 lplS aileles. While the increased N k  is not that 

large, these alleles are present in about 6% of the population and may, therefore, 

contribute to a significant fraction of breast cancer cases. 

1.3 Environmental factors 

Rockhill et al. [35] estimated that approximately 25% of breast cancer cases 

would be prevented in the United States if al1 white women were to undergo 

menarche at age 14 years or later, had no genetic or cultural/lifestyle 

predisposition to disease as reflected in family history of breast cancer, had no 

benign breast conditions detected by a biopsy, and had their first full-term 

pregnancy before age 20 years. This conjecture is relevant for two reasons: (il it 

highlights the fact that established N k  factors are largely modifiable, and (ii) it 

demonstrates that the majority of risk factors temain unknown. Since up to 80% 

of al i  cancers are thought to result from environmental causes [36], it is probable 

that carcinogens play a sipficant role in breast cancer etiology. Even among the 

established risk factors, carcinogens may be responsible, at least in part, for 



initiahg tumors which are proîiferation-dnven (i.e. hormone-responsive), and 

for mutation of the nonnal allele in cases of hereditary breast cancer. 

Epidemiological evidence supports the hypothesis that environmental 

carcinogens contribute to human breast tumorigenesis. For example, the 

incidence of breast cancer among Japanese and Chinese women living in three 

United States geographic areas is more than twice that found in their native 

countries [37, 381. Native Japanese women who migrate to the United States as 

young adults have a small increase in their breast cancer rates while living in the 

United States, whereas Japanese women bom in the United States have rates 

approaching their white counterparts 139, 401. Since established risk factors 

cannot account for the increase in breast cancer incidence among migrant women 

[38], these observations suggest that the risk of breast cancer is related to 

environmental exposures that are acquired early in Life. 

Despite epidemiogical studies that implicate environmental factors in the 

etiology of breast cancer, carcinogens of the breast have not as yet been clearly 

defined. Two factors that are known to increase the risk of breast cancer are 

exposure to ionizing radiation and alcohol consumption. Ionizing radiation has 

been linked to breast cancer from investigations on women subjected to medical 

procedures for tuberculosis [41] and Hodgkin's disease [42]. Airline cabin 

attendants are also reported to be at increased risk, which has been attributed to 

exposure to ionizing radiation during flights 143). Mammographie equipment has 

been modified to reduce ionizing radiation exposure, although an additional 3.9 

women per 100,000 who have annual two-view mammography from age 50 are 

expected to acquire breast cancer 1441. Moderate alcohol consumption slightly 

increases breast cancer risk, with a relative risk of 1.3 for women who consume 

three or more drinlcs per day [451. However, the decrease in risk for 

cardiovascular disease that is associated with alcohoiic beverages precludes a 



recommendation against their use [46]. The mechanism by which alcohol is 

thought to increase cancer incidence is via induction of monooxygenase enzymes 

which have the potential to activate procarcinogens. 

As mentioned above, timing of exposure to carcinogens appears to be an 

important determinant for mammary tumorigenesis. Shidies have shown that 

radiation exposure in females under 20 vears of age imparts a high risk of breast 

cancer, while exposure among those over 40 years of age show modest increased 

risk [47, 481. Similarly, there are studies showing that cigarette smoke may be 

associated with greater risk among women who began smoking at an early age 

(reviewed in [491). 

As many as 160 chernicals were found to cause m m a r y  tumors in the 

United States National Toxicology Program's carcinogenesis bioassay [50]. Two 

classic mammary tumor initiators in rodents, dimethylbenzanthracene and 

dimethylnitrosourea, act as mutagens by well established mechanisms [511, yet 

neither of these compounds occur in the human environment. Moms and Seifter 

[52] have suggested that aryl hydrocarbons (AHs) have a significant role in the 

genesis of breast cancer. They based their hypothesis on the following points: (il 

humans ingest AHs on a daily basis, (ii) the breast is anatornically embedded in a 

major fat depot which stores and concentrates lipophilic Ahs, (iii) human 

mammary epithelial cells have the capacity to metabolize AHs to carcinogenic 

intermediates, and (iv) AHs have been identified as mamrnary carcinogens in 

animal studies [521. AH compounds, including benzene, benzo[a]pyrene (BP), 

and dibenz[ahlanthracene, are formed during combustion or pyrolysis of organic 

matter. Thus, AHs are abundant in sources such as gasoline engine exhaust, 

cigarette smoke, wban air, mil, and in foods that are charcoal-broiled or smoked. 

In addition to AHs, heterocydic amines, arornatic amines, and nitro 

polycydic amines are three additional classes of environmental agents that are 



formed by combustion processes and have tested positive for mammary 

tumorigenesis in bioassays [53]. Sensitive analytxal techniques are now available 

to rnonitor protein adducts, DNA adducts. and urinary metabolites of these 

compounds. However, failure to find associations in humans that reflect the 

experimental findings may be attributed to the inherent difficulty in 

characterizing exposure at the tirne of tumor initiation, which cm occur 20 to 40 

years before diagnosis. 

1.4 Pathology 

The human breast comprises structural elements (connective tissue, fat, 

blood vessels, lymphatic tissue) and functional elements (the mammary gland, 

composed of lobules and ducts lined by epithelial cells) (reviewed in [54-563). The 

tissue organization of the breast is cornplex, even in the epithelial component 

where approximately 99% of tumors originate. There are two major epithelial 

phenotypes in the mammary gland, namely the luminal or secretory ce11 and the 

basal or myoepithelial cell. These ce11 types can be distinguished by 

immunological markers including expression of keratins 7, 8 and 18, ER, and 

polymorphic epithelial mucin in luminal cells; and keratins 5 and 14, vimentin, 

EGF receptor and laminin in basal cells. About 90% of breast tumors express 

keratins 8 and 18, and polymorphic epithelial mucin. indicating they are luminal 

in origin, and about 10% show some evidence of basai markers. The latter himors 

tend to be more aggressive. Approximately half of al1 human rnammary tumors 

express ER. 

Breast cancer derives from the epithelial lining of the terminal rnammary 

ducts or the glandular-like lobuli [57]. Accordingly, hyperplastic lesions are 

classified as "ductal" or "lobular". 



For colon cancer, a paadigm has been desaibed whereby tumorigenesis 

has been disseminated histologically into discrete steps [58]. In contrast, an 

uwnbiguous stepwise progression for mammary tumorigenesis has not been 

elucidated. This is largely attributable to the high number of morphologically 

complex and extremely common proiiferative lesions of the breast, few of whidi 

are unequivocal precurson of breast cancer. Increasingly, epidemiologists have 

shown that certain subsets of these proliferative lesions are associated with the 

later development of breast cancer. Based on this work, breast cancer evolution 

has been proposed to progress histologically from normal cells, to hyperplasia, to 

dysplasia, to non-invasive "in situ" carcinoma, to primary invasive carcinoma, 

and finally metastatic carcinoma 159-621. Each lesion in this mode1 is envisioned 

as a non-obligatory precursor of the next, in the sense that some cells may pursue 

a stable natural history while others may progress to the next stage. Regression 

cm occur at any stage, but becomes less likely with progression. 

Breast cancer research has been hampered by the difficulty in 

immortalizing and transfonning nomal human mammary epithelial cells (63- 

651. A likely explanation is that cells usually senesce before they can acquire the 

multiple changes required for imrnortalization and transformation. As with 

attempts to culture breast cells in vitro, attempts to grow breast cancers in the 

nude mouse have met with very limited success [66, 671, and those prirnary 

tumors that grow are not usually representative of the common invasive cancers. 

1.5 Molecular genetics 

Breast cancer accounts for less than 1% of al1 himors examined for 

cytogenetic abnormalities [68]. From the relatively few studies that have 

desaibed karyotypes of primary breast carcinomas, approximately one third of 

carcinomas are polyclonal 169, 701, whereas in other cases no cytogenetic 



abnomalities are visible [69]. Structural arrangements often associated with 

monoclonal tumors include additions of chromosome lq  and Bq, losses of lp, lq, 

3p, 6q, llp, llq, 16q, and 17p, and numerical aberrations +7, +18 and +20 [68,69, 

711. Every human chromosome has been show to exhibit allelic loss in at least a 

small fraction of breast tumors. The most frequently reported losses, in 

descendhg order, are seen on chromosome 17p, 16q, 17q, 18q, 7q, 8p. 1 p, 13q, 3p. 

6q and I l  p 172-741. 

Specific oncogenes and tumor suppressor genes are recurrently altered in 

human breast carcinomas; these are discussed in the following sections. 

1 S. 1 c-Myc 

The c-mye proto-oncogene has been irnplicated in the control of a wide 

range of normal cellular processes including ce11 growth I751, differentiation [76], 

and apoptosis [77]. This gene encodes a trans-acting nucfear protein that can 

induce (e.g. cyclins A, E, and Dl, dihydrofolate reductase, p53) and repress (e.g. 

c-myc, c-erbB-2, MHC class 1) the expression of target genes [78]. Estradiol- 

induced ce11 proliferation has been associated with the transactivation of c-myc 

[79]. However, there is constitutive and relatively high expression of the c-mye 

gene in ER-negative cells 1801. Thus, overexpression of c-myc may be one 

mechanism by which cells progress to a hormone-independent phenotype. 

Amplification of c-myc has been reported in approximately 15% of over 5000 

breast tumors [78], and in about 305% of M o r s  there is a rearranged allele [81]. 

Genetic altera tions at this locus has been associated with aggressive, advanced 

tumors 1821, high proliferative capaaty [831, pwr prognosis 1841, and advanced 

age [85]. 



1 S.2 c-ErbB-2 

The c-erbB-2 proto-oncogene produa is a member of the receptor tyrosine 

kinase superfamily that also indudes the EGF receptor. Unlike the EGF receptor, 

however, an endogenous ligand for c-ErbB-2 has not been identified. 

Amplification and/or overexpression of c-erbB-2 is found in approxirnately 20% 

of primarv breast tumors, although the percentage of ductal carcinomas in situ 

with c-erbf3-2 overexpression tends to be much higher (40-50%) 1811. No evidence 

has yet been found for structural mutations of c - d B - 2  in hurnan tumors. Tumors 

positive for c-ErbB-2 overexpression tend to be ER- and progesterone receptor 

(PR)-negative, associated with high S-phase fraction, and correlated with a 

greater number of involved lymph nodes [861. Patients with c-erbB-2- 

overexpressing tumors do not benefit as much from adjuvent therapy [87] and 

require more aggressive regimes [BBI. 

1.5.3 [nt-2/Bcl-l/lfst-I 

Amplification of markers at chromosome position l lq13 occur in about 

13% of 2422 primary breast cancers tested [89]. The in t-2, bcl-1, and hst-l  

oncogenes colocalize in this region and are ampüfied either singly or in various 

combinations in breast tumors [90]. The int-2 and hst-l  genes encode two 

fibroblast growth factors (FGF) that are homologous to basic FGF, a protein 

associated with multiple cellular functions including proliferation, angiogenesis, 

wound repair and embryonal morphogenesis [91]. The role of Int-2 and Hst-1 in 

tumot progression is emphasized by the observation that the bek and jig genes 

(which code for acidic and basic FGF receptors, respectively) are also frequently 

amplified in breast cancer [92]. 

The bcl-l gene product is cyclin Dl, a protein involved with celi cycle 

regulation. Overexpression of cydin Dl may result in accelerated proliferation by 



overcoming regdatory constraints normally imposed from its association with 

phosphorylated retinoblastoma protein. As a prognostic factor, rhe strongest 

association of llq13 amplification is with ER-positive status (the opposite of c- 

mbB-2) [93]. 

1.5.4 H-ras 

The family of Ras proteins are responsible for regulating the flow of 

information that is triggered from activated ce11 surface recepton. Ras ultimately 

controls the activity of nuclear transcription factors which function to control the 

expression of key genes that regulate ce11 growth and differentiation. The four ras 

genes, H-ras, K-rasM, K-ras4B, and N-ras, can be constitutively activated, and in 

the process converted to oncogenes, by mutation of codons 12, 13, or 61. In 

contrast to the p53 gene, ras mutation rates Vary quite widely between tumors of 

different origin. Mutations of ras genes have been reported to occur in about 90% 

of pancreatic turnors [94, 951, 50% of colon and thyroid hunors [96,97), 30% of 

lung tumors [98,99], and only about 5% of breast tumors [IO0 1. 

1.5.5 p53 

Mutation of the p53 gene has been reported in more than 50% of al1 

cancers [101], including breast cancer [102]. Among its known functions, p53 acts 

as a transcription factor to regulate cell proliferation 11031 and apoptosis [1041. 

Point mutations in the p53 gene fa11 predominantly within highly conserved 

regions [105]. These mutations produce missense proteins with altered 

transaiptional regulation activities, and often result in high concentrations of p53 

protein detectable by immunohistochemishy (1061. Mutant p53 can act in a 

dominant-negative fashion by binding to and inactivating wild-type p53, while 

null mutations are presumably recessive at the cellular level [107]. Five studies 



have directly correlated ~ 5 3  mutations with breast cancer prognosis and most of 

these studies found relative risks for recurrence or death between 2.2 and 3.3 

(reviewed in [108] ). 

1.5.6 RB 

Phosphor~lation of the retinoblastoma protein on serine and threonine 

residues oscillates during the ce11 cycle. The unphosphorylated form of RB 

predominates in the Gl phase, and phosphorylated forms appear as cells enter 

the S phase and peniçt during G2 and M phases 1109, 1101. Cell cycle regdation 

by RB is mediated, at least in part, through its interaction with the E2F 

transcription factor. Phosphorylation of RB initiates release of E2F from RB, 

allowing E2F to transactivate several growth-related genes including c-myc, c- 

myb, DNA polymerase a, ribonucleotide reductase, and thymidylate synthase 

(reviewed in [Ill]). Loss of heterozygosity (LOH) for the RB gene occurs in 

approximately 36% of breast tumors examined [112-1161. It appears that 

alteration of RB is associated with the latter stages of hunor progression: smaller 

breast tumors (c2 cm) rarely have a loss of RB expression, whereas LOH in 

tumors greater than 2 an is frequent [112,1151. Moreover, Varley et al., [Il71 have 

shown that a proportion of tumor cells express RB in al1 cases where loss of RB 

expression was found, indicating that loss of RB is likely a progressive event in 

breast cancer rather than an initiating stimulus. 

Other genes that have been identified as potential prognostic markers for 

breast cancer in some studies, but which have either undetermined or minimal 

genetic remangement, indude nm23 [Il$], c-myb 11191, c-fis [120], DCC [121] and 

the gene encoding the IGF-1 receptor [lU]. 



BP has been at the forefront of carcinogenesis research for well over a 

century. Possibly the eariiest reference to BP-induced carcinogenicity was the 

report by Percival Pott in 1775 that several young men who had been exposed to 

coal soot through theix occupation as chimney sweeps developed cancer of the 

scrotum (1231. In the nineteenth century, high incidence of skin cancer among 

workers producing paraffin, shale oil and coal tar led to the pursuit of a 

carcinogenic agent [124]. In 1915 Yamagiwa and Ichikawa Il251 were the first to 

experimentally induce skin tumors by repeatedly painting the ears of rabbits 

with coal tar, and by 1933 BP had been purified and identified as the active 

component of coal tar [126]. 

Although Boyland proposed in 1950 that epoxides were the reactive 

intermediates of PAHs (1271, he and others continued to subscribe to the theory 

that carcinogenesis by PAHs was mediated by their physical intercalation into 

DNA. This idea was put to rest in 1968 when it was demonstrated that a PAH 

could be metabolized to an epoxide [128], and covalent binding of BP to DNA or 

protein was dependent upon a miaosome-dependent metabolism step [129,130]. 

In 1973, Bmce Ames and coworkers developed several histidine-requiring (His-) 

straiw of Salmonella typhimurium which underwent back-mutation to a His+ 

phenotype when exposed to a chemical mutagen [131, 1321. They realized that 

bacteria do not dupkate mammalian metabolism in activating carcinogens. To 

overcome this limitation, they added rat liver homogena tes to the cuiture plates. 

By this method, Ames was able to show that carcinogenic PAHs, including BP, 

are only mutagenic in the presence of mammalian metabolking enzymes [131]. 

Sims and colleagues [1331 in 1974 identified the metabolite, 

benzota Jpyrene-7,8-dihydrodiol-9,lO-epoxide (BPDE), that bound to DNA (Fig. 



1). They accomplished this by synthesizing BPDE and showing that the 

duomatographic profiles of DNA digests obtained from ceiis treated with BP 

matched those of digests of DNA reacted with BPDE. Within the foilowing three 

years, the absolute stereochemistry of each active intemediate of BP had been 

detennined and their biological activity assayed in animal and bacteria studies 

[lM-l38]. These studies showed that activation of BP to its ultimate carcinogenic 

form occurs in three stereospecific enzyrnatic steps: (il oxygenaüon at the 7,8- 

double bond of BP by cytochrome P450 enzymes to a 7,B-epoxide, (ii) hydration 

of the 7,bepoxide by epoxide hydrolase to a (-)-trans-7,B-diol, and (iii) 

oxygenation at the 9,lû-double bond of the (-1-trans-7,û-di01 by CYPs to yield (+)- 

nnti-BPDE and (-1-syn-BPDE. The majority of adducts formed in tissues or cells 

treated with BP are derived from (+)-anti-BPDE, the predorninant isomer formed 

metabolically. During this time, it was also shown that (+)-BPDE reacted 

principally with DNA at the 2-amino group of deoxyguanosine to a 20-fold 

greater extent than the (-1-enantiomer, and that small and approximately equal 

amounts of both enantiomers were bound to the exocyciic amino group of 

deoxyadenosine. However, there was no difference between (+)- and (4-BPDE in 

binding to deoxyguanosine when single-stranded DNA was used [139]. These 

results suggest a highly stereoselective orientation of the (+)-enantiomer of BPDE 

to chiral centres in double-stranded DNA prior to the covalent binding to 

deoxyguanosine. 

In addition to BPDE, numerous metabolites have been isolated after 

incubating ceiis or tissue preparations with BP. The primary metabolites indude 

three epoxide, five phenol, three quinone, one hydroxymethyl and three 

dihydrodiol derivatives (reviewed in [140]). 
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Figure 1. Metaboiic pathway of benzo[alpyrene activation and DNA binding. 



2.1 Mammary cucinogenesis 

As early as 1936, Maisin and Coolen induced rnammary tumorigenesis by 

repeatedly painting the skin of mice with BP 11411. Moreover, Huggins and Yang 

[142] reported in 1962 that a single feeding of BP led to mammary cancer in eight 

of nine female Sprague-Dawley rats. More recentiy, marnmary tumors were 

observed in rats that were adminiçtered BP via intramamrnary injection 11431 and 

by gavage [144, 1451. Compared to other PAHs that are known to induce 

mammary tumorigenesis in animals 1511, BP ranks among the highest for 

carcinogenic potency [145,146]. 

2.2 Human exposure 

BP is a polycyclic aryl hydrocarbon that is found in fossil fuels and occurs 

in products of incomplete combustion and pyrolysis of organic matter. Human 

exposure to BP is via three routes: inhalation, diet, and through intact skin. 

Cooked foods are the major source of AH ingestion. For example, a 200 g 

diarcoal-broiled steak contains about 10 pg of BP, smoking 20 cigarettes will lead 

to the inhalation of 0.4-0.8 pg of BP, daily exposure to ambient air amounts to 9- 

40 ng BP, while intake from drinking water may be 1 ng per day [1471. Cooking 

practices dramatically alter the concentration of BP in foods: beef patties that are 

charcoal broiled have approxirnately 7 &kg of BP, cooking over a soft wood 

grill increases BP to 42 &kg, whereas hard wood griiied patties have 1 pg/kg 

BP 11481. BP has been identified in various foods including those that are 

processed or refined (up to 33.5 pg/kg); oils, butter, margarine and fat (up to 62 

&kg); fruit, vegetables and cereal (up to 48.1 pg/kg); and roasted coffee (up to 

16.5 pg/kg) [149]. 

Emissions from coal buming utilities, home heating units, and 

automobiles increase the arnount of BP in the atmosphere. Thus, concentrations 



are higher in the winter than in the s u e r ,  and in urban centres compared to 

rurai areas [150]. Although BP occurs in the volatile phase of exhaust fumes, its 

concentration is much higher in the partidate phase, especiaiiy in diesel exhaust 

11511. BP has been reported to occur in agarette, cigar and marijuana smoke, and 

appears to be more abundant in sidestream smoke rather than mainstream 

smoke (149,1521. 

2.3 Metabolism 

To expedite excretion, lipophilic xenobiotic compounds such as BP are 

converted to more polar and water-soluble derivatives. This is accomplished via 

"phase I" enzymes which oxygenate the compounds (commonly referred to as 

'activation') and "phase II" detoxifying enzymes which conjugate a substrate to 

electrop hilic me tabolites. 

2.3.1 Cytochromes P450 

Cytochrome P450 enzymes were named for their carbon monoxide- 

difference spectrum which contained a major band at an unusually long 

waveiength (about 450 nm) (reviewed in [153, 1541). Although they are referred 

to as cytochromes, in many instances they also act as oxygenases in addition to 

their role as electron camers. Most of the reactions begin with the transfer of 

electrons from NADPH, through a reductase, and then to a CYP, leading to a 

reductive activation of one oxygen atom into the substrate. The reactions that 

have been demonstrated include hydroxylation, epoxidation, peroxygenation, 

deamination, desulfuration, and dehalogenation, as weli as reduction. The CYP 

superfamily is composed of ten famiiies in mammals. Some of the CYPs, such as 

those involved in steroid transfomtio~\~, have a very narrow range of substrate 

specificities, whereas other CYPs possess unusuaîly broad and overlapping 



substrate specificities. Members of the first three CYP families are principally 

involved in xenobiotic metabolism. 

Several CYPs are known to metabolize BP, and these enzymes show 

varying affiniv for BP and its metabolites. Shou et ai. [155] exarnined the 

metabolism of BP by seven different cDNA-expressed hurnan CYPs. These 

studies deterrnined that the relative potency of the CYP isoforms to metaboiize 

BP, in descending order, to be 1Al,1A2,2C9,2B6,3A4,2Elf and 2C8. Acüvity of 

mouse 1Al is forty ümes higher than for the human homologue, indicating the 

potential pitfalls of extrapolating drug metabolism studies across species [155]. 

1A2 is a liver-specific enzyme which has not been detected in breast tissue, 

whereas 1Al is an inducible CYP found primarily in extrahepatic tissues, 

including the breast [156-1581. Recently, a second dioxin-inducible CYPl 

subfamily member has been identified, 1Bt [159], that is more frequently 

expressed at the mRNA level in normal hurnan breast tissue than 1Al [157]. 

Shimada and his colleagues have investigated the ability of human 1Al and 1B1 

enzymes to activate BP and four of its metabolites [MO]. These studies indicated 

that BP is actively catalyzed by 1A1, but is not a good substrate for 1Bl. 

However, the activity of 1B1 for the (+)-7,B-di01 metabolite is Zfold greater 

compared to 1A1, whereas 1Al has a slightly greater affinity for the (-1-7,8-di01 

enantiomer, a precursor of BPDE. In addition to members of the CYPl family, 

immunoblot and RT-PCR techniques have revealed the presence of 2A, 2C. ZD, 

3A and 4.A subfamilies, as well as the individual f o m  2Elf3A4, 3A5 and 2D6 in 

normal breast tissue [157,161]. 

2.3.2 Su@transjbases 

Although BPDE is considered the primary carcinogenic metabolite, other 

reactive metabolites may also contribute to the carcinogenicity of BP. The 



laboratory of James Miller [162, 1631 has shown that 6-hydroxymethyl-BP, a 

product of S-adenosyl-L-methioninedependent methylation activity [164], c m  be 

activated in vivo to an electrophilic and mutagenic sulfunc acid ester metabolite 

by rat and mouse liver sulfotransferase activity. However, the extent of 

participation of these enzymes in BP carchogenic processes is not known. In one 

study, sulfotransferase activity was detected in about half of the human breast 

tumor and peri tumoral tissues examined [ 1651. 

2.3.3 Epoxide Hydrolases 

The epoxide hydrolases are a group of enzymes which catalyze the 

conversion of epoxides. frequently produced through the action of CYP- 

mediated metabolism, to less toxic dihydrodiols. These enzymes potentiate 

secondary oxidation reactions, leading to highly toxic dihydrodiol-epoxides such 

as BPDE. Although microsomal epoxide hydrolase (rnEH) is the main form of 

this enzyme, at least three different isoforms are expressed in humans. mEH 

protein [158] and activity Il651 have been detected in breast himor samples and 

in adjacent normal breast tissue. 

2.3.4 Glutathione Stransférases 

The glutathione S-transferases (GSTs) are multifunctional proteins that 

have the capacity to catalyze the conjugation of electrophilic toxins with 

glutathione resulting in more polar and readily excreted metabolites; to sequester 

toxins through high affinity binding; and to remove toxic peroxides through 

intrinsic organic peroxidase activity (reviewed in 11661). Nine members of the 

GST supergene family have been characterized in humans that are classified in 

four soluble families (a, p, x, 0) and one membrane-bound form (mimosomal). 



Since BPDE is a poor substrate for the 

important mechanism for i ts detoxifica tion is 

epoxide hydrolases, the most 

conjugation with glutathione. 

Robertson et al. [167] examined the catalytic efficiencies of three types of human 

GST to conjugate glutathione to BPDE. These shidied showed that 59%, 60% and 

90% of (+)-unti-BPDE were conjugated with glutathione in the presence of 

purified GST a, p, and r ,  respectivelv. Although GST n has a higher cataly tic 

activity toward (+)-anti-BPDE, the p form shows a higher efficiency for 

conjugating epoxides such as (-1-anti-BPDE and BP-4,S-onde [167,168]. 

GSTs are expressed in d l  human tissues, however, the relative distribution 

of the various isozymes is tissue- and cell-specific. The a form is found in livers 

of every adult, whereas GST is more variable in expression among individuals, 

and most extrahepatic organs express class x.  The breast is not an exception to 

this general rule: studies have s h o w  little to no expression of a in breast hunor 

or peritumoral tissues, expression of p in roughly 60% of the samples, and 

consistent expression of n in nearly al1 samples tested (165,1491. 

2.3.5 U DP-Gl ucuronosyltransJerases 

The uridine 5'-diphosphate-glucuronosyltransferases (UGTs) are a family 

of enzymes in the endoplasrnic reticulum of cells that covalently attach 

glucuronic acid to a vast array of lipophilic compounds, thereby conferring 

greater polarity and water-solubility on them and enhancing their excretion in 

urine or bile. Nine human cDNAs that encode UGTs have been cloned, and are 

classified into two families, UGTl and UGT2 [170]. In conhast to the GSTs, BP- 

epoxides are not substrates for UGTs [171]. Hydroxylated derivatives of BP, 

however, have been shown to be substrates for UGT types le6,2B1, 282 and 287 

[172,173], and studies in UGT-defiaent rat fibroblasts suggest that UGTs may 

have a role in BP-induced carcinogenesis [174]. Presently, expression of 



individual UGT isoforms have not been diaracterized in human breast tissue, 

although UGT activity has been detected in normal breast tissue in at least one 

study [165]. 

2.4 Molecular epidemiology 

Polvmorphisms have been identified in key enzymes associated with BP 

activation. Some of these allelic differences confer a change in specificity or 

activity towards BP. in most epiderniological studies, however, either the low 

number of subjects and/or the low frequency of the deleterious allele have 

rendered any condusions to be only suggestive. 

2.4.1 Cytochromes P450 

There are four polymorphisms within the CYPlAl  gene that have been 

investigated in relation to breast cancer incidence: rn 1, an Mspl restriction 

fragment length polymorphism (RFLP) in the 3'-noncoding region [175]; m2, an 

adenine to guanine transition (codon 462: isoleucine to valine) in the heme- 

binding domain of exon 7 [176]; m3, a Mspl RFLP found in African-Americans 

[ln]; and m4, another amino acid substitution (codon 461: threonine to 

asparagine) in exon 7 [178]. None of these genotypes, either individually or 

combined, have been associated with increased breast cancer risk (1794841. Two 

studies have found an association in a subset of women who smoke and have the 

m l  [1841 or the m2 polymorphisms [180,1841. Data from Ishibe and coworkers' 

study of 466 breast cancer cases and 466 matched controls enroiled in the Nurses' 

Hedth Study was suggestive that women who initiated smoking before 18 years 

of age and had the m2 genotype were at increased risk [184]. This is in agreement 

with a mode1 proposed by Russo who utilized animal studies to show that there 

is narrow time frame d u k g  mammary development in which the breast is most 



susceptible to carcinogenesis [57]. However, the proportion of breast cancers 

attributable to cigarette smoking at a young age among women with the variant 

forms of CYPlAl was low [184]. Pemon et a1.[185] showed that are no differences 

in KM or V,, for CYPlAl-dependent 3-hydroxylation of BP and O-dealkylation 

of ethoxyresorufin between the different m2 alleles, although the polymorphism 

could be affecthg mRNA or protein stability or may be linked to another genetic 

locus. 

Smoking is also a confounding factor in studies examining the effect of 

CYP2EI polymorphism on breast cancer risk. Similar to studies above, ody  

women who were classified as smokers and harbored a specific polymorphism (a 

Dra1 RFLP in intron 6) were f o n d  be at increased risk [186]. While there are no 

clear in vitro data showing that the polymorphic alleles affect enzymatic function, 

the CYP2EI intron 6 polymorphism has been associated with altered CYP2El 

protein levels in human liver samples (187) and increased 7-methyl-2- 

deoxyguanosine adduct levels in human lung [188]. 

2.4.2 Glutathione S-transJerases 

GSTMl and GSTPl detoxify carcinogenic PAHs such as BP, while smaller 

reactive hydrocarbons, such as ethylene oxide and diepoxybutane, are substrates 

for GSTTI. GSTMl enzyme activity is absent in about 45-50% of Caucasian 

populations [189,190]. The absence of GSTMl activity is caused by inheritance of 

two nuil alieles. To determine if BP induces less DNA adducts in people with a 

GSTMl nul1 genotype, Liu et al. [191] incubated human liver cytosols from 

GSTM1-positive or œnegative individuals with calf thymus DNA and BP. BPDE- 

deoxyguanosine adducts were decreased equally from either low or high 

conjugators. Based on these experiments, it was proposed that other GST 

isofomts were compensahg for the la& of GSTMl in n d  individuals [191]. In 



over a thousand breast cancer patients examined, no increased risk has been 

found for those with a null genotype when comparai to a matched control group 

[180, 182, 183, 189,192, 1931. One study has suggested that a slight increase in 

risk may exist for postmenopawl women with the nuil genotype 11931. 

Two polymorphic forms of human GSTP1, differing in their primary 

structure by a single amino acid at position 104, possess different affinities for 

(+)-anti-BPDE: the V,, of glutathione-BPDE conjugation was approximately 3.4- 

fold higier for valine (VI04 than for isoleucine (1104) [194]. Although the results 

are still preliminary, Helzlsouer et al. 11931 found that postmenopausal women 

with a VlM/V104 genotype may be at inaeased risk for breast cancer. 

2.4.3 Epoxide hydrolases 

Two point mutations have been described in the human mEH gene that 

affect enzyme activity. The first (codon 113: tyrosine to histidine) reduces enzyme 

activity by at least 50%, and the second (codon 139: histidine to arginine) 

produces an enzyme with activity that is increased by at least 25% [195]. 

Presently, the role of mEH polymorphisms in relation to breast cancer risk is not 

known. 

3. SIGNAL TRANSDUCTION VIA THE AH RECEPTOR 

Halogenated aromatics such as 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD) are formed as by-products of numerous industrial processes and have 

been identified as contaminants in aimost every component of the global 

ecosystem (196, 1971. Unlike PAHs, TCDD is not rnetabolized and 

bioaccunulates in the food chain. Epidemiologic studies of accidentally exposed 

human populations, as weil as various animal and ceIl culhue models, indicate 



that halogenated aromatics are responsible for species-specific toxic and 

biochemical responses such as dermal toxicity (including chloracne), 

hepatotoxicity and porphoryria, immunotoxicity, teatogenicity, carcinogenesis, 

tissue-specific hypo- and hyperplastic responses, wasting, modulation of 

endocrine homeostasis, lethality, and induction and inhibition of diverse enzyme 

activities (198-203). TCDD is dissimilar to most carcinogens in that it is 

nongenotoxic: it does not covalently bind DNA, RNA, or protein nor is it 

mutagenic in the Ames assay [204, 2051. Proposed mechanisms for the 

carcinogenic effects of TCDD include increased CYP-mediated metabolic 

activation of endogenous or exogenous compounds, DNA single-strand breaks 

resulting from Iipid peroxidation, and alterations in ce11 proliferation through 

transcriptional regdation of cytokines and growth factors [2061. 

3.1 Receptor activation 

Early studies supported the hypothesis that TCDD-induced responses 

were mediated through a receptor. Firstly, the induction of aryl hydrocarbon 

hydroxylase (AHH) activity and several other microsomal monooxygenase 

activities varied in inbred strains of mice [207, 2081. In genetic crosses of Ah- 

responsive C57BL/6 and Ah-nonresponsive DBA/2 mice, Ah-responsiveness 

was found to be inherited as a simple autosomal trait. "Nonresponsive" mice are 

actually less responsive, requiring 10- to 100-fold higher doses of TCDD to attain 

the same level of enzyme induction as responsive strains [209]. Secondly, the 

effects of TCDD occurred in a dose-responsive, stereospecific, and tissue-specific 

manner [2091. Poland and colleagues first identified the Ah receptor (AhR) 

biochemically by demonstrating that a hepatic protein in C578L/6 mice had very 

high affinity for radiolabeled TCDD, whereas liver extracts prepared from 

DBA/2 mice had much less affinity [209]. 



I t was de termined from veloci ty sedimen ta tion experiments that cytosolic 

liganded AhR formed a specifically bound peak at about 9-10s [210, 2111. This 

form of the receptor binds weakiy to DNA. At higher temperature or salt 

concentration the AhR is "transformed" into a 5-6s form which can bind to DNA 

with high affinity 1210, 2111. Two laboratories identified the 90 kDa heat shock 

protein (HSPSO) as a component of the AhR cytosolic complex [212,213]. One of 

these groups, Gustafsson and coworken [212], recognized that characteristics of 

the AhR closely resembled that of steroid hormone receptors, which were known 

to be b o n d  to a HSP9O dimer [214]. In their experiments, they showed that 

molybdate stabilized the AIiR in a 9-10s form in a similar fashion as it dws for 

the glucocorticoid receptor, and that an antibody raised against the 

glucocorticoid-associated HSP90 protein also interacts with the 9-10s AhR 

complex 12121. 

Recently, a second protein has been identified in the nontransformeci AhR 

complex that has been termed AhR-interacting protein (AIP) [215, 2161. AIP is a 

novel cytoplasrnic protein that is closely related to FKBP52, an immunophilin 

that is a component of the multiprotein complex containing unliganded steroid 

receptor as well as HSP90, HSP70, and p23 [217, 2181. Members of the FKBP 

family are thought to facilitate protein folding, steroid receptor signaling, heat 

shock responses, and drug-induced immunosuppression [218, 2191. One 

significant difference between FKBP52 and AIP is that while FKBP52 has been 

found to associate directiy with HSP90, AIP does not appear to stably interact 

with HSP90 in the absence of the AhR [216]. 

Upon stimulation with ligand, A M  translocates to the nucleus where it 

heterodimerizes with the Ah receptor nudear translocator (Amt) protein (Fig. 2). 

At some point during this process, HSP90 and AIP become dissociated, but it is 

not certain whether ligand or Amt initiates their release from the A M .  The 



Figure 2. Schematic representation of the Ah receptor (AIiR) signal 
transduction pathway. In its native state, AhR exists in the cyto lasm in a 
cornplex with a 90 kDa heat shodc rotein (HSP90) dimer an the AhR- CR B 
interacting protein (AIP). Tetra orodibenz~~pdioxh (TCDD), the 
prototypical AhR agonist, can enter the ceU by passive diffusion. Binding 
of TCDD to the AhR initiates a process whereby HSP90 and AIP dissociate 
and the AhR translocates to the nudeus and heterodimerizes with the Amt 
protein. The AhR/Amt cornplex transactivates the expression of Ah- 
responsive genes by binding to &-acting xenobiotic responsive elements 
WRES). 



cDNA for Amt was cloned by complementation of a mutant hepatoma ce11 line 

that phenotypically appeared to be defective in the translocation of liganded AhR 

from the cytoplasm to the nucleus (2201. However, the Arnt nomenclature turned 

out to be misleading: Arnt-defective cells appear to be deficient in translocation 

because liganded AhR cannot b h d  DNA in the absence of Amt. Xn fact, Amt 

resides in the nucleus in the presence or absence of inducer [Ul]. 

3.2 Genetic and protein structures of the AhR and Arnt 

The AhR gene is over 37 kb long and is divided into 21 exons [222,223]. 

The human AhR (hAhR) gene has been mapped to chromosome 7p21 12241, and 

the hArnt gene, which has not yet been fully characterized, is localized on 

chromosome lq21 [225]. Prixnary structures of the murine AhR (rnAhR) 1226,2271 

and hArnt (2201 were first reported in 1992 and 1993, respectively. The 6.3 kb 

mAhR cDNA was found to encode a polypeptide of 805 amino acids. The 

predicted amino acid sequence of AhR showed a significant similarity to that of 

Amt, and cames characteristic domain structures such as basic helix-loop-helix 

(bHLH) motifs at the amino-terminal, Per-Amt-Sim (PAS) homology domains, 

and glutamine-rich domains at the carboxyl-terminal (Fig. 3). The PAS 

superfamily of regulatory proteins include Per and Sim, two Drosophila proteins 

involved in circadian rhythm and central nervous system development, 

respectively, and mammalian hypoxia-induced transcription factors HF-la  and 

W. 

3.2.1 PAS region 

The PAS region of the Al& composed of two imperfect inverted repeats 

of 51 amino acids (PASA and PAS-0) separated by 110 amino acids, is 

huictionally assdated with ligand- and HSP9O-binding processes as weii as 



PAS 

Figure 3. Functional domains of the mouse Ah receptor. 
Diagram is based on a figure by Fukanaga et al. 12281. 



dimerization. Although Ami also contains a PAS motif, it dws not bind either to 

Ligand or HSP90. For the AhR, deletion of PAS-A was f o n d  to reduce Ligand 

binding by 30% compared to full-length AhR, whereas deletion of PASB led to a 

complete inhibition 12283. By similar techniques it was determined that both PAS 

regions are absolutely required for HSP90 binding 12281. Whitelaw et al. (2291 

replaced the PAS and bHLH domallis of AhR and Amt with a heterologous zinc 

finger DNA-binding domain. Both of the resultant &enc proteins were potent 

and constitutive transcription factors. However, inclusion of the PAS HSP90- 

binding region of AhR was found to mediate an irreversible cis-repressive 

function on distant transactivation domains. The ability of HSP90 to confer 

repression from an intact PAS domain was conditional upon the absence of 

ligand [ZN 1. 

Based on RT-PCR analysis of the AhR PAS region in living representatives 

of early vertebrates (jawless, cartilaginous and bony fish), Hahn et al. [230] have 

estima ted that the AhR existed early in vertebrate evoiution, at least 450-510 

million years ago. The conservation of AhR-like sequences in al1 vertebrate 

groups suggests that it perfonns a vital function. 

3.2.2 bHLH region 

The bHLH motif has been demonstrated to harbor subdornains that have a 

role in DNA binding (basic region) and dimerization (HLH region) [231]. A 

feature of many bHLH proteins is the presence of a secondary dimerization 

surface adjacent to the HLH domain. For example, c-Myc and c-Max proteins 

contain a leucine zipper, whereas the PAS regions fulfiii this role in the AhR and 

Arnt 1228,2321. The activated AhR/Arnt complex recognizes a c o w e ~ e d  DNA 

sequence known as the xenobiotic responsive element ( X E )  that is composed of 

the asymmetric sequence TNGCGTG, where N codd be any nudeotide [233- 



2361. This is in contrast to the classical bHLH transcription factors which bind the 

palindromic E-box sequence CACGTG. Covalent cross-linking analysis and 

immunoprecipitation with antibodies specific for the AhR or Arnt demonstrated 

that the AhR binds to the 5' haif-site TNGC, and Arnt occupies the 3' GTG E-box- 

like sequence [233]. Both proteins directly contact the thymine in their respective 

haif-site. Deletion studies on the first and second a-helices indicate that both of 

these motifs are required for dimerization [Wl]. Furthemore, deletion of the 

HLH domain was shown to abolish DNA-binding (most likely as the result of the 

inability to form dimers) and cause a 50% decrease in HSPSO binding (indicating 

that both HLH and PAS domains have a role in HSWO-binding) [228]. 

3.2.3 Transcriptional activation domains 

Four distinct types of transcriptional activation domains have been 

identified in transcription factors by deletion analysis and classified according to 

their primary sequence: acidic, proline-, glu tamine-, and serine / threonine-rich 

[237, 2381. For the AhR and Arnt, transactivation domains were predicted to 

occur in the carboxyl-terminal domains based on the presence of high 

concentrations of glutamine residues. Indeed, several studies have shown that 

the amino-tennini of the AhR and Amt appear to be devoid of transactivational 

activity, whereas the carboxyl-termini of both AhR and Amt are capable of 

transactivation 1229,239-2421. The transactivation characteristics of the AhR a .  

Amt are dissimilar. For the AM, transactivation capability is only revealed with 

uncoupling of HSP90 binding [2291. Rowlands et al. [240] subdivided the 

carboxyl-terrninal of AhR into acidic (residues 545-6001, glutamine-rich (residues 

600-713) and proline-, serine-, thsemine-rich (residues 714-848) domains. These 

regions were found to independently enhance transcription, and function 

synergistically [240]. In conhast, the transactivation function of Amt is 



constitutive and independent of the glutamine-rich region [243]. Furthemore, 

there is evidence that the relative strengths of the AhR and Arnt tramactivation 

domains are promoter- and ceIl type-specific [229,243]. 

3.3 The AhR gene battery 

In humans, genes transactivated by the transfonned AhR complex can be 

subdivided into genes coding for hg-metabolking enzymes (CYPIAI, CYPIA2, 

CYPISI, N Q Oz, N Q 0 2 , A L D H - 3 c ,  U G T l  ' 6  and PGHS-2) and 

growth/differentiation genes (PAI-2, TG Fa  and IL-1@ 1198, 2441. Another gene 

regulated by the AhR is rat GST Ya [2451. Although it remains to be determined 

whether the human homologues of this gene, GSTAl and GSTAZ, are up- 

regulated by AhR agonists, XREs have not been located within 1300 nucleotides 

upstream of their transcriptional start sites. In one study TCDD was found to 

induce GÇT activity in human liver samples, but it was not detemiined whether 

the a class GSTs were involved [246]. 

Members of the AhR gene battery are differentially regulated. For 

example, CYPlAl is not nonnally expressed in the absence of AhR activation, 

whereas most extrahepatic tissues express low levels of CYPlBl constitutively 

12473. In the presence of TCDD, CYPlBl levels are greatly induced, however, the 

level of CYPlAl induction appears to be regulated by other factors, most notably 

expression of ER [2481. This may have ramifications for estradiol-mediated 

carcinogenesis in ER-negative cells due to the efficiency of CYPlBl in cataiyzing 

the 4hydroxylation of estradiol (leading to a known carcînogenic metabolite) 

compared to CYPIAI, which more efficiently metabolizes estradiol to 2- 

hydroxyestradiol (non-carcinogenic) [249,250]. 

Inducibility of a diverse set of phase 1 and II rnetabolizing enzymes 

implies that the AhR signaling pathway has evolved, at least in part, to protect 



organisms from exposure to aromatic structures. These compounds have the 

capacity to accumulate in tissues and act as nonspecific inhibitors of enzymatic 

reactions and to intercalate into nudear and mitochondrial DNA [251]. 

Among the diverse range of effects hown to be caused by TCDD, thymic 

atrophy, chlorame, and immunosuppression are most likely the result of altered 

regulation of genes related to ce11 growth and differentiation. In human 

keratinocytes, plasminogen activator inhibitor 2 (PAI-2)  and interleukin-1 p (1 L- 

1p) have been shown to be activated by TCDD [252]. Moreover, the cytokine 

genes IL-2, IL-6, TGF-p and TNF-a are also up-regulated by TCDD [253,254]. The 

regulation of the latter genes by AhR has not been fully characterized, although 

in some instances putative XREs have been located [255], and for TGF-a it 

appears that TCDD can exert post-transcriptional control over its expression 

[256]. Control of these secretory proteins indicates that actions of TCDD on one 

ce11 type c m  influence the behaviour distal ce11 populations via endocrine or 

paracrine pathways. 

3.4 Agonists and antagonists of the AhR 

Diverse structural classes of compounds are known to bind the AhR, and 

these include TCDD and related polyhalogenated aromatics, PAHs, indole-3- 

carbinol and related hetero-PAHs, phenanthrolines, phenanthridinones, 

benzocoumarins and various substituted flavinoids 1257-2621. Cornputer 

modeling based on three-dimensional quantitative s tructure-activity 

relationships has been used to predict the binding affinities of AhR ligands [199, 

2591. Waller and McKinney used this approach to deduce that AhR ligands must 

be at least 12.0 A in length and must not exceed 14.0 A [2631. Furthennore, the 

preference of the AhR for planar or near planar molecules dictates that the 

dimensions of ligands along the depth axis does not exceed 5.0 A 12631. 



Systematic structure-activity relationships have been reported for the 

halogenated aromatics I200, 2641, which revealed a rank order correlation 

between their cytosolic Ah receptor binding affinities and their potencies as AhR 

agonists for CYPlAl induction and other AhR-mediated biochemical and toxic 

responses. 

Since the known ligands of the AhR are mainly environmental 

contaminants of industrial origin, they are most probably not the natural ligands 

for this receptor. AhR is able to modulate differentiation processes, including 

development of the liver, kidney, and palate (263, 2661. Thus, it is possible that 

the endogenous AhR ligand may represent an unknown morphogen. However, it 

cannot be excluded that naturai ligands of the AhR are xenobiotic. For instance, 

PAHs from forest fires have been present in the environment throughout the 

evolu tion of mammals. 

Presently, the only known endogenous ligand of the AhR is bilinibin. In 

order to be excreted, this heme by-product is conjugated by a bilirubin-specific 

UGT enzyme, or, to a lesser extent, is oxygenated by CYPIAI /CYPlAZ [267]. 

Studies have convincingly shown that bilirubin is an AhR agonist since it: (i) 

induces CYPl A l  mRNA in wild-type Hepalelc7 celis in a time- and dose- 

dependent manner but not in mutants defiaent in either AhR or Arnt expression, 

(ii) induces EROD and XRE-luciferase activity, (iii) leads to formation of 

AhR/XRE complexes, and (iv) transforms the AhR to a nuclear complex in cell 

lines derived from various species (268,2491. Therefore, like BP this data suggests 

that bilirubin, üke BP, c m  induce the expression of enzymes involved in its own 

rnetabolism. However, since the oxidative metabolism of bilirubin is oniy a 

secondary excretion pathway (bilirubin toxiaty has not been reported in AhR 

knockout mice), bilirubin is most Uely not the prirnary AhR agonist. 



Altematively, the nahial ligand for the AhR may occur in the diet. It has 

been demonstrated that indolo[3,2-blcarbazole, a heteroarornatic polycycle 

capable of being produced in vitro under acidic conditions from indoles 

conunonly found in cruciferous vegetables (i.e. 33'-diindolylmethane and indole- 

3-carbinol), binds to the A M  with high affinity [270]. The naturally-occurring 

indoles have been reported to induce AHH activity and to protect against PAH- 

induced neoplasia 12711. While it is possible that the protective effect of 

indolo[3,2-blcarbazole is a function of increased metabolism of PAHs via AhR 

activation, it more iikely that biological activity of this type may result through 

cornpetitive antagonism at the AhR ligand-binding site. 

Partial support of the latter hypothesis cornes from studies in which a- 

naphtho flavone (7,B-benzo flavone) was determined to be antagonistic to the 

biological effects of TCDD by directly binding to the AhR. Bioflavinoids and 

related synthetic analogs exhibit a broad spectrum of biological activity including 

xenoestrogenic, antimutagenic and anticarcinogenic activities, as well as 

inhibition of protein kinases, porcine-5-lipoxygenase, ornithine decarboxylase, 

glutathione reductase, CYP enzymes, and HIV protehase ((2721 and references 

therein). in various cancer ce11 lines, a-naphthoflavone was found to inhibit 

TCDD-induced CYPlAZ gene expression at concentrations <IO-6 M and this was 

paraileled by decreased formation of the nuclear AhR complex [273]. However, 

a-naphthoflavone is an AhR agonist at a concentration of 10-5 M [274]. A related 

compound, P-naphthoflavone (5,6-benzoflavone), also binds to the AhR and is 

often used as a prototypical inducer of AhR-mediated CYPZAZ and CYPIAZ gene 

expression. 

In addition to a-naphthoflavone and other flavone denvatives [272], 

compounds that bind to the AhR and have antagonist activity indude 1-zunino- 

2,7,8-trichlorodibenzo-p-dioxin 12751, 6-methyl-l,3,8-trichlorodibenzofuran 



(MCDF) [276], and several polychiorinated biphenyl congeners 12771. It is 

thought that binding of these molecules to the AhR results in a conformational 

change in the receptor that decreases its affinity for DNA. 

3.5 Regulation of AhR activity 

Several lines of evidence suggest that AhR signaling is regulated bv the 

phosphorylation status of AhR and Amt. Treatment with either alkaline 

phosphatase [2781, acid phosphatase [279, 2801 or 2-aminopurine [281], an 

inhibitor of protein kinase activity, inhibits the XRE binding activity of the IUiR, 

but not ligand binding nor formation of the AhR/Arnt heterodimer. Puga and 

coworkers [281] investigated the ability of nine specific protein kinase inhibitors 

to inhibit TCDD responses, but only staurosporine, an inhibitor of protein kinase 

C (PKC), was found to duplicate the results found with 2-aminopurine. The 

involvement of PKC was verified independently by other groups by using 

different PKC inhibitors or by pretreatment with phorbol esters, which are strong 

activators of PKC but lead to a depletion of PKC activity after prolonged 

treatment [282, 283). However, khafer et al. [284] have shown that the AhR 

present in guinea pig hepatic cytosol can be hansformed to a DNA binding state 

by TCDD treatment in the absence of any detectable PKC activity. Therefore, the 

involvement of PKC in directiy phosphorylating the AhR is inconclusive. 

Dephosphorylation experirnents with the individual receptor subunits 

prior to assembly of the transformeci heterodimer indicated that phosphorylation 

seemed to be important for the DNA binding activity of the AhR, whereas Arnt 

appeared to require phosphorylation to interact with the recep tor [283]. 

Gasiewicz and coiieagues have mapped the phosphorylation sites of the mAhR 

to two regions: between residues 368 and 605 (a region which overlaps wih the 

PAS domain); and between residues 636 and 759 at the glutamine-rich carboxyl- 



terminal (2801. These regions do not encompass the DNA-binding domain, 

however, Gasiewiu hypo thesizes that the DNA-binding activi ty O f the AIiR may 

be regulated via the phosphorylation stahis of a DNA-binding repressor domain 

(280,2851. 

3.6 AhR knockout mice 

There has been some debate in the past as to whether a portion of the toxic 

effects elicited by TCDD occur independently of the AhR [286]. These questions 

have been answered with the creation of mice that are defective in AhR 

expression. The first knockout mouse to be reported was created by deleting 

exon 1 of the AhR gene in C57BL/6 mice (2651. Almost half of the AhR-nuii mice 

died shortly after birth whereas the survivors reached maturity and were fertile. 

A probable cause for the high rate of mortality is opportmistic infection, since 

necropsy revealed the presence of lymphocyte infiltration in various organs, 

most notably the gut, lung and u ~ a r y  tract (2871. This data indicated that the 

~UIR~''~' rnice were immunocompromised, and indeed more detailed analysis 

showed decreased accumulation of lymphocytes in the spleen and lymph nodes, 

but not in the thymus. The most surprishg changes, however, were found in the 

liver, which were reduced in size by 50% and showed signs of bile duct fibrosis, 

eosinophilia of periportal hepatocytes, and glycogen depletion 12651. The 

deficiencies in immune and hepatic function in this model are suggestive of a 

physiological role for AhR. In addition, studies on Ah.EP1'"' mice indicate that 

most of the toxic effects associated with TCDD exposure are dependent upon a 

functional AhR 12881. 

A second AhR knockout mouse was created by deleting exon 2, whidi 

encodes the bHLH domain. Similar to the previous model, Schmidt et al. [289] 

found that the AhRa's mouse was unresponsive to TCDD-induced 



monooxygenase expression, and possessed a slower rate of growth within the 

first four weeks of age, a decrease in fertility, and a sigiuhcant reduction (25%) in 

liver size. Among the differences were the observations that all A ~ I R ~ ' ~  mice 

were viable, rnicroscopic alterations of the spleen, and an extensive 

microvesicular fatty metamorphosis of the liver that was suggestive of a 

metabolic deficit in hepatocyte function [289]. Interestingly, the A.hRa2le mice did 

not display a decrease in the number of splenocyte and lymphocyte cells, which 

may explain the lack of neonatal lethality in these mice compared to the AhRalfb' 

mice. 

It is not known at the present t h e  why there are differences between the 
~hR"1 /AI and A ~ R " ' ~  rnice. Presurnably, they are complete knockouts since 

CYPlAl expression cannot be induced by TCDD in either model. The effects of 

genetic background on the phenotype of the knockout mice is probably minimal 

since both models were derived from C57BL/6 embryonic stem cells. Bradfield 

[290] has suggested that discrepancies may be due to measurement of different 

endpoints in different laboatories at different ages; doning strategies which may 

have affected the expression of neighbouring genes; and altered housing 

environments which may have differentially exposed the mice to toxic 

compounds that cannot be excreted due to the absence of AhR. Finally, the 
AhRAl /A1 rnice were created by deleting the translational start site, whereas the 

AhRazid mice express AhR rnRNAs lacking exon 2. Thus, another possibility is 

that differences between the two models may be the resuit of functions of the 

AhR that are independent of its gene transactivation activity. 

The hailmarks of low-dose TCDD exposure in experimental animals are 

induction of monooxygenase enzymes, notably in the liver; immunosuppression; 

atrophy of the thymus; and, at higher doses, atrophy of the lymphoid organs 

[291]. Therefore, it was somewhat surprising that AhR-nd mice do not possess 



morphologic alterations of the thymus. To determine which ce11 type of the 

thymus was sensitive to TCDD and whether thymus toxicity was dependent 

upon the AhR, Staples et al. produced chimeric mice with TCDD-responsive 

(A~R"') stroma1 components and TCDD-ruvesponsive ( A ~ R ~ " ~ '  ) hemopoietic 

components, and the reverse [292]. Results indicated that thymic alterations 

induced by TCDD are strictly dependent on AhR activation in hemopoietic cells. 

The laboratory of Fujii-Kuriyama was the third group to construct an AhR 

knockout mouse [266]. AhR-null mice were viable, fertile and otherwise 

apparently nomal at birth, but displayed a slightly slower growth rate than 

wild-type mice for the first few weeks of life. When pregnant mice were 

administered TCDD by gavage, none of the AhRb3IY mutant fetuses were 

sensitive to the teratogenic effects of TCDD, although almost all wild-type fetuses 

suffered from cleft palate and hydronephrosis. These results clearly 

demonstrated the involvement of the AhR in the malformation of the palate and 

kidney in mouse embryos caused by TCDD. 

Finally, there is evidence that development of the mammary gland is also 

partially dependent upon the AhR. Hushka et al. [293] compared AhRu's and 

A~R"'  littermates and found a 50% reduction in terminal end buds and an 

increase in the blunt-ended terminal duc6 in the mammary glands of AhR-null 

animals. This observation was further supported by data showing that exposure 

to 2,3,7,8-tetrachiorodibenzofwan, a potent AhR agonist, led to a greater than 2- 

fold decrease in lobule number and size [293]. In summary, AhR knockout 

studies indica te tha t Whialiy al1 the toxic effects associa ted wi th TCDD exposure 

can be linked to AhR expression, and that AhR has a significant role in liver and 

possibly mammary gland development. 



3.7 Tissue-specific expression 

In the rat and mouse, AhR mRNA expression was found in all tissues 

examined. By far the greatest expression was observed in the lung, with mu& 

less expression in the thymus, kidney, liver, brain, and heart 1294, 2951. Amt 

mRNA expression was usuaily expressed in a coordinate fashion, although the 

highest levels were found in the placenta 12941. This trend is conserved in 

h u m :  AhR and Arnt mRNA are expressed in lung > kidney > heart > spleen > 

liver, but not the panaeas [296]. 

4. CROSS-TALK BETWEEN THE AHR AND ER SIGNAL TRANSDUCITON PATHWAYS 

4.1 In terf erence 

Tobacco smoke, which contains several different PAH compounds that 

bind to the AM, has antiestrogenic effects that manifest in a variety of biological 

parameters such as eariy onset of menopause, inçreased risk of postmenopausal 

osteoporosis and, among women taking oral estrogens, lower circulating 

estrogen levels [297, 2981. In addition, smoking is inversely correlated with 

endometrial cancer risk [299] and possibly breast cancer [300]. TCDD is 

responsible for species-specific toxic syndromes including wasting, 

irnrnunosuppression, teratogenesis, hyperkeratosis, and chloracne, and is a 

hepatocarcinogen in bioassays [198]. In other tissues TCDD can have protective 

effects: long term feeding of low levels of TCDD resulted in a significant decrease 

in spontaneous mammary and uterine tumors in female rats 13011. Since these 

tumors are homone-dependent, this led to the possibility that ligands for the 

AhR may be antiestrogenic. 

The initial experiments which directly implicated TCDD as an 

antiestrogenic agent showed that estrogen-induced uterine growth could be 



blocked in mice and rats by cotreating the animais with TCDD [302-3041. 

Subsequently, numerous studies have shown that AhR agonists induce a broad 

range of antiestrogenic activities in animal models including suppression of 

estrogen-induced peroxidase activity, EGF receptor binding and mRNA levels, c- 

f i s  proto-oncogene mRNA levels, and cytosolic and nuclear PR binding 

(reviewed in [3051); and in human breast cancer ce11 lines TCDD and related 

compounds inhibit estrogen-induced ceIl proliferation [306,307], postconfiuent 

foci formation [308], glucose metabolism [309], secretion of procathepsin D, 

cathepsin D, and pS2 proteins [306,310], tissue plasminogen activator activity 

[311], and PR mRNA and protein expression and binding [312]. It is known that 

both the AhR and ER are directly involved in the antiestrogenic activity of TCDD 

from studies showing the absence of an effect in ceiis which lack either receptor 

[NI, 3131, and from structure-activity relationships which show that agonists 

with a high affinity for the AhR possess greater antiestrogenic activity compared 

to those congeners with less affinity [307,314,3151. The interference between the 

AhR and ER signal transduction pathways occurs despite the lack of affinity 

between TCDD and the ER, or between estrogens and the AhR [303]. 

Furthemore, DNA binding experiments indicate that the ER dws not bind to the 

XRE, nor dws the AhR have any affinity for the estrogen responsive element 

(ERE) [316]. 

One of the earliest findings was that TCDD decreases ER protein levels by 

about 5075% in in vivo [303, 3171 and in vitro [307, 313, 3151 models, thereby 

suggesting a possible mechanism of action for the antiestrogenic nature of TCDD. 

An altemate mechanism was put forth by Gierthy, who proposed that the 

antiestrogenic effect Gf TCDD was the resdt of enhanced metabolism of estrogen 

[311, 318-3221. This hypothesis was based on work showing that estrogen 

metabolism was only minimal in untreated MCF-7 relis, whereas treatment with 



TCDD led to a greater than 10-fold increase in the rate of NADPH-dependent 

microsornal hydroxylation of 17P-estradiol at the C-2, -4, -6a, and -15a positions, 

resulting in depletion of the hormone from the culture medium. Additionally, 

exposure to compounds that inhibit CYPlA enzymes was reported to inhibit 

TCDD-induced estrogen metaboiism in MCF-7 cells [320]. 

However, several studies kom the laboratory of Stephen Safe produced 

results that were contrary to this hypothesis and suggested that TCDD induces 

an antiestrogenic effed by decreasing ER protein ievels. First, MCDF was shown 

to be active as an antiestrogen at dose levels which caused only minimal 

induction of AHH activity [314j. Second, exposure of cells to TCDD at 

concentrations which do not induce monooxygenase enzymes led to decreased 

ER levels [315]. Third, TCDD-mediated decrease in ER was reported to occur 

within 1.5 h [313], whereas only minimum induction of AHH activity occurs 

within this time frame [323]. Fourth, TCDD caused a decrease of uterine and 

hepatic ER in CD-1 mice which was not accompanied by changes in serum 

estrogen levels [3l7j. 

White et al. [324] proposed that the activated AhR complex decreases ER 

protein levels by acting as a repressor of ER gene transcription. They based their 

hypothesis on the presence of a XRE-like sequence in the 5' flanking region of the 

human ER gene. They showed that TCDD-activated nuclear extracts from mouse 

and human ceil lines specifically bound to the putative X E ,  and that this 

binding could be eliminated via cornpetition with a XRE-containing 

oligonudeotide complementary to the mouse CYPl A 1 gene [324]. Subsequently, 

Safe showed that TCDD does not significktly affect steady state ER mRNA 

levels or the rate of E R  gene transcription in MCF-7 ceiis [325], data which 

suggests that the TCDPmediated decrease in ER protein expression  oc^ at the 

transla tional or pos t-translational level. 



The hypothesis that TCDD exerts antiestrogenic effects primarily by 

decreasing cellular ER levels has aiso been chaiienged. Recentiy, two reports 

demonstrate that TCDD is strongly antiestrogenic in ce& in which the levels of 

ER cannot be down-regulated due to constitutive expression from an expression 

vector [316, 3263. Therefore, these observations suggest that TCDD acts as an 

antiestrogen independently of dianges in ER expression. 

Thus far, the antiestrogenic mechanism of action is understood for only 

one estrogen-responsive gene. Treatment of MCF4 cells with 17a-estradiol 

results in transactivation of cathepsin D gene expression and increased intra- and 

exhacellular levels of procathepsin D and cathepsin D. An imperfect ERE half- 

site and a Spl binding site were identified in the cathepsin D promoter, and 

subsequent studies with wild-type and mutant ER/Spl oligonucleoüdes in 

electrophoretic mobility shift and transient transfection assays showed that 

formation of an ER-Spl complex was required for the estrogen-induced response 

[327]. Krishnan et al. [328] found that an imperfect XRE was located in close 

vicinity to the ERE/Spl site. In addition, they showed that estrogen-induced 

CAT activity was inhibited by TCDD when the wild-type ERE/Spl /XRE 

promoter sequence was inserted behind the CAT gene and transfected into MCF- 

7 cells, whereas no inhibition was observed when the XRE was mutated. 

Therefore, in this instance the activated AhR complex was found to act as a 

negative regulator of banscription. 

Kharat and Saatciogfu [316] have proposed that the antiestrogenic effects 

of TCDD are mediated by direct transcriptional interference with the liganded 

ER. They based their condusions on studies showing that cotreatment of MCF-7 

ceiis with TCDD and 17s-estradiol for one hour abrogated the binding of nudear 

extracts to an oligonucleotide containing an intemal ERE, and reciprocally, 

inhibited the binding of the activated A M  complex to a MZE oligonucleotide. 



These observations suggest the mechanism of action does not involve reduction 

of ER levels, estrogen metabolism, or transactivation of an inhibitor. Soon 

thereafter, however, Safe reported that these result. could not be repeated in his 

laboratory using the same cell lines [329]. 

Apart from the AhR and ER signaling pathways, there are numerous 

examples of receptor interference. For example, AhR has been shown to engage 

in cross-taik with the glucocorticoid receptor [330, 3311 and the retinoic acid 

receptors [332-3351, and cross-talk occurs amongst steroid hormone receptors 

[336,337], and between steroid hormone receptors and thyroid / retinoid recep tor 

family members [338-3403. Thus, explication of the interference between the AhR 

and ER may uncover a mechanism by which other receptor signal transduction 

pathways overlap with one another. 

4.2 Cooperation 

Expression of the AhR is not a suffïcient indicator for Ah-responsiveness 

in human breast cancer c d  lines. Vickers et al. [Ml] have suggested that Ah- 

responsiveness is dependent upon the ER content of the cell. For example, MCF-7 

cells have high ER expression and AHH activity, T47-D and ZR-75B cells are 

moderate for both parameters, whereas MDA-MB231 and HS578T cells have 

undetectable levels of ER and AHH activity. Moreover, MCF-7 cells selected for 

resistance to adriamycin (AdrR) were found to have a loss of ER expression and 

Ah-responsiveness [342]. The correlation between ER expression and Ah- 

responsiveness is not universal, however, since AhR signaling was subsequently 

found to be functiortal in ER-negative MCF-lOA and MDA-MB-468 ceii lines [343, 

3441. 

Treatment of ER-negative MDA-MB-231 cells with TCDD was shown to 

result in inaeased formation of the transformed AhR cornplex, which bound to a 



XRE oligonucleotide in electrophoretic mobility shift assays (345-3471, 

Paradoxically, TCDD does not induce CYPlAl gene expression in this ceil line, 

indicating a failure at the level of AhR-mediated transcriptional activation. 

Thomsen et al. [347] showed that the Ah-nonresponsive phenotype of MDA-MB- 

231 cells could be reversed by introduction of ER. in transient cotransfection 

studies involving a TCDD-responsive reporter v e r ,  hER expression led to a 10- 

fold increase in CAT activity, whereas transient expression of PR and Jun nuclear 

proteins did not restore Ah-responsiveness in this cell line. 

Investigation into cross-taik between the AhR and ER signal transduction 

pathways has been an interesthg and often tirnes controversial area of research. 

Presently, the precise mechanisms involved have yet to be resolved. 

HSP90 homologues have been cloned from diverse organisms including 

mammals, chickens, fruit flies, yeast and bacteria (reviewed in [348-3501). 

Member proteins from even the most distantiy related eukaryotic species possess 

50% amino acid identity, and al1 have greater than 40% identity with the 

Escherichin coli HSP90 protein. Proteins of the HSP9O family are abundant at 

normal temperatwes, accounting for 1-2% of cytosolic protein, and are further 

induced by heat. Very Little HSP90 .is detectable in the nucleus. However, heat 

shock induces a reversible tirnedependent nuclear translocation, reaching a 

plateau 20 hours after nuclear HSP90 levels have doubled [351]. In higher 

eukaryotes, HSP90 exists in vivo as a dimer of a and/or P subunits that are 

produced in equal amounts. Moreover, higher eukaryotes have a distinct form of 

HSPSO (GRP94/GP96) localized in the endoplasmic reticulum, where it is 



involved in the assembly of immunoglobulins and other proteins destined for 

secretion or surface presentation. 

It is widely thought that HSPSO proteins are essential for the viability of 

eukaryotic cells. This is based on studies showing that several cntical proteins 

related to celi morphology and cell cycle regulation interact with HSPSO; HSPSO 

is expressed in every e w o t i c  ceil type examined thus far; and yeast are unable 

to survive when both of their HSP90 homologues are knocked out [352]. Under 

physiological conditions, HSPSO has been found associated with a wide range of 

proteins including tyrosine kinases (pp6PK, Sevenless, ErbB-2, EGF, Yes, Fps, 

Fes, Fgr, Weel and Abl), serine/threonine kinases (Raf-1, members of the 

mitogen-activated protein (MAPI family, eiF-Za, eEF-2, casein kinase II, yeast 

PKC and CdW), helix-loop-helix transcription factors (AhR, MyoDl and E47), 

tumor suppressor genes (RB and p53), cytoskeletal proteins (actin and hibulin), 

steroid receptors (glucocorticoid, estrogen, progesterone, mineralocorticoid) and 

other signaling proteins (G-proteins and calmodulin) [34&350,353-3551. 

5.1 Chaperone hinctions 

During protein synthesis, intemediates are prone to aggregation. To 

overcome this problem, molecular chaperones bind to and stabilize nascent 

polypeptides, thereby preventing the occurrence of inappropriate inter- and 

intramolecular reactions. Al1 cells possess a large complement of molecular 

chaperones to carry out these functions, but the precise role of most chaperones 

are not known. Nathan et al. [356] examined the ability of HSPSO to prevent 

aggregation of newly synthesized proteins in a Sacchromyces cereuisiae strain 

harboring a temperature-sensitive HSWO mutant. No increase in aggregation 

was observed among proteins synthesized in HSP90-deficient cells. Although a 

p e r d  role for HSPSO has not been M y  established, the chaperone functions 



of HSP90 are most 

associa ted proteins. 

likely restricted to the maturation and maintenance of 

This is based on studies showing that proteiw that are 

complexed with HSPSO not only have diffidty adiieving a stable conformation, 

but also require continua1 association with HSP9O to maintain an active 

conformation (e.g . [357-361]). 

HSP9O is functionally associated in multiprotein complexes. Initial1 y, 

client proteins are brought to HSP9O in a complex involving the ATPase 

chaperone HSP70 and cochaperones Ydjl [362] and Hip 13631, which interact 

with HSPSO via p60 [364]. These accessory proteins are subsequently replaced in 

the HSP904ent complex by an immunophilin (e.g. FKBP52 or Cyp401, when the 

client is a steroid receptor [218], or p50 when the client is a protein kinase 13651. 

p60, p50 and the various immunophilins compete for binding to HSP90 and are 

presurned to interact with a common site [366]. The final step of conformational 

maturation requires the acidic p23 protein, whose binding to HSPSO complexes 

appears to be ATP-dependent [367]. In contrast to the related chaperone HSP70, 

HSPSO does not exhibit detectable ATPase activity. However, aystallization [353] 

and biodiemical studies [368] indicate that HSP90 does bind ATP, albeit weakly. 

5.2 In tracellular traff icking 

HSP90 is thought to have a role in the intracelldar trafficking of proteins. 

One mechanism by which HSP90 facilitates the cytoplasmic localization of 

steroid receptors is b y masking cis-acting nuclear localization signals (NLSs) . For 

example, binding of ligand to the cytoplasmic glucocorticoid receptor (GR) 

causes release of HSP90, accessibility of its NLS, and transport to the nudeus 

(3691. Conversely, the NLS of the PR is fully accessible, and this receptor is 

exdusively localized in the nudeus. 



However, the NLS is not the sole detenninant of subceiiular localization 

for steroid receptors. Kang [370] targeted chicken HSPSO to the nudeus by fusing 

it to the nucleoplasmin NLS. When expressed individually in COS7 cells, 

expression of HSP90-NLS was localized to the nucleus, and GR or PR mutants 

lacking a NLS were distributed in the cytoplasm. However, when the receptor 

mutants were coexpressed with HSPSO-NLS, the receptors localized entirely to 

the nucleus (3701. These studies indicate that HSP90 is capable of sequestering 

associa ted proteins. 

in another approach, Yang & DeFranco [3711 introduced molybdate into 

cells via a liposome-mediated delivery system. Molybdate, which is known to 

stabilize receptor-HSP9O complexes in vivo, inhibited hormone-dependent 

nuclear hport  of the GR. In cells chronically exposed to hormone, molybdate 

trapped both GR and PR in the cytoplasm, suggesting that receptors cm export 

from nuclei but cannot be reimported into the nuclei when in stable association 

with HSP90 [371]. These observations suggest that association of receptors with 

HSP90 must be dynamic in order for nuclear trafficking to proceed. 

The naturally occurring antibiotic geldanamycin (GA) was found to show 

potent activity in the National Cancer Institute's (United States) in vitro screen for 

antitumor agents, adiieving 50% growth inhibition at concentrations as low as 13 

nM against the most responsive ce11 lines 13721. GA'S target has been identified as 

HSP90 [373]. Crystakation studies indicate that the GA-binding domain occurs 

within residues 9-232 of HSPSO, a region which is highly consewed across 

speties (3541. GA treatment has been shown to inhibit steroid-dependent GR 

translocation from the cytoplasm to the nucleus [374]. Furthemore, GA 

disruption of the Raf-1-HSPSO complex interferes with traficking of the newly 

synthesized Raf-1 from cytosol to the plasma membrane 13751. 



5.3 Gelduiamycin s u e s  

Benzoquinone ansomycin compounds such as GA and herbimycin were 

found to revert transformation by tyrosine kinase oncogenes such as src, yes,fps, 

ab1 and c-erbbl-2 (376,3773. One of the most pronounced effects elicited by GA is 

the rapid turnover of HSP90-associated proteins [373, 378-3813. In HeLa and 

Hepa lclc7 ceils, AhR was depleted to 75% of normal levels within one hour 

exposure to GA (3553. Thus, a comxnon consequence of persistent association 

with HSP90 appears to be stabilization of the bound protein. 

Hormone bhding abilities of receptors for glucocorticoid, progesterone, 

androgen, and estrogen were found to be inhibited upon exposing cells to GA, 

suggesting that HSP90 plays the same role for hormone binding tluoughout the 

entire class of steroid hormone receptors [378]. Inhibition was only observed 

when GA was applied to celî cultures under growth conditions or was present 

during in vitro synthesis; presynthesized receptors in ce11 extracts were not 

affected. Upon withdrawal of GA, glucocorticoid binding ability waç regained, 

which was partially independent of de novo synthesis [378]. These data support 

the view that HSPSO actively participates in steroid-induced signal transduction. 

5.4 Genetic studies 

Yeast express two genes, HSP82 and HSC82, that encode homologues of 

the mammalian HSRO proteins. Mutants with defects in both genes are inviable, 

whereas either of the two genes alone is sufficient for growth at normal 

temperatures 13521. Picard et al. (3821 constructed a strain lacking both 

chromosomal genes and harboring a plasmid baring HSP82 expressed under 

control of a galactose-inducible promoter. These ceils die in glucose, but üve in 

galactose media, in which HSP82 accumulates to a level around that of HSP82 

and HSC82 combined in the parental celis. A done was isolated, GR%, by its 



ability to grow in glucose. GRS4 ceiis achieve this by producing about 5% of the 

wild-type level of HSP90 in glucose, and normal levels in galactose. In 

experiments in whidi a receptor and reporter gene were cotransfected into GRS4 

cells, results showed that at low levels of HSP90 receptors seem to be mostly free 

of HSP82, yet failed to enhance transcription. Upon hormone addition, the 

receptors were found to be activated but with rnarkedly reduced efficiency [382]. 

When these experiments were repeated using an AhR signaling system, reduced 

levels of HSPSO caused a complete blockage of agonist-induced response 1383, 

3841. These data indicate that HSP90 does not inhibit receptor funciion solely by 

steric interference (i.e. by masking the DNA-binding domain). 

5.5 S tenc in terference 

The genetic studies in yeast emphasize the role of HSP90 in maintaining 

receptors in a ligand-binding conformation, but they do not necessary exclude 

steric interference as a means by which HSPSO modulates receptor activity. As 

mentioned earlier, HSP90 can mask the NLS of proteins, thereby directing their 

intracelluiar localization. Moreover, HSPSO can inhibit the inhinsic DNA-binding 

activity of recepton by physically blocking their DNA-binding domain. For 

example, the honnone/HSP90-binding domain of steroid receptors was found to 

confer hormonal control ont0 constitutively activated transcription factors ElA 

13851 and Myc 13861. 

Several studies have shown that ligand is not a prerequisite for DNA- 

binding activity. Deletion of the entire ligand-binding domains of either ER [387] 

or GR [3881 was found to produce truncated receptor mutants that are 

constitutive transcriptional activators and do not fom 43-9s complexes. Sabbah et 

al. [389] perfomed gel shift experiments with purified ER and HSPSO. Their 

results indicated that at low HSP90 levels ER was capable of binding with its 



cognate ERE, whereas high concentrations of HSP90 specifically irhibited the 

ERE-binding activity of ER. Furthemore, this effect could be reversed by 

increasing the concentration of DNA in the reaction [389], indicating that HSP90 

is capable of dissociating ER from the ERE by a dynamic and specific process. 

In a similar fashion, studies from the laboratory of Lorenz Poellinger have 

shown that the AhR is capable of binding to its cognate responsive element in the 

absence of either ligand or HSP90. In one study, untransfomied cytosolic 9s AhR 

complexes and transfonned nudear 6s AhR complexes were Wlated using anion 

exchange chromatography [3901. Gel shift studies indicated that the smaller 

HSPSO-free form of AhR couid bind to a XRE, whereas the larger form did not 

[390]. This was corroborated by work showing that salt-disrupted AhR, which 

was not associated with HSP90, bound to DNA constitutively [3611. Furthemiore, 

TCDD was not capable of binding to the HSP90-free form of M. Based on these 

results, Poellinger proposed that HSPSO plays dual roles in the modulation of 

AhR activity: (il it represses the intrinsic DNA-binding activity of the receptor, 

and (ii) it appears to determine the ability of the receptor to assume and/or 

maintain a ligand binding confonna tion [%Il. 

Although HSPSO has a role in modulating the activities of AhR, ER, and 

GR, there are specific points of differences between them. First, there is evidence 

that the AhR [361] and GR 13581 must be bound to HSP9O in order to bind ligand, 

however, this requirement is debatable for ER [378,391-3941. Second, the ligand- 

binding domain of GR constitutes the only structural requirement for high 

affinity HSPSO binding [395], whereas the HSP90-binding domains of AhR [396] 

and ER [387] are composed of separate regions which overlap with their 

respective ligand- and DNA-binding domains. 



5.6 Heat shock 

In ali orgadsms induction of the heat shodc response leads to a rapid and 

intense up-iegulation of a subset of proteins. For different organisms the 

response is induced at different temperatures that reflect the conditions of the 

host environment. For example, heat shock is induced at 60°C in thermophilic 

bacteria growing at 50°C; at 5-10°C in Arctic fishes growing at O°C; whereas in 

soybeans or h i t  flies it can be induced on hot sumy days (3491. 

At elevated temperatures, the higher order three-dimensional structure of 

proteins break down. induction of heat shock proteins has been shown to both 

inhibit denaturation and facilitate refolding into the native structures. It does not 

appear that HSP90 has a role in the overall protection and renaturation of cellular 

proteins during heat shock, but it may function to maintain a small group. In 

yeast, HSP90 deficiencies had no effect on the thermal inactivation profiles of 

either firefly or bacterial luciferase proteins [356]. These defects did, however, 

reduce the rate at which heat-inactivated luciferase was reactivated [356]. In 

agreement with these studies, geldanamycin has been shown to inhibit the 

refolding of luciferase both in vivo and in vitro, and as a result luciferase is 

retained in the HSPSO complex in an unfolded, degradation-sensitive state [381, 

3971. It was demonstrated that HSP90 cooperates in this process with HSP70, 

HSP40, p60, Hip, and p23 [381,3971. Thus, the HSP90 complexes forrned with 

thermally denatured polypeptides resemble those of hormone receptors and 

pro tein kinases. 

in summary, HSPSO is involved in the maturation step of a small set of 

proteins, and the continued dynamic association with HSP90 leads to protection 

against degradation and maintenance of a proper functional conformation. In 

some instances, MF90 may act by masking domains which are activated upon 

disruption of the protein-HSPSO complex. It is thought that HSP9û levels increase 



at higher temperatures to more effectively diaperone these proteins and to aid 

otherwise stable proteins which encounter problerns in folding and stabiiity. 





Species-specific differences in xenobiotic metabolism and tumor 

morphology create uncertainty when attempüng to extrapolate transformation 

experiments from animal models to humans. 

In Our experiments we have utilized a novel spontaneouslv immortalized 

human mammary epithelial ce11 line, MCF-IOA, that possesses a near-normal 

karyotype. Although immortaluation is one aspect of malignant transformation, 

this ceil h e  has been used for transformation studies by us and others because it 

offers the foliowing advantages: (il it is thoroughly characterized with respect to 

morphology, cytogenetics, signaling pathways, and ce11 type-specific protein 

expression, (ii) immortalization allows for the accumulation of suffident cellular 

material to perform several reproducible assays, and (iii) it is derived from 

human tissue and therefore more relevant to breast cancer research. 

The objective of the experiments described in this chapter was to 

characterize the genetic alterations associated with benzo[a]pyrene-induced 

transformation of human mammary epithelial cells. The results obtained concur 

with the hypothesis that alterations of chromosome 8 may be an early event in 

breast carcinogenesis; and show that benzo[a Jpyrene can elicit genetic alterations 

in vitro that are found in primary human breast carcinomas. 



While some epidemiological risk factors for breast cancer have been 

identified, the factors responsible for the initiation and transformation of 

mammary epithelial cells are not clear. We have exposed the spontaneously 

immortalized human mammary epithelial ce11 line MCF-IOA to benzo[a]pvrene 

and selected trarisformed clones based on a loss of contact inhibition and altered 

morphology. Cytogenetic studies showed that each of the transformed cell lines 

E3.2, E3.3 and E3.7 possess an isochromosome Bq aberration. The c-myc proto- 

oncogene, which is positioned at 8q24, was analyzed for changes in expression. 

Both c-myc mRNA and protein levels were found to be increased in al1 the 

transformed clones relative to the parental cells. E3.3 cells have only one copy of 

chromosomal a m  Sq, which is the location of a putative tumor suppressor gene 

that regulates c-myc expression. Furthemore, E3.3 cells were found to have the 

highest c-Myc protein levels. No mutations were detected in c-myc, p53 and H-ras 

genes by sequencing or single-stranded conformation polymorphism analysis. 

The transformed clones were not able to grow. as tumors in vivo when injected 

into nude or SCID mice. Data from this mode1 shows that benzo[a]pyrene, a 

ubiquitous environmental carcinogen, can induce selectable morphologie 

changes in a near-normal human mammary epithelial ceii line and that these 

transformed cells possess diromosomal aberrations frequently f o n d  in clinical 

investigations. 



Traditionally accepted risk factors for breast cancer represent less than haif 

of al1 cases [398], and improved screening practices cannot completely account 

for the rise in incidence rates over the past two decades [399]. Although 

numerous chemicals, including polycyclic hydrocarbon and aromatic amine 

compounds, are known to induce mammary carcinomas in rodents [53], it has 

not been possible to determine whether diemical carcinogens are etiologic agents 

for human breast cancer. The failure to find associations that reflect the 

experimental findings may be attributed in part to our inability to adequately 

characterize exposure at the time of turnor initiation, which occurs 20 to 40 years 

before diagnosis. Environmental exposures can be prevented, thus, identification 

of carcinogens is a aitical objective for breast cancer research. 

Benzo[a]pyrene (BP) is a polycyclic aromatic hydrocarbon that foms 

during combustion or pyrolysis of organic matter and is thus found in broiled 

and smoked foods, cigarette smoke, and urban air 152, 4001. Lipophilic 

compounds such as BP cari be stored and concentrated in the mammary fat pad 

[401] and secreted by the alveolar duct system of nursing mothers [402]. 

Cytochrome P450 and peroxidase enzymes metabolize BP to approximately 20 

oxidized by-products. Although several metabolites are able to induce mutations, 

transform cells, and bind to cellular macromolecules, only (*)an& 

benzo[alpy~ene-7,8-dihydrodiol-9,îû-epoxide (BPDE) is considered an ultimate 

carcinogen [1401. BPDE covalently binds to DNA forming adducts, preferentially 

at guanine residues and to a much lesser degree at adenine residues. In addition, 

BPDE causes single- and double-strand DNA breaks [403]. Although the exact 

mechanisms are not dear, this chromosomal damage probably results from 

radical oxygen species [404] and inefficient repair of DNA adducts by the 



nudeotide excision repair pathway [4O5]. 

There is prelunuiary evidence which suggests that Bi? is a potential human 

mammary carcinogen. Li and CO-workers [4061 have shown that BP-iike DNA 

adducts in the breast tissue of cancer patients (n=87) were about 4foold higher 

than in noncancer controls (n=37). One specific BP-like adduct in particular was 

detected at signihcant levels in normal adjacent breast tissues of 41% of the breast 

cancer patients, but was absent in al1 noncancer controis [406]. 

The objective of this work was to determine whether human mammary 

epi thelial cells treated in vitro with BP manifes t geno typic changes associated 

with breast cancer. For this purpose MCF-IOA cells were utilized. This 

untransformed ce11 line was established as a spontaneous outgrowth of 

mastectomy tissue obtained from a woman with fibrocystic breast disease and 

retains a diploid karyotype with minimal rearrangement [407, 4081. Cells were 

subjected to multiple rounds of BP exposure and transformed clones were 

selected based on a loss of contact inhibition and altered morphology. 

Transformants were characterized by cytogenetic analysis, and genes implicated 

in breast cancer (c-myc, p53, H-ras) were examined for mutation and/or changes 

in expression. 

MATE~uALs AND METHODS 

1. Reagents 

Antibodies were utilized that recognize different epitopes near the C- 

terminal of c-Myc: Ab4 monadonal antic-Myc antibodies (Cedarlane, Homby, 

Ontario, Canada) recognize amino acids 411-420; and amino acids 429-440 were 

used to geneate 1537-15 polydonal anti+Myc antibodies [409]. Monodonal anti- 

kactin antibodies were purchased from Boehringer Mannheim (Laval, Quebec, 



Canada). The c-mye probe was synthesized by polymerase chah reaction (PCR) 

using human genomic DNA as a template (see Table 1 for primers) followed by 

gel purification of the 10û4 base pair oligonudeotide. 

2. Cell culture 

The MCF-1OA ce11 line was obtained frorn the Am1 erican Tvpe Cultu 

Collection at passage nurnber 44. MCF-IOA cells, including BP-exposed cells and 

the transformed clones, were maintained in a 1:l mixture of Ham's FI2 medium 

and Dulbecco's modified Eagles medium supplemented with 100 ng/ml cholera 

toxin, 10 pg/ml insulin, 0.5 p g / d  hydrocortisol, 20 ng/ml epidermal growth 

factor and 5% v/v horse serum in an atmosphere of 37"C/5% CO2. For 

carcinogen treaûnents, BP (Sigma, St. Louis, MO) was dissolved in dimethyl 

sulfoxide and added to the medium at a concentration of 0.5% v/v. 

3. Carcinogen treatment and anchorage-independent growth 

MCF-1OA cells were exposed to 1 BP for 48 h and then cultured in 

normal medium for 2 weeks. Cells were routinely passaged before confluency 

was achieved. This regimen was repeated for a total of 4 consecutive treatments. 

Exposed cells were designated MCF-1OA.El to MCF-1OA.E4. Mock-treated MCF- 

10A cells were exposed to dimethyl sulfoxide alone. The BP-exposed cells were 

assayed for andiorage-independent growth by plathg each group of cells in two 

6-well plates. The semi-solid medium was prepared by mixing 1.4% agar, W 

complete MCF-IOA medium, horse serum and cells, for a final concentration of 

0.35% agar, 1X medium, 25% seruai and 400 cells/well. Cell aggregates that were 

evident after suspending in agar were excluded in the analysis of colony 

formation. Plates were incubated at 37'C/5% CO2 and the medium replenished 

twice weekly. After 5 weeks, anchorage-independent growth (spherical 



TABLE 1. Amplification primeni for c-myc, p53 and H-ras 

~ e n e  Exonb) Assay" Primer Sequence (5'-r3')b 

c-myc 2 
-- -- -- 

SSCP U-AGACTGCCTCCCGCTTTGTGTG 
L-AGAAGGGTGTGACCGCAACG 

U-CCAAGCCGCTGGTTCACTAAG 
L-GGCCCGTTAAATAAGCTGCC 

U-CACTTGTGCCCTGACTTTCAACT 
L-ACCCATTTACTTTGCACATCTC 

U-CCTGTGTTATCTCCTAGGTTGGC 
L-CCACCGCTTCTTGTCCTGCTTGCT 

H-ras 1,2 SQ U-AGCGATGACGGAATATAAGC 
L-AGACTTGGTGTTGTTGATGG 

aSSCP, single-stranded conformation polymorphism; NB, Northern blot; SB, Southern 
blot; SQ, sequencing 

bu, upper; L, lower 



formation of >20 cells) was scored using a light microscope. 

4. Isolation of BP-transformed clones 

MCF-1OA.E3 cells were seeded in a 100 mm tissue culture dish. M e n  cells 

became confluent 10 foci were carefully removed with the use of a microscope 

under sterile conditions and transferred to a 24-weii plate. Extra precaution was 

taken to exclude surroundhg cells. Three of these clones were expanded into the 

hansforrned cell lines designateci E3.2, E3.3 and E3.7. 

5. Cytogenetic andysis 

MCF-IOA wild-type cells and BP-transfonned clones were harvested by 

trypsinization after an 18 h in situ exposure to 0.02 pg/ml Colcemid. The cells 

were exposed to a hypotonie solution (0.4% KCl) for 20 min and then to a 

modified Carnoy's fixative (methano1:acetic acid=3: 1 ). Two drops of ce11 

suspension placed on frozen slides were immediately exposed to steam to 

irnprove chromosome spreading. Gbanding was adiieved by dipping the slides 

in a 0.01% trypsin solution and staining for 1.5 min in a 0.0670 Leishman solution. 

The chromosome study was done on weil-spread metaphases with a resolution of 

400 bands. 

6. SSCP andysis 

This assay was performed according to the nonisotopic method of Yap 

and McGee [410]. Briefly, a 291 base pair oligonucleotide encompassing a portion 

of exon 2 of the c-myc gene was amplified by PCR. The 50 pl reaction volume 

contained lûû nM primers (Table l), 2ûû pM dNTPs,  1.5 mM MgCl% 50 mM KCl, 

10 mM Tris-HC1 (pH 9.0), 1 pg of genomic DNA and 2.5 Units of Taq polymerase 

(Phamacia, Baie d'Urfe, Quebec, Canada). Cycling consisted of a 3 min 



denaturation step at 94OC followed by 35 cycles of 94°C for 30 s, 55°C for 30 s, 

70°C for 30 s; and ending with a 70°C extension step for 5 min. For each sample, 

20 pl of PCR product was denatured by addition of 2 pl of 0.5 M NaOH, 10 mM 

EDTA foUowed by incubation at 42OC for 5 min. Samples were resolved through 

10% polyacrylamide gels containing ethidium bromide and TBE buffer [90 mM 

Tris, 90 rnM boric acid, 3 mM EDTA]. Gels were exposed to ultraviolet light and 

photographed. 

7. Sequencing 

Turnor suppressor gene p53 exons 5 and 6; p53 exons 7 and 8 ; and H-tas 

exons 1 and 2 were KR-amplifieci (see Table 1 for primers) and purified from a 

1.2% agarose gel using Wizard PCR Preps (Promega, Madison, WI). These 

oligonucleotides were sequenced from both ends using the dsDNA Cycle 

Sequencing System (Canada Life Technologies, Burlington, Ontario, Canada) 

with the same primers. Reaction products were resolved through 6% 

polyacrylamide gels containing 7 M urea at 50°C. Gels were transferred to 

Whatrnann 3MM paper, dried, and autoradiographed. 

8. Northern blot analysis 

Total RNA was isolated hom cells in log growth phase using the RNAzol 

B (Tel-Test, Friendswood, TX) method by the manufacturer's guidelines. RNA (25 

pg/ lane) was loaded ont0 1.1% agarose/ formaldehyde/ethidium bromide gels. 

The sarnples were rwt at 100 V for 3 h and a photograph of the gels were taken. 

The RNA was transferred to Zeta-Probe membranes (Bio-Rad, Mississauga, 

Ontario, Canada) by capiilary transfer ovemight and hybridized with ultraviolet 

light. The c-myc probe was radiolabeled with [aJ2P]dCTP by random primer 

extension (Oligo Labeling Kit; Pharmaaa). Hybridization was performed in 40% 



formamide, 4X standard saline atrate, 4X ûenhardt's reagent, 0.2 m g / d  salmon 

sperm DNA, 1.2% sodium dodecyl sulfate and 10% dextran sulphate at 42OC 

ovemight. 

9. lmmunoblot analysis 

Celis in exponential phase growth on 100 mm plates were washed with 

PBS, detached with a ce11 scraper, and seâimented. The cells were resuspended in 

0.5 ml lysis buffer [IO m M  Tris-HCl (pH 8.0). 60 mM KCI. 1 m M  EDTA, 1 rnM 

dithiothreitol, 0.5% Nonidet P-40, 0.5 mM phenylmethylsulfonyl fiuonde, 0.01 

mg/ml leupeptin, 0.01 mg/ml pepstatin, 0.01 mg/ml aprotinin] per 2x107 cells 

and incubated on ice for 10 min. Çamples were spun down at high speed and the 

protein content of the supernatant was quantitated by the Bradford assay (Bio- 

Rad). Protein samples (25 @/lane) were resolved through 12% polyaqlamide- 

sodium dodecyl sdfate gels and electrophoretically transferred to nitrocellulose 

(BioBlot-NC; Costar, Cambridge, MA) by standard techniques. The blots were 

stained with Ponceau S to venfy the efficiency of transfer and the gel loading. If 

areas of the gel did not transfer properly or if differences in gel loading were 

apparent. the blot was not used. Membranes were blocked ovemight in BLOTTO 

buffer [50 mM Tris (pH 7.5),0.2% Tween-20.150 mM NaCl, 5% dry milk powder] 

at 4°C and then washed 4 times in TTBç+ buffer [50 mM Tris, 0.5% Tween-20,300 

mM NaCl (pH 7.511 for a total of 40 min. Immunohistochemical staining was 

camed out with a 3 &mi dilution of anti-c-Myc (Ab-1) antibodies, 2 pg/ml of 

antic-Myc (1537-15) antibodies, or 1: 1000 of antiQ-actin antibodies in BLOTTO 

buffer for 2 h at room temperature. Membranes were washed as previously and 

incubated with 1:10,ûûû horseradish peroxidase-conjugated secondary antibody 

in BLOTTO buffer for 1 h at room temperature. Following another wash cycle, 

specific proteins were detected by the enhanced cherniluminescence (ECL) 
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system from Amersham (Oakville, Ontario) as described by the manufacturer. 

10. Southern blot andysis 

For each sample, 10 pg of genomic DNA was digested with EcoRI 

restriction enzyme, precipitated, and resuspended in water. Samples were loaded 

ont0 0.8% agarose gels and electrophoretic separation of DNA was performed 

ovemight at 1 V/cm. Gels were denatured for 45 min in 1.5 M NaCl, 0.5 N NaOH 

and neutralized for 30 min in 1 M Tris (pH 7.41, 1.5 M NaCl. DNA samples were 

transferred to Zeta-Probe membranes by capillary transfer and hybndized with 

ultraviolet light. Membranes were probed with an oligonucleotide 

complimentary to c-myc as described for the Northem blot assay. 

11. Tumorigenic assay 

Female mice at 4 weeks of age were obtained from Jackson Laboratones 

(Bar Harbor, MN). For each ce11 line tested, two BALB/c nude (nu-/nu-) mice 

and two SCID (CJHSNM.C.Scid/J) mice were injected subcutaneously into the 

dorsal flank with 10 million cells suspended in either 200 pl of PBS or 200 pl 

Matrigel (10 mg/ml; Collaborative Research, Bedford, MA). The mice were 

palpated at least twice a week and saaificed after 5 months. 

12. Densitometry 

Radiographic and cherniluminescent exposures were scamed into a 

Power Macintosh cornputer with a UMAX VistaS42 scanner and Adobe 

Photoshop 3.0.5 software. Images were then quantified with the use of National 

Institutes of Health image 1.61b7 software. Quantification was performed as 

follows. A rectanguiar tool was produced that surrounded the largest band of 

interest. The size of this tool was held constant for ai l  measurements within a 



specific set of samples. The mean value of the intensity within the tool was then 

detennined for: (il the band of interest, (ii) the area directly above the band, and 

(iii) the area directiy below the band. The intensities of the area above and below 

the band of interest were then averaged and subtracted from the band of interest. 

Treatment of MCF-lOA cells with BP resulted in morphologic changes 

associated with cell transformation. Anchorage-independent growth increased in 

a non-stochastic mannet with escalating exposures of BP (Table 2). In tissue 

culture, MCFlOA.El and MCF-lOA.E2 cells maintained the appearance and 

properties of the parental ceil line. After the third BP exposure, however, foci of 

cells were detected on the tissue culture plate (Fig. 4B). Under the microscope, 

these foci were found to be initiated soon after passaging and appeared as a 

disorientated group of rounded celis within the regular pattern of surrounding 

cells. By the time confiuency was achieved, large foci were visualized as cells 

grew one atop the other in a semi-spherical pattern. Three of the foci were 

expanded into the transfomed ce11 lines designated E3.2, E3.3 and E3.7. When 

the transformed clones were grown as a monolayer, the cells possessed a 

homogenous spindle-shaped morphology (Fig. 4C), in contrast to MCF-lOA cells 

(Fig. 4A) where individual ce& varied in size and shape. 

During the establishment of the MCF-IOA ce11 line from primary breast 

epithelial cells, Soule et al. 14071 noted that the cells acquired a balanced 

translocation t(3;9)(p13;pU) by the 846th day in culture (passage 13). This 

rearrangement occurred at about the same time as the cells had 'spontaneously 

immortaiized.' Subsequently, by the 1009th day (passage 34) 9p had undergone 



TABLE 2. Anchorage-independent growth of 
benzolalpyrene (BPbexposed MCF-IOA cells 

Celi Type BP Exposure(s)a Colonies / wellb 

MCF-IOA O 
MCF-1OA.El 1 
MCF-1OA.E2 2 
MCF-1OA.E3 3 

aFor each exposure, cells were treated with 1 pM BP for 48 h and then 
cultured in drug-free medium for 2 weeks. 

b~olony counts were taken 5 weeks after seeding 400 cells/ well in bwell 
plates containhg nutrient agar as describe in "Materials and Methods." 
Results are the arithmetic mean of 12 weUs per cell type. 



Figure 4. Morphology of MCF-1OA wild-type and benzo[alpyrene-exposed sublines 
under anchorage-dependent conditions. (A) MCF-IOA cells. (8) MCF-1OA cells 
exposed to 1 p h i  benzo[alpyrene for three 48 h intewals (MCFIOA.E3) showing loss 
of contact inhibition: growing ceils overlap forming foci. (C) In vitro hansfonned 
cells. individual MCF-1OA.EJ ha were isolated and expanded. The transformed ceUs 
display a spindle-shaped morphology and Erequently form a criss-aoss orientation at 
high densi ty. 



further modification which included duplication and addition of gq(q21-q33) and 

5q(q31-qter) to the original 9p22 breakpoint and loss of the translocated 3p 

segment [407]. These structurai aberrations of chromosomes 3 and 9 were present 
4 

in Our cytogenetic analysis of MCF-IOA cells at passage 50 (Table 3). 

Abnormalities reported by Soule et al. that occurred in late passages, including a 

der(6) by day 1229 and hisomy of chromosomes 8 and 16 in one subline, were not 

found in our shidies, indicatuig that the MCF-IOA cells we had obtained were 

derived from an earlier period in the evolution of this cell line. 

Cytogenetic analysis of the transformed clones revealed dvomosomal 

abnormalities not present in the parental celi üne (Table 3 and Fig. 5). Each of the 

transformed clones possessed an isochromosome 8q that replaced one of their 

complements of chromosome 8. For the transformed ce11 lines, this aberration 

was present in 100% of the celis analyzed (n=41), whereas none of the wild-type 

MCF-1OA cells displayed an isochromosome Bq. The second chromosomal 

abnonnality identified was an isochromosome 5p. This abetration was more 

variable: in E3.2 cells isochromosome 5p was present in addition to its disomic 

complement of chromosome 5 in each of the cells examined; whereas E3.3 cells 

possessed one normal chromosome 5 and one isochromosome 5p in 5/13 cells 

examined and a normal disomic complement of chromosome 5 in the remaining 

cells. 

Genes frequently altered in breast cancer were analyzed for genetic 

defects. The majority of human cancers have a mutated p53 tumor suppressor 

gene, a findhg that has been associated with the latter stages of tumor 

development [411-4161. Activating point mutation of codons 12,13 and 61 of the 

&ras proto-oncogene have been reported in chemically-induced mammary 

carcinomas [4171, but rarely in primary human breast tumors [418]. We 

sequenced exons 5, 6, 7 and 8 of p53 and exons 1 and 2 of H-ras, however, 







mutations were not found in the BP-transformed 

BP induced mutations in c-myc, single-stranded 

clones. To determine whether 

conformation polymorphism 

(SSCP) analysis was performed (Fig. 6). Data from this experiment indicated that 

exon 2 was not altered relative to wild-type MCF-IOA cells. In human mamrnary 

hunors point mutations are not norrnally observed in c-myc, but mutations have 

been reported to occur in exon 2 in lymphomas [419,4201. Finally, c-myc was not 

amplified in the transformed clones relative to the parental cells as determined 

by Southem blot analysis (data not shown). 

Levels of c-myc mRNA are elevated about 2-fold in each of the 

transformed ce11 lines (Fig. 7). This increase concurs with the change in 

chromosome Bq copy number found in the respective karyotypes. As shown in 

Fig. 8, three protein bands that Vary in size from 53-61 kDa are recognized by 

anti-c-Myc (Ab-1) antibodies in MCF-lOA wild-type cells and the BP-transformed 

clones, and E3.3 cells have an additional c-myc product at 65 kDa. To confirm the 

specificity of the anti-c-Myc antibodies, this data was verified with antibodies 

raised against a different epitope (1537-15 anti-c-Myc IgG, not shown). Analysis 

of the band intensities indicated that c-Myc protein expression is up-regulated 2- 

fold in E3.2 and E3.7 ce11 lines relative to parental MCF-IOA cells (Fig. 81, whereas 

E3.3 cells have a 10-fold inaease in expression. 

Despite a predicted molecular mass of 49 kDa, c-Myc is most often 

detected as a 65 kDa phosphoprotein, although numerous cytoplasmic and 

nuclear proteins have been reported to be recognized by antibodies against c- 

Myc peptides h a t  range in size from 32 to 85 kDa ([421] and references therein). 

The diversity in molecular mass may arise for several reasons. For example, 

multiple promoten produce different primary transcripts; altemate splicing 

patterns can generate mRNAs of varying configurations; and various post- 

translational modifications alter the molecular mass of the final product 



UD Denatured - 

Figure 6. Single-stranded conformation polymorphism analysis of the c-myc 
protooncogene in MCF-1OA wild-type (WT) and benzo[a Ipyrene-hansfonned 
ce11 lines. A portion of exon 2 was PCR-arnplified, denahired, and resolved 
through a polyacrylamide gel under renaturing conditions as described in 
"Materials and Methods." There is no difference in the rnobility of c-myc 
ol igonudeotides between WT celis and the transformed dones, indicating the 
absence of benzo(a1pyrene-induced genetic mutation in this region. UD, 
undenatured; ss, single-stranded oligonudeotide; ds, double-stranded 
oligonudeotide. 



Figure 7. (A) halvsis of c-rrqc mRC'A content in MCF-1OA wild-tvpe (\tT) 
and benz~[s]~vren;-transformed ce11 lines. (8) To assess the integr& of RVA 
and gel-loadi&, a photograph of the agarose/ethidium brornidé gel was 
taken prior to nitrocellulose transfer. 18s and 26s indicate the location of 
ribosomal RYA bands. Northem blot analysis was performed as described in 
"Materials and Methods." 



Figure 8. c-Myc expression in MCF-1OA wild-type (WT) and 
benzo(a1pyrene-transformed ce11 lines. The presence of c-Myc in total 
cellular extract was detected by irnrnunoblot analysis using antibodies 
that recognize an epitope near the C-terminal of the protein (Ab-1 
monodonal anti-c-Myc IgG). Membranes were stripped and reprobed 
for P-actin expression to standardize for loading differences. 



(reviewed in [76]). Since we did not find an alteration in the size of the c-myc 

mRNA by Northem blot analysis (Fig. 71, the expression of a 65 kDa c-Myc 

protein in E3.3 cells is most likely the result of a post-translational event, 

although the exact nature of this modification remains to be determined. 

The tumorigenic potential of MCF-IOA, E3.2. E3.3 and E3.7 cells were 

tested in immunocompromised mice. Celis were suspended in PBS and injected 

subcutaneously into the dorsal flank of athymic nude mice. No tumors were 

detected in any of the animals during a 5 month observation period. This was 

repeated in SCID mice. which lack functional T cells and B cells, with the same 

resuit. It has been shown that the use of Matrigel, a solubilized tissue basement 

membrane preparation, enhances the growth of human small-cell lung cancer celi 

lines as himors in nude mice [4221. However, suspension of cells in Mahigel pnor 

to injection did not lead to tumor formation with any of the ce11 lines tested. This 

data indicates that the transformed clones are not tumorigenic by this method. 

although the intrinsic lack of efficiency in the murine tumorigenicity assays [423) 

precludes a definitive phenotyping. 

An important property of normal cells is the ability to cease proliferating 

once a high ce11 density is achieved. In Our model, foci form in confluent BP- 

exposed MCF-1OA cells that are not observed in untreated cells. Several of these 

foci were carefully isolated and expanded, and three clones were further assayed 

for genotypic and phenotypic characteristics of transformation. Cytogenetic 

analysis showed that the transfonnants have unique &ornosoma1 aberrations. 

The alteration common to al1 three bansfomed cell h e s  is an isochromosome 

8q. This is a significant finding since one third of human breast tumors are 



reported to have cytogenetic abnormalities of chromosome 8 [71]. Deletions of 8p 

are most frequent, but trisomy and monosomy of dvomosome 8, isochromosome 

Bq, homogeneously staining regions and trançlocations are also obsenred [71, 

424-4271. 

The short arm of chromosome 8, in which one copy is lost in the 

transformed clones, is the site for a putative turnor suppressor genek) [428-431]. 

Loss of heterozygosity (LOH) of discrete regions of chromosome 8p has been 

observed in culhired human breast carcinoma cells [432] and in approximately 

half of clinical breast cancers [430, 433, 4341. In addition to losses of loci on 

chromosome 8p, the BP-transformed clones have additions of chromosome Bq. A 

gain of diromosorne 8q was described as the second most frequent abnormality 

in a series of breast cancers studied by direct preparation [435]. Furthemore, 

trisomy of chromosomes 7,8 and 18 were present in cytogenetic investigations of 

malignant breast tumors, but trisomy of chromosome 8 was the only recurrent 

karyotypic abnonnality, and in some cases the sole visible chromosomal 

aberration [426,436]. 

The c-myc proto-oncogene, positioned at 8q24, is amplified in 10-30% of 

human mammary hunors (437,4381. Amplification of c-mye has been correlated 

with high proliferative capacity [83] and poor prognosis [439, 4401 in breast 

cancer patients, and has been postulated to result primarily through polysomy of 

chromosome 8 and/or genomic endoreduplication (i.e. DNA aneuploidy), rather 

than gene duplication [Ml 1. We screened c-myc for genetic mutation and dianges 

in expression. Southem blot anaiysis did not show amplification of c-myc, and no 

mutations were detected by SSCP analysis. The BP-transformed clones were 

found to have increased c-myc mRNA and protein levels. Most studies of c-myc in 

tumor samples have focused on gene amplification. The relatively few studies 

that have reported c-myc mRNA and protein expression in vivo consistently show 



a much higher frequency of overexpression than can be explained by 

amplification [442-446 1. 

In one shidy, c-Myc protein levels in the majority of human colon 

adenocarcinorna cell h e s  tested were found to be 8- to 37-fold higher than the 

levels of c-Myc in normal colorectal ceii lines [447]. The constitutively elevated c- 

Myc protein expression in the carcinoma cell Lines was not typically accompanied 

by gross rearrangement or amphfication of the gene. There is data to suggest that 

a putative tumor-suppressor gene on chromosome 5 regulates expression of c- 

Myc [Ml. Deregdation of c-Myc expression has been shown to be linked with 

LOH for polymorphic markers on chromosome 5q [448]. Transfer of normal 

human chromosome 5 into two hwnan colon carcinoma ce11 lines with 20- to 30- 

fold overexpression of c-Myc resulted in suppression of c-Myc levels and 

abrogation of tumorigenicity in nude mice [449]. Loss of the transferred 

chromosome resulted in re-expression of the tumorigenic phenotype and in 

constitutive elevated expression of c-Myc. Two of the BP-transformed clones 

described here have an isochromosome Sp. E3.2 cells have an i(5p) chromosome 

in addition to its disomic complement of chromosome 5, whereas E3.3 cells have 

one normal chromosome 5 and one i(5p) in about one-third of cells examined. It 

is interesting to note that E3.3 cells have a loss of one set of loci on 5q and a 10- 

fold increase in c-Myc expression, however, further studies are required to 

determine if gene(s) on chromosome 5q are responsible for deregulation of c-Myc 

expression in this celi h e .  

There are a number of indicators which suggest that chromosome 8 

aberrations are associated with the early stages of human mammary 

hunorigenesis. As outlined above, one or more loci on chromosome 8 are altered 

in the majority of breast cancers. Secondly, Yaremko and coîleagues [434] found 

that LOH on chromosome 8p was present in 11 of 20 breast carcinoma resections. 



They suggest that 8p LOH is an early event since it occurs with equal frequency 

in small (c2 an) or large b 2  cm) breast tumors, and in tumors without regional 

metastases. In addition, the c-mye proto-oncogene is thought to have a role in the 

initial stages of breast cancer development from studies showing an association 

of c-Myc overexpression with high-grade tumors [82,450], early recurrence, and 

poor prognosis [û4,451], but less so with nodal status or metastasis [85,452,453]. 

The data presented here support the hypothesis that loci on chromosome 8 are 

involved in the transformation of human mammary epithelial cells. Ongoing 

studies in this laboratory are designed to specifically address this question. 

BP is known to induce tumors in the mammary gland of rats [143], 

however, species variation in xenobiotic metabolism and differences in tumor 

genotypes and morphology do not allow us to characterize BP as a human breast 

carcinogen. Therefore, ni vitro models of human mammary carcinogenesis may 

help to bridge the gap between experimental and clinical findings. Our results 

show that BP is capable of inducing a transformed phenotype in human 

mammary epithelial cells. Characterization of clones selected for morphological 

characteristics of transformation did not uncover mutations in p53 and H-ras 

genes, however, the BP-transformed cell lines were found to possess an alteration 

of chromosome 8 and increased c-myc expression, two parameters frequently 

associated with clinical disease. 



DIVERGENT MECHANISMS FOR LOS OF AH-RESPONSWENESÇ IN 

BENZO[A]PYRENE- AND ADRIAMYCN-RESISTANT MCF-7 CELLS 



PREFACE TO CHAITER III 

One of the reasons for the development of cancers and their relentless 

malignant progression, even in the presence of highly toxic anticancer therapies, 

is an enhanced ability to bypass mechanisms responsible for ce11 death. Drug 

resistance, either intrinsic or acquired, can be mediated by a variety of 

mechanisms. These include increased DNA repair, drug efflux, and drug 

detoxification, to cite a few of the more prevalent examples. It follows that 

uncovering the underlying enhanced survival capability of tumor cells is 

fundamental to gaining a better understanding of tumor progression and 

response to therapy. 

This chapter describes the basis for loss of Ah-responsiveness in MCF-7 

breast cancer cells selected for resistance to benzo[a]pyrene and adriamycin. 

These studies show that AhR activity can be down-regulated by different 

mechanisms in xenobiotic-resistant human mammary epithelial cells. 



The intracellular aryl hydrocarbon receptor (AhR) mediates signal 

transduction by environmental poliutants such as 2,3,7,8-tetrachlorodibenzo-p- 

dioxin (TCDD) and benzo[alpyrene by hnctioning as a ligand-activated 

transcription factor. We have investigated AhR signaling in sublines of the 

human breast cancer ce11 line MCF-7 selected for resistance to adriamycin (~d rR)  

and benzo[a]pyrene (BPR). Previously we reported that AdrR cells have a loss of 

estrogen receptor (ER) expression and are Ah-nonresponsive. Here we show that 

AhR rnRNA and protein are expressed at normal levels in AdrR cells and the 

activated AhR complex is huictionally capable of binding a xenobiotic responsive 

element. In MCF-7 cells AhR was depleied to 15% of normal levels after 4 h 

TCDD treatment, however, 45% of AhR remained in AdrR cells durhg this time- 

course. In BPR cells AhR mRNA levels were found to be decreased relative to 

wild-type cells, whidi led to decreased AhR protein levels and DNA-binding 

activity. Cellular ER content has been shown to correlate with Ah-responsiveness 

in human breast cancer ce11 lines. BPR cells were found to be ER-positive, 

although chronic (BPR cens) and acute (24 h) exposure to benzo[a]pyrene led to 

sipnificantly lower ER protein levels in MCF-7 cells. We conclude that loss of Ah- 

responsiveness occurs by different mechanisms in xenobiotic-resistant MCF-7 

sublines: AhR mRNA is down-regulated in BPR cells, whereas AdrR cells are 

deficient in AhR signaling by a mechanism unrelated to AhR expression and 

activity. 



The AhR signaling pathway mediates the cytotoxic and genotoxic effects 

of several environmental contaminants (reviewed in (454, 4551). Dioxins and 

PAHs are able to induce the transcription of genes by binding to the AhR. In the 

absence of ligand, cytoplasmic AhR is complexed to a 90 kDa heat shock protein 

dimer and an immunophilin-like protein [215, 2161. Binding of ligand to AhR 

initiates a process leading to dissociation of heat shock proteins and 

heterodimerization with Arnt in the nucleus. This complex functions to 

transactivate a discrete set of genes possessing upstream xenobiotic responsive 

elements. Members of the AhR gene battery include CYPIAI, CYPIAZ, CYPI BI, 

NADPWquinone oxireductase, aldehyde dehydrogenase 3c, UDP- 

glucuronosyltransferase, and glutathione S-transferase Ya. Studies in various 

animal models indicate that dioxins are responsible for species-specific toxic 

syndromes including wasting, immunosuppression, teratogenesis, 

hyperkeratosis, and chlorame, as well as cancer [198]. PAHs such as BP cm be 

metabolized by cytodirome P450 enzymes to reactive intermediates and are thus 

more carcînogenic than dioxins. It has been suggested that exposure to PAHs 

may lead to breast cancer since these lipophilic compounds can be stored and 

concentrated in the mammary fat pad [52,401], and enzymes that activate PAHs 

are expressed in human mammary epitheiial cells [157,158,165,456]. 

Mammary tumors which are initially responsive to chemotherapeutic 

treatment quickly progress to a hormone-independent and cytotoxic dmg- 

resistant phenotype. In vitro models of xenobiotic resistance have been 

extensively studied by us 1457.4631 and others to elucidate the mechanisms by 

which ceUs cope with environmental stress and to gain insight for strategies to 

counteract chemotherapy resistance. MCF-7 human breast cancer ceiis are ideally 



suited for investigating dmg resistance since many hormone, growth factor, and 

xenobiotic receptor signaiing pathways have been extensively studied in this cell 

line. Previously we characterized MCF-7 cells selected for resistance to 

adriamycin. This subline was found to have increased glutathione S-transferase 

activïty [457], overexpression of P-glycoprotein 1464,465 1, cross-resistance to BP 

[4581 and radiation L460.4631, and loss of ER expression I4581. This stud y reports 

the isolation and characterization of a BP-resistant MCF-7 subline. Vickers et al. 

[Ml] have shown that a correlation exists between Ah-responsiveness and ER 

expression in human breast cancer cell lines. Our data shows that BPR cells retain 

the ER-positive stahis of the parental ceU line. Therefore, these ceil lines provide 

a mode1 to compare A h .  signaling in MCF-7 cells or derivatives thereof with 

AhR+ER+ (WT), AhR-ER+ (BrR), and M E R -  (Ad& phenotypes. To this end, we 

have analyzed AhR and Amt for genetic mutation, changes in mRNA and 

protein expression, and DNA-binding activity. Results from this study show that 

AhR mRNA is down-regulated in the BPR subline. In contrast, AhR expression 

and activity are nomal in Adru celis but TCDD treatment does not deplete AhR 

protein to the extent observed in wild-type cells. This data suggests that AhR is 

protected from ligand-binding in vivo in AdrR cells. 

1. Dmgs and nagents 

TCDD and BPDE were purchased from the Midwest Research Institute 

(Kansas City, MO); [WITCDD from ChemSyn Laboratories (Lenexa, KS); and BP 

from Sigma Chemical Co. (St Louis, MO). BP and BPDE were dissolved in 

dimethyl sulfoxide and TCDD in acetone. A 1200 base pair fragment from a Pst1 

digestion of rat CYPlAl cDNA (plasmid courtesy of Dr. Alan Anderson) was 



used as a probe for Northem blot analysis. Human B-actin oligonucleotide probe 

was purchased from Clontech (Pa10 Alto, CA). Polyclonal anti-AhR antibodies 

were obtained from Dr. Alian Okey and Affinity BioReagents (Golden, CO); 

polyclonal anti-Amt antibody was a gift from Dr. Oliver Hankinson; monodonal 

a-tubulin was purchased from Boehruiger Mannheim Canada, Laval, Quebec; 

and monoclonal anti-ER (Ab-1, clone AER314) from NeoMarkers, Freemont, CA. 

2. Ce11 Iines and culture conditions 

MCF-7 wild-type cells and resistant sublines were maintained in RPMI 

media supplernented with 10% fetal bovine serum, 50 International Units/ml 

penicillin, and 50 pg/rnl streptomycin. The BPR cell line was selected by exposing 

MCF-7 cells to increasing concentrations of BP. When cells were able to survive at 

a given level of dmg, the concentration was increased in a stepwise m m e r  until 

growth at 10 pM BP was achieved. ~ d r R  cells were described previously [458). 

LS180 is a human colon adenocarcinorna celi line known to express high levels of 

AhR 

3. Northem blot analysis 

Total RNA was isolated from cells in log growth phase using the RNAzol 

B (Tel-Test, Friendswood, M) method by the manufacturer's guidelines. Twenty- 

five p g  of RNA for each sample was loaded ont0 a 1.1% 

agarose/formaldehyde/ethidium bromide gel. The samples were nui at 100 V 

for 3 h and a photograph of the gel was taken. The RNA was transferred to a 

Zeta-Probe membrane (Bio-Rad, Mississauga, Ontario, Canada) by capillary 

transfer ovemight and cross-linked with ultraviolet light. Oligonudeotide probes 

were radiolabeled with [aJZPldCTP by random primer extension (Oligo 

Labeling Kit; Pharmacia. Baie d'Urfe, Quebec, Canada). Hybridization was 



perfomed in 40% formamide, 4X SSC, 4X Denhardt's reagent, 0.2 mg/ml salmon 

sperm DNA, 1.2% SDS and 10% dextran sdphate at 42OC ovemight. Final high- 

stringency washes were camed out in 0.1X SSC/O.l% SDS at 6S°C. Membranes 

were reprobed for pactin expression to standardize for loading differences. 

4. Cytotoxicity rssay 

Cells were plated out in 200 pl of medium at a concentration of 1000 

ceîls/flat-bottomed well in 96-well microtiter plates and incubated overnight at 

37OC in an atmosphere of 5% carbon dioxide. 200 4 of medium containing dmg 

dissolved in appropriate solvent were added to welis and incubated for a further 

72 h. Medium was then removed from each well and replaced by 150 pl of 

medium containing 10 rnM 1,4-piperazinediethanesulfonic acid (pH 7.4) and 50 

11 M'iT (Sigma) at 2 m g / d  in PBS. Mates were then wrapped in aluminum foi1 

and incubated for 4 h at 37OC. Medium was removed and the fonnazan crystals 

that remained were dissolved in 200 pl dimethyl sulfoxide and 25 pl glycine 

buffer (0.1 M glycine, 0.1 M NaCl (pH 10.5)J. Quantitation of ce11 viability was 

performed by measuring the absorbance at a wavelength of 570 nm on a 

rniaotiter plate reader. The negative control (background) consisted of wells 

which were administered medium although no cells were seeded. For the 

positive conhoi (100% viability) cells did not receive drug treatment. 

5. Sequencing 

The DNA-binding domains of AhR and Amt [467] and the ligand-binding 

domain of A M  [468] were KR-amplified (see Table 4 for primers) and purified 

from a 1.270 agarose gel using Wizard K R  Preps (Promega, Madison, WI). These 

oligonucleotides were sequenced from both ends using the GibcoBRL dsDNA 

Cycle Sequencing System (Canada Life Technologies, Burlington, Ontario, 



TABLE 4. Sequence of oligonudeotides 

O&onucleotide+ 
U-AhR/DBD 
L-AhR/ DBD 

U-P- Actin 
L-p- Actin 

XRE 

Seauence* Assad 
GCAGTGGTCCCAGCCTACAC 

GCAGGCTAGCCAAACGGTCC 

CATCTAAGCTTGCCGCCATGAATTTCCAAGGGAAG 
AGTCCCTCGAGGTTAGGGATCCATTATGGCA 

% 

AGGTCGGATGATGAGCAGAGC 

ATGTGTTGCCAGTTCCCCGC 

CGTGATGGACTCCGGTGACGGGG 
GATGGAGTTGAAGGTAGTTTCGTG 

ATACTTCCACCTCAGTTGGC 
AAAGCAGGCGTGCATTAGAC 

CGGAACAAGATGACAGCCTAC 
ACAGAAAGCCATCTGCTGCC 

Q-PCR 

Q-PCR 

Q-PCR 

GATCTGGCTCTTCTCACGCAACTCCG EMSA 

kl, upper; L, lower; AhR, Ah receptor; DBD, DNA-binding domain; LBD, ligand-binding 
domain; XRE, xenobiotic responsive element 

* ~ l l  oligonucleotides are single-stranded , except for XRE which is double-stranded 
*seq, seqwncing: @KR, semi-quantitative reverse hanscribed-polymerase chain reaction; 
EMSA, electrophoretic mobility shift assay 



Canada) with the same primers. Reaction products were resolved through 6% 

polyacrylamide gels containing 7 M urea at 50°C. Gels were hansferred to 

Whatmann 3MM paper, dried, and autoradiographed. 

6. Preparation of ce11 lysates 

Cells in exponential phase growth were washed with PBS and detached 

kom flasks by trypsinization [0.05% trypsin, 0.5 m M  EDTA] and sedimented. Al1 

proceeding steps were camed out on ice. Cell pellets were washed again in PBS 

and then resuspended in lysis buffer containing 25 mM HEPES (pH 7.41, 20 mM 

sodium molybdate, 5 mM EGTA, 3 mM MgC12, 5 pg/rnl leupeptin, 10 pg/ml 

aprotinin, 0.5% NP-40 and 10% gtycerol. Suspensions were sonicated for 10 sec 

and supplemented with phenylmethylsulfonyl fluoride (100 @A) and 150 units of 

DNase. The lysate was incubated for 4 min and then sonicated for an additional 

10 sec. At this time, a sample was removed for protein determination by the 

Bradford assay (Bio-Rad) and the remainder of the sample was combined with an 

equal volume of 2X gel sample buffer 1125 mM Tris (pH 6.81, 4% SDS, 25% 

glycerol, 4 rnM EDTA, 20 mM dithiothreitol, 0.005% Bromophenol blue]. Samples 

were heated at 100aC for 5 min and stored at -20°C. 

7. Gel electrophoresis and Western blotting 

Protein samples were resolved through 7.5% polyacrylamide-sodium 

dodecyl sulfate gels and electrophoretically transferred to nitroceIlulose by 

standard techniques. The blots were stained with Ponceau S to verify the 

efficiency of transfer and the gel loading. if areas of the gel did not hansfer 

properly or if ciifferences in gel loading were apparent, the blot was not used. 

Membranes were blocked ovemight in BLOTTO buffer [50 m M  Tris (pH 73, 

0.2% Tween-20,150 mM NaCl, 5% dry milk powderl at 4OC and then washed 4 



times in 1TBS+ buffer [50 mM Tris, 0.5% Tween-20,300 mM NaCl (pH 7.511 for a 

total of 40 min. Irnmunohistochemical staining was camed out with 1:lûûû anti- 

AhR antibody or 90 ng/ml anti-Arnt antibody in BLOTTO buffer for 2 h at room 

temperature. Membranes were washed as previously and incubated with 

1:10,000 horseradish peroxidase-conjugated secondary antibody in BLOTTO 

buffer for 1 h at room temperature. Following another wash cycle, the blots were 

developed with the enhanced chemiiuminescence kit (Amersham Canada, 

Oakville, Ontario). In some cases the blot was stripped and reprobed with 

antibodies agaiwt a-tub& to ensure gel loading was equivalent from sample to 

sample. 

8. Semi-quantitative RT-PCR analysis 

Samples of total RNA (see above) were subjected to DNase treatment and 

reprecipitated. Five pg of RNA was used to prime cDNA synthesis (Gibco/BRL 

Superscript preamplification system; Canada Life). The 50 pl reaction volume 

contained 100 n M  primers, 200 pM dNTPs, 3 pCi Ia-32PJdCTP. 1.5 mM MgCl?, 50 

mM KCI, 10 rnM Tris-HCl (pH 9.0). cDNA and 2.5 Units of Taq polymerase 

(Pharmacia). After 4 min at 94OC, PCR comprised of 25 cycles at 94OC for 1 min, 

55°C for 1 min, and 72°C for 1 min, followed by a final round of extension at 72OC 

for 10 min. Samples (10 pl of each PCR product) were subjected to 10% 

polyacrylamide gel electrophoresis in TBE buffer [90 mM Tris, 90 mM boric acid, 

3 mM EDTA]. Gels were transferred to Whatmam 3MM paper, drîed, and 

autoradiographed. The primer sequences for P-actin, AhR 1296. 4691 and Amt 

[296] are found in Table 4. To ensure that PCR amphfication was linear, a series 

of PCR reactions were initially performed over a range of MCFd cDNA 

dilutions. These data were plotted in a graph of optical density units venus 

cDNA volume and a suitable cDNA dilution was chosen for each set of primers 



such that PCR amplification feil within the Linear range. Endogenous P-actin 

mRNA expression was used as an intemal control to account for differences in 

RNA quantity and integrity between samples. 

9. Preparation of nuclelr extracts 

Nudear extracts were prepared according to Whitlock and Galeazzi [470], 

with minor changes. Al1 steps were perfonned on ice or at 4OC. Confluent ceils 

were washed with PBS (without Ca2+ or Mg2+), hawested by scraping, and 

cenhifuged at 1500 RPM in a Sowall RT60ûûB centrifuge. The cellular pellet was 

resuspended in 5 volumes of 10 mM HEPES (pH 7.5). After swelling 20 min, the 

cells were collected by centrifugation as before and resuspended in 5 volumes of 

3 mM MgC12, 1 mM dithiothreitol, 25 nM HEPES (pH 7.51, and 0.01 mg/ml each 

of the protease inhibitors aproanin, leupeptin, and pepstatin. Cells were again 

coilected by centrifugation and resuspended in 2 volumes of the same buffer. 

Cells were broken with 15 strokes in a Dounce homogenizer using a tight pestle 

and immediately centrifuged at 15,000g. The crude nuclear pellet was 

resuspended in 2 volumes of 0.1 M KCl, 25 mM HEPES (pH 7.51, 1 mM 

dithiothreitol, and protease inhibitors. Nuclei were lysed by adding 2 M KCl to a 

final concentration of 0.4 M and mixing gently for 30 min. The lysate was 

adjusted to 20% glycerol and cenhifuged at high speed in an Eppendorf 5402 

microcentrifuge for 30 min. The transparent supernatant was aliquotted in small 

volumes, map frozen on dry ice, and stored at -80°C. 

10. Electrophoretic mobility shift assay 

15 pg of nuclear extract protein was incubated with a [VI end-labeled 

oiigonudeotide (Table 4) containhg an intemal XRE from the human CYPZAl 

gene [471] in the presence of 1 pg of poly(d1-dC)*poly(dI-dC). Binding reactions 



were camed out in 25 mM HEPES (pH 7.5),1 mM dithiothreitol, 0.15 M KCl, and 

10% glycerol in a volume of 30 4 at 20°C. Samples were layered ont0 5% 

polyaaylamide gels and electrophoresed in buffer consisting of 20 m M  HEPES, 

20 mM Tris, 1 rnM EDTA (pH &O), at 4°C. Gels were fixed in 10% (v/v) methanol 

and 10% (v/v) acetic acid, transferred to Whatmann 3MM paper, dried, and 

autoradiographed. 

11. Immunohistochemistry 

Cells that had been plated the previous day on coverslips were fixed with 

4% paraformaldehyde/PBS for 15 min at 37°C. Membranes were made 

permeable with a 0.3% Triton X-100/PBS solution for 5 min followed by blocking 

for 30 min with 5% BSA/PBS. The specimens were incubated for 2 h with AhR 

antibody (1:1000 dilution in 570 BSA/PBS) at 37OC. The cells were washed 3 times 

with PBS. The secondary antibody consisted of rhodamine-conjugated rat anti- 

rabbit IgG (1:100 dilution in 5% BSA/PBS) and was applied for 1 h at  37OC. 

Following another wash cycle, the covenlips were fixed to slides with polyvinyl 

alcohol. AhR cellular localization was determined using a Zeiss LSM410 confocal 

microscope. 

12. TCDD uptake studies 

Transport of TCDD in wild-type and adriamycin-resistant MCF-7 ceiis 

was determined according to the methods described by Schilsky et al. [472]. 

Briefly, MCF-7 wild-type and AdrR cells were plated in T25 fiasks in complete 

medium. When the celis were at 90095% confluency, the medium was removed 

and replaced with 2 ml of 10 nM [3H]TCDD in serum-free RPMI for various 

periods at 37OC. h g  uptake was stopped by the rapid addition of 10 ml of ire- 

cold PBS to the flasks. The cells were washed three times with 5 ml PBS, and 



digested by the addition of 1 ml of 1 N NaOH. An aliquot of the lysate was bken 

for scintillation counking and another for protein assay. Results were determined 

as the mean of experiments performed in duplicate and expressed as pmoles 

TCDD per gram total cellular protein. 

13. Steroid receptor assay 

Cells were collected by scraping in PBS and centnfuged at 1500 RPM in a 

Sonrall RT6000B centrifuge at 4OC. Cells were washed again in PBS and 

recentrifuged. The pellet was resuspended in 10 volumes phosphate-glycerol 

buffer [ l  mM NaH2P04, 4 mM Na2HP0,, 10 mM sodium molybdate, 0.1% 

monothioglycerol, 10% glycerol (pH %5)1 and homogenized with a Polytron 

homogenizer. Extracts were incubateci with 7.6 nM [SHlestradiol (New England 

Nuclear Corp., Boston, MA) alone or in the presence of 100-fold excess of 

unlabeled estradiol (Sigma). Specific binding was determined using a dextran- 

coated charcoal assay procedure described previously [473]. 

14. Densitometry 

Radiographic and cherniluminescent exposures were scanned into a 

Power Macintosh cornputer with a UMAX VistaS-12 scanner and Adobe 

Photoshop 3.0.5 software. Images were then quantified with the use of National 

Institutes of Health Image 1.61 software. Quantification was performed as 

follows. A rectangular tool was produced that surrounded the largest band of 

interest. The size of this tool was held constant for al1 measurements within a 

specific set of samples. The mean value of the intensity within the tool was then 

determined for: (i) the band of interest, (ü) the area directly above the band, and 

(iii) the area directly below the band. The intensities of the area above and below 

the band of interest were then averaged and subtracted from the band of interest. 



MCF-7 cells were culhired in escalating concentrations of benzo[a]pyrene 

over a 5 month period leading to the establishment of BPR cells. This was the 

identical procedure used for selection of adriamycin-resistant MCF-7 ceUs [457]. 

Induction of CWIAI, an essential enzyme in the metabolism of BP to BPDE, was 

analyzed to determine the mechanism of resistance. As shown in Fig. 9, BPR cells 

possess a very limited capacity to transactivate CYPlAl gene expression in the 

presence of either BP or TCDD. Cytotoxicity studies based on the MTT assay 

show that the ICS0 for BP is approximately 2 orders of magnitude greater for BPR 

celis compared to WT ce& (Fig. 10A). To rule out the possibility that resistance is 

associated with other mechanisms such as enhanced phase II detoxification, 

DNA repair, or effiflux of BP out of the cell, MIT assays were camed out using the 

activated metabolite, BPDE (Fig. 108). These experiments show that WT and BPR 

cells are equally sensitive to BPDE, indicating that resistance is mediated through 

decreased phase 1 activation of BP. 

We analyzed components of the Ah receptor signaling pathway for 

alterations in genetic structure, expression, and activity. AhR and Arnt are 

members of a family of transcription factors containing basic, helix-loop-helix, 

and PAS motifs. The functional domains of the AhR and Arnt have been 

inves tiga ted b y dele tion, site-specific mu ta tion, and chimeric protein analyses 

[228,232, W ,  4741. These studies suggest that residues within the basic region 

speciQ the DNA recognition site, whereas the ligand-binding domain of AhR 

overlaps with the PAS region. We sequenced the DNA-binding domains of AhR 

and Arnt and the ligand-binding domain of AM.  However, no mutations were 

detec ted in the benzo[a 1 p yrene and adriamycin-resistant MCF-7 cell lines. 
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Figure 9. CYPlAl mRNA levels in MCF-7 wild-type (WT) and 
benzo[n]pyrene-resistant (BPR) ce11 lines. Cells were treated with either 
solvent 1 pM BP, or 100 nM 2,3,7,8-tetrachiorodibenzo-p-dioxin 
(TCDD) for 24 h prior to RNA isolation. Northem blot analysis was 
performed with 25 pg of RNA in each lane. Membranes were stripped 
and rehybridized with a p-aain probe to standardize for Ioading dif- 
ferences. These data are representative of three separate experiments. 
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Figure 10. Cytotoxiaty studies. MCF-7 wild-type (0) and benzo[alpymne-resistant 
(a) ceUs were treated with benzoia lpyrene (BPI or the activated metabolite, 
BP-7,&dihydrodi01-9,lû-e xide (BPDE), for 72 h in 96-weii microtiter plates. Ce11 
survival was determine S" by a colorirnetric assay described in "Materials and 
Methods" which m e a m  the ability of living cells to reduce a dye to a fortnazdn 
by-product. These data are representative of three experiments. Results are the 
averag of 12 wek per drug concentration per celî Une and are expressed as @SEM. 



Immunoblot analyses were performed to determine whether the 

deficiency in CYPlAl induction could be attributed to decreased AhR and Arnt 

expression. As shown in Fig. 11, AhR protein levels in Adru cells are equivalent 

to WT cells, whereas BPR cells have about a 4-fold decrease in expression. In 

addition, AdrR cens have a 3-fold decrease in Amt protein expression relative to 

WT and BPR cells (Fig. 11). Semi-quantitative RT-PCR anaiysis was utilized to 

determine if the decrease in AhR expression found in BPR cells was a result of 

lower AhR mRNA leveis (Fig. 12). Indeed, AhR mRNA levels are decreased 3-fold 

in the BPR subline, and Arnt levels are not altered. Therefore, benzo[a]pyrene- 

resistance is associated with down-regdation of AhR mRNA in this model. 

Nuciear extracts were combined with a radiolitbeled XRE to determine if 

the DNA-binding capability of activated AhR is decreased in the resistant 

sublines (Fig. 13). LS18O cells, whidi have previously been shown to overexpress 

AhR, were used as a control. The arrow in Fig. 13 indicates the AhR/Amt 

complex, since this band is induced by TCDD (lane 3 versus lane 2), and anti- 

AhR or -Amt antibodies completely inhibited the specific retardation of the XRE 

(lanes 5 and 6, respectively), whereas a non-specific control antibody does not 

(anti-ER, lane 7). The epitope recognized by the anti-AhR antibody occurs within 

the DNA-binding domain (amino acids 13-31), whereas the anti-Arnt antibody 

does not obstruct DNA-binding or dimerization which causes the 

A M /  Arnt/antibody complex to be supershifted in the loading well (lane 6). In 

these experiments nuclear extracts from BPR cells showed little affinity for the 

XRE, which is concordant with AhR expression in this ce11 line. Although AdrR 

cells have no detectable increase in AHH activity when exposed to TCDD [342, 

4581, and express a relatively low level of Amt, nuclear proteins from this subline 

possessed a greater abiîity to bind a XRE cornpared to extracts prepared from WT 
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Figure 11. Analysis of Ah receptor (AhR) and Arnt protein levels in 
MCF-7 wild-type and xenobiotic-resistant ceil lines. The presence of 
hhR and Arnt in total cellular extracts were detected by ùnmunoblot 
analyses. LSl8O is a human colon adenocarunoma ce11 line known to 
overexpress AhR. Amounts loaded: AhR, 100 pg protein/ lane; Arnt, 20 
pg protein/ lane. Relative protein levels (as a percentage of wild-type) 
for BPR and AdrR ceus are: AhR protein, 28.017.6 and 140.7k41.6, 
respedively; Arnt protein, 120.h8.7 and 33.W.3, respectively. Results 
are expressed as * SEM for 3 determinations for each experiment. 
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Figure 12. Representative semi-quantitative RT-PCR analysis of A h  receptor and 
Arnt expression in MCF-7 wild-type and benzo[a]pyrene-resistant ce11 lines. 5 pg 
of DNase-treated total RNA was reverse transcribed in a final volume of 20 pl. A 
volume of this cDNA (1 /IO pl for AhR; 1 / 100 pl for Arnt; 1 / 10000 pl for p-actin) 
was chosen su& that PCR amplification was linear for each gene of interest. 
Conditions for "hot PCR and subsequent gel electrophoresis are described in 
"Materials and Methods." &actin expression was used as an interna1 controi. 
Relative mRNA levels (as a percentage of wild-type) for BPR cells are: AhR 
mRNA, 30.1k4.4; Arnt mRNA, 73.1H0.4. These results are expressed as I SEM for 
2 experiments performed with different RNA preparations. 



Figure 13. Electrophoretic mobility shift assays using an oligonucleotide containing an 
interna1 xenobiotic responsive elernent (XRE). Arrow indicates the Ah 
receptorl Arnt/XRE cornplex. Lane 1 was run with radiolabeled probe only. Al1 remain- 
ing lanes were loaded with 15 pg nuciear protein that had been incubated with probe as 
described in "Materials and Methods." Nuclear extracts were obtained after celis were 
treated with 10 nM 2~3,7,&tetrachlorodibe11zo-p-dioxin in senim-free medium for 1 h? 
except for lane 2 in which cells were treated with solvent only. Lane 4 was competed with 
100 M excess cotd XRE. Lanes 5-7 had additions of anti-Ah receptor, -&nt, and -estrogen 
receptor antibodies, respectively. This data is representative of at least three separate 
experiments. 



cells. These data show that Amt is not a limiting factor for AhR signalhg in 

MCF-7 cells, and that loss of Ah-responsiveness in AdrR ceils is independent of 

AhR/Arnt expression and DNA-binding activity. 

It is conceivable that MCF-7 cells selected for resistance to adriamycin are 

transformed to an Ah-nonresponsive phenotype through an alteration in the 

subcellular distribution of M. To address this question we investigated A M  

localization by confocal microscopy. WT and AdrR cells were plated out on 

coverslips. The following day ceils were exposed to 1 n M  TCDD for O h, 1 h or 2.5 

h. As shown in Fig. 14. the pattern of AhR subcellular distribution is not parallel 

between the two ce11 heç.  In WT cells (panel 1A) outlines of the nudei are clearly 

demarcated and AhR is visualized throughout the cytoplasm, whereas in AdrR 

cells (panel 2A) AhR appears in globular pockets towards the ce11 periphery. 

Treatment with ligand resulted in a rapid depletion of AhR in WT cells (panels 

IA-C). In contrast. TCDD had less of an effect on AhR expression in AdrR cells 

(panels 2A-C). Triplicate imrnunoblot experiments confirmed that a difference in 

the rate of AhR protein turnover exists between WT and Adru cells (data not 

shown). Quantitation of AhR expression by densitometry determined that 4 h 

TCDD exposure (10 nM) depleted AhR to 15% of basal levels in WT cells, 

compared to 45% in ~ d r R  cells. These results prompted us to investigate TCDD 

transport in these ceil lines. Surprisingly, Our results indicated that the rate of 

TCDD uptake and total intrace~ular level of TCDD in AdrR cells was higher than 

in the parental MCF-7 cell line (Fig. 15). 

Vickers et ai. [3411 noted that there was a correlation between Ah- 

responsiveness and ER expression in human breast cancer ce11 lines and 

suggested that there may be cornmon factor(s) which regulate both AhR and ER 

signal transduction pathways, although these remain unknown. To detennine 

the ER status of the BPR subiines, protein levels were quantitated by cornpetitive 



Figure 14. Effect of 2,3,7,&tetrachlodibe1i~~)-p-dioxin (TCDD) exposure on Ah recep- 
tor lwalization in (1) wild-type and (2) adriamycin-resistant MCF-7 ce11 lines. Cells plat- 
ed the previous day on coverçlips were incubated Mth 10 nM TCDD for (A) O h, (8) 1 h, 
or (C) 2.5 h followed by immunohistochemical labeling of Ah receptor as described in 
"Materials and Methods." Fluorescence was visualized by confocal microscopy. This 
expriment was repeated with similar results. 
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Figure 15. TCDD uptake in MCF-7 wild-type (O)  and 
adriamycin-resistant ( m l  ce11 lines. Cells growing in T25 fiasks were 
exposed to 10 nM [ 3 ~ ] ~ C ~ ~  (specific activity 22.2 Ci/mmol) in 
serum-free RPMI medium. Following incubation at 37OC for the 
designated times, the cells were washed and the total intracellular 
counts were detennined as described under "Materials and Methods." 
This data is representative of two experiments, each performed in 
duplicate. 



Figure 16. Determination of estrogen receptor (ER) levels in MCF-7 
wild-type and benzoIa 1 pyrene-resistant c d i  lines. Ceiis were treated with 
solvent (stippled bars) or agonist (1 FM benzo[a]pyrene or 100 nM 
2,3,7,8-tetrachlorodibenzo-p-dioxin; solid bars) for 24 h. Aliquots of total 
cellular extract were incubateà for 4 h at 4°C with [3H]estradiol either 
alone or in the presence of 100-fold excess of unlabeled estradiol as 
d e d e d  in "Materials and Methoàs." Specific binding was determined 
using a dextran-coated diarcoal assay procedure. Resdts shown are the 
arithmetic mean of 3 experiments and are expresseci as I SEM. 



binding of a radioligand. Fig. 16 (stippled bars) shows a significant decrease 

(p=0.0437) in the level of ER in BPR cells compared to WT cells. Moreover, acute 

exposure (24 h, solid bars) to BP or TCDD caused a significant down-regdation 

(p=0.0461) of ER in WT celis, but had no effect on BPR cek. 

We have cultured MCF-7 cells in escalaüng concentrations of BP leading 

to the establishment of a resistant subline. Ah-responsiveness was ini tiall y 

characterized by quantitation of CYPl A 2 rnRNA levels. These studies showed 

that CYPlAl  gene expression is severely repressed in the BPR ceIl line. From 

cytotoxicity assays showing that WT and BPR ceUs are equally sensitive to BPDE, 

we were able to demonstrate that resistance is mediated through decreased phase 

1 activation of BP. Furthemore, our data strongly indicates that AhR signahg is 

inhibited in BPR cells via down-regulation of the AM. This conclusion is drawn 

from experirnents showing significantly lower AhR mRNA and protein by semi- 

quantitative RT-PCR, immunoblot and band shift analyses. 

Previously, Moore et al. [475] isolated a BP-resistant MCF-7 clone and 

characterized loss of Ah-responsiveness by showing that these cells were less 

responsive to TCDD as determined by CYPlAl  mRNA induction, CYPiAl 

promoter-CAT activity, EROD activity and XRE binding studies, and by showing 

that resistant cells metabolized BP at a slower rate. Basal levels of AhR and h t  

were not examined, although velocity sedimentation analysis after exposure to 

[3H]TCDD for 2 h indicated that AhR levels were about 50% higher in the BPR 

clone [4751. In a subsequent study this group reporteci that, relative to WT ceus, 

there was a significant reduction (by about 40%) of AhR mRNA levels in BP- 

resistant T47-D cek, whereas Amt mRNA levels were unchanged [476]. Zhang et 



al. [477] showed that AhR mRNA levels were similarly reduced in a group of BP- 

resistant mouse Hepalclc7 clones. The authors suggest that lower AhR mRNA 

levels result from altered expression or mutation of a transcription factor that 

causes an open cluornatin structure in the vicinity of the AhR gene since: (il 

fusion of a BP-resistant clone with a rat hepatoma ce11 line restores AhR mRNA 

expression, and (ü) the reversion frequency of a clone was increased 20-fold with 

exposure to a chernical mutagen, suggesting that the gene was not silenced by an 

epigenetic mechanism [477]. Taken together with our results, it is appears that 

dom-regdation of AhR at the level of transcription is a common mechanism by 

which cells can adapt to prolonged BP exposure. 

AIiR and ER signal transduction pathways interact with one another on at 

least two levels. Firstly, TCDD and other AhR agonists suppress a broad range of 

estrogen-induced responses in laboratory animals [302, 3051 and mammalian 

cells in culture [310, 312, 4781. Secondly, Ah-responsiveness has been shown to 

correlate with ER expression in a panel of human breast cancer ce11 lines [341]. 

For example, MCF-7 cells are ER+ and Ah-responsive, whereas MDA-MB-231 

cells do not express ER and are Ah-nonresponsive. In addition, transient 

transfection of an ER expression vector converts MDA-MB-231 cells to an Ah+ 

phenotype [347]. We quantitated ER protein levels to determine if there was 

correlation between ER status and Ah-responsiveness in the BP-resistant MCF-7 

subline. We found BPR cells to be ER+, although expression was reduced by 33% 

compared to W? cells. Down-regulation of cellular ER content may be one 

mechanism by which AIiR agonists function as antiestrogens. ln uiuo studies have 

shown that 2 day TCDD exposure decreases hepatic and uterine ER in murine 

and rat models by up to 42% [303, 304, 3171. To determine whether short-tenn 

exposure also decreases ER in &O, we exposed MCF-7 cells to TCDD and BP for 

24 h. These experiments showed a 25% reduction of ER expression in WT cells, 



but Ligand did not alter ER expression in the BPR ce11 line. It is not known at the 

present time whether this level of ER suppression is associated with the 

antiestrogenic nature of AhR agonists, or is sufficient to affect Ah- 

responsiveness. 

Adriamycin-resistant MCF-7 cells are cross-resistant to benzo[a]pyrene 

[342, 4581. AHH activity is undetectable in this ce11 line, and TCDD failed to 

induce either endogenous C Y P l A 1 expression or a transfected construct 

containhg the normal mouse CYPlAl promoter fused to a CAT gene [342]. These 

results indicated that the defect was due to an alteration in AhR signaling and 

not a mutation in the regulatory region of the CYPl A l  gene. We found no 

significant differences in AhR expression between WT and Adru cells. One 

possibility is that AhR activity is down-regulated in AdrR cells by a post- 

translational mechanism. For example, phosphorylation of residues within the 

AhR DNA-binding domain may be a critical deteminant for receptor signaling 

1280, 283,4793. Our results show that the transfomied AhR complex was able to 

bind a XRE in electrophoretic mobility shift assays. Thus, AhR DNA-binding 

activity does not appear to be aberrant in AdrR cells. This data is in agreement 

with previous studies which have indicated that AhR expression or XRE binding 

may not be predictive of Ah-responsiveness [Ml, 480,481]. 

TCDD induces a rapid losr of AhR in cultured ce11 lines [Zl, 482,4831. Ln 

mouse hepatoma cells (Hepa-1). it has k e n  shown that less than 20% of the total 

cellular AhR content is present after 6 h treatment with TCDD, and this effect is 

prolonged for at least 3 days 1484, 4851. Our experiments show that AhR is 

depleted to 15% of normal levels in WT cells after 4 h TCDD exposure. In 

conhast, 45% of AhR remained in AdrR cells over this time-course. P- 

glycoprotein has been reported to act as an energy-dependent drug efflux pump 

for a wide range of xenobiotics, including benzo[alpyrene 14861. However, h g  



uptake studies showed that P-glycoprotein overexpression does not decrease the 

level of intracellular TCDD in AdrR cells. Okey and coworkers [484] have shown 

that a decrease in AhR protein following exposure to TCDD was not 

accompanied by a decrease in mRNA. It is plausible that AhR becomes more 

vulnerable to proteolytic deavage d u ~ g  receptor activation. The HSPSO-binding 

domain colocalizes with the ligand-binding domain of AhR and steroid hormone 

receptors. In the process of ligand activation, HSP90 becomes disassocjated hom 

the receptors. Furthemore, the presence of ligand depletes cellular receptor 

levels, which is accompanied by a diange in the half-life of the receptor proteins. 

This same effect occurs when cells are treated with the HSP90 inhibitor 

geldanamycin [348]. For example, a 75% depletion in AhR was found to occur 

within one hour of exposure to geldanamycin in HeLa and Hepa lclc7 cells 

13551. in the case of the glucocorticoid receptor. there is evidence that receptor 

degradation following geldanamycin treatment involves the ubiquitin- 

proteasorne pathway [378]. 

The DNA binding activity of AIiR from ce11 extracts may not accurately 

reflect the ability of AhR to bind DNA in vivo. For example, we have shown by 

confocal microscopy that the pattern of AhR subcellular distribution is altered in 

the AdrR subline. This in turn may contribute to loss of Ah-responsiveness if AhR 

colocalizes with a high concentration of inhibitory factors such as HSPSO. 

Members of the HSP90 family are cytosolic proteins that have been shown to 

interact with unliganded or liganded receptors by a dynamic process, and to 

inhibit their native DNA binding activity [389,390]. Based on results showhg 

that AhR expression and DNA-binding activity are similar in WT and AdrR cens, 

but rates of AhR protein tumover and CYPlAl transactivation are decreased in 

the latter, our data suggests that AhR may be protected from ligand-binding in 

AdrR celis. 



h summary, these studies have established the following conclusions: (i) 

BP-resistance is assdated with down-regulation of AhR mRNA in MCF-7 cells, 

(ii) the Ah-nomesponsive phenotype of BP-resistant MCF-7 cells is not associated 

with a loss of ER, although a 33% reduction of expression was found, (iii) despite 

an Ah-nonresponsive phenotype, AhR expression and DNA-binding activity are 

normal in adriamvcin-resistant MCF-7 cells, and (iv) TCDD-induced AhR 

depletion occurs about 3-fold less efficiently in AdrR cells compared to the 

parental celi line. 





The AhR and members of the steroid hormone receptor and thyroid 

hormone nuclear receptor families are ligand-activated transcription factors. 

Although sirnilarities exist with respect to function, the different classes of 

receptor proteins are structurally divergent. It is for this reason that interference 

between the three receptor families is an unexpected finding. Presently, 

rnechanisms underlying receptor interference and cooperation are largely 

unknown. 

In this chapter, HSP90 was investigated as a potential mediator of cross- 

talk between the AhR and ER signal transduction pathways. Eluudation of the 

interference mechanism is an important objective for several reasons. For 

instance, this mechanism may prove to be a universal means by which 

Ah/steroid/thyroid receptors intetact with one another. 

In addition, insight into the mode of interference between TCDD and the 

ER signalhg pathway could have a direct clinical application. About one-third of 

primary mammary tumors are ER-positive and respond to endocrine therapy. 

Thus fart the nonsteroidal antiestrogen tamoxifen has been the endocrine 

treatment of choice for all stages of breast cancer. However, concems about the 

side effects associated with tamoxifen and the development of drug resistance 

during long-term therapy has led to the search for novel antiestrogenic agents. 

TCDD is a potent antiestrogen but the high toxicity of this compound precludes 

its use as an antineoplastic dmg. With a better understanding of the AhR-ER 

interaction, it may be possible to rnimic the antiestrogenic effect of TCDD 

without the deleterious side effects associated with CYP activation, thereby 

generating a novel endocrine therapeutic agent. 



Tetrachlorodibenzo-p-dioxin (TCDDI-mediated gene transactivation via 

the Ah receptor (AhR) has been shown to be dependent upon estrogen receptor 

(ER) expression in human breast cancer cells. We have investigated the 90 kDa 

heat shock protein (HSP90) as a mediator of cross-talk between the AhR and ER 

signal transduction pathways. The effect of HSP90 overexpression on receptor 

activity was determined by transient transfection assays using a HSP90 

expression vector. Ligand-inducible gene expression was inhibited when the 

HSP90 expression vector was cotransfected with a TCDD-responsive reporter 

plasmid. However, overexpression of HSP90 did not block induction of an 

estrogen-responsive reporter plasrnid. To determine whether ER facilitates AhR 

signaiing through its ability to squelch HSP90, two vectors which express protein 

products that bind HSPSO were transfected into M D A - W U 1  cells. Introduction 

of: (i) Hell, an ER deletion mutant that does not bind DNA, and (ii) the ligand- 

binding domain of human AhR, both led to increased basal and TCDD-inducible 

expression of CYPlAl mRNA. Finally, the subcellular distribution of HSP90 was 

investigated in human breast cancer ce11 lines. These studies showed HSPSO to be 

primarily cytoplas~c in ER-positive ce11 lines, whereas in matched ER-negative 

ce11 lines HSP90 was equally distributed between the cytoplasm and nucleus. 

Taken together, these results demonstrate that HSPSO can regulate AhR activity 

in viw, and that Ah-responsiveness is dependent upon cellular ER content 

through a mechanism that involves HSPSO. 



The AhR and Amt are members of the PAS farnily of transcription factors. 

Ligand binding to cytosolic AhR initiates nuclear translocation and 

heterodimerization with Amt. This complex modulates the transcription of Ah- 

responsive genes by binding to cognate DNA sequences, known as xenobiotic 

responsive elements, which are found in the vicinity of target genes. Although 

TCDD and related AhR agonists do not associate with the ER [313], these 

compounds exhibit antiestrogenic properties in animal models [303,487] and in 

ce11 culture [310, 312). Vickers et al. [3411 demonstrated a second level of cross- 

talk between AhR and ER when they showed that the Ah-responsiveness (Le. the 

ability of TCDD to induce CYPlAl expression) of human breast cancer cells is 

related to their ER content. Moreover, several ER-negative ce11 lines that express 

AhR are Ah-nonresponsive and these include MDA-MB-231 and adriamycin- 

resistant MCF-7 cells, whereas ER-positive wild-type MCFd cells are Ah- 

responsive, along with MDA-MB-231 ceils transiently transfected with human ER 

(hER) [347,458]. Presently, rnechanisms of interference and cooperation between 

the AhR and ER signal transduction pathways are not clear. 

The AIiR and ER can be recovered from untreated target cells extracted in 

low-salt medium in a 8-9s form that does not bind DNA [390,488]. The inactive 

8-9s form is a complex of receptor with a set of proteins including a HSPSO 

dimer. in agonist treated cells, the receptors can be extracted under high salt 

conditions as a smalier 45s forrn, free of any detectable HSP90, and with DNA- 

binding activity 1390,4881. HSP90 proteins have a critical role in AhR and ER 

signal transduction. First, receptor activation is defective in a strain of 



Saccharomyces cereoisiae that produce reduced levels (5%) of HP90 [382, 3841. 

Second, the HSPSO-binding domain colocaiizes with the Ligand-binding domain 

in eadi recep tor [387,468], which suggests that ligand may activate the receptor 

by displacing HSPSO. Third, HSP90 is capable of blocking the binding of either 

receptor to its respective responsive elernent in in vitro assays [361, 389, 3901. 

Thus, it is generally believed that HSRO acts to inhibit the intrinsic DNA binding 

activity of steroid hormone and Ah receptors either by steric interference and/or 

by passive interference with the dimerization step. 

Here, we propose a mode1 in which ER facilitates AhR signaling through 

its ability to squelch HSPSO. This is based on experiments showing restoration of 

Ah-responsiveness in MDA-MB-231 cells transfected with receptor deletion 

mutants that can bind HSP90. Aithough it has been shown that HSPSO can hhibit 

the DNA-binding and transactivation activities of AhR and ER in cell-free 

systems, it has not been demonstrated whether HSPSO can repress AhR and ER 

transactivation in vivo. To address this question, we transfected HSP90 into hiro 

ER-posi tive, Ah-responsive ce11 lines. These studies indicated tha t overexpression 

of HSP90 does not affect ER signaling, but it does repress AhR-mediated gene 

transactivation. Finally, the subcellular localization of HSP9O and AhR in 

matched ER-positive and -negative human breast cancer ce11 lines was 

inves tiga ted. 



1. Cell culture 

MCF-7 and T47-D human breast cancer celi lines and adriamycin-tesistant 

MCF-7 cells [457] were maintained in RPMI 1640 medium supplemented with 

10% fetal bovine serum, 50 International Units/ml penicillin and 50 p g / d  

streptomycin. MDA-MB-231 cells were maintained in a-MEM with 10% fetal 

bovine serum and penicillin /streptomycin. The S30 ce11 line was established 

previously via stable transfection of a hER expression vector into MDA-MB-231 

cells [489]. These ceils were maintained in phenol red-free u-MEM supplemented 

with 10% charcoal-shipped fetal bovine senun, penicillin/streptomycin and 500 

&ml of the antibiotic G418. For drug treatments, TCDD (Midwest Research 

Instihite) was dissolved in acetone at a concentration of 20 &ml. 17P-estradiol 

(Sigma) was dissolved in ethanol at a concentration of 1 mg/rnl, diluted with 

medium for a 10-5 M stock solution, and stored in smaii aliquots at -20°C. 

2. Reagents 

Anti-AhR antibody was a gift from Dr. Allan Okey, HSPSO expression 

vectors and BF4 antibody from Dr. Maria-Grazia Catelli, pRNH241c plasmid 

from Dr. Ronald N. Hines, H e l 1  cDNA from Dr. Sylvie Mader, and CYPlAl 

cDNA from Dr. Alan Anderson. 



3. Transient transfection assays 

The pGL3-IAl plasmid was constructed by excising a fragment 

encompassing human CYPl A 1 promoter /exon 1 sequences -1 140 to +59 from 

pRNH241c and subcloning it into the Smal site of the pGL3-Basic luciferase 

vector (Promega). The HSP90 expression vectors utilized here were described by 

Kang et al. [370]: 90WT contains a copy of chicken HSP90 cDNA ligated hto the 

pSVK3 expression vector; and 9ONLS is a similar expression vector but with the 

addition of the nucleoplasmin NLS inserted into the HSP90 coding sequence. 

MCF-7 and T47-D cells in 12-weli culture dishes were trançfected with 250 ng of 

reporter plasmid (pGL3-IAI), 50 ng of expression vector (pSVK3, 90WT or 

90NLS), 2 ng of the pRL-CMV Rpnilla luciferase control reporter vector (Promega) 

and 0.6 pl of Lipofectamine reagent by methods provided by the manufacturer 

(GibcoBRL). The following day, cells were treated with either vehicle or 10 nM 

TCDD for 24 h. Extracts were prepared from transfected cells and assayed for 

luciferase activity using the Dual-Luciferase Reporter Assay System (Promega) 

according to the manufacturer's guidelines. Luciferase activity was calculated as 

pGU-1 Al  activity /pRLCMV activity. 

For CAT assays, cells seeded in 6-well plates were cotransfected with 2 pg 

of expression vector (pSVK3.90WT or 90NLS), 2 pg of the vit-tk-CAT estrogen- 

responsive reporter plasmid [490], and 8 pl of Lipofectamine reagent. After a 5 h 

incubation, the medium was replaced with phenol red-free RPMI 1640 

supplemented with 10% charcoal-stripped fetal bovine senim. The following day, 

cells were either left untreated or exposed to 100 nM estradiol for 24 4. Whole celi 

extracts were obtained to perfom CAT enzyme assays. The acetylated and 

nonacetylated foms of [~*C]-chloramphenicol were separated by thin layer 



chromatography, and quantification was perfonned using a phosphoimager. 

CAT activity was standardized to the protein content of the cellular extracts. 

4. Stable transfections 

Hel1 cDNA was ligated into the EcoN site of pBluescnpt (Stratagene) and 

then subcloned into the BaniHI and KpnI reshiction sites of the pCEP4 episomal 

eukaryotic expression vector (Invitrogen). The human homologue of the murine 

AhR ligand-binding domain [474] was PCR-amplified from MCF-7 cDNA and 

subc loned  i n t o  p C E P 4 .  The u p s t r e a m  p r i m e r  

(CATCTAAGCTTGCCGCCATGAATTTCCAAGGGAAG) was designed to 

provide a Hindlll restriction site and the downstream primer 

(AGTCCCTCCAGGITAGGGATCCATTATGGCA) to provide a stop codon and 

Xhol site at its terminus. The pCEP4, pCEP4-Hel1 and pCEP4-AhR/LBD 

expression vectors were transfected into MDA-MB-231 cells using Lipofectamine 

reagent. Stable transfectants were selected by culturing cells in 500 pg/ml of the 

antibiotic Hygromycin B (Boehringer Mannheim). 

5. Northern blot analysis 

Total RNA was isolated from ceils in log growth phase using the RNAzol 

B (Tel-Test) method by the manufacturer's guideîines. RNA samples (25 &lane) 

were resolved through 1.1% agarose / fonnaldehyde/ethidium bromide gels for 3 

h at 100 V and photographed. The RNA was transferred to Zeta-Probe 

membranes (Bio-Rad) by capillary transfer overnight and hybridized with 

ultraviolet light. The oligonucleotide probe, consisting of a 1200 base pair 

fragment from a Pst1 digestion of rat CYPlAl cDNA, was radiolabeled with [a- 



32PldCTP by random primer extension (Oligo Labeiing Kit; Pharmacia). 

Hybridization was performed in 40% formamide, 4X standard saline citrate, 4X 

Denhardt's reagent, 0.2 mg/ml salmon sperm DNA, 1.2% sodium dodecyl sulfate 

and 10% dextran sulphate at 42OC overnight. 

6. Immunohistochemistry 

Cells that had been plated the previous day on coverslips were fixed with 

4% paraformaldehyde/PBS for 15 min at 37OC. Membranes were made 

permeable with a 0.3% Triton X-100/PBS solution for 5 min followed by blocking 

for 30 min with 5% BSA/PBS. The specimens were CO-incubated with a 1:200 

dilution of monoclonal (mouse) anti-HSPSO antibody (SPA-830, StressGen) and a 

1:1000 dilution of polyclonal (rabbit) anti-AhR antibodies in 5% BSA/PBS for 2 h 

at 37OC. The secondary antibodies consisted of rhodamine-conjugated rat anti- 

mouse IgG (1: 100 dilution) and fluorescein-conjugated rat anti-rabbit IgG (1 :IO0 

dilution) and was applied for 1 h at 37OC. HSPSO and AhR cellular localization 

was detennined using a Zeiss LSM410 confocal microscope. 

To confirm the correct localization of 90WT and SONLS, transfected cells 

prepared as above were incubated with BF4 monoclonal (rat) IgG followed by 

fluorescein-conjugated goat anti-rat IgG. The BF4 antibody is specific for avian 

HSP90 13701 and did not recognize human HSPSO. 

7. Immunoblot analysis 

CeUs in exponential phase growth on 100 mm plates were washed with 

PBS, detached with a celi scraper, and sedimented. The ceUs were resuspended in 

0.5 ml lysis buffer [IO m M  Tris-HC1 (pH 8.01, 60 mM KCl, 1 m M  EDTA, 1 mM 



dithiothreitol, 0.5% Nonidet P-40, 0.5 mM phenylmethylsulfonyl fluoride, 0.01 

mg/ml leupeptin, 0.01 mg/ml pepstatin, 0.01 mg/ml aprotinin] per M O 7  ceils 

and incubated on ice for 10 min. Samples were spun down at high speed and the 

protein content of the supernatant was quantitated by the Bradford assay (Bio- 

Rad). Protein samples (25 pg/lane) were resolved through 10% polyacrylamide- 

sodium dodecyl sulfate gels and electrophoretically trançfened to nitrocellulose 

(BioBlot-NC; Costar) by standard techniques. The blots were stained with 

Ponceau S to verify the efficiency of transfer and the gel loading. If areas of the 

gel did not transfer properly or if differences in gel loading were apparent, the 

blot was not used. Membranes were blocked oveniight in BLOTTO buffer [50 

m M  Tris (pH 7.5),0.2% Tween-20, 150 mM NaCl, 5% dry milk powder] at 4°C 

and then washed 4 times in =BS+ buffer [50 rnM Tris, 0.5% Tween-20,300 mM 

NaCl (pH 7.5)J for a total of 40 min. Immunoreactive staining was camed out 

with a 1:1000 dilution of anti-HSP9O antibody or 1:1000 dilution of anti-p-actin 

antibody (Boehringer Mannheim) in BLOTTO buffer for 2 h at room temperature. 

Membranes were washed as previously and incubated with 1:10,000 horseradish 

peroxidase-conjugated secondary antibody in BLOTTO buffer for 1 h at room 

temperature. Following another wash cycle, specific proteins were detected by 

the enhanced cherniluminerence (ECL) system from Amersharn as describeci by 

the manufacturer. Bovine HSP9O (SPP-780, StressGen) was used a positive 

control. 

8. Densitometry 

Radiographie and ECL exposures were scanned h to  a Power Macintosh 

computer with a UMAX Vis612 scanner and Adobe Photoshop 3.0.5 software. 



Images were then quantified with the use of National Institutes of Heaith Image 

1.61b7 software. Quantification was performed as follows. A rectanguiar tool was 

produced that surrounded the largest band of interest. The sue of this tool was 

held constant for al l  measurements within a specific set of samples. The mean 

value of the intensity within the tool was then determuied for: (i) the band of 

interest, (ii) the area directly above the band, and (üi) the area directly below the 

band. The intensities of the area above and below the band of interest were then 

averaged and subtracted fiom the band of interest. 

RESULTS AND DISCUSSION 

1. In vivo inhibition of AhR signaling by HSP90 

TCDD has been proposed to act as an antiestrogen by enhancing estradiol 

metabolism 131 1, 3 18-3223 or by decreasing ER transcription [324]. Altematively, 

Kharat and Saatcioglu [316] have suggested that the antiestrogenic nature of 

TCDD results from the ability of liganded AhR to block ER transactivation of 

gene expression. In DNA binding experiments, these researchers showed that 

cotreatment of MCF-7 cells with estradiol and TCDD completely blocked ERE- 

specific DNA binding by the ER, and reciprocally, blocked the MZE-specific DNA 

binding activity of the AhR [316]. The validity of these 3 models is uncertain as 

Safe and coworkers have reported contradictory data for each of them [313-315, 

325.3291. It has been shown that ER protein levels are deaeased by up to 50075% 

in TCDD-treated animals [303,491] and ceiis in culture [307,313,315]. However, 

this finding does not appear to account for interference between the AhR and ER 

signal transduction pathways since TCDD remains antiestrogenic in cells where 



the levels of ER cannot be down-regulated due to constitutive expression from an 

ER expression vector [316,326]. 

HSP9O is a potential mediator of cross-talk since it interacts with both the 

AhR and ER and is lcnown to repress receptor signaling in vitro. HSP90 is 

expressed in vast excess relative to intercellular receptor levels, however, this 

chaperone associates with nurnerous proteins, including several proteins which 

are also expressed in great amounts (such as actin and tubulin). Therefore, 

although HSP90 expression is abundant, it is possible that most of HSP90 is 

sequestered within the cell. The working hypothesis for the studies presented 

here was that drug treatment could lead to an increase of unbound HSP90 which 

would be inhibitory to receptor signaling. To determine whether overexpression 

of MW0 interferes with the transactivation functions of AhR and ER in vivo, we 

performed transient transfection assays with ER-positive, Ah-responsive MCF-7 

and T47-D cells. 

For the first experirnent an expression vector, either the control plasmid 

(pSVK3) or a vector containing HSP9O cDNA (90WT or SONLS), was 

cotransfected into cells along with an estrogen-responsive reporter construct. The 

following day transfected ceils were treated with estradiol for 24 h. Results from 

these studies showed that there was no significant difference between estradiol- 

induced CAT activity in HSP90-transfected cells relative to cells carrying the 

empty expression vector (Fig. 17). In the second experiment, cells were 

cotransfected with an expression vector (pSVK3, 90WT or 90NLS), a TCDD- 

responsive reporter plasmid (pGU-IAI), and a control reporter vector (pRL- 

CMV). Following a 24 h exposure to 10 nM TCDD, ceils were lysed on the culhue 



Control 90WT 90NLS 

Figure 17. Effect of HSP90 overexpression on estrogen receptor-rnediated 
gene transactivation. (A) Representative assay MCF -7 cells were transientlv 
transfected with an expression vector (pSVK-3, lanes I I ;  90WT, lanes 5-8; 
90NLS, lanes 9-12) and an estrogen-responsive reporter plasmid (vit-tk- 
CAT). The following day, transfected cells were either left untreated (lanes 
1,2, 5, 6,9, 10) or exposed to 100 nM estradiol (lanes 3,4, 7,8, 11, 12) for 24 
h. CAT enzyme assays were perfomed as described in "Materials and 
Methods." (B) Overexpression of HSPSO does not inhibit estrogen receptor 
signaling in vivo. Untreated, stippled bars; estradiol-treated, solid bars. 
Results shown are the average of four separate experiments in MCF-7 cells, 
each perfonned in duplicate, and are expressed as percentage acetylated 
substrate I standard emr. 



Figure 18. Overexpression of HSP9û inhibits Ah receptor signaling in vivo. 
Assays were performed with (A) MCF-7 cells, and (BI T47-D ceus. Cells plated 
in 12-well dishes were c+hansfected with an expression plasmid (pSVK3, 
90WT, or SONLS), a 2,3,7,&tetrachlorodibenz01pdioxin (TCDD)-responsive 
reporter plasmid @GU-IAI), and p R L W  to control for differences in 
hansfection effiaencies and cell number from sample to sample. The next dap 
transfectants were treated with vehide alone (stippled bars) or 10 nM TCDD 
(solid bars) for 24 h. Luciferase a M t y  was detected in whole ce11 extrads 
using a luminorneter equipped with dual automatic injectors. Results shown 
are the average of three separate experiments each performed in tripiicate and 
are expressed as a function of pGU-1Al aaivity/pRL-CMV activity t stan- 
dard error. 



dish and the samples collected for luciferase activity determination. 

Overexpression of wild-type HSP90 resulted in a sipifkant decrease of pGL3- 

1Al luciferase expression. As shown in Fig. 18, TCDD-induced luciferase activity 

was limited to about 70% and 60% of control levels in MCF-7 and T47-D cells, 

respectively. Conversely, HSPSO that is targeted to the nucleus (9ONLS) failed to 

significantly decrease induction of pGL3-1AI (Fig. 18). 

Although ail steroid hormone receptors bind to HSP90, there appears to be 

differences arnong them with respect to the outcome of this association. The AhR 

is more similar to the glucocorticoid receptor in that it must be bound to HSP90 

in order to bind ligand [358,361]. Deletions of amho acids within the LBD of the 

GR yield derivatives that constitutively activate transcription [492]. Thus, the 

LBD of the GR is solely capable of repressing receptor action, presumably in an 

indirect manner via interaction with HSPSO. Interestingly, this motif retains its 

repressive function both in rearranged receptor derivatives and when hsed to 

the welated adenovirus E1A [385] and c-Myc transcription factors [386]. Similar 

evidence exists for the AhR: Pongratz et al. [361] were able to show that a HSP90- 

free form of the AhR did not fonn a stable complex with TCDD but bound DNA 

constitutively. In contrast, the role of HSPSO in ER signaling is not as apparent. It 

has been shown that HSPSO assists the ER in assuming a proper DNA binding 

conformation [493], although it is not required for ligand binding [387]. In 

addition, White and coworkers have shown that ER chimeras that do not 

associate with HSP90 were functional hormone-dependent transcriptional 

activators in vivo [4941, and that an amino acid substitution of one residue in the 

LBD of the ER led to a high level of constitutive activity, in spite of a stable 

interaction with HSP9O [3911. These observations can be related to the fact that 



the GR (and presumably the A M )  form stable associations with HSPSO whereas 

the ER forms a relatively weak association detectable only at non-physiological 

low-sa1 t concentrations [493,495]. 

The 90NLS expression vector was utilized in these experiments to 

determine whether the subcellular localization of HSP90 impacted upon receptor 

signaling. Differential localization of HSP9O was confinned by transient 

transfection of 90WT and 90NLS plasmids into MCFJ and T47-D cells followed 

by immunofluorescent staining with an avian HSP90-specific antibody as 

described in "Materials and Methods" (not shown). In electrophoretic mobüity 

shift assays ushg purified HSPSO and ER. Sabbah et al. (3891 have reported that 

binding of ER to the ERE was inversely dependent upon the concentration of 

HSP90 present in the reaction, and that HSP90 was capable of dissociating 

prefomed ER-ERE complexes. Based on these results is was postulateci that 

during heat shock ER-dependent transcription may be repressed due to increased 

HSPSO transcription and translocation of HSPSO into the nucleus [389]. However. 

our results indicate that under in vivo conditions overexpression of HSP9O in 

either the cytoplasm or nucleus does not inhibit ER signaling (Fig. 17). It is likely 

that HSP90 mediates ER folding as a molecular chaperone, but has less of a role 

in repressing the intrinsic DNA binding activity of the ER. For the AhR, only 

90WT was found to inhibit receptor signaling (Fig. 18). This data suggests that 

HSPSO can block the initial binding of TCDD to the AhR in the cytoplasm, but 

fails to compete for preformed TCDD-AhR complexes in the nucleus. 



2. Restoration of Ah-responsiveness by expression of HSPSO-binding proteins 

ER-negative MDA-MB-231 cells can be converted to an Ah-responsive 

phenotype through transient transfection of a hER expression vector [347]. We 

have introduced two expression vectors into MDA-MB-Wl cells to determine 

whether ER facilitates AhR signaling through its association with HSP90. The 

vectors were constructeci to overexpress HSPSO-binding proteins in the form of 

receptor deletion mutants. Previously it has been reported that the LBD of the 

AhR constitutes a minimal structural requirement for HSP90 binding 14741, 

whereas the LBD and an additional sequence element at the C-terminus of the 

DBD appear to be necessary for HSP90 binding by ER 1387,3931. The pCEP4- 

Hel1 expression vector contains a hER cDNA insert with deletion of the core 

DBD region (A185-251) [490]. As shown in Fig. 19, basal and TCDD-induced 

expression of CYPlAl are hcreased -7.5- and 24.7-fold, respectively, in pCEP4- 

Hel 1-trans fected cells relative to TCDD-induced CYPl A l expression in cells 

harboring the empty expression vector. 

This data indicated that ER is not transactivating a critical gene in the AhR 

signal transduction pathway. To exclude the possibility that the TAFl or TAF2 

hansactivation regions wiMin ER are squelching an inhibitory factor that is also 

associated with AhR, we consû-ucted an expression vector containing a short 

region of hAhR spanning the overlapping ligand- and HSP9O-binding domains. 

The design of this vector was based on work by Whitelaw et al. [474] who 

deiineated a region of murine AhR located between amino acids 230 and 421 that 

CO-immunoprecipitates with HSPSO. Stable transfection of MDA-ME231 ceiis 

with pCEP4AhR/LBD was f o n d  to inaease TCDD-induced CYPlAl mRNA 

levels -5.6-fold relative to control cells (Fig. 19). A probable explanation for lower 



pCEP4 Hel1 AhWL60 -- 
TCDD: + + + 

Figure 19.0\rerenpression of HSP90-binding proteins restores Ah-responsiveness 
in MDA-MB-231 cells. (A) halvsis of CYPlAl expression in MDA-MB-231 cells. 
Stable transfectants were selecied for retaining the pCEP4 episomal eukaryotic 
expression vector, pCEP4-Hell, or pCEP.1-M/LBD. Cells were treated either 
with vehicle alone or 10 rCCi 3,3,7,8-tetrachlorodibenzo-11-dioxin (TCDD) for 24 h 
prior to RYA isolation. Northern blot analvsis was performed as described in 
*Materials and Methods." Exogenous m ~ \ i ~ & ~ r e s s i o n  was verified bv reprobing 
the membrane with radiolabeled Hell and AIR/ LBD ~li~onucléotides. (B) 
Photograph of total RXA run on an agarose/ethidium bromide gel to assess RXA 
integritv and quantity 18s and 28s indicate the location of ribosomal R l A  bands. 
This dak is representative of two experiments using different RXA preparations. 
Similar results were also adiieved bv cotransfecting the above expression vectors 
w ith the TC DD-responsive p ~ L 3 -  ldl reporter plnsrnid in transient transfection 
assavs. ND, not determined; Rel. ODL', relative optical density units. 



CYPlAl levels in pCEP4AhR/LBP versus pCEP4Hell-transfected cells is that 

the former protein product has less affinity for HSP90: although the LBDof AhR 

fuifills the minimal requirement for HSP90 binding, it has recently been shown 

that involvement of the bHLH domain is necessary for high affinity binding 

[396]. However, by restricting our experiments to the LBD, we have minirnized 

the likelihood that factors apart from HSP90 are responsible for increasing Ah- 

responsiveness in this model. Therefore, this data strongly suggests that Ah- 

responsiveness can be restored in MDA-ME231 cells by squeldllng HSP90. 

Previously, Wang et al. [4711 cotansfected mutant ER expression plasmids 

and TCDD-responsive reporter constructs into ER-negative Hs578T cells. These 

studies showed that expression of C-terminal-deieted ER (He15, U82-595) did 

not restore Ah-responsiveness, whereas TCDD-induced CAT activity was 

increased 23-fold in cells expressing N-terminal-deleted ER (He19, Al-178). 

Significantly, the He15 and He19 protein products possess differential affinities 

for HSWO: only He19 forms 8-9s complexes when expressed in COS7 cells [387]. 

Therefore, this data supports the hypothesis that AhR signaling can be enhanced 

via expression of HSP90-binding pro teins. 

In the original study showing that transfection of ER restores Ah- 

responsiveness in MDA-MB-231 cells, Thomsen et al. [347] utilized an ER 

expression vector that differed from the wild-type mAhR sequence by a guanine 

to valine substitution at codon 400 [496]. This alteration was subsequently found 

to destabilize the stnicture of the ligand-binding domain [496,497] and to allow 

the receptor to form stable associations with HSPSO [392]. The Hel1 nudeotide 

used in our experiments also possesses this mutant genotype. Therefore, some 

caution must taken when extrapolating the results presented here to those events 



that occur in vivo. Nonetheless, utilization of a protein with greater affinity for 

HSP90 strengthens our hypothesis that squelching of HSP9O can lead to 

restoration of Ah-responsiveness in MDA-MB-231 cells. 

Safe [498] has previously reported that the Ah-nonresponsiveness of ER- 

negative MDA-MB-231, MDA-MB-435 and ~ d f  MCF-7 cells is associated with 

expression of a variant Amt protein which contains deletion of amino acid 

residues 330 to 789. This alteration was not a consequence of genomic mutation 

but was postulated to anse through a defective splicing mechanism in high 

passage b50) cells 14981. Cells that were low passage ( ~ 2 0 )  expressed a normal 

Amt protein. It is possible, therefore, that a variant Arnt contributes to Ah- 

nonresponsiveness in ER-negative ce11 lines. However, there are two points 

which contradict this assertion. First, the data reported by Safe's group may 

relate to ce11 culture techniques that result in novel ce11 sublines since this 

observation was not made in early passage cells. Although Arnt protein was not 

examined in our MDA-MB-231 cells, investigation of Arnt in adriamycin- 

resistant MCF-7 cells did not uncover any alterations in size (Fig.s 11 and 13). 

Second, Safe reported that transient transfection of wild-type Amt into MDA- 

MB-231 cells resulted in a less than 2-fold induction of XRE-CAT activity in the 

presence of TCDD [498], whereas transfection of ER results in a 10-fold induction 

of CYPlAl promoter-CAT activity [347]. Therefore, expression of full-length Amt 

is not sufficient to fully restore Ah-responsiveness in MDA-MB-231 cells. 

Thomsen et al. [347] showed that CYPlAl promoter-CAT activity was not 

signihcantly inaeased by TCDD in MDA-MB-231 cells transfected with a human 

progesterone receptor expression plasmid, indicating bat not aii HSPSO-binding 

proteins have the ability to restore Ah-responsiveness. This finding may be 



related to the localization of PR relative to ER, Hell, He15 and AhR/LBD. 

Steroid receptors actively shuttie between the cytoplasm and nudeus through the 

accessibility of nuclear localization signals on theh surfaces [499]. However, these 

motik Vary structiudy and in nurnber between the various family members. For 

the cytoplasmic GR, two NLSs have been characterized: one between the DBD 

and LBD regions, and the other within the LBD [500]. It is thought that binding of 

ligand to the GR causes release of HSPSO, unmasking of its NLS(s), and 

subsequent translocation to the nucleus [501]. In the case of the PR, three putative 

NLSs have been identified in the second zinc figer of the DBD, the hinge region, 

and a weaker site in the LBD [502, M3J. These different signals cooperate to elicit 

a strong nuclear localization. In contrast, only one NLS has been identified in the 

ER, which is located between the LBD and DBD regions (5041. Although the ER is 

primarily found in the nucleus, a portion of ER is found in the cytoplasm, as 

evidenced by the finding that about 15% of the ER content of MCF-7 cells resides 

in the cytosolic fraction [505]. We have shown that expression of 9ONLS does not 

affect Ah-responsiveness in MCF-7 and T47-D cells. In a similar fashion, it may 

be that nuclear squelching of HSPSO by the PR does not significantly modify AhR 

signaling. It remains to be determined, however, whether a greater amount of ER 

is cytoplasmic relative to PR, or if these recepton possess different affinities for 

HSPSO. 

3. Correlation of HSPSO subcellular localization with ER status 

Two HSPSO homologues are expressed in higher eukaryotes, which are 

termed a and p in humans (reviewed in [348]). Only a rninor proportion of the 

total cellular content of HSF9O is normaîiy situated in the nucleus. huing heat 



shock a reversible time-dependent nuclear translocation of HSPSO occurs [351]. It 

has been shown that estrogen treatment increases cellular HSP90a mRNA and 

protein levels [506, 5071, although it is not known whether eshadiol or TCDD 

alters the subcellular localization of HSPSO. To address this question, MCF-7, 

adriamycin-resistant MCF-7, MDA-MB-231, and S30 cells were incubated with 

either 100 nM estradiol or 10 nM TCDD for O h, 1 h and 2.5 h on coverslips, fixed, 

and then probed with an anti-HSPSO antibody that recognizes HSP90a and f3 

proteins. In each instance drug exposure did not cause a change in HSP90 

subcellular distribution as determined by confocal microscopy (data not shown). 

These results indicated that estradiol and TCDD did not invoke a nuclear 

translocation of HSPSO, which has been shown to coincide with a transient 

paralysis of estradiol-mediated gene transactivation [508]. However, it was 

discovered that the subcellular localization of HSP90 correlated with the ER 

statu of the ce11 line (Fig. 20). HSP90 is primarily cytoplasmic in ER-expressing 

ce11 lines MCF-7 and S30 (panels 1A and 4A), whereas ER-negative adriamycin- 

resistant MCF-7 and MDA-MB-231 cells have an equal distribution of HSPSO 

between the cytoplasm and nucleus (panels 2A and 3A). No differences in HSP90 

expression were found between the matched ER+/ER- cell lines by immunoblot 

analysis (data not shown). 

To determine whether ER expression had an effect on AhR distribution, 

cells were CO-incubated with anti-AhR antibodies. As shown in Fig. 20, AhR is 

visualized throughout the cytoplasm in MCF-7 cens (panel lB), in contrast to 

adriamycin-resistant MCF-7 cells (panel 28) where there is an uneven 

distribution of AhR that is more associated with the ceil periphery. MDA-MB231 

cens have a similar pattern of expression as seen in adriamycin-tesistant MCF-7 



Figure 20. Cvtoplasmic HSP90 localization is associated with estrogen receptor (ER) 
status in maidied ER-negative and -positive human breast cancer cells. Celis plated 
the previous dav on coverslips were fixed and CO-incubated with anti-HSPSO and 
anti-Ah recepto; antibodies as desaibed in "Materials and Methods." Subcellular 
localization of (A) HSPSO and (B) Ah receptor were detected by indirect immuno- 
fluorescence staining and laser confocal miaoscopy. (1) ERt wild-type MCF-7 cells; 
(2) ER- adriamycin-resistant K F - 7  cells; (3) ER- MDA-MB-231 celis; (4) ER+ S30 
cells. 



cells (panel 38 versus 2B), and transfection of hER into this ceU h e  appears to 

restore the phenotype observed in MCF-7 wild-type ce& (panel 48 versus 18). It 

wül be interesting to determine whether the subcellular localization of AhR has 

an effect on its tramactivation fwiction. 

In conclusion, data presented here provides evidence for the rnechanism 

of cooperation between AhR and ER signaling pathways. We have utilized 

receptor deletion mutants to squelch HSP90 resulting in restoration of Ah- 

responsiveness in ER-negative human breast cancer cells. In addition, 

overexpression of HSP90 was found to modulate AhR signaling in vivo. 

Transfection of HSP90 did not have a similar effect on ER activation. It is possible 

that these results reflect the greater stability of the AhR/HSPSO association 

relative to ER/ HSP90. Finally, we have examined the subcellular localiza tion of 

HSP9O in human breast cancer ce11 lines. HSPSO was found to be primarily 

cytoplasmic in ER-positive cells, whereas in ER-negative cells HSP9O was 

distributed equally between the cytoplasm and the nucleus. 



GENERAL DISCUSSION 

CLAMS TO ORIGINAL RESEARCH 

SUGGESTIONS FOR FURTKER WOU 



Although the majority of human mamrnary tumors are thought to arise as 

the result of exposure to environmental carcinogens, specific xenobiotics have not 

as yet been associated with breast cancer. Activation of the AhR has been 

implicated in both mammary tumor initiation and promotion in animal models. 

Therefore, AhR ligands such as P W s  and halogenated aromatic molecules may 

have a role in the genesis of this disease. To deteennine an association between 

these compounds and breast cancer, improved epidemiological methods are 

required to assess exposure, which occurs years before diagnosis of the cancer. 

Furthemore, this exposure has to be evaluated in light of several confounding 

factors, including components of the diet that have synergistic or negative effects 

on AhR-mediated carcinogenesis. 

Another means to investigate the role of the AhR in human mammary 

tumorigenesis is to determine the effects of receptor activation on human cells in 

ce11 culture models. The objective of this mode of research is to correlate in vitro 

results with clinical observations. This latter approach was the basis for the 

studies presented in this thesis. 

Tumorigenic cells often possess gross alterations in their genotype. The 

mutations can be detected by cytogenetic analysis, or analyzed at the level of 

individual loci. For tumors of different origin, trends exist in patterns of 

oncogene activation and tumor suppressor gene inactivation. To determine 

whether BP-transformed human mammary epithelial cells manifest genotypic 

changes associated with breast cancer, transformants were analyzed 

cytogenetically, and genes often mutated in breast cancer were screened for 

alterations. To this end, MCF-lOA cells were exposed to BP and in vitro 



hansformed clones were isolated and expanded based on their loss of contact 

inhibition and altered morphology . 
The p53, H-ras, and c-myc genes were analyzed by Southem blot, 

sequencing, and/or SSCP analyses. Mutations were not detected in any of the 

gene regions tested. However, the transformants possessed novel cytogenetic 

aberrations not present in parental ce&. The alteration common to all the clones 

was an isochromosome 8q replacing one of their normal complements of 

chromosome 8. This was a particularly interesting finding since chromosome 8 is 

cytogenetically abnormal in about one third of breast cancer patients, and loss of 

heterozygosity occurs on this chromosome in about one half of human mammary 

tumors, 

The c-myc proto-oncogene is localized at position 8q24. In agreement with 

cytogenetic analysis, c-myc mRNA expression was found to be increased in the 

transfonnants. Moreover, the highest level of c-Myc protein expression was 

found in a clone which possessed a loss of chromosome 5q. Previous studies have 

shown that LOH for polymorphic markers on chromosome 5q was correlated 

with increased c-Myc expression. Since c-myc overexpression is correlated with 

high proliferative capacity, phenotypic traits of transformation including foci 

formation may be a direct consequence of c-Myc overexpression. 

Based on studies showing that chromosome 8 alterations occur with equal 

frequency in small and large tumors, and that c-Myc overexpression is associateci 

with high proliferative capacity but less so with nodal status or metastasis, it has 

been postulated that chromosome 8 is involved in the early stages of 

tumorigenesis. Thus, the data presented here is signifiant because it reinforces 

the hypothesis that alteration of chromosome 8 is associateci with transformation 

in human mammary epithelial cells, and it demonstrates that a ubiquitous 

environmentai carcinogen that binds to the AhR can induce this process. 



A significant limitation to 

appearance of drug resistance. 

the effectiveness of 

Elucidation of the 

chemotherapy is the 

cellular mechanisms 

responsible for resistance couid lead to the development of novel antineoplastic 

treatments. To fwther understand dnig resistant phenotypes. the basis for loss of 

Ah-responsiveness was examined in two xenobiotic-resistant ceii lines that were 

estabüshed by e-xposing K F - 7  breast cancer cells to inaeasing concentrations of 

either BP (BPR cells) or adriamycin (AdrR celis). 

Initially, the Ah-nonresponsive phenotype of the BPR ce11 line was 

characterized. From cytotoxicity studies it was determined that BPR cells could 

withstand 100-fold greater concentrations of BP compared to WT celis. Enhanced 

survivability of BPR cells was correlated with a steep reduction (about 50-fold) in 

the ability of these cells to transactivate C Y P l  A l mRNA expression in the 

presence of either BP or TCDD. Although this data indicated that the mechanism 

of resistance was probably not associated with su& pathways as enhanced DNA 

repair or phase II enzyme activity, it could not be determined whether this was 

the result of down-regulation of phase 1 metabolism of BP or increased efflux of 

dmg. To resolve this question, cytotoxicity studies were performed with the 

activated metaboiite of BI?, BPDE. From these experiments it was determined that 

MCF-7 WT and BPR cells were equally sensitive to BPDE. Therefore, these data 

suggest that resistance is mediated via decreased bioactivation of BP. 

Components of the AhR signal transduction pathway were analyzed for 

alterations in genetic structure. expression, and activity. For BPR cells, it was 

found that AhR mRNA and protein levels were decreased about 3- and 4-fold, 

respectively. The decrease in AhR protein likely accounts for the sharp decline in 

AhR DNA binding activity obsewed in the BPR cells. 

By far the cytodirome P450 enzymes with the highest activity towards BP 

are members of the CYPlA subfamily. CYPlAl and CYPlA2 are not erpressed in 



breast tissue under normal conditions. However, CYPl  A 1 transcription is 

induced within minutes aftet exposure to ligands of the AhR. Since BP requires 

activation in order to be transfonned into a mutagen, inhibition of CYPIAi 

transactivation is a logical mechanism of resistance for this class of compounds. 

In contrast to the BPR subline, AdrR cells are Ah-nonresponsive despite 

expression of normal levels of AhR. Although the A M  derived h m  AdrR ce11 

nuclear extracts is huictionally capable of binding to a XRE in in vitro gel shift 

assays, it does not respond to TCDD in vivo. In addition to the lack of CYPlA2 

induction, TCDD-induced AhR depletion was found to occur about 3-fold less 

efficiently in the AdrR subline. Based on these results it was postulated that AhR 

is protected from ligand-binding in AdrR cells since ligand causes dissociation of 

HSP90 and consequent degradation of the receptor. 

By immunofluorescent methods, it was determined that the subcellular 

distribution of AhR is altered in AdrR cells relative to the parental ceil line. It is 

possible, therefore, that ligand is prevented from binding to the AhR if the 

receptor colocalizes with a high concentration of inhibitory factors, such as 

HSPSO. 

The loss of Ah-responsiveness in Adru cells may also be associated with 

thek ER content. in general, ER-negative ce11 lines such as AdrR MCF-7 are Ah- 

nonresponsive. BPR cells were found to be ER-positive, although ER levels were 

decreased in this ce11 line by about one third relative to WT cells. Although it 

remains to be determined, this reduction of ER may also contribute to the Ah- 

nonresponsive phenotype of BPR ceils. 

Since HSPSO is known to modulate the activity of the AhR and ER, we 

hypothesized that this heat shock protein is mediahg the interference and 

cwperation observed between these disparate signal transduction pathways. To 

determine whether ER expression faditates AhR signaling by squeldiing HçP90, 



two vectors that express protein products that bind HSP90 were transfected into 

ER-negative MDA-MB-231 breast cancer ceus. Expression of: (il Hell, and ER 

deletion mutant that lacks its DNA-binding domain, and (ii) the ligand/HSPSO- 

bhding domain of hAhR, both led to increased basal and TCDD-inducible 

expression of CYPl A l  mRNA. Thus, this data suggests that less unbound HSP90 

mav be available in ER-positive cells to act as a repressor for AhR signalhg. 

Previously it has been demonstrated that HSP90 could directly inhibit the 

DNA-binding activity of the Ah and estrogen receptors in ceil-Eree systems. To 

further undentand the role of HSPSO in regulating receptor function in vivo, an 

expression vector containing a copy of chicken HSP90 cDNA was transiently 

cotransfected into breast cancer ce11 lines with a reporter construct. These 

experiments determined that overexpression of HSPSO had no effect upon 178- 

estradiol-induced expression of a chloramphenicol acetyltransferase gene under 

the control of an estrogen-responsive promoter. In contrast, exogenous 

expression of HSP90 was able to inhibit TCDD-inducible expression of reporter 

vector consisting of a portion of the CYPlAl promoter upstream of a luciferase 

gene. These data show that AhR signaling can be regulated by decreased or 

increased levels of HSP90, and that HSPSO has an altemate effect on the ER signal 

transduction pathway. 

nie ce11 lines utilized in Chapters 11, III, and N were chosen to most 

appropriately address the specific questions posed. Although different celi lines 

were utilized, they a l  share a human mammary epithelial ce11 origin. In Chapter 

II, the purpose was to investigate the early genetic changes associated with 

mammary carcinogenesis and therefore a non-transformed HMEC line (MCF- 

10A) was selected. In Chapter III, the mechanism for BP-resistance was 

investigated. For this purpose, MCF-7 cells were utilized since this cell line has 

been extensively characterized for resistance to other chemicals. Finally, in 



Chapter W ,  MDA-ME231 cells were used since this ER-negative HMEC line was 

previously shown to gain an Ah-responsive phenotype upon transfection with an 

ER expression vector. 

in conclusion, the data presented here sheds new light on the role of AhR- 

mediated processes in human mammary epithelial ce&. We show evidence that a 

ubiquitous environmentai AhR ligand can transfonn HMEC and elicit genetic 

alterations observed in clinical investigations. Furthemore, we have provided 

prelirninary data for a mechanism of cross-talk between the AhR and ER signal 

transduction pathways. Elucidation of this process may lead to a greater 

understanding of receptor signaling in general and possibly to novel anti- 

estrogenic agents. 



The following novel findings and observations have been demonstrated in 

this thesis: 

1. Three BP-îransformed MCF-1OA clones were established and characterized. 

Each of the clones has a unique karyotype which includes an 

isochromosome 8q aberration not observed in parental cells (Chapter II). 

These ceil lines provide a usefd mode1 for studies of in vitro transformation 

of HMEC. 

2. A novel drug-resistant human mammary carcinoma ce11 line was 

established by exposing MCF-7 cells to hcreasing concentrations of BP over 

a several month period. Resistance was determined to be mediated via 

decreased metabolic activation of BP (chapter III). 

3. Expression of AhR mRNA was found to be significantly down-regulated in 

BP-resistant MCF-7 cells (Chapter III). This data supports findings in other 

breast cancer ce11 lines, and indicates that suppression of AhR mRNA levels 

may be a common mechanism by which cells adapt to prolonged BP 

exposure. 



4. The AhR signal transduction pathway was characterized in Ah- 

nonresponsive adriamycin-resistant MCF-7 cells (Chapter ILI). Expression 

and DNA-binding activity of the AhR and Amt proteins were not found to 

be altered in the resistant cells. However, AdrR cells were found to possess 

differences with respect to: (i) the rate of TCDD-induced AhR protein 

îumover, and (ii) the subcellular localkation of M. 

5. The subcellular localization of AhR and HSPSO correlated with the ER status 

of human breast cancer cells. in ER-positive ce11 lines, AhR and HSPSO were 

visualized throughout the cytoplasm. In contrast, AhR was distributed 

unevenly and more towards the ce11 periphery in ER-negative cells, and 

HSP90 was distributed equally between the cytoplasm and the nucleus 

(Chapter IV). The localization of AhR and/or HSPSO may be a factor in the 

regulation of AhR activity. 

6. The Ah-nonresponsive phenotype of ER-negative breast cancer cells was 

reversed via introduction of HSP90-binding proteins (Chapter IV). This data 

suggests that ER cm facilitate AhR signaling by squeldiing HSPSO. 

7. It was previously shown that HSP90 can suppress ER DNA binding activity 

under in vitro conditions, but it was not known whether this was occurring 

in intact cells. By cotransfecüng human mammary carcinoma cells with a 

HSPSO expression vector and an estrogen-responsive reporter vector, it was 

demonstrated that HSP9O overexpression does not inhibit ER signal 

transduction. Convenely, HSPSO overexpression was found to suppress 

induction of a TCDD-responsive reporter vectot. These observations 

indicate that HSF9û cm differentiaily regulate AhR and ER activities in nim. 



5.3 SUGGESTIONS FOR FUR- WORK 

1. Expression of c-Myc was found to be elevated in BP-transformeci MCF-IOA 

clones. To directly determine the involvement of c-Myc in transformation of 

these cells, it would be necessary to show that suppression of c-Myc restores a 

WT morphology, and that increased expression of c-Myc in WT cells 

replicates the phenotype obsewed in the transformed clones. 

2. Several clinical studies point to an association of diromosorne 8 with the 

initial stages of human mammary tumorigenesis. This hypothesis can be 

investigated via transformation studies involving microinjection of 

chromosome 8 fragments into normal cells to search for oncogenes, or 

deletion analyses to detect the presence of putative tumor suppressor genes 

on chromosome 8. 

3. The BP-transformed clones described here may represent an intemediate step 

before tumorigenic transformation. Therefore, further manipulations of the 

clones may lead to a tumorigenic phenotype. This could be achieved either 

through another round of exposure(s) to BP, transfection of an oncogene, or 

knockout of a -or suppressor gene. Alternatively, the BP-exposed cells 

already obtained can be reselected for transformed cells by another means, 

such as expansion of colonies that grow in soft agar. 



4. AhR mRNA levels are sipficantly decreased in BP-resistant MCF-7 and T47- 

D human breast cancer cells, although the mechanism underlying this 

reduction is not known. Greater unders tanding O t xenobio tic resis tance and 

the regulation of AhR activity could be attained by analyzing AhR 

transcription and rnRNA stability in BP-resistant cells. 

5. A decrease in the level of ER protein expression was observed in BP-resistant 

MCF-7 cells. This down-regulation of ER is proportional to the decrease found 

in TCDD-treated animals. Since ER is known to facilitate AhR signal 

transduction, it would be interesting to determine whether enhanced Ah- 

responsiveness could be achieved by restoring wild-type ER levels in the 

resistant subline. 

6. It is possible that the subcellular distribution of AhR is a determinant for its 

transactivation capability. For example, we have shown that at high 

concentrations of HSP90 there is an inhibition of AhR signaling. Altematively, 

in the presence of low levels of HSP9O the AhR cannot bind ligand. 

Colocalization studies could be performed to determine which intracellular 

structures the AhR is associated with in MCF-7 WT and Adru cells, and 

whether the AhR colocalizes with specific factors that can modulate its 

function. 



1. Canadian Cancer Statistics 1993 (1993) National Cancer Institute of Canada, 

Toronto, Canada. 

2. Cunadian Cancer Statistics 2998 (1998) National Cancer Institute of Canada, 

Toronto, Canada. 

3. Garland M. Hunter DJ, Colditz GA, Manson JE, Stampfer MJ, Speigelman D, 

Speizer F and Willett WC (1998) Menstrual cycle characteristics and history of 

ovulatory infertility in relation to breast cancer risk in a large cohort of US 

women. Am. 1. Epidemiol. 147:636643. 

4. Kuller LH (1994) Eating fat or being fat and nsk of cardiovascular disease and 

cancer among women. Ann. E p i h i o l .  4:119-127. 

5. Siiteri PIS, Hammond GL and Nisker JA (1981) "Increased availability of s e m  

estrogens in breast cancer: A new hypothesis" in Hormones and Breast Cancer. Pike 

MC, Siiteri PK and Welsch CW, Eds. Cold Spring Harbor Laboratory, Cold 

Spring Harbor, NY. pp. 87-101. 

6. Colditz GA (1998) Relationship between estrogen levels, use of hormone 

replacement therapy, and breast cancer. 1. Nat!. Cancer lnst. 90:814-823. 



7. Tyggvadottir L, Tulinius H and Gudmudsdottir GB (1997) Oral contraceptive 

use at a young age and the risk of breast cancer: An Icelandic, population-based 

cohort study of the effect of birth year. Br. 1. Gzncer 75:139-143. 

8. Toniolo PG, Levitz M, Zeleniudi-Jacquotte A, Bane j ee  S, Koenig KL, Shore 

RE, Shax P and Pastemack BS (1995) A prospective study of endogenous 

estrogens and breast cancer in postmenopausal women. 1. Natl. Cancer Inst. 

87:190-197. 

9. Dorgan JF, Longcope C, Stephenson HEJ, Falk RT, Miller R, Franz C, Kahle L, 

Campbell WS, Tangrea JA and Sdiatzkin A (1997) Semm sex hormone levels are 

rela ted to breast cancer risk in postmenopausal women. Environ. Heal th Perspect. 

105(Suppl3):583-585. 

10. Khan SA, Rogers MAM, Khurana KK, Meguid MM and Numann PJ (1998) 

Estrogen receptor expression in benign breast epithelium and breast cancer risk. 

[. Natl. Cancer Inst. 89:37-42. 

11. Cohen SM and Ellwein LB (1991) Genetic errors, ce11 proliferation, and 

carcinogenesis. Cancer Res. 51:6493-6505. 

12. Wheeler WJ, Cherry LM, Downs T and Hsu TC (1986) Mitotic inhibition and 

aneuploidy induction by naturally occurring and synthetic estrogens in Chinese 

hamster ceils in vitru. Mutat. Res. 171:31-41. 



13. Tsutsui T and Barrett JC (1997) Neoplastic transformation of cultured ceUs by 

estrogens and estrogenlike chemicals. Environ. Hedth Perspect. 105(Suppl3):619- 

624, 

14. Li SA, Klicka JK and Li JJ (1985) Estrogen 2- and 4-hydroxylase activity, 

catechol estrogen formation, and implications for estrogen carcinogenesis in 

hamster kidney . Cancer Res. 45: 181-185. 

15. Li JJ and Li SA (1990) Estrogen carcinogenesis in hamster tissues: A critical 

review . Endocr. Ra. 1 l:524-531. 

16. Han X and Liehr JG (1995) Microsorne-mediated 8-hydroxylation of guanine 

bases of DNA by steroid estrogens: Correlation of DNA damage by free radicals 

with metabolic activation to quinones. Carcinogenesis 162571-2574. 

17. Liehr JG (1990) Genotoxic effects of estrogens. Mutai. Res. 238:269-276. 

18. Soto AM, Sonnenschein C, Chung KL, Fernandez MF, Olea N and Serrano 

FO (1995) The E-screen assay as a tool to identify estrogens: An update on 

estrogenic environmental poilu tants. Environ. Health Perspect . 103: 1 13-1 22. 

19. Colbum T, Vom Saal FS and Soto AM (1993) Developmental effects of 

endocrine-disrupting chemicals in wildlife and humans. Environ. Health Perspect . 

101:378-384. 



20. Faldc FY, Rica AJ, Wolff MS, Godbold J and W e r s  J (1992) Pesiticides and 

polychlorinated biphenyl residues in human breast lipids and their relation to 

breast cancer. Arch. Environ. Health 47: 143-146. 

21. Dewailly E, Dodin S, Verreault R, Ayotte P, Sauve L, Morin J and Brisson J 

(1994) High organochlorine body burden in women with estrogen receptor 

positive breast cancer. 1. Na tl. Cancer lnst. 86232-234. 

22. Wolff MS, Paolo G, Toniolo PG, Lee EW, Rivera M and Dubin N (1993) Blood 

levels of organodilorine residues and risk of breast cancer. /. Natl. Cancer Inst. 

85: 190- 197. 

23. Krieger N, Wolff MS, Hiatt RA, Rivera M. Vogelman J and Orentreich N 

(1994) Breast cancer and serum organochlorines: A prospective study among 

white, black, and Asian women. 1. Natl. Cancer Inst. 86589-599. 

24. Ahlborg UG, Lipworth L, Titusemstoff L, Hsieh CC, Hanberg A, Baron J, 

Trichopoulos D and Adami HO (1995) Organochlorine compounds in relation to 

breast cancer, endometrial cancer, and endometriosis: An assessrnent of the 

biological and epidemiological evidence. Crit. Rev. Toxicol. 25463-531. 

25. Key T and Reeves G (1994) Organochlorines in the environment and breast 

cancer. BMJ 308: 1520-1521. 



147 

26. Knight DC and Eden JA (1996) A review of the clinical effects of 

phytoestrogens. Obstet. Gynecol. 87:897-904. 

27. Lynch HT, Watson P, Conway TF and Lynch JF (1992) Natual history and 

age at onset of hereditary breast cancer. Cancer 69:1404-1407. 

28. Black DM (1994) The genetics of breast cancer. Eur. 1. Cancer 30A:1957-1961. 

29. Claus E, Risch N and Thompson W (1991) Genetic analysis of breast cancer in 

the cancer and steroid hormone study. Am. [. Hum. Genet. 48:232-242. 

30. King MC, Rowell S and Love SM (1993) Inherited breast and ovarian cancer, 

what are the ri&? What are the choices? \AM 269:1975-1980. 

31. Easton E, Ford D and Peto J (1993) Inherited susceptibility to breast cancer. 

Cancer Surv. 18%-t 13. 

3 2  Hulka BS and Stark AT (1995) Breast cancer: Cause and prevention. Lancet 

346:883-887. 

33. Zhang H, Tombline G and Weber BL (1998) BRCA1, BRCA2, and DNA 

damage response: Collision or collusion? Cell92:433-436. 



34. Krontirïs TG, Devlin B, Karp DD, Robert NJ and Risch N (1993) An 

association between the nsk of cancer and mutations in the HRASl  minisateliite 

locus. N. Engl. J. Med. 329:517-523. 

35. Rockhill B, Weinberg CR and Newman B (1998) Population attributable 

fraction estimation for established breast cancer risk factors: Considering the 

issues of high prevalence and unmodifiability. Am. 1. Epidemiol. 147:826-833. 

36. Higginson J (1993) En Wonmental carcinogenesis. Cancer 72:971-977. 

37. Goodman MJ (1991) Breast cancer in multi-ethnic populations: The Hawaii 

perspective. Breast Cancer Res. Trea t .  18:S5-S9. 

38. Stanford JL, Herrinton LJ, Schwartz SM and Weiss NS (1995) Breast cancer 

incidence in Asian migrants to the United States and their descendants. 

Epidemiology 6:181-183. 

39. Bue11 P (1973) Changing incidence of breast cancer in lapanese-American 

women. /. Natl. Cancer lnst. 51:1479-1483. 

40. Dunn JEJ (1977) Breast cancer among Arnerican Japanese in the San Francisco 

Bay area. Natl. Cancer Inst. Monogr. 47: 157-160. 

41. Miiier AB, Howe GR, Sherman GJ, Lindsary JP, Yaffe MJ, Dinner PJ, Ris& 

HA and Preston DL (1989) Mortality from breast cancer after irradiation during 



fluoroscopic examinations in patients being treated for tuberculosis. N. Engl. 1. 

Med. 321: 1285-1289. 

42. Hancodc SL, Tucker MA and Hoppe RT (1993) Breast cancer after treatment 

of Hodgkin's disease. \. Na tl. Cnncw h s t .  85%-31. 

43. Pukkala E, Auvinen A and Wahlberg G (1995) Incidence of cancer among 

Finnish airline cabin attendants. BM\311:649-652. 

44. Basset LW, Hednck RE and Bassford T (1994) Quality Determinants o f  

Mammogrnphy. US Department of Health and Human Services, Agency for 

Health Care Policy and Research, Rockviile, MD. 

45. John EM and Kelsey JL (1993) Radiation and other environmental exposures 

and breast cancer. Epidmiol. Rev. 15: 157-162. 

46. Colditz GA (1990) A prospective assessrnent of moderate alcohol intake and 

major dironic disease. Ann. Epidmiol. 1:166-177. 

47. Tokunaga M, Land CE, Tokuoka S, N i s h o n  1, Soda M and Akiba S (1994) 

incidence of female breast cancer among atomic bomb survivors. Radiat. Res. 

1 Xk209-223. 

48. Hildreth NG, Shore RE and Dvoretsky PM (1989) The risk of breast cancer 

after irradiation of the thymus in infancy. N. Engl. \. Med. 321:1281-12M. 



49. Palmer JR and Rosenberg L (1993) Cigarette smoking and the risk of breast 

cancer. Epidemiol. Rev. 15:145-156. 

50. DuMick JK, Elwell MR, Huff J and Barrett JC (1995) Chemically induced 

mammary gland cancer in the National Toxicology Program's carcinogenesis 

bioassay . Carcinogrnesis 16: 173-179. 

51. Welsch C (1985) Host factors affecting the growth of carcinogen-induced rat 

mammary carcinomas: A review and tribute to Charles Brenton Huggins. Cancer 

Res ,4554 15-3443. 

5 2  M o m s  JJ and Seifter E (1992) The role of aromatic hydrocarbons in the 

genesis of breast cancer. Med. Hypothesis 38: 177-1 84. 

53. El-Bayoumy K (1992) Environmental carcinogens that may be involved in 

human breast cancer etiology . C h m .  Res. Toxicol. 5585-590. 

54. Cancer of the Breast. Fourth Edition. (1995) Donegan WL and Spratt JS, Eds. 

W.B. Saunders Company, Philadelphia, PA. 

55. Cellular and Moleculnr Biology ofMammary Cancer (1987) Medina D, Kidwell 

W, Heppner G and Anderson E, Eds. Plenum Press, New York, W. 



56. Taylor-Papadimitriou J, Berdichevsky F, D'Souza B and Burchell J (1993) 

Human models of breast cancer. Cancer Suru. 16:59-78. 

57. Russo J, Tay LK and Russo M (1982) Differentiation of the mammary gland 

and suscep tibility to carcinogenesis. B reast Cancer Res. Trea t .2:5-73. 

58. Fearon ER and Vogelstein B (1990) A genetic mode1 for colorectal 

tumorigenesis. Ce1161 :759-767. 

59. O'ComeU P, Pekkel V, Fuqua S, Osborne CK and AUred DC (1994) Molecular 

genetic studies of early breast cancer evolution. Breast Cancer Res. Treat. 32:5-12. 

60. Allred DC, O'Connel1 P, Fuqua SAW and Osborne CK (1994) 

Imrnunohistodiemical studies of early breast cancer evolution. Breast Cancer Res. 

Treat. 32:13-18. 

61. Walker RA (1994) The pathology of "precancerous" breast disease. Pathol. 

Annu. 75-97. 

62. Page DL and Dupont WD (1993) Anatomic indicators (histologic and 

cytologie) of inaeased breast cancer risk. Breast Cancer Res. Treat. 28:157-166. 

63. Clark R, Stampfer MR, Milley R, O'Rourke E, Waien KH, Knegler M, Kopplin 

J and McCormick F (1988) Transformation of human mammary epithelial cells by 

oncogenic retrovinises. Cancer Res. 48:4689-4694. 



64. Harris CC (1987) Human twues and cells in carcinogenesis research. Cancer 

Res. 47: 1-10. 

65. Rhim JS (1989) Neoplastic transformation of human epithelial cells in vitro. 

Anticancer Res. 9:1345-1366. 

66. Fogh J, Tiso J, Orfeo T, Sharkey FE, Daniels WP and Fogh JM (1980) Thirty- 

four lines of six human himor categories established in nude mice. 1. Natl. Cancer 

Inst. 64:745-751. 

67. Sebesteny A, Taylor-Papadimitriou J, Ceriani RL, Millis R, Sdunitt C and 

Tevan D (1979) Primary human breast carcinoma transplantable in the nude 

mouse. 1. Natl. Cancer Inst. 63:1331-1337. 

68. Mitelman F (1994) Catalog cf Chromosome Aberrations in Cancer. Ff lh  Edition. 

Wiley-Liss, New York, NY. 

69. Pandis N, Jin Y, Gorunova L, Petersson C, Bardi G, Idvall 1, Johansson B, 

Ingvar C, Mandahl N, Mitelman F, et al. (1995) Chromosome analysis of 97 

prirnary breast carcinomas: Identification of eight karyotypic sybgroups. Genes 

Chromosom. Cancer 12173-185. 



70. Crissman JD, Visscher DW and Kubus J (1990) Image cytophotomehic DNA 

analysis of atypical hyperplasias and intraductd carcinomas of the breast. A rch 

Pathol La6 Med 1 l4:1249-1253. 

n. Dutrillaux 8, Gerbault-Seureau M and Zafrani B (1990) Characterization of 

chromosomal anomalies in human breast cancer. Cancer Genet. Cytogenet . 49: 203- 

72. Radford DM, Fair KL, Philiips NJ, Ritter JH, Steinbmeck T, Holt MS and 

Donis-Keller H (1995) Allelotyping of ductal carcinoma in situ of the breast: 

Deletion of loci on Bp, 13q, 16q, 17p and 17q. Cancer Res. 55:3399-3405. 

73. Devilee P, van Vliet M. van Sloun P, Dijkshoorn NK, Hermans J, Pearson PL 

and Cornelisse CJ (1991) Allelotype of human breast carcinoma: A second major 

site for loss of heterozygosity is on chromosome 6q. Oncogene 6:1705-l7Il. 

74. Sato T, Tanigarni A, Yamakawa K, Akiyama F, Kasurni F, Sakamoto G and 

Nakamura Y (1990) Allelotype of breast cancer: Cumulative allele losses promote 

-or progression in primary breast cancer. Cancer Res. 50:7184-7189. 

75. Heikkila R, Schwab G, Wickstrom E, Loke SL, Plumik DH, Watt R and 

Neckers LM (1987) A c-myc antisense oligodeoxynucleotide inhibits entry into S 

phase but not progress from Go to G,. Nature 328:445-449. 



76. Henriksson M and Luscher B (1996) Proteins of the Myc network: Essential 

regdators of celi growth and differentiation. Adv. Cancer Res. 68:109-182. 

77. Evan GI, Wyllie AH, Gilbert CS, Littlewood TDl Land H, Brooks M, Waters 

CM, Penn LZ and Hancock DC (1992) Induction of apoptosis in fibroblasts by c- 

Myc protein. Ce11 69:119-128. 

78. Watson PH, Singh R and Hole AK (1996) Influence of c-Myc on the 

progression of human breast cancer. Cun. Top. Microbiol. lmmunol. 213:267-283. 

79. Watson PHf Pon RT and Shiu RP (1991) Inhibition of c-Myc expression by 

phosphorothioate antisense oligonucleotide identifies a critical role for c-Myc in 

the growth of human breast cancer. Cancer Res. 51:3996-4000. 

80. Dubik D and Shiu RPC (1988) Stimulaton of c-myc oncogene expression 

associated with estrogen-induced proliferation of human breast cells. Cancer Res. 

47:6517-6521. 

81. Walker RA and Varley JM (1993) The molecular pathology of human breast 

cancer. Cancer Su ru. 16:31-57. 

8 2  Henry JA, Hemessy C, Levett DL, Lemard TW, Westley BR and May FE 

(1993) int-2 amplification in breast cancer: Association with decreased survival 

and relationship to amplification of c-erbb-2 and c-myc. Int. J.  Cancer 53974-780. 



83. Kreipe H, Feist H f  Fischer L, Felgner J, Heidom K, Mettler L and Parwaresch 

R (1993) Amplification of c-mye but not of c-erbB-2 is associated with high 

proliferative capacity in breast cancer. Cancer Res. 53:1956-1961. 

84. Roux-Dosseto M, Romain S, Dussault N, Desideri Cf Piana L, Bonnier P, 

Tubiana N and Martin PM (1992) c-myc gene amplification in selected node- 

negative breast cancer patients correlates with high rate of early relapse. Eur. 1. 

Cancer BA:  l6OO-l604. 

85. Escot C, Theillet Cl Lidereau R, Spyratos F, Champeme MH, Gest J and 

Callahan R (1986) Genetic alteration of the c-myc protooncogene (MYC) in hurnan 

primary breast carcinomas. Proc. Natl. Acnd. Sci. USA 8334834-4838. 

86. Cance WG and Liu ET (1995) Protein kinases in human breast cancer. Breast 

Cancer Res. Treat. 35: 105-1 14. 

87. Gusterson BA, Gelber RD, Goldhirsch A, Price KN, Save-Soderborgh J, 

Anbazhagan R, Styles J, Rudenstam CM, Golouh R, Reed RI et al. (1992) 

Prognostic importance of c-erbB-2 expression in breast cancer. 1. Clin. Oncol. 

10:1049-1056. 

88. Muss HB, Thor AD and Berry DA (1994) csrbl-2 expression and response to 

adjuvent therapy in women with node-positive early breast cancer. N. Engl. J. 

Med. 330:124@1266. 



89. Fantl V, Smith R, Brookes S, Dickson C and Peters G (1993) Chromosome 

llq13 a b n o d t i e s  in human breast cancer. Cancer Sum. 18:77-94. 

90. Theillet C, Adnane J, Szepetowski P, Simon M-P, Jeanteur P, Birnbaum D and 

Gaudray P (1990) BCL-1 participates in the llq13 amplification found in breast 

cancer. Oncogene 5:147-149. 

91. Baird A and Klagsbrun M (1991) The fibroblast growth factor family. Cancer 

Cells 3:239-243. 

92. Adnane J, Gaudray P, D i o ~ e  C, Crumley G, Schlessinger J, Jeanteur P, 

Birnbaum D and Theillet C (1991) bek and ffg, two receptors to members of the 

FGF family, are amplified in a subset of human breast cancer. Oncogene 6:659-663. 

93. Fioravanti L, Cappelletti V, Coradini D, Miodini P, Borsani G, Daidone MG 

and Di Fronzo G (1997) int-2 oncogene amplification and prognosis in node- 

nega tive breas t carcinoma. lnt . 1. Cancer 74:620-624. 

94. Almoquera C, Shibata D, Forrester K, Martin J, Amheim N and Perucho M 

(1988) Most human carcinomas of the exocrine pancreas contain mutant c-K-ras 

genes. Cell53:549-554. 

95. Smit VTHBM, Boot AJM, Smits AMM, Fleuren GJ, Cornelisse CJ and Bos JL 

(1988) K-ras codon 12 mutations occur very frequently in pancreatic 

adenocarcinornas. Nucleic Acids Res. 16:7773-7782. 



%. Vogelstein B, Fearon ER, Hamilton SR, Kem SE, Preisinger AC, Leppert M, 

Nakamura Y, Whyte R, Smits AMN and Bos JL (1988) Genetic alterations during 

colorectal hunor development. N. Engl. J. Med. 319:525-532. 

97. Lemoine NR, Mayaii ES, Wyliie FW, Williams ED. G o y  M, Stringer B and 

Wynford-Thomas D (1989) High frequency of ras oncogene activation in al1 

stages of human thyroid tumorigenesis. Oncogme 4:159-164. 

98. Rodenhuis S, Van de Wetering ML, Mooi WJ, Evers SG, Van Zandwijk N and 

Bos JL (1987) Mutational activation of the K-ras oncogene, a possible pathogenetic 

factor in adenocarcinoma of the lung. N. Engl. 1. Med. 317:929-935. 

99. Rodenhuis S, Slebos RJC, Boot AJM, Evers SG, Mooi WJ, Wagenaar SS, Van 

Bodegom PC and Bos JL (1988) K-ras oncogene activation in adenocarcinoma of 

the h g :  Incidence and possible clinical sig~ficance. Cancer Res. 48:5738-5741. 

100. Clark GJ and Der CJ (1995) Aberrant hc t i on  of the Ras signal transduction 

pathway in human breast cancer. Breast Cancer Res. Treat. 35: 133-144. 

101. Levine AJ (1997) p53, the cellular gatekeeper for growth and division. Cell 

88:323-331. 



102. Osborne RJ, Merlo GR, Mitsudorni T, Venesio T, Liscia DS, Cappa APM, 

Chiba 1, Takahashi T, Nau MM, Callahan R, et al. (1991) Mutations in the p53 gene 

in primary human breast cancers. Cancer Res. 51:6194-6198. 

103a Finlay CA, Hinds PW and Levine AJ (1989) The p53 proto-oncogene cm act 

as a suppressor of transformation. Ce11 57:1083-1093. 

104. Polyak K. Xia Y, Zweier JL, Kinzler KW and Vogelstein B (1997) A mode1 for 

p53-induced apoptosis. Nature 389:300-305. 

105. Greenblatt MS, Bennett WP, Hoilstein M and Hams CC (1994) Mutations in 

the p53 tumor suppressor gene: Clues to cancer etiology and molecular 

pathogenesis. Cancer Res. 54:4855-4878. 

106. El-Deiry WS, Kem SE, Pietenpol JA, Kinzler KW and Vogelstein B (1992) 

Definition of a consensus binding site for p53. Nat. Genet. 1:45-49. 

107. Dittmer D, Pati S, Zambetti G, Chu S, Teresky AK, Moore M, Finlay C and 

Levine Aj (1993) Gain of hinction mutations in p53. Nat. Genet. 4:42-46. 

108. Hartman A, Blaszyk H, Kovach JS and Sommer SS (1997) The molecular 

epidemiology of p53 gene mutations in human breast cancer. Trends Genet. 13:27- 

33. 



iû9. Mihara K, Cao X-R, Yen A, Chandler S, Driscoll0, Murphree AL, T ' h g  A 

and Fung Y-KT (1989) Ce11 cycledependent regulation of phosphorylation of the 

human retinoblastoma gene product. Science 2%: 1300-1306. 

110. Buchkovich K, Duffy LA and Harlow A (1989) The retinoblastoma protein is 

phosphorylated during specific phases of the ce11 cycle. Ce11 58:lW7-llO5. 

111. Nevin JR (1992) A link between the RB tumor suppressor protein and viral 

oncoproteins. Scimce 258:424-429. 

112. Andersen TI, Gaustad A, Ottestad L. Farrants GW, Nesland JM, Tveit KM 

and Borresen AL (1992) Genetic alterations of the tumour suppressor gene 

regions 3p, I l  p, 13q, 17p, and 17q in human breast carcinomas. Gmes Chromosom. 

Cancer 4:113-121. 

ll3* Borg A. Zhang QX, Alm P. Olsson H and Sellberg G (1992) The 

retinoblastoma gene in breast cancer: Allele loss is not correlated with loss of 

gene protein expression. Cancer Res. 52:2991-2994. 

114. ûevilee P, van Vliet M, Bardoel A, Kievits T, Kuipers-Dijkshoorn N, Pearson 

PL and Cornelisse CJ (1991) Frequent somatic imbalance of marker alleles for 

chromosome 1 in human primary breast carcinoma. Cancer Res. 51: 1020-1 025. 



115. Spandidos DA, Karaiossifidi H, Malliri A, Linardopoulos S, Vassilaros S, 

Tsikkinis A and Field JK (1992) Expression of Ras, RB1 and p53 proteins in 

human breast cancer. Anticancer Res. 12:81-89. 

116. Trudel M. Mulligan L, Cavenee W, Margolese R, Cote J and Gariepy G 

(1992) Retinoblastoma and p53 gene product expression in breas t carcinoma: 

Immunohis tochemical analysis and clinicopa thologic correlation. Hu m. Pathol. 

23: 1388-1394. 

117. Varley JM, Amour J, Swallow JE, Jeffreys AJ, Ponder BA, T ' h g  A, Fung 

YK, Brammar WJ and Walker RA (1989) The retinoblastoma gene is frequently 

altered leading to loss of expression in primary breast tumours. Oncogene 4:725- 

729. 

118. Caligo MA, CipoUini G, Berti A, Viacava P, Collecchi P and Bevilacqua G 

(1997) NM23 gene expression in human breast carcinomas: Loss of correlation 

with ce11 proliferation in the advanced phase of hunor progression. Int. j. Cancer 

74:102-111. 

119. Sorokine 1, Ben-Mahrez K, Bracone A, Thierry D, Ishii S, Imamoto F and 

Kohiyama M (1991) Presence of circulating anti-c-myb oncogene product 

antibodies in human sera. Int. 1. Cancer 47:665-669. 

1U). Gee JMW, Eilis IO, Robertson JFR, Willsher P, McClelland RA, Hewitt KN, 

Blamey RW and Nicholson RI (1995) Immunocytochemical localization of Fos 



protein in human breast cancers and its relationship to a series of prognostic 

markers and response to endoaine therapy. lnt. 1. Cancer 61:269-273. 

121. Thompson AM, Morris RG, Wailace M, Wyilie AH, Steel CM and Carter DC 

(1993) Allele loss from 5q21 (APC/ MCC) and 18q21 (DCC) and DCC mRNA 

expression in breast cancer. Br. 1. Cancer 68364-68. 

122. Bems EMJJ, Küjn JGM, van Staveren IL, Portengen H and Foekens JA (1992) 

Sporadic amplification of the insulin-like growth factor 1 receptor gene in human 

breas t tumors. Cancer Res. 52: 1036-1039. 

123. Pott P (1775) "Cancer scroti" in Chirurgical Observntions. Hawes, Clarke and 

Collins, London. pp. 63. 

124. Phillips DH (1983) Fifty years of benzo[alpyrene. Nature 303:468472. 

125. Yamagiwa K and Ichikawa K (1915) Experirnentelle studie uber die 

pathogenese der epi thelialgeschwuls te. Mitt . Med. Fa&. Tokio 15:295-344. 

126. Cook JW, Hewett CL and Hieger 1 (1933) 1. Chm. Soc. 395-405. 

127. Boyland E (1950) The biological significance of metabolism of polycyclic 

compounds. Biochem. Soc. Symp. 5:40-54. 



128. Jerina DM, Daiy JW, Witkop B, Zaltzman-Nirenberg P and Udenfriend S 

(1968) The role of the arene oxide-oxepin systems in the metabolism of aromatic 

substrates. III. Formation of 1,2-naphthalene oxide from naphthalene by liver 

microsomes. 1. Am. Chem. Soc. 9065254527. 

129. Grover PL and Sims P (1968) Enzyme-catalysed reactions of polycyclic 

hydrocarbons with deoxy-ribonucleic acid and pro tein in vitro. Biochem. 1. 11 0: 159- 

160. 

130. Gelboin HV (1969) A microsorne-dependent binding of benzo&]pyrene to 

DNA. Cancer Res. 29:1272-1276, 

131. Ames BN, Durston WE, Yamasaki E and Lee FD (1973) Carcinogens are 

mutagens: A simple test system combining liver homogenates for activation and 

bacteria for detection. Proc. Natf. Acad. Sci. USA 70:2281-2285. 

132. Ames BN (1979) Identifying environmental chemicals causing mutations 

and cancer. Science 204587-593. 

133. Sims P, Grover PL, Swaisland A, Pal K and Hewer A (1974) Metabolic 

activation of benzoblpyrene proceeds by a diol-epoxide. Nature 252:326-328. 

134. Thakker DR, Yagi H, Akagi H, Koreeda M, Lu AYH, Levin W, Wood AW, 

Conney A H  and Jerina DM (1977) Metabolism of benzo[a]pyrene: VI. 



Stereoselective metabolism of benzo[a]pyrene and benzo[a]pyrene 7,8- 

dihydrodiol to di01 epoxides. Chm. Biol. Interact. 16:281-300. 

135. Thakker DR, Yagi H, Lu AYH, Levin W, Comey AH and Jerina DM (1976) 

Metabolism of benzo[a]pyrene. Conversion of (+)-trans-7.8-dihydroxy-7,8- 

dihydrobenzo[a]pyrene to the highly mutagenic 7,84iol-9,lO-epoxides. Proc. Nail. 

Acad. Sci. USA 73:3381-3385. 

136. Yang SK, McCourt DW, Leutz JC and Gelboin HV (1977) Benzo[a]pyrene 

di01 epoxides: Mechanism of enzymatic formation and optically active 

intermediates. Science 196:ll99-lîOl. 

137. Yang SIS, Roller PP and Gelboin HV (1976) Enzymatic conversion of 

benzo[a]pyrene leading predominantly to the diol-epoxide r-7,t-8-dihydroxy-t- 

9,lO-oxy-7,8,9,10-tetrahydrobenzo[alpyrene through a single enanüomner of r-7,t- 

8-dih ydroxy-7,s-dih ydrobenzo[a ] p yrene. Proc. Na t l .  Acad. Sei. LISA 7325942598. 

138. Jeffrey AM, Weinstein IB, Jemette KW, Grzeskowiak K, Nakanishi K, 

Harvey RG, Autnip H and Harris C (1977) Structures of benzo[a]pyrene-nucleic 

acid adducts formed in human and bovine branchial explants. Nature 269:348- 

350. 

139. Meehan T and Straub K (1979) Double-stranded DNA stereoselectively 

binds benzo[a]pyrene di01 epoxides. Nature 277.410-412. 



140. Gelboin HV (1980) Benzo[a]pyrene metabolism, activation, and 

carcinogenesis: Role and regdation of mixed function oxidases and related 

enzymes. Physiol. Rev. 60: 1107-1166. 

141. Maisin J and Coolen ML (1936) Au sujet du pouvoir cancerigene du methyl- 

cholanthrene. C. R. Seances Soc. Biol. l23:159-I6û. 

142. Huggins C and Yang NC (1962) Induction and extinction of mamary  

cancer. Science 137257-262. 

143. Cavalieri EL, Higginbotham S, Rama-Krishna NV, Devanesan PD, 

Todorovic R, Rogan EG and Salmasi S (1991) Comparative dose-response 

tumorigenicity studies of dibenzo[a,l]pyrene versus 7J2- 

dimethylbenz[a Janthracene, benzo[a lpyrene and two dibenzo[a. l ]  p yrene 

dihydrodiols in mouse skui and rat mammary gland. Carcinogrnesis 12:1939-1944. 

144. McCormick DL, Burns FJ and Albert RE (1981) Inhibition of benzo[a]pyrene- 

induced manunary carcinogenesis by retinyl aceta te. 1. Natl. Cancer Inst . 66:559- 

564. 

145. El-Bayoumy K, Chae YH, Upadhyaya P, Rivenson A, Kurtzke C, Reddy B 

and Hecht SS (1995) Comparative tumorigenicity of benzo[a]pyrene, 1- 

nitrop yrene and 2-amino-1-me thyl-6-p henylimidazo[4,5-b]pyridhe administered 

by gavage ta f d e  CD rats. Cnrcinogenesis 16:431-434. 



1%. Gould MN, Grau DR, Seidman LA and Moore CJ (1986) Interspecies 

cornparison of human and rat mammKy epithelial ceii-mediated mutagenesis by 

polycyclic aromatic hydrocarbons. Cancer &S. 46:4942-4945. 

147. Santodonato J, Basu D and Howard PH (1980) "Multimedia human 

exposure and carcinogenic risk assessment for environmental PAH" in 

Poiynuclear Aromatic Hydrocarbons: Chemistry and Bioiogical Effets. Bjorseth A and 

Demis AJ, Eds. Battelie Press, Columbus, OH. pp. 435-454. 

148. Lijinsky W (1991) The formation and occurrence of polynuclear aromatic 

hydrocarbons associated with food. Mutat. Res. 259251-261. 

149. International Agency for Research on Cancer (1983) Benzo[a]pyrene. [ARC 

Monogr. Eval. Carcinog. Risks Hum. 32:îll-ZM. 

150. Tornqvist M and Ehrenberg L (1992) Risk assessment of urban air pollution. 

Phamacogmetics 2:297-303. 

151. Schuetzle D (1983) Sampling of vehide emissions for chernical analysis and 

biological testing. Environ. Henl th Perspect. 4765. 

152. International Agency for Researdi on Cancer (1985) Chemistry and analysis 

of tobacco smoke. IARC Monogr. Eval. Carcniog. Risks Hum. 38:83-126. 



153. Porter TD and Coon MJ (1991) Cytoduome P-450: Mdtiplicity of isofomis, 

substrates, and catalytic and regdatory mechanisms. 1. Biol. Chm. 266:13469- 

13472. 

154. Gonzalez FJ (1992) Human cytochromes P450: Problems and prospects. 

Trends Pharmacol. Sei. l3:346-352. 

155. Shou M. Korzekwa KR, Crespi CL, Gonzalez FJ and Gelboin HV (1994) The 

role of 12 cDNA-expressed human, rodent, and rabbit cytochromes P450 in the 

metabolism of benzo[alpyrene and benzo[a]pyrene trans-7,8-dihydrodiol. Mol. 

Carcinog. 10: 159-168. 

156. McKay JA, Melvin WT, Ah-See AK, Ewen SWB, Greenlee WF, Marcus CB, 

Burke MD and Murray GI (1995) Expression of cytochrome P450 CYPlBl in 

breast cancer. FEBS Lett. 374:270-272. 

157. Huang Z, Fasco MJ, Figge HL, Keyomarsi K and Kaminsky LS (1996) 

Expression of cytodvomes P450 in human breast tissue and tumors. Drug Metab. 

Disposit . 24:899-%5. 

158. Murray GI, Weaver RJ, Paterson PJ, Ewen SWB, Melvin WT and Burke MD 

(1993) Expresson of xenobiotic metabolizing enzymes in breast cancer. j. Pathol. 

169347,353. 



159. Sutter TR, Ming Tang Y, Hayes CL, Wo Y-YP, Jabs EW, Li X, Yin H, Cody 

CW and Greenlee WF (1994) Complete cDNA sequence of a human dioxin- 

inducible mRNA identifies a new gene subfamily of cytochrorne P450 that maps 

to chromosome 2.1. Biol. Chem. 269:13092-13099. 

160. Shimada T, Hayes CL, Yamazaki H, Amin S, Hedit SS, Guengerich FP and 

Sutter TR (1996) Activation of chemicaily diverse procarcinogens by human 

cytodirome P-450 181. Cancer Res. 56:2979-29û4. 
a 

161. Wamer M. Hellmond MH, Renier E and Gustafsson J-A (1994) 'CytoduPme 

P450 in the breast: Role in in situ activation of carcinogens and modulation by 

dietary components" in Dietary Phytoestrogens: Cancer Cause or Prevention? 

National Cancer Institute, Hendon, VA. 

162. Surh YJ, Liern A, Miller EC and Miller JA (1989) Metabolic activation of the 

carcinogen 6-hydroxymethylbenzo[a]pyrene: Formation of an electrophilic 

sulfuric acid ester and benzylic DNA adducts in rat Liver in vivo and in reactions 

in vitro. Carcinogenesis 10:1519-1528. 

163. Surh YJ, Liem A, Miller EC and Miller JA (1990) The strong 

hepatocarcinogenicity of the electrophilic and mutagenic metabolite 6- 

sulfooxymethylbenzo[alpyrene and its formation of benzylic DNA adducts in the 

livers of infant male B6C3F1 mice. Biochem. Biophys. Res. Commun. 172:85-91. 



164. Flesher JW, Myers SR and Stawbury KH (1990) The site of substitution of 

the methyl group in the bioalkylation of benzo[a]pyrene. Carcinogenesis 11:493- 

496. 

165. Albin N, Massaad L, Toussaint C, Mathieu MC, Morizet J, Parise O, 

Gouyette A and Chabot CG (1993) Main dmg-rnetabolizing enzyme systems in 

human breast tumors and peritumoral tissues. Cancer Res. 53:3541-3546. 

166. Batist G, Schecter RL and Alaoui-Jamali MA (1996) "The glutathione system 

and drug resistance" in Principles uf Antheoplastic Drug Developrnent and 

Phamacology. Schilsky RL, Milano GA and Ratain MJ, Eds. Marcel Dekker, Inc., 

New York, NY. pp. 503-521. 

167. Robertson IGC, Guthenberg C, Mamervik B and Jernstrom B (1986) 

Differences in stereoselectivity and catalytic efficiency of three human 

glutathione tramferases in the conjugation of glutathione with 7P,Ba-dihydroxy- 

9a, 10a-oxy-7,8,9,10- tehahydrobenzo[a p yrene Cancer Res. 462220-2224. 

168. Warholm M, Guthenberg C, Pero RW and M a ~ e r v i k  B (1983) Molecular 

and catalytic properties of glutathione S-transferase from human liver: An 

enzyme effiuently conjugating epoxides. Biochemisty 223610-3617. 

169. Forrester LM, Hayes JD, Millis R, Barnes D, Harris AL, Schlager JJ, Powis G 

and Wolf CR (1990) Expression of glutathione S-transferase and cytodirome P450 

in normal and tumor breast tissue. Carcinogewsis 11:2163-2170. 



170. Burcheli B and Coughtrie MWH (1989) UDP-Glucuronosyltransferases. 

Pharmacol. Ther. 43:261-289. 

171. Nemoto N and Gelboin HV (1976) Enzymatic conjugation of benzo[a]pyrene 

oxides, phenols and dihvdrodiols with UDP-glucuronic acid. Biochem. Phannacol. 

251221-1226. 

172. Jin CJ, Miners JO, Burchell B and Mackenzie PI (1993) The glucuronidation 

of hydroxylated metabolites of benzo[a]pyrene and 2-acetylaminofluorene by 

cDNA-expressed human UDP-glucuronosyltransferases. Carcinogenesis 14:2637- 

2639. 

173. Mackenzie PI, Rodboum L and Iyanagi T (1993) Glucuronidation of 

carcinogen metabolites by complementary DNA-expressed uridine 5'- 

diphosphate glucuronosyl~ansferases. Cancer Res. 53:1529-1533. 

174. Vienneau DS, DeBoni U and Wells PG (1995) Potential genoprotective role 

for UDP-glucuronosyltransferases in chemical carcinogenesis: Initiation of 

micronuclei by benzoIa lpyrene and benzoie Jpyrene in UDP- 

glucuronosyltransferase-deficient cultured rat skin fibroblasts. Cancer Res. 

551045-1051. 



175. Kawajiri K, Nakachi K, Imai K, Shinoda N and Watanabe J (1990) 

Identification of genetically high risk individuals to lung cancer by DNA 

polymorphisms of the cytoduome P450IA1 gene. FEBS Lett. 263:131-133. 

176. Hayashi S, Watanabe J, Nakachi K and Kawajiri K (1991) Genetic Linkage of 

lung cancer-associated Mspl polymorphism with amino acid replacement in the 

heme binding region of the human CYPlAl gene. 1. Biochem. 1 lO:407-411. 

177. Crofts F, Cosma GN, C u m e  D, Taioli E, Taniolo P and Garte SJ (1993) A 

novel CYPl A l  gene polymorphism in African-Arnericans. Carcinogenesis 14: 172% 

1731. 

178. Cascorbi 1, Brockrnoller J and Roots 1 (1996) A C4887A polymorphism in 

exon 7 of human CYPIAI: Population frequency, mutation linkages, and impact 

on lung cancer suxeptibility. Cancer Res. 56:4965-4969. 

179. Rebbeck TR, Rosvold EA, Duggan DJ, Zhang J and Buetow K H  (1994) 

Genetics of CYPIAI: Coamplification of specific alleles by polymerase chain 

reaction and association with breast cancer. Cancer Epiderniol. Biomarkers Prev. 

Ml 1-514, 

10. Ambrosone CB, Freudenheim JL, Graham S, Marshall JR, Vena JE, Brasure 

JR, Laughlin R, Nemoto T, Michalek AM, Harrington A, et al. (1995) Cytodvome 

P4501A1 and glutathione S-transferase (Ml) genetic polymorphisms and 

postmenopausal breast cancer risk. Cancer Res. 553483-3485. 



8 .  Taioli E, Trachman J, Chen X, Toniolo P and Garte SJ (1995) A CYPlAl  

restriction fragment length polymorphism is associated with breast cancer in 

African-Amencan women. Cancer Res. 55:3757-3758. 

182 Hemminki K, Dickey C, Karlsson S. Bell D, Hsu Y, Tsai WY, Mooney LA, 

Savela K and Perera FP (1997) Aromatic DNA adducts in foundry workers in 

relation to exposure, life style and CYPlAl  and glutathione transferase M l  

genotype. Carcinogrnesis l8:3635O. 

183. Bailey LR, Roodi N, Vemer CS, Yee CJ, Dupont WD and Par1 FF (1998) 

Breast cancer and CYPZAI, GSTM1, and GSTTl polymorphisms: Evidence of a 

tack of association in Caucasians and African Americans. Cancer Res. 5865-70. 

184. Ishibe N, Hankinson SE, Colditz GA, Spiegelrnan D, WiNett WC, Speizer FE, 

Kelsey KT and Hunter DJ (1998) Cigarette smoking, cytochrome P450 1Aï 

polymorphisms, and breast cancer risk in the Nurses' Health Study. Cancer Res. 

58:667-671. 

185. Persson 1, Johansson 1 and Ingelman-Sundberg M (1997) ln vitro kinetics of 

two human CYPlAl variant enzymes suggested to be associated with 

interindividual differences in cancer susceptibility. Biochem. Biophys. Res. 

Commun. 231227-230. 



186. Shields PG, Ambrosone CB, Graham S, Bowman ED, Hanington AM, 

Gillenwater KA, Marshall JR, Vena JE, Laughlin R, Nemoto T, et al. (1996) A 

cytochrome P4502E1 genetic polymorphism and tobacco smoking in breast 

cancer. Mol. Carcinog. 17144-150. 

187. Uernatsu F, lkawa S, Kü<u&i Hf Sagami 1, Kanamani R, Abe T, Satoh K, 

Motomiya M and Watanabe M (1994) Restriction fragment length polymorphism 

of the human CYPZEl (cytochrome P450IIEl) gene and susceptibililty to lung 

cancer: Possible relevance to low smoking exposure. Phannacogenetics 4:58-63. 

188. Kato S, Bowman ED, Harrington AM, Blomeke B and Shields PG (1995) 

Human lung carcinogen-DNA adduct levels mediated by genetic polymorphisms 

in vivo. 1. Natl. Cancer lnst. 87902-907. 

189. Kelsey KT, Hankinson SE, Colditz GA, Springer K, Garcia-Closas M, 

Spiegelman D, Manson JE, Garland M, Stampfer MJ, Willett WC, et al. (1997) 

Glutathione S-transferase class p deletion polymotphism and breast cancer: 

Results from prevalent versus incident cases. Cancer Epidemiol. Biomarkers Prev. 

6:511-515. 

190. Bell DA, Thompson CL, Taylor J. Miller CR, Perera F. Hsieh LL and Lucier 

GW (1992) Genetic monitoring of human polymorphic cancer susceptibility genes 

by polymerase chah reaction: Application to glutathione tansferase p. Environ. 

Health Pmpect.  98:llM 17. 



191. Liu YH, Taylor J, Linko P, Lucier GW and Thompson CL (1991) Glutathione 

S-tramferase p in human lymphocyte and liver: Role in modulating formation of 

carcinogen-derived DNA adducts. Carcinogrnesis 12:2269-2275. 

192. Zhong S, Wyllie AH. Bames D. Wolf CR and Spurr NK (1993) Relatiowhip 

between the GSTMI genetic polymocphism and susceptibility to bladder, breast 

and colon cancer. Carcinogrnesis 14: 1821-1824. 

193. Helzlsouer KJ, Selmin O, Huang HY, Strickland PT, H o h a n  S, Alberg AJ, 

Watson M, Cornstock GW and Bell D (1998) Association between glutathione S- 

transferase Ml, Pl, and Tl genetic polymorphisms and development of breast 

cancer. 1. Nntl. Cancer lnst. 90:512-518. 

194. Hu X, O ' D o ~ e l  R, Srivastava SK, Xia H f  Zimniak P, Nanduri 8, Bleicher RJ, 

Awasthi S, Awasthi YC. Ji X, et al. (1997) Active site architecture of polymorphic 

forms of human glutathione S-transferase Pl-1 accounts for their 

enantioselectivity and disparate activity in the glutathione conjugation of 7Pf8a- 

dihydroxy-9a,l0a-oxy-7,8.9,10-tetrahydrobeo[a lp yrene. B iochem. Biophys. Res. 

Commun. 235:424-428. 

195. Hassett C, Aicher L, Sidhu JS and Omiecinski CJ (1994) Human microsomal 

epoxide hyàrolase: Genetic polymorphism and functional expression in vitro of 

amino aad variants. Hum. Mol. Genet. 3:421-428. 



1%. Rappe C (1993) Sources of exposure, environmental concentrations and 

exposure assessrnent of PCDDs and PCDFs. Chemosphere 27:211-225. 

197. Rappe C (1992) Dietary exposure and human levels of PCDDs and PCDFs. 

Chemosphere 25:231-234. 

198. Bock K W  (1994) Aryl hydrocarbon or dioxin receptor: Biologic and toxic 

responses. Rev. Physiol. Biochem. Pharmacol. 1251-42. 

199. Poland A and Knutson JC (1982) 2,3,7,8-Tetrachlorodibenzo-p-dioxin and 

related halogenated aromatic hydrocarbons. Examinations of the mechanism of 

toxicity . Annu. Rev. Pharmacol. Toxicol. 22517-554. 

200. Safe S (1986) Comparative toxicology and mechanism of action of 

polychlorinated dibenzo-p-dioxins and dibenzofurans. Annu. Rev. Phannacol. 

Toxicol. 26:371-399. 

201. Whitlock JPJ (1990) Genetic and molecular aspects of 2,3,7,8- 

tetrachiorodibenzo-p-dioxin action. Annu. Rev. Phannacol. Toxicol. 30:251-277. 

202. Whitlock JPJ (1986) The regulation of cytochrome P-450 expression. Annu. 

Rm. Pharmacol. Toxicol. 26:333-369. 

203. Whitlock JPJ (1987) The regulation of gene expression by 2,3,7,8- 

tetradorodibenzo-p-di0xi.n. Phanacol. Rev. 39: 147-161. 



204. Geiger LE and Neal RA (1981) Mutagenicity testing of 2,3,7,8- 

te tradilorodibenzo-p-dioxin in histidine auxotrophs of Sa1 monel la typhimu riu m. 

To*co~. AwI. P h a t ~ ~ a ~ ~ l .  59: 125-129. 

205. Poland A and Glover E (1979) An estimate of the maximum in vivo covalent 

binding of 2,3,7,8-tetradilorodibenzo-p-dioxin to rat liver protein, ribosomal 

RNA, and DNA. Cancer Res. 39:3341-3344. 

206. Huff J, Lucier G and Tritscher A (1994) Carcinogenicity of TCDD: 

Experimental, mechanistic and epidemiological evidence. Annu. Rev. Phannacol. 

T~m'col. 34343-372. 

207. Gielen JE, Goujon FM and Nebert DW (1972) Genetic reguiation of aryl 

hydrocarbon hydroxylase induction. II. Simple Mendelian expression in mouse 

tissues in vivo. 1. Biol. Chem. 247:1125-1137. 

208. Thomas PE, Kouri RE and Hutton JJ (1972) The genetics of aryl hydrocarbon 

hydroxylase induction in mice: A single gene difference between C57BL-6J and 

DBA-2J. Biochem. Genet. 6:157-168. 

209. Poland A and Glover E (1976) Stereospecific, high affinity binding of 2,3,7,8- 

tetrachlorodibenzo-p-dioh by hepatic cytosol. 1. Biol. Chm.  251:4936-4946. 



210. Bunce NJ, Landers JP and Safe S (1988) Kinetic models for association of 

2,3,7,8-tetrachiorodibemo-pdioxin with the Ah receptor. Arch. Biochem. Biophys. 

267:3&397. 

211. Bradfield CA and Poland A (1988) A cornpetitive binding assay for 2,3,7,8- 

tetrachlorodibenzo-p-dioxin and related ligands of the Ah receptor. M o l .  

Pharmacol. 34682-688. 

212. Denis M. Cuthill S, Wikstrom A S ,  Poellinger L and Gustafsson J-A (1988) 

Association of the dioxin receptor with the Mr 90,000 heat shock protein. Biochm. 

Biophys. Res. Commun. 155:801-807. 

213. Perdew GH (1988) Association of the Ah receptor with the 90 kDa heat 

shock protein. 1. Biol. Chem. 263:13802-13805. 

214. Sanchez ER, Toft DO, Schlesinger MJ and Pratt WB (1985) Evidence that the 

90-kDa phosphoprotein associated with the untransformed L-cell giucocorticoid 

receptor is a murine heat shock protein. 1. Biol. Chem. 26O:l239&IXOl. 

215. Ma Q and Whitlock JPJ (1997) A novel cytoplasmic protein that interacts 

with the Ah receptor, contains tetrahicopeptide repeat motifs, and augments the 

transcrip tional response to 2,3,7,8- te trachlorodibenzo-p-dioxin. 1. B i d .  Chem. 

27238878-8884. 



216. Carver LA and Bradfield CA (1997) Ligand-dependent interaction of the 

aryl hydrocarbon receptor with a novel immunophilin homolog in vivo. 1. Biol. 

Chem. 272311452-11456. 

217. Pratt WB (1993) The role of heat shock proteins in regulating the function, 

folding, and traficking of the glucocorticoid receptor. J. Biol. C h m .  268:21455- 

21458. 

218. Smith DF and Toft DO (1993) Steroid receptors and their associated 

proteins. Mol. Endochof. 7:44 1. 

219. Kay JE (1996) Structure-function relationships in the FK506-binding protein 

(FKBP) family of peptidylprolyl cis-trans isomerases. Biochm. \.314:361-385. 

220. Hoffman EC, Reyes H, Chu FF, Sander F, Conley LH, Brooks BA and 

Hankinson O (1991) Cloning of a factor required for activity of the Ah (dioxin) 

recep tor . Science 252:954-958. 

221. Pollenz RS, Sattier CA and Poland A (1994) The aryl hydrocarbon receptor 

and aryl hydrocarbon receptor nuclear translocator protein show distinct 

subcellular localizations in Hepa lclc7 cells by immunofluorescence microscopy. 

Mol. Pharmacol. 45428438. 

222. Mimura J, Ema M. Sogawa K. Ikawa S and Fujii-Kuriyama Y (1994) A 

complete structure of the mouse Ah receptor gene. Phnnnacogenetics 4:349-354. 



W. Schmidt JV, Carver LA and Bradfield CA (1993) Molecular characterization 

of the murine Ahr gene. Organization, promoter analysis, and chromosomal 

assignment. f. Biol. Chem. 268:22203-22209. 

224. Ema M, Matsushita N, Sogawa K, Anyama T, Inazawa J, Nemoto T, Ota M, 

Oshimura M and Fujii-Kuriyama Y (1994) Human aryl hydrocarbon receptor: 

Functional expression and chromosomal assignment to 7p21. \. Biochm. 116:845- 

851. 

225. Johnson B, Brooks BA, Heinzmam C, Diep A, Mohandas T, Sparkes R, 

Reyes H, Hoffman EC, Lange E, Gatti RA, et ai. (1993) The Ah receptor nuclear 

translocator gene (Arnt) is located on 821 of human chromosome 1 and on mouse 

chromosome 3 near CF-3. Genomics 17592-598. 

226. Ema M, Sogawa K, Watanabe N, Chujoh Y, Matsushita N, Gotoh O, Funac Y 

and Fujii-Kunyama Y (1992) cDNA cloning and structure of the putative Ah 

receptor. Biochm. B iophys. Res. Commun. 1842469253. 

227. Barbach KM, Poland A and Bradfield CA (1992) Cloning of the Ah receptor 

cDNA reveals a distinctive ligand-activated transcription factor. Proc. Natl. Acad. 

Sn'. USA 89:8185-8189. 



228. Fukunaga BN, Probst MR, Reisz-Porszasz S and HankUison O (1995) 

Identification of the functional domains of the aryl hydrocarbon receptor. 1. Bioi. 

Chem. 270329270-29278. 

229. Whitelaw ML, Gustafsson JA and Poellinger L (1994) Identification of 

transactivation and repression functions of the dioxin receptor and its basic helix- 

loop-helix / PAS partner factor Amt: Inducible versus constitutive modes of 

regula tion. Mol. Cell. Bid. 14:8343-8355. 

230. Hahn ME, Karchner SI, Shapiro MA and Perera SA (1997) Molecular 

evolution of two vertebrate aryl hydrocarbon (dioxin) receptors (AHR1 and 

AHR2) and the PAS family. Proc. Natl. Acad. Sei. USA 9493743-13748. 

231. Reisz-Porszasz S, Probst MR, Fukunaga BN and Hankinson O (1994) 

Identification of functional domains of the aryl hydrocarbon receptor nuclear 

hanslocator protein (Amt). Mol. Cell. Biol. 14:6075-6086. 

232. Lindebro MC, Poellinger L and Whitelaw ML (1995) Protein-protein 

interaction via PAS dornains: Role of the PAS domain in positive and negative 

regulation of the bHLH/PAS dioxin receptor-Arnt transcription factor complex. 

EMBO \.14:352&3539. 

233. Bacsi SG, Reisz Porszasz S and Hankinson O (1995) Orientation of the 

heterodimeric aryl hydrocarbon (dioxin) receptor complex on its asymmetric 

DNA recognition sequence. Mol. Phannafol. 47:432-438. 



234. Swanson HI, Chan WK and Bradfield CA (1995) DNA binding specificities 

and pairing d e s  of the Ah receptor, Amt, and SIM proteins. J. Biol. Chem. 

270:26292-26302. 

2%. Swanson HI and Yang JH (1996) Mapping the protein/DNA contact sites of 

the Ah receptor and Ah receptor nuclear translocator. 1. Biol. Chem. 271:31657- 

31665. 

236. Fukunaga BN and Hankinson O (1996) Identification of a novel domain in 

the aryl hydrocarbon receptor required for DNA binàing. 1. Biol. Chem. 271:3743- 

3749. 

237. Mitchell PJ and Tjian R (1989) Transcriptional regulation in mammalian cells 

by sequence-specific DNA binding proteins. Science 245371-378. 

238. Gerber H-P, Seipel K, Georgiev O, Hofferer M, Hug M, Rusconi S and 

Schaffner W (1994) Transcriptional activation modulated by hornopolymeric 

glutamine and proüne stretches. Science 263:808-8ll. 

239. Ma Q, Dong L and Whitlock JPJ (1995) Transcriptional activation by the 

mouse Ah receptor. Interplay between mu1 tiple stimula tory and inhibitory 

functions. 1. Biol. Chm. 270: l26W-l2703. 



240. Rowlands JC, Mcewan IJ and Gustafsson JA (1996) Trans-activation by the 

human aryl hydrocarbon receptor and aryl hydrocarbon receptor nuclear 

translocator proteins - direct interactions with basal hawcnption factors. Mol. 

Pharmacol. SO:538-%8. 

241. Jain S. Dolwick KM, Schmidt JV and Bradfield CA (1994) Potent 

transactivation domains of the Ah receptor and the Ah receptor nuclear 

translocator map to their carboxyl termini. 1. Biol. C h m .  269:31518-31524. 

242. Li H, Dong L and Whitlock JPJ (1994) Transcriptional activation function of 

the mouse Ah recep tor nuclear translocator. 1. Biol. C h .  269:28O98-28105. 

243. Corton JC, Moreno ES, Hovis SM, Leonard LS, Gaido KW, Joyce MM and 

Kemett SB (1996) Identification of a ceil-specific transcription activation domain 

within the human Ah receptor nuclear translocator. Toxicol. Appl. Pharmacol. 

139:272-280. 

244. Vogel C, Schuhmacher US, Degen GH, Bolt HM, Pineau T and Abel J (1998) 

Modulation of prostaglandin H synthase-2 mRNA expression by 2,3,7,8- 

te trachlorodibenzo-p-dioxin in mice. A rch. Biochem. Bioph ys. 351 :265-271. 

245. Telakowski-Hopkins CA, King RG and Pickett CB (1988) Glutathione S- 

transferase Ya subunit gene: Identification of regulatory elements required for 

basal level and inducible expression. Proc. Natl. Acad. Sc i  USA 85:1000-1004. 



246. Sduenk D, Stuven T, Gohl G, Viebahn R and Bock KW (1995) Induction of 

CYPlA and glutathione S-tramferase activities by 2,3,7,8-tetrach.iorodibem0-p- 

dioxin in human hepa tocyte cultures. Ca rchogenesis 16:943-946. 

247. Larsen MC, Angus WG, Brake PB, Eltom SE, Sukow KA and Jefcoate CR 

(1998) Characterization of CYPI BI and CYPZAZ expression in human mammary 

epithelial cells: Role of the aryl hydrocarbon receptor in polycyclic aromatic 

hydrocarbon metabolism. Cancer Res. 582366-2374. 

248. Spink DC, Spink BC, Cao JQ, DePasquale JA, Pentecost BT, Fasco MJ, Li Y 

and Sutter TR (1998) Differential expression of CYPlAl and CYPlBt in human 

breast epithelial cells and breast tumor cells. Carcinogrnesis 19:291-298. 

249. Spink DC, Spink BC, Cao JQ, Gierthy JF, Hayes CL, Li Y and Sutter TR 

(1997) Induction of cytochrome P450 1B1 and catechol estrogen metabolism in 

ACHN human renal adenocarcinorna cells. \. Steroid Biochem. Mol. Biol. 62223- 

232. 

250. Hayes CL, Spink DC, Spink BC, Cao JQ, Walker NJ and Sutter TR (1996) 

17fkstradioi hydroxylation catalyzed by human cytochrome P450 161. Proc. Natl. 

Acad. Sci. USA 93:9776-9781. 

251. Sdunidt JV and Bradfield CA (1996) Ah receptor signaling pathways. Annu. 

Rev. Cell Dm. Biol. 12:55-89. 



252. Sutter TR, Guzman K, Dold KM and Greenlee WF (1991) Targets for dioxin: 

Genes for plasminogen activator inhibitor-2 and interleukin-lp. Science 254415- 

418. 

253. Dohr O, Vogel C and Abel J (1994) Modulation of growth factor expression 

by 2,3,7,8-tetrachlorodibemo-p-dioxin. Exp.  Clin. Imrnunogenet. 1 1:142-118. 

254. Lai ZW, Hundeiker C, Gleidunann E and Esser C (1997) Cytokine gene 

expression during ontogeny in murine thymus on activation of the aryl 

hydrocarbon receptor by 2.3,7,8-tetrachlorodibenzo-p-dioxin. Mol. Pharmacol. 

52:30-37. 

255. Lai Z-W, Pineau T and Esser C (1996) Identification of dioxin responsive 

elements (DREs) in the 5' region of putative dioxin-inducible genes. Chem. Biol. 

lnteract. lUO:9%ll2, 

256. Gaido KW, Maness SC, Leonard LS and Greenlee WF (1992) 2.3,7,8- 

tetrachloro-p-dioxin-dependent regdation of transforming growth factors-a and 

-82 expression in a human keratinocyte ce11 line involves both transcriptional and 

post-banscrip tional control. 1. Biol. Chem. 267:2459 1-24595. 

257. Manchester DK, Gordon SK, Golas CL, Roberts EA and Okey AB (1987) Ah 

receptor in the human placenta: Stabilization by molybdate and characterization 

of binding of 2,3,7,8-tetrachlorodibenzo-p-dioxin, 3-methylcholanthrene, and 

benzo[a] p yrene. Cancer Res. 47:4861-4868. 



258. Fernandez N, Roy M and Lesca P (1988) Binding characteristics of Ah 

receptors from rats and mice before and after separation from hepatic cytosols: 7- 

Hydroxyeilipticine as a competitive antagonist of cytochrome P-450 induction. 

E ur. 1. Biochem. 1 i'î:S85-592. 

259. Giliner M, Bergman J, Camillau C, Alexandersson M, Femstrom C and 

Gustafsson JA (1993) Interactions of inodolo[3,2-blcarbazoles and related 

polycyclic aromatic hydrocarbons with specific binding sites for 

tetradilorodibenzo-p-dioxin in rat liver. Mol. Phmaco l .  44336-345. 

260. Mahon MJ and Gasiewicz TA (1992) Chelatable metal ions are not required 

for aryl hydrocarbon receptor transformation to a DNA binding form: 

Phenanthrolines are possible competitive antagonists of 2,3,7,8- 

tetrachlorodibenzo-p-dioxin. A rch. Biochem. Biophys. 297: 1-8. 

261. Liu H, Santostefano M, Lu Y and Safe S (1993) 6-Substituted 3,4- 

benzocoumarins: A new structural class of inducers and inhibitors of CYPIAI- 

dependent activi ty . A rch. B iochem. Biophys. 306:223-231. 

262. Liu H, Santostefano M and Safe S (1994) 2-Phenylphenanthndinone and 

related compounds: Aryl hydrocarbon receptor agonists and suicide inactivators 

of P4501A1. Arch. Biochm. Biophys. 313:206-214. 



263. Waller CL and McKimey JD (1995) Three-dimensional quantitative 

structure-activity relationships of dioxins and dioxin-like compounds: Mode1 

validation and Ah receptor charactekation. Chon. Res. Toxicol. 8:û47-858. 

264. Safe S (1990) Polydiloriiiiited biphenyls (PCBs), dibenzo-p-dioxins (PCDDs), 

dibernofurans (PCDFs) and related compounds: Environmental and mechanistic 

considerations which support the development of toxic equivalency factors 

(TEFs). Crit. Rev. Toxicol. 21:51-88. 

265. Fernandez-Çalguero P, Pineau T, Hilbert DM, McPhail T, Lee SS, Kimura S, 

Nebert DW, Rudikoff S, Ward JM and Gonzalez FJ (1995) Immune system 

impairment and hepatic fibrosis in mice lacking the dioxin-binding Ah receptor. 

Science 268: 722-726. 

266. Mirnura J, Yamashita K, Nakamua K, Monta M, Takagi TN, Nakao K, Ema 

M, Sogawa K, Yasuda M, Katsuki M, et al. (1997) Loss of teratogenic response to 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in mice lacking the Ah (dioxin) 

receptor. Genes Cells 2:645-654. 

267. Chowdhury RC, Chowdhury NR, Wolkoff AW and Arias IM (1994) "Herne 

and bile pigment metaboiism" in The Liver: Biology and Pafhology. Arias IM, Boyer 

JL, Fausto N, Jakoby WB, Schachter DA and M t z  DA, Eds. Raven Press, New 

York, NY. pp. 471-504. 



268. Sinal CJ and Bend JR (1997) Aryl hydrocarbon receptor-dependent 

induction of cyplaï by bilirubin in mouse hepatoma hepa lclc7 cells. Mol. 

Pharmacol. 52:590-599. 

269. Phelan D, Winter GM, Rogers WJ. Lam JC and Denison MS (1998) 

Activation of the Ah receptor signal transduction pathway by bilimbin and 

biliverdin. Arch. Biochem. Biophys. 357: 155-163. 

270. Giliner MJ, Bergman C, Cambillau BI Fernsbom B and Gustaffson JA (1985) 

interactions of indoles with binding sites for 2,3,7,8-tetrachioro-p-dioxin in rat 

Liver. Mol. Pharmacol. 28:357-363. 

271. Wattenberg LW (1980) "Inhibitors of chemical carcinogens" in Cancer 

Achievements, Challenges, and Prospects for the 1980s. Volume 7. Burchenall JH and 

Oettgen MF, Eds. Grune & Stratton, New York, NY. pp. 517-539. 

272. Lu YF, Santostefano M, Cunningham BD, Threadgill MD and Safe S (1995) 

Identification of 3'-methoxy-4'-nitroflavone as a pure aryl hydrocarbon (Ah) 

receptor antagonist and evidence for more than one form of the nuclear Ah 

receptor in MCF-7 human breast cancer cells. Arch. Biochem. Biophys. 316:47&477. 

273. Merchant M, Krishnan V and Safe S (1993) Mechanism of action of a- 

naphthoflavone as an Ah receptor antagonist in MCF-7 hurnan breast cancer 

cells. Toxicol. Appt. Phamcol. 120:179-185. 



274. Çantostefano M. Merchant M, Areliano L, Momson V, Denison MS and Safe 

S (1993) a-Naphthoflavone-induced CYPl A 1 gene expression and cytosolic aryl 

hydrocarbon receptor transformation. Mol. P h m c o l .  43:200-206. 

275. Luster MI, Hong LH, Osborne R, Blank JA, Clark G, Lilver MT, Boorman 

GA and Greenlee WF (1986) 1-Amino-3,7,8-trichlorodibenzo-p-dioxin: A specific 

antagonist for TCDD-induced myelotoxicity. Biochem. Biophys. Res. Commun. 

139: 747-756. 

276. Piskorska-Miszczynska J, Astroff 0, Zacharewski T, Hams M. Rosengren R, 

Morrison V, Safe L and Safe S (1991) Mechanism of action of 2,3,7,8- 

tetradorodibenzo-p-dioxin antagonists: Characteristics of 6-[125I]methyl-8-iodo- 

1,3-dichiorodibenzofuran-Ah receptor complexes. Arch. Biochm. Biophys. 284193- 

200. 

277. Biegel L, Harris M, Davis D, Rosengren R, Safe L and Safe S (1989) 

2,2',4,4',5,5'-Hexachlorobiphenyl as a 2,3,7,8-tetrachlorodibenzo-p-dioxin 

antagonist in C57BL /6J mice. Toxicol. Appl. Pharmacol. 97:561-571. 

278. Wang X and Safe S (1994) Development of an in vitro mode1 for 

investigating the formation of the nuclear Ah receptor complex in mouse Hepa 

lclc7 cells. Arch. Biochem. Biophys. 315:285-292. 



279. Pongratz 1, Stromstedt PE, Mason GG and Poellinger L (1991) Inhibition of 

the specific DNA binding activity of the dioxin receptor by phosphatase 

treatment. J. Biol. Chem. 266:16813-16817. 

280. Mahon MJ and Gasiewicz TA (1995) Ah receptor phosphorylation: 

Localization of phosphorylation sites to the C-terminal half of the protein. Arch. 

B i o c h .  Biophys. 318:166-174. 

281. Camer F, Owens RA, Nebert DW and Puga A (1992) Dioxin-dependent 

activation of murine CYPl  A 1 gene transcription requires protein kinase C- 

dependent p hosphory lation. Mol. Cell. Biol. 12:1856-1863. 

282. Singh SS and Perdew GH (1993) Alterations in the Ah receptor level alter 

s taurosporine treatment. Arch. Biochem. Bioph ys. 305: 170-1 75. 

283. Berghard A, Gradin K, Pongratz 1, Whitelaw M and Poellinger L (1993) 

Cross-coupling of signal transduction pathways: The dioxin receptor mediates 

induction of cytodvome P-450IA1 expression via a protein kinase C-dependent 

mechanism. Mol. Cel 1. Biol. 13:677-689. 

2û4. Schafer MW, Madhukar BV, Swanson HI, Tu illis K and Denison MS (1993) 

Protein kinase C is not involved in Ah receptor transformation and DNA 

binding . A rch. B iochem. Biophys. 307:267-271. 



285. Dolwick KM, Swanson HI and Bradfield CA (1993) In vitro analysis of Ah 

receptor domains involved in ligand-activated DNA recognition. Proc. Natl. Acad. 

Sci. USA 90:8566-8570. 

286. Pohjanvirta R and Tuornisto J (1994) Short-term toxicity of 2,3,7,8- 

tetrachlorodibenzo-p-dioxin in laboratory animals: Effects, mechanisms, and 

animal models. Pharmacol. Rev. 46:483-549. 

287. Gonzalez FJ, Femandez-Salguero P. Lee SS. Pineau T and Ward JM (1995) 

Xenobiotic receptor knockout mice. Toxicol. Lett. 83: 117-121. 

288. Fernandez-Salguero PM. Hilbert DM. Rudikoff S, Ward JM and Gonzalez FJ 

(1996) Aryl-hydrocarbon receptor-deficient mice are resistant to 2,3,7,8- 

tetrachlorod ibenzo-p-dioxin-induced toxicity . Toxicol. Appl. Phannacol. MO: 173- 

179. 

289. Schmidt JV, Su GH-T, Reddy JK, Simon MC and Bradfield CA (1996) 

Characterization of a murine Ahr null allele: Involvement of the Ah receptor in 

hepa tic growth and development. Proc. Natl. Acad. Sci. USA 93:6731-6736. 

290. Lahvis GP and Bradfield CA (1998) Ahr null alleles: Distinctive or different? 

B iochem . Pharmacoi. 5678 1-787. 

291. Nebert DW (1989) The Ah locus: Genetic differences in toxicity, cancer, 

mutation, and birth defects. Cnt. Rm. Toxicol. 20:153-174. 



292. Staples JE, Murante Fe, Fiore NC, Gasiewicz TA and Silverstone AE (1998) 

Thymic alterations induced by 2,3,7,&tetradilorodibenzo-p-dioxin are strictly 

dependent on aryl hydrocarbon receptor activation in hemopoietic cells. 1. 

fmmunol. 160:3û44-3854. 

293. Hushka LJ, Williams JS and Greenlee WF (1998) Characterization of 2,3,7,8- 

tetradilorodibenzofuran-dependent suppression and AH receptor pathway gene 

expression in the developing mouse mammary gland. Toxicol. Appl. Pharmacol. 

lS2:2OO-2lO. 

294. Carver LA, Hogenesch JB and Bradfield CA (1994) Tissue specific 

expression of the rat Ah-receptor and Amt mRNAs. Nucleic Acids Res. 22:3038- 

3044. 

295. Li W, Donat S, Dohr O, Unfried K and Abel J (1994) Ah receptor in different 

tissues of C57BL/6J and DBA/2J mice: Use of cornpetitive polymerase chain 

reaction to measure Ah-receptor mRNA expression. Arch. Biochem. Biophys. 

315:279-284. 

2%. Hayashi S, Watanabe J, Nakachi K. Eguchi H, Gotoh O and Kawajiri K 

(1994) Interindividual difference in expression of human Ah receptor and related 

P450 genes. Carcinogenesis 15:801-806. 



297. Baron JA, La Vecchia C and Levi F (1990) The antiestrogenic effect of 

cigarette smoking in women. Am. 1. Obstet. Gynecol. 162:502-514. 

298. Jensen J, Christiansen C and Rodbro P (1985) Cigarette smoking, serum 

estrogens, and bone loss during hormone-replacement therapy early after 

menopause. N. Engl. 1. Men. 313:973-975. 

299. Brinton LA, Barrett RJ, Berman ML, Mortel R, Twiggs LB and Wilbanks GD 

(1993) Cigarette smoking and the risk of endometrial cancer. Am. 1. Epidemiol. 

l37:28l-Bl. 

300. Vessey M, Baron J, Do11 R, McPherson K and Yeates D (1983) Oral 

contraceptives and breast cancer: Final report of an epidemiological study. Br. 1. 

Cancer 47:455-462. 

301. Kociba RJ, Keyes DG, Beger JE, Carreon RM, Wade CE, Dittenber DA, 

Kalnins RP, Frauson LE, Park CL, Barnard SD, et PI. (1978) Results of a 2-year 

chronic toxicity and oncogenicity study of 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD) in rats. Taricol. Appl. Pharmacol. 46279-303. 

302. Gallo MA, Hesse EJ, Macdonald GJ and Umbreit TH (1986) Interactive 

effects of estradiol and 2,3,7,8-tetraùùorodibenzo-p-dioxin on hepa tic cytodvome 

P-450 and mouse uterus. TuXicol. Lett .32: 123-132. 



303. Romkes M, Piskorska-Pliszczynska J and Safe S (1987) Effects of 2,3,7,8- 

tetrachlorodibenzo-p-dioxin on hepatic and uterine estrogen receptor levels in 

rats. Toxicol. Appl. Pharmacol. 87:306-314. 

304. Romkes M and Safe S (1988) Comparative activities of 2,3,7,8- 

tetrachlorodibenzo-p-dioxin and progesterone as antiestrogens in the female rat 

u t e w .  Toxicol. Appl. Phamcol.  92:368-380. 

305. Safe S, Astroff B, Hams M, Zacharewski T, Dickerson R, Romkes M and 

Biegel L (1991) 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) and reiated 

compounds as antioestrogens: Characterization and mechanism of action. 

Pharmacol. Toxicol. 69:400-409. 

306. Biegel L and Safe S (1990) Effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD) on ce11 growth and the secretion of the estrogen-induced 34 ,  52- and 

160-kDa proteins in human breast cancer cells. 1. Steroid Biochm. Mol. Biol. 37:725- 

732. 

307. Chaloupka K, Krishnan V and Safe S (1992) Polynuclear aromatic 

hydrocarbon carcinogens as antiestrogens in MCF-7 human breast cancer cells: 

Role of the Ah receptor. Carcinogrnesis 132233-2239. 

3 8  Gierthy JF and Lincoln DW (1988) Inhibition of postconfluent focus 

production in cultures of MCF-7 human breast cancer cells by 2,3,7,8- 

tetrachlorodibenzo-p-dioxin. Bmst Cancer Res. Treat. 12:227-233. 



309. Narasimhan TR, Safe S, Wiliiams HJ and Scott AI (1991) Effects of 2,3,7,8- 

tetrachlorodibenzo-p-dioxin on 17P-estradiol-induced glucose metabolism in 

MCF-7 human breast cancer ceils: 13C nuclear magnetic resonance spectroscopy 

studies. Mol. Pharmacol. 40: 1029-1 035. 

310. Zacharewski TR, Bondy KL, McDonell P and Wu ZF (1994) Antiestrogenic 

effect of 2,3,7,8-tetrachlorodibenzo-p-dioxin on 17P-estradiol-induced pS2 

expression. Cancer Res. 54:2707-2713. 

311. Gierthy JF, Lincoln DW, Gillespie MB, Seeger JI, Martinez HL, Dickeman 

HW and Kurnar SA (1987) Suppression of estrogen-regulated extracellular tissue 

plasminogen activator activity of MCF-7 cells by 2,3,7,8-tetrachlorodibenzo-p- 

dioxin. Cancer Res. 4761984203. 

312. Harper N, Wang X, Liu H and Safe S (1994) Inhibition of estrogen-induced 

progesterone receptor in MCF-7 hurnan breast cancer cells by aryl hydrocarbon 

(Ah) recep tor agonists. Moi. Cell. Endominof. 104:47-55. 

313. Zacharewski T, Harris M and Safe S (1991) Evidence for the mechanism of 

action of the 2,3,7,8-tetrachiorodibenzo-p-dioxin-media decrease of nuclear 

estrogen receptor levels in wild-type and mutant mouse Hepa lclc7 cells. 

Biochem. Pharmacol. 41:1931-1939. 



314. Astroff B and Safe S (1988) Comparative antiestrogenic activities of 2,3,7,8- 

tetrachlorodibenzo-p-dioxin and 6-methyl-1,3,8-tnchlorodibenzohran in the 

female rat. Toxicol. Appl. Phannacd. 95:43543. 

315. Harris M, Zacharewski T and Safe S (1990) Effects of 2,3,7,8- 

tetrachlorodibenzo-p-dioxin and related compounds on the occupied nuclear 

estrogen receptor in MCF-7 human breast cancer celis. Cancer Res. 50:3579-3584. 

316. Kharat I and Saatcioglu F (1996) Antiestrogenic effects of 2,3,7,8- 

tetrachlorodibenzo-p-dioxin are mediated by direct transcriptional interference 

with the liganded estrogen receptor. Cross-talk between aryl hydrocarbon- and 

estrogen-mediated signaling. 1. Biol. Chem. 271 : 10533-10537. 

317. DeVito MJ, Thomas T, Martin E, Umbreit TH and Gallo MA (1992) 

Antiestrogenic action of 2,3,7,8-tetrachlorodibenzo-p-dioxin: Tissue-specific 

regula tion of estrogen receptor in CD1 mice. Toxicol. Appi. ~hnnnncol. 11 3:284-292. 

318. Gierthy JF, Lincoln DW. Kampick SJ, Dickerman DW, Bradlow HL, Niwa T 

and Swanck GE (1988) Enhancement of 2- and Ma-estradiol hydroxylation in 

MCF-7 human breast cancer cells by 2,3,7,8-tetrachlorodibemo-p-dioxin. Biochem. 

Biophys. Res. Commun. 157515-520. 

319. Spink DC, Lincoln DC, Dickerman HW and Gierthy JF (1990) 2,3,7,8- 

tetrachlorodibenzo-p-dioxin causes an extensive alteration of 17e-estradiol 

metabolism in MCF-7 breast tumor cells. Proc. Natl. Acad. Sci. USA 87:6917-6921. 



320. Spinlc DC, Eugster HP, Lincoln DW, Schuetz JD, Schuetz EG, Johnson JA, 

Kaminsky LS and Gierthy JF (1992) 17P-estradiol hydroxylation catalyzed by 

human cytochrome P450 1Al: A cornparison of the activities induced by 2,3,7,8- 

tetrachlorodibenzo-p-dioxin in MCF-7 cells with those from heterologous 

expression of the cDNA. Arch. Biochm. Biophys. 293:342-348. 

321. Spink DC, Hayes CL, Young NR, Christou M, Sutter TR, Jefcoate CR and 

Gierthy JF (1994) The effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin on estrogen 

metabolism in MCF-7 breast cancer cells: Evidence for induction of a novel 17P- 

estradiol4-hydroxylase. 1. Steroid Biochm. Mol. Biol. 51:251-258. 

322 Spink DC, Johnson JA, C o ~ o r  SP, Aldous KM and Gierthy JF (1994) 

Stimulation of 17Psstradiol metabolism in MCF-7 cells by bromochloro- and 

chloromethyl-substituted dibenzo-p-dioxins and dibenzofurans: Correlations 

with antiestrogenic activity. 1. Toxicol. Environ. Heal th 41:451-466. 

323. lsrael DI and Whitlock JPJ (1983) Induction of mRNA specific for 

cytochrome Pi-450 in wild-type and variant mouse hepatorna cells. 1. Biol. Chem. 

258:10390-10394. 

324. White TE and Gasiewicz TA (1993) The human estrogen receptor structural 

gene contains a DNA sequence that binds activated mouse and human Ah 

receptors: A possible mechanîsm of estrogen receptor regdation by 2,3,7,8- 

tehachlorodibemo-p-dioxin. Biochem. Biogihys. Res. Commun. 193:956-962. 



325. Wang X, Porter W, Krishnan V, Narasimhan TR and Safe S (1993) 

Mechanism of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDDI-mediated decrease of 

the nuclear estrogen receptor in MCF-7 human breast cancer cells. Mol. Cell. 

Endocrinof. 96: 159-166. 

326. Nodland KI, Wonnke M and Safe S (1997) Inhibition of estrogen-induced 

activity by 2,3,7,8-tetradilorodibenzo-p-dioxin (TCDD) in the MCF-7 human 

breast cancer and other ce11 lines transfected with vitellogenin A2 gene promoter 

constructs. A rch. Biochem. Biophys. 33857-72. 

327. Krishnan V, Wang X and Safe S (1994) ER/Spl complexes mediate estrogen- 

induced cathepsin D gene expression in MCF-7 human breast cancer cells. 1. Biol. 

Chm.  269:15912-15917. 

328. Krishnan V, Porter W, Santostefano M, Wang X and Safe S (1995) Molecular 

mechanism of inhibition of estrogen-induced cathepsin D gene expression by 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in MCF-7 cells. Mol. Cell. Biol. 

15:6710-6719. 

329. Hoivik D, Willett K, Wilson C and Safe S (1997) Estrogen does not inhibit 

2,3,7,8-tetrachlorodibenzo-p-dioxin-medi effects in MCF-7 and Hepa lclc7 

cells. 1. Biol. Chm.  27230270-30274. 



330. Abbott BD (1995) Review of the interaction between TCDD and 

glucocorticoids in embryonic palate. Toxicology 105:365-373. 

331. Brake PB, Zhang L and Jefcoate CR (1998) Aryl hydrocarbon receptor 

regulation of cytochrome P4501B1 in rat mammary fibroblasts: Evidence for 

transcriptional repression bv glucocorticoids. Mol. Pharmacol. 54:825-833. 

7 

332. Rubin AL and Rice RH (1988) 2,3,7,8-Tetrachlorodibenzo-p-dioxin and 

polycyclic aromatic hydrocarbons suppress retinoid-induced tissue 

hansgiutarninase in SCC-4 cultured human squamous carcinoma cells. 

Carcinogenesis 9: 1067-1 070 

1067- 1070. 

333. Lu Y, Wang X and Safe S (1994) interaction of 2,3,7,8-tetrachlorodibenzo-p- 

dioxin and retinoic acid in MCF-7 human breast cancer cells. Toxicol. Appl. 

Pharmacol. 127:l-8. 

334. Wanner R, Panteleyev A, Henz BM and Rosenbach T (1996) Retinoic acid 

affects the expression rate of the differentiation-related genes aryl hydrocarbon 

receptor, arnt and keratin 4 in proliferative keratinocytes only . Biochim. Biophys. 

Acta 1317:105-111. 

335. Weston WM, Nugent P and Greene RM (1995) Inhibition of retinoic-acid- 

induced gene expression by 2,3,7,&tetrachlorodibe~~~o-p-dioxin. Biochem. Biophys. 

Res. Commun. 207:690-694. 



336. Yen PM. Liu Y, Palvimo JJ. Trifiro M, Whang J, Pinsky L, Janne OA and 

Chin WW (1997) Mutant and wild-type anàrogen receptors exhibit cross-taik on 

androgen-, glucocorticoid-, and progesterone-mediated transcription. Mol.  

Enducrinul. 11:162-171. 

337. Kraus WL, Weis KE and Katzenellenbogen BS (1995) Inhibitory cross-taLk 

between steroid hormone receptors: Differential targeting of estrogen receptor in 

the repression of its transcriptional activity by agonist- and antagonist-occupied 

progestin receptors. Mol. Cell. Biol. 15:1847-1857. 

338. Zhang X, Jeyakurnar M and Bagchi MK (1996) Ligand-dependent cross-talk 

between steroid and thyroid hormone receptors. 1. Biol. Chem. 271:14825-14833. 

339. Keller H f  Givel F, Penoud M and Wahii W (1995) Signaling cross-talk 

be tween peroxisome proliferator-activated receptor / retinoid X receptor and 

estrogen receptor through estrogen response elements. Mol. Endocrinol. 9:794-804. 

340. Rubin M I  Fenig E, Rosenauer A, Menendez-Botet C, Achkar C, Bentel JM, 

Yahalom 1, Mendelsohn J and Miller WHJ (1994) 9-cis retinoic acid inhibits 

growth of breast cancer cells and down- regulates estrogen receptor RNA and 

protein. Cancer Res. 54.65494556. 



341. Vickers PJ, Dufresne MJ and Cowan KH (1989) Relation between 

cytodirome P450IA1 expression and estrogen receptor content of human breast 

cancer cells. Mol. Endocrinol. 3: 157-1 64, 

342. Ivy SP, Tulpule A, Fairchild CR, Averbuch SD, Myers CE, Nebert DW, Baird 

WM and Cowan KH (1988) Altered regulation of P-450IA1 expression in a 

multidrug-resistant MCF-7 human breast cancer ceii line. 1. Biol. Chem. 263:19119- 

19125. 

343. Reiners JJJ, Jones CL, Hong N, Clift RE and Elferink C (1997) Down- 

regulation of aryl hydrocarbon receptor function and cytochrome P450 1Al 

induction by expression of Ha-ras oncogenes. Mol. Carcinog. 19~91-100. 

344. Wang WL, Porter W, Burghardt R and Safe SH (1997) Mechanism of 

inhibition of MDA-MB-468 breast cancer ce11 growth by 2,3,7,8- 

tetrachlorodibenzo-p-dioxin. Carcinogenesis 18:925-933. 

345. Harris M, Piskorska-Pliszczynska J, Zacharewski T, Romkes M and Safe S 

(1989) Structure-dependent induction of aryl hydrocarbon hydroxylase in human 

breast cancer ce11 lines and characterization of the Ah receptor. Cancer Res. 

4945314535. 

346. Areilano LO, Wang X and Safe S (1993) Effects of cycloheximide on the 

induction of CYPlAl gene expression by 2,3,7,&tetrachlorodibenzo-p-dioxin 

(TCDD) in three human breast cancer ceU lines. Gircinogenesis 14:219-222. 



347. Thomsen JS, Wang X, Hines RN and Safe S (1994) Restoration of aryl 

hydrocarbon (Ah) responsiveness in MDA-MB-231 human breast cancer cells by 

transient expression of the estrogen receptor. Cnrcinogenesis 15933-937. 

348. Pratt W B  (1997) The role of the HSP90-based chaperone svstem in signal 

transduction by nuclear receptors and receptors signaling via MAP kinase. Annu. 

Rat.  Pharmacol. Toxicol. 37:297-326. 

349. Lindquist S and Craig EA (1988) The heat-shock proteins. Annu. Rev. Genet. 

22:631-677. 

350. Jakob U and Buchner J (1994) Assisting spontaneity: The role of HSP90 and 

small HSPs as molecular chaperones. Trends Biochem. Sci. l9:îO5-2ll. 

351. Akner G, Mossberg K, Sundqvist KG, Gustafsson JA and Wikstrom AC 

(1992) Evidence for reversible, non-microtubule and non-microfilament- 

dependent nuclear translocation of HSPSO after heat shock in human fibroblasts. 

Eut. [. Cell Biol. 58:356-364. 

352. Borkovich KA, Farreliy FW, Finkelstein DB, Taulien J and Lindquist S (1989) 

HSP82 is an essentid protein that is required in higher concentrations 

for growth of ceiis at higher temperatures. Mol. Cell. Biol. 9:3919-3930. 



353. Prodromou C, Roe SM, O'Brien R, Ladbury JE, Piper PW and Pearl LH 

(1997) Identification and stnictural chaacterization of the ATP/ADP-binding site 

in the HSPSO molecular chaperone. Cell90:65-75. 

354. Stebbins CE, Russo AA, Schneider C, Rosen N, Hart1 FU and Pavletich NP 

(1997) Crystal structure of an HSP90-geldanamvcin complex: Targeting of a 

protein chaperone by an antihimor agent. Ce11 89:239-250. 

355. Chen HS, Singh SS and Perdew CH (1997) The Ah receptor is a sensitive 

target of geldanamycin-induced protein turnover. Arch. Biochem. Biophys. 348: 1% 

198. 

356. Nathan DF, Vos MH and Lindquist S (1997) in vivo functions of the 

Saccharomyces cerevisiae HSP9O chaperone. Proc. Na tl. Acad. Sci. USA 94: 12949- 

12956. 

357. Shue G and Kohtz DS (1994) Structural and functional aspects of basic helix- 

loop-helix protein foiding by heat-shock protein 90. !. Biol. Chm.  269:2707-2711. 

358. Bresnick EH, Dalman FC, Sanchez ER and Pratt WB (1989) Evidence that the 

90-kDa heat shock protein is necessary for the steroid binding confomation of 

the L ceil glucocorticoid receptor. \. Biot. C h m .  26449924997. 



359. Nemoto T, Ohara-Nemoto Y, Sato N and Ota M (1993) Dual roles of 90-kDa 

heat shock protein in the function of the mineraiocorticoid receptor. 1. Biochem. 

113:769-775. 

360. Nathan DF and Lindquist S (1995) Mutational analysis of HSP90 function: 

Interactions with a steroid receptor and a protein kinase. Mol. Cell. Biol. 15:3917- 

3925. 

361. Pongratz 1, Mason GGF and Poeliinger L (1992) Dual roles of the 90-kDa 

heat shock protein HSP90 in modulating hnctional activities of the dioxin 

receptor. 1. Biol. Chem. 267:1372&13734. 

362. Kimura Y, Yahara I and Lindquist S (1993) The role of the protein chaperone 

Ydjl in establishing HSP9O mediated signal transduction pathways. Science 

268: 1362-1365. 

363. Hohfield J, Minami Y and Hart1 F-U (1995) Hip, a novel cochaperone 

involved in the eukaryotic HçC70/HSP40 reaction cycle. Ce11 83589-598. 

364. Smith DF, Sullivan WP, Marion TN, Zaitsu K, Madden B, McCorrnick DJ 

and Toft DO (1993) Identification of a 60 kDa stress related protein, p60, which 

interacts with HSP90 and HSP70. Mol. Cell. Biol. 13:869-876. 



365. Stepanova L, Leng XH, Parker SB and Harper JW (1996) Mammalian p50 

(CDC37) is a protein kinase targetting subunit of HSPSO that binds and stabilizes 

CDK4. Genes Dev. 10:1491-1502. 

366. Owens-Grillo JK, Czar MJ, Hutchinson KA, Hoffman K, Perdew CH and 

Pratt MrB (1996) A mode1 of protein targetting mediated by immunophilins and 

other proteins that bind to HSP90 via tetratricopeptide repeat domains. \. Biol. 

Chem. 271: lM68-lM75. 

367. Johnson JL and Toft DO (1995) Binding of p23 and HSP90 during assembly 

wi th the proges terone recep tor. Mol. Endocrinol. 9:670-678. 

368. Scheibel T, Neuhofen S, Weikl T, Mayr C, Reinstein J, Vogel PD and 

Buchner J (1997) ATP-binding properties of human HSPSO. 1. Biol. Chem. 

272:18608-18613. 

369. Urda LA, Yen PM, Simmons SS and Harmon JM (1989) Region-specific 

antigiucocorticoid receptor antibodies selectively recognize the activated form of 

the ligand-occupied receptor and inhibit the binding of activated complexes to 

deoxyribonudeic aad. Mol. E ndoninol. 3251-260. 

370. Kang KI, Devin J, Cadepond F, Jibard N, Guiochon-Mante1 A, Bauiieu E-E 

and Catelli M-G (1994) ln vivo functional protein-protein interaction: Nuclear 

targeted HSP90 shifts cytoplasmic steroid receptor mutants into the nucleus. Proc. 

NatL Acad. Sci. USA 91:340-344. 



37l. Yang J and DeFranco DB (1996) Assessrnent of glucocorticoid receptor-heat 

shock protein 90 interactions in viw during nucleocytoplasmic trafficking. Mol. 

Endocrinoit 10:3-13. 

372. Supko JG, Hickrnan RL, Grever MR and Malspeis L (1995) Preclinical 

pharmacologic evaluation of geldanamycin as an antitumor agent. Cancer 

Chemother. Pharmacol. 36:305-315. 

373. Whitesell L, Mimnaugh EG, De Costa B, Myers CE and Neckers LM (1994) 

Inhibition of heat shock protein HSP90-p60V-rn heteroprotein complex formation 

by benzoquinone ansomycins: Essential role for stress proteins in oncogenic 

transformation. Proc. Natl. Acad. Sci. USA 91:8324-8328. 

374. Czar MJ, Galigniana MD. Silverstein AM and Pratt WB (1997) 

Geldanamycin, a heat shock protein 90-binding benzoquinone ansamycin, 

inhibits steroid-dependent translocation of the glucocorticoid receptor from the 

cytoplasm to the nucleus. Biochemistry 369776-7785. 

375. Schulte TW. Blagoskio~y MV, Ingui C and Neckers L (1995) Disniption of 

the Raf-1-HSPSO molecular complex results in destabilization of Raf-1 and loss of 

Raf-1-Ras association. 1. Biol. Chem. 270:24585-24588. 

376. Uehara Y, Hori M, Takeuchi T and Umezawa H (1986) Phenotypic change 

from transformed to normal induced by bernoquinoid ansomycins accompanies 



inactivation of pp6W in rat kidney cells infected with Rous sarcoma virus. 1. Biol. 

C h .  2M:16436-16440. 

377. Uehara Y, Murakami Y, Mizuno S and Kawai S (1988) Inhibition of 

transfohg activity of tyrosine kinase oncogenes by herbimycin A. Virology 

164:294-298. 

378. Segnitz B and Gehring U (1997) The function of steroid hormone recepton is 

inhibited by the HSP90-specific compound geldanamycin. 1. Biol. Chem. 

272:1869418701. 

379. Stancato LF, Silverstein AM, Owens-Gril10 JK, Yu-Hua C, Jove R and Pratt 

WB (1997) The HSPSO-binding antibiotic geldanamycin decreases Raf levels and 

epidermal growth factor signaling without disrupting formation of signaling 

complexes or reducing the specific enzymatic activity of Raf kinase. \. Biol. Chem. 

272:4013-4020. 

380. Murakami Y, Mizuno S and Uehara Y (1994) Accelerated degradation of 160 

kDa epidermal growth factor (EGF) receptor precursor by the tyrosine kinase 

inhibitor herbimycin A in the endoplasmic reticulum of A431 human epidermoid 

carcinoma ce&. Biochem. \.301:63-68. 

381. Schneider C, Sepploremino L, Nimrnesgem E, Ouerfelli O, Danishefsky S, 

Rosen N and Hart1 FU (1996) Pharmacologie shifting of a balance between 



protein refolding and degradation mediated by HSP90. Proc. Natl. Acad. Sci. USA 

93:14536-14Xl. 

302. Picard D, Khursheed 8, Garabedian MJ, Fortin MG, Lindquist S and 

Yamamoto KR (1990) Reduced levels of HSP9O compromise steroid receptor 

action in vivo. Nature 348:166-168. 

383. Carver LA, Jackiw V and Bradfield CA (1994) The 90-kDa heat shock protein 

is essential for Ah receptor signaling in a yeast expression system. 1. Bioi. C h m .  

269:3OlW-3OllZ. 

384. Whitelaw ML, McGuire J, Picard D, Gustafsson JA and Poellinger L (1995) 

Heat shock protein HSP90 regulates dioxin receptor function in vivo. Proc. Natl. 

Acad. Sci. USA 92:4437-4l44l. 

385. Picard D, Salser SJ and Yamamoto KR (1988) A movable and regulable 

inactivation function within the steroid binding domain of the glucocorticoid 

receptor. Cell54:1073-1080. 

3û6. Eilers M. Picard D, Yamamoto KR and Bishop JM (1989) Chimaeras of Myc 

oncoprotein and steroid receptors cause hormone-dependent transformation of 

ceils. Nature 340:66-68. 



387. Chambraud B, Berry M, Redeuilh G, Chambon P and Baulieu EE (1990) 

Several regions of human estrogen receptor are involved in the formation of 

receptor-heat shock protein 90 complexes. 1. Biol. Chem. 26520686-20691. 

388. Pratt WB, Jolly DJ, Pratt DV, Hollenberg SM, Giguere V, Cadepond FM, 

Sdiweizer-Groyer G, Catelli MG, Evans RM and Baulieu EE (1988) A region in 

the steroid binding dornain determines formation of the non-DNA-binding, 9 S 

glucocorticoid receptor cornplex. 1. Biol. Chem. 263:267-273. 

389. Sabbah M, Radanyi C, Redeuiih G and Baulieu EE (1996) The 90 kDa heat- 

shock protein (HSPSO) modulates the binding of the oeshogen receptor to its 

cognate DNA. Biochem. 1.314:205-213. 

390. Wilhelmsson A, Cuthill S. Denis M, Wikstrom AC, Guçtafsson JA and 

Poellinger L (1990) The specific DNA binding activity of the dioxin receptor is 

moddated by the 90 kd heat shock protein. EMBO 969-76. 

391. Eng FCS, Lee HS, Ferrara J, Willson TM and White JH (1997) Probing the 

structure and function of the estrogen receptor ligand binding domain by 

analysis of mutants with al tered transactiva tion characteristics. Mol. Cd. Biol. 

1 E4644-4653. 

392. Aumais JP, Lee HS, Lin R and White jH (1997) Selective interaction of 

HSP9O with an estrogen receptor ligand-binding domain containhg a point 

mutation. \. Biol. Chem. 272: 12229-12235. 



393. Schlatter LK, Howard KJ, Parker MG and Distelhorst CW (1992) 

Comparison of the 90-kilodalton heat shock protein interaction with in vitro 

transla ted glucocorticoid and estrogen receptors. Mol. E nducrinol. 6: 132-140. 

394. Binart N, Lombes M and Baulieu EE (1995) Distinct functions of the 90 kDa 

heat-shock protein (HSPSO) in oestrogen and rnineralocorticosteroid receptor 

activity : Effects of HSPSO deletion mutants. Biuchm. 1.31 1:797-804. 

395. Cadepond F, Schweizer Groyer G, Segard Maure1 1, Jibard N, Hollenberg 

SM, Giguere V, Evans RM and Baulieu EE (1991) Heat shock protein 90 as a 

aitical factor in maintaining glucocorticosteroid receptor in a nonfunctional state. 

[. Biol. Chem. 266:5834-5841. 

3%. Antonsson C, Whitelaw ML, McGuire J, Gustafsson JA and Poellinger L 

(1995) Distinct roles of the molecular chaperone HSP9O in modulating dioxin 

receptor function via the basic helix-loop-helix and PAS domains. Mol. Cell. Biol. 

15:756-765. 

397. Schumacher RJ, Hurst R, Sullivan WP, McMahon NJ, Toft DO and Matts RL 

(1994) ATP-dependent chaperonhg activity of reticulosyte lysa te. 1. B iol. Chem. 

269:9493-9499. 

398. Kelsey JL and Hom PL (1993) Breast cancer: Magnitude of the problem and 

descriptive epidemiology. Epidemiol. Rev. 15:7-16. 



399. Racial/Ethnic Patterns $Cancer in the United States 1988-1 992. NIH Publication 

96-4104 (1996) Miller BA, Kolonel LN, Bernstein L, Young JJL, Swanson GM, 

West D, Key CR, Liff JM, Glover CS and Alexander GA, Eds. National Cancer 

Institute, Bethesda, MD. 

400. Edwards NT (1983) Polycyclic aromatic hydrocarbons (PAH's) in the 

environment-a review. \. Environ. Qual. l2:427-4Pll. 

401. Obana H, Hori S, Kashmoto L and Kunita N (1981) Polycyclic aromatic 

hydrocarbons in human fat and liver. Bull. Environ. Contam. Toxicol. 2723.27. 

402 Petrakis NL (1977) "Genetic cerum type, breast secretory activity, and breast 

cancer epidemiology" in Genetics $Human Cancer. Mulvihill JS, Miller RW and 

Fraumeni JF, Eds. Raven Press, New York, NY. 

403. Wei Q, Gu J, Cheng L, Bondy ML, Jiang H, Hong WK and Spitz MR (1996) 

Benzo[a]pyrene di01 epoxide-induced chromosomal aberrations and risk of lung 

cancer. Cancer Res. 56:3975-3979. 

404. Mauthe RJ, Cook VM, Coffing SL and Baird WM (1995) Exposure of 

mammaiian ce11 culture to benzo[a]pyrene and light results in oxidative DNA 

damage as measured by 8-hydroxydeoxyguanosine formation. Carcinogrnesis 

16: 133-137. 



405. Wei Q Spitz MR, Gu J, Cheng L, Xu X, Strom SS, Kripke ML and Hsu TC 

(1996) DNA repair capacity correlates with mutagen sensitivity in 

lymphoblastoid cell lines. BiomrkPrs Prev. 5:199-204. 

406. Li D, Wang M, Dhingra K and Hittelman WN (1996) Aromatic DNA 

adducts in adjacent tissues of breast cancer patients: Clues to breast cancer 

etiology. Cancer Res. 56:287-293. 

407. Soule HD, Maloney TM, Wolman SR, Peterson WDJ, Brenz R, McGrath CM, 

Russo J, Pauley RJ, Jones RF and Brooks SC (1990) Isolation and characterization 

of a spontaneously immortalized human breast epithelial ceIl line, MCF-IO. 

Cancer Res. 50:6075-6086. 

408. Tait L, Soule HD and Russo J (1990) Ultrastructural and 

immunocytochemical characterization of an immortalized human breast 

epithelial ceii line, MCF-IO. Cancer Res. 50:6087-6094. 

409. H a m  SR and Eisenman RN (1984) Proteins encoded by the human c-myc 

oncogene: Differential expression in neoplastic cells. Mol. Cell. Biol. 4:2486-2497. 

410. Yap EP and McGee JO (1992) Nonisotopic SSCP detection in PCR products 

by ethidium bromide staining. Trends Genet. 8:49. 



411. Berner A, Geitvik G, Karlsen F, Fossa SD, Nesland JM and Borresen AL 

(1995) TP53 mutations in prostatic cancer. Analysis of pre- and post-treatment 

archiva1 formahfïxed tumour tissue. 1. Pathol. 176:299-308. 

412. Craanen ME0 Blok P, Dekker W, Offerhaus GJ and Tytgat GN (1995) 

Chronology of p53 protein accumulation in gastric carcinogenesis. Gut 36:848- 

852. 

413. Faille A, De Cremoux P, Extra JMO Linares G, Espie M, Bourstyn E, De 

Rocquancourt A, Giacchetti S, Marty M and Calvo F (1994) p53 mutations and 

overexpression in locally advanced breast cancers. Br. 1. Cancer 69: 1145-1 150. 

414. Ilyas M and Talbot IC (1995) p53 expression in ulcerative colitis: A 

longitudinal study . Gu t 37:802-804. 

415. Kanoko M, Ueda M, Nagano T and Ichihashi M (1996) Expression of p53 

protein in melanoma progression. \. Dermatol. Sci. 12:97-103. 

416. Nakopoulou L, Constantinides C, Papandropoulos J, Theodoropoulos G0 

Tzonou A, Giamopoulos A, Zervas A and Ditnopoulos C (1995) Evaluation of 

overexpression of p53 tumor suppressor protein in superficial and invasive 

transitional celi bladder cancer: Cornparison with DNA ploidy. Urology 46:334- 

340. 



417. Zhang PL, Calaf G and Russo J (1994) Aiiele loss and point mutation in 

codons 12 and 61 of the c-Ha-ras oncogene in carcinogen-transformed human 

breast epithelial ce&. Mol. Carcinog. 9A6-56. 

418. Bos JL (1988) The ras gene family and human carcinogenesis. Mutat. Res. 

195:255-271. 

419. Clark HM, Yano T, Otsuki T, Jaffe ES, Shibata D and Raffeld M (1994) 

Mutations in the coding region of c-myc in AIDSassociated and other aggressive 

1 yrnphomas. Cancer Res. 54338303386. 

420. Yano T, Sander CA, Clark HM, Dolezal MV, Jaffe ES and Raffeld M (1993) 

Clustered mutations in the second exon of the Myc gene in sporadic Burkitt's 

lymphoma. Oncogene 8:2741-2748. 

421. Gibson AW, Ye R, Johnston RN and Browder LW (1992) Multiple antigens 

recognized by anti-c-Myc antibodies in human cells and Xenopus oocytes. 

Biochem. Cell Biol. 7O:998- 1005. 

422. Friedman R, Giaccone G, Kanemoto T, Martin GR, Gadzar AF and Mulshine 

JL (1990) Reconstituted basement membrane (matrigel) and laminin cm enhance 

the twnorigenicity and the dnig resistance of small ce11 lung cancer ce11 lines. 

Proc. Natl. Acad. Sci. USA 876698-6702. 



423. Oakley CS, Welsch MA, Zhai YF, Chang CC, Gould MN and Welsch CW 

(1993) Comparative abiüties of athyxnic nude mice and severe combined immune 

deficient (SCID) mice to accept transplants of induced rat mammary carcinomas: 

Enhanced transplantation efficiency of those rat mammary carcinomas that have 

elevated expression of n a  oncogene. Int. 1. Cancer 53:1002-1007. 

424. Afify A, Bland KI and Mark HF (1996) Fluorescent in situ hybridization 

assessment of chromosome 8 copy nurnber in breast cancer. Breast Cancer Res. 

Treat. 38:201-208. 

425. Afify A and Mark HF (1997) Fluorescence in situ hybridization assessment 

of chromosome 8 copy number in stage 1 and stage II infiltrating ductal 

carcinoma of the breast. Cancer Genet. Cytogenet. 97:lOl-105. 

426. Bullerdiek J, Leuschner E, Taquia E, Bonk U and Bartnitzke S (1993) Tnsomy 

8 as a recurrent clona1 abnormality in breast cancer? Cancer Genet. Cytogenet. 

65:64-67. 

427. Theillet C, Adelaide J, Louason G, Bonnet-Dorion F, Jacquemier J, Adnane J, 

Longy M, Katsaros D, Sismondi P, Gaudray P, et al. (1993) FGFRI and PLAT genes 

and DNA amplification at 8p12 in breast and ovarian cancers. Genes Chromosom. 

Cancer 2219-226. 

420. Dib A, Adelaide J, Chaffanet M, Imbert A, Le Paslier D, Jacquemier J, 

Gaudray P, Theiliet C, Bimbaum D and Pebusque MJ (1995) Characterization of 



the region of the short a m  of chromosome 8 ampiified in breast carcinoma. 

Oncogene 10:995-1001. 

429. Imbert A, Chaffanet M, Essioux L, Noguchi T, Adelaide J, Kerangueven F, 

Le Paslier D, Bonaiti Pellie C, Sobol H, Bimbaum D, et al. (1996) Integrated map 

of the diromosorne 8p12-p21 region, a region involved in human cancers and 

Werner syndrome. Genomics 32:29-38. 

430. Kerangueven F, Essiow L, Dib A, Noguchi T, Allione F, Geneix J, Longy M, 

Lidereau R, Eisinger F, Pebusque MJ, et al. (1995) Loss of heterozygosity and 

linkage analysis in breast carcinoma: Indication for a putative third susceptibility 

gene on the short a m  of chromosome 8. Oncogene 10:1023-1026. 

431. Seitz S, Rohde K, Bender E, Nothnagel A, Kolble K, Schlag PM and 

Schemeck S (1997) Strong indication for a breast cancer susceptibility gene on 

chromosome 8p12-p22: Linkage analysis in German breast cancer families. 

Oncogme 14:741-743. 

432. Pykett MJ, Murphy ME, HaMsh PR, Muenke M. Marks J and George DL 

(1994) Loss of dvomosome 8p sequences in human breast carcinoma ce11 lines. 

Cancer Genet. Cytogmet. 7623-28. 

433. Yaremko ML, Kutza C, Lyzak J, Mick R, Recant WM and Westbrook CA 

(1996) Loss of heterozygosity from the short arm of chromosome 8 is associated 

with invasive behavior in breast cancer. Genes Chromosm. Cancer 16:189-195. 



434. Yarernko ML, Recant WM and Westbrook CA (1995) Loss of heterozygosity 

from the short a m  of chromosome 8 is an early event in breast cancers. Genes 

Chromosom. Cancer 13:186-191. 

435, Gerbault-Seureau M, Vielh P and Dukillaux B (1987) Remnent hsr in the 

centromeric region of chromosome 8 in breast cancer. Ann. Genet. 30:146-151. 

436. Rohen Cl Meyer Bolte K, Bonk U, Ebel T, Staats BI Leushner El Gohla G, 

Caselitz J, Bartnitzke S and Bullerdiek J (1995) Trisomy 8 and 18 as frequent 

clona1 and single-ce11 aberrations in 185 primary breast carcinomas. Cancer Genet. 

Cytogenet .80:33-39. 

437. Bems EM, Klijn JG, van Staveren IL, Portengen H, Noordegraaf E and 

Foekens JA (1992) Prevalence of amplification of the oncogenes c-myc, HERZ/neu, 

and int-2 in one thousand human breast turnours: Correlation with steroid 

receptors. E ur. 1. Cancer 28697-700. 

438. Harada Y, Katagiri T, Ito 1, Akiyama F, Sakamoto G, Kasumi FI Nakamura Y 

and Emi M (1994) Genetic studies of 457 breast cancers. Clinicopathologic 

parame ters compared with gene tic ai tera tions. Cancer 74:î28 1-2286. 

439. Berns EM, Foekens JA, van Staveren IL, van Putten WL, de Koning HY, 

Portengen H and Kîijn JG (1995) Oncogene amplification and prognosis in breast 

cancer: Relationship with systemic treahnent. Gene 159: 11-18. 



440. Berns EM, Klijn JGM, Smid M, van Staveren IL, Look hW, van Putten WLJ 

and Foekens JA (1996) TP53 and myc gene alterations independently predict poor 

prognosis in breast cancer patients. Genes Chromosom. Cancer 16: 170-179. 

441. Vischer DW, Wallis T, Awussah S, Mohamed A and Crissman JD (1997) 

Evaluation of rnyc and chromosome 8 copy number in breast carcinoma by 

interphase cytogenetics. Genes Chromosom. Cancer 18:l-7. 

442. Guerin M, Barrois M, Terrier MJ, spi el ma^ M and Riou G (1988) 

Overexpression of either c-myc or c-erbi?-2/neu proto-oncogenes in human breast 

carcinomas: Correlation with poor prognosis. Oncogene Res. 3:21-31. 

443. Hehir DJ, McGreal G, Kirwan WO, Kealy W and Brady MP (1993) c-myc 

oncogene expression: A marker for females at risk of breast carcinoma. !. Surg. 

Oncol. 54:207-209. 

444. Mizukami Y, Nonomura A, Noguchi M, Taniya T, Koyasaki N, Saito Y, 

Hashimoto T, Matsubara F and Yanaihara N (1991) Immunohistochemical study 

of oncogene product Ras p21, c-Myc and growth factor EGF in breast carcinomas. 

Anticancer Res. 11:14û5-1494. 

445. Pavelic ZP, Steele P and Preisler HD (1991) Evaluation of c-myc proto- 

oncogene in primary human breast carcinomas. Anticancer Res. 11:1421-1427. 



44é. Spandidos DA, Pintzas A, Kakkanas A. Yiagnisis M, Mahera H, Patra E and 

Agnantis NJ (1987) Elevated expression of the myc gene in human benign and 

malignant breast lesions compared to n o d  tissue. An ticancer Res. 7: 1299-1 304. 

447. Erisman MD, Scott JK, Watt RA and Astrin SM (1988) The c-Myc protein is 

constitutivelv expressed at elevated levels in colorectal carcinoma ce11 lines. 

Oncogme 2567-378. 

W. Erisman MD, Scott JK and Ashln SM (1989) Evidence that the familial 

adenornatous polyposis gene is involved in a subset of colon cancers with a 

complementable defect in c-myc regulation. Proc. N ~ t l .  Acnd. Sci. USA 86:4264- 

4268. 

449. Rodriguez-Alfageme C, Stanbridge EJ and Astrin SM (1992) Suppression of 

deregulated c-myc expression in human colon carcinoma cells by chromosome 5 

transfer. Proc. Natl. Acad. Sci. USA 89:1482-1486. 

450. Pietilainen T, Lipponen P, Aaltomaa S, Eskelinen Mt Kosma VM and 

Syjanen K (1995) Expression of c-Myc proteins in breast cancer as related to 

established prognostic factors and survival. Anticancer Res. 15:959-964. 

451. Varley JM, SwaUow JE, Brammar WJ, Whittaker JL and Walker RA (1987) 

Alterations to either csrbi3-2 heu)  or C-myc proto-oncogenes in breast carcinomas 

correlate with poor short-tenn prognosis. Oncogme k423-430. 



452. Borg A, Baldetorp B, Ferno M, Olsson H and Sigurdsson H (1992) c-myc 

amplification is an independent prognostic factor in postmenopausal breast 

cancer. Int. \. Cancer 51:687-691. 

453. Watson PH, Sahedc JR, Le K, Dubik D and Shiu RP (1993) Relationship of c- 

myc amplification to progression of breast cancer from in situ to invasive -or 

and lyrnph node metastasis. 1. Natl. Cancer Inst. 85:902-907. 

454. Okey AB, Riddick DS and Harper PA (1994) Molecular biology of the 

aromatic hydrocarbon (dioxin) receptor. Trends Phmacol .  Sci. 15226-232. 

455. Safe S and Knshnan V (1995) Cellular and molecular biology of aryl 

hydrocarbon (Ah) recep tor-mediated gene expression. Arch. Toxicol. l7:99-llS. 

456. Stampfer MR, Bartholomew JC, Smith HS and Bartley JC (1981) Metabolism 

of benzo[a]pyrene by human mammary epithelial cells: Toxicity and DNA 

adduct formation. Proc. Natl. Acad. Sci. USA 785251-6255. 

457. Batist G, Tulpule A, Sinha BK, Katki AG, Myers CE and Cowan KH (1986) 

Overexpression of a novel anionic glutathione transferase in multidrug- resistant 

human breast cancer cells. 1. Biol. Chem. 261 :lSS4+15549. 

458. Cowan KH, Batist G, Tulpule A, Sinha BK and Myers CE (1986) Similar 

biochemical changes associated with multidrug resistance in human breast 



cancer cells and carcinogen-induced resistance to xenobiotics in rats. Proc. Natl. 

Acad. Sci. USA 83:9328-9332. 

459. Batist G, Torres GS, Demuys Jh4, Greene D, Lehnert S. Rochon M and 

Panasci L (1989) Enhanced DNA cross-link removal: The apparent mechanism of 

resistance in a clinically relevant melphalan-resistant human breast cancer cell 

line. Mol. Pharmacol. 36:224-230. 

460. Lehnert S, Greene D and Batist G (1989) Radiation response of dmg- 

resistant variants of a human breast cancer ceil Iine. Radiat. Res. 118:568-580. 

461. Schecter RL, Woo A, Duong M and Batist G (1991) in vivo and in vitro 

mechanisms of dmg resistance in a rat mammary carcinoma model. Cancer Res. 

51:1434-1442. 

462. Woo A, Tsao MS and Batist G (1992) Drug resistance in cultured rat liver 

epithelial cells spontaneously and chemically transformed. Carcinogenesis 13: 1675- 

1677. 

463. Alaoui-Jamali MA, Batist G and Lehnert S (1992) Radiation-induced darnage 

to DNA in dmg- and radiation-resistant sublines of a human breast cancer ce11 

line. Radiat. Res. 129:37-42. 

464. Fairchiid CR, Ivy SP, Rushmore T, Lee G, Koo P, Goldsmith ME, Myers CE, 

Farber E and Cowan KH (1987) Carcinogen-induced mdr overexpression is 



associated with xenobiotic resistance in rat preneoplastic liver nodules and 

hepatocellular carcinomas. Proc. Na tl. Acad. Sci. USA û4: 7701 -noS. 

465. Fairchild CR, Ivy SP, Kao-Shan CS, Whang-Peng J, Rosen N, Israel MA, 

Melera PW, Cowan KH and Goldsmith ME (1987) Isolation of amplified and 

overexpressed DNA sequences from adriamycin-resistant human breast cancer 

cells. Cancer Res. 47:5141-5148. 

466. Harper PA, Prokipcak RD, Bush LE, Golas CL and Okey AB (1991) 

Detection and characterization of the Ah receptor for 2,3,7,8-tetrachiorodibenzo- 

p-dioxin in the human colon adenocarcinorna ce11 line LSIBO. Arch. Biochem. 

Bioph ys. 290:27-36. 

467. Bacsi SG and Hankinson O (1996) Functional characterization of DNA- 

binding domains of the subunits of the heterodimeric aryl hydrocarbon receptor 

complex imputing novel and canonical basic helix-loop-helix protein-DNA 

interactions. \. Biol. Chem. 271:8843-8850. 

468. Coumailleau P, Poellinger L, Gustafsson JA and Whitelaw ML (1995) 

Definition of a minimal domain of the dioxin receptor that is associated with 

HSPSO and maintains wild-type ligand binding affinity and specificity. J. Biol. 

C h .  27025291-25300. 



469. Dolwidc KM, Schmidt JV, Carver LA, Swanson HI and Bradfield CA (1993) 

Cloning and expression of a human Ah receptor cDNA. Mol. Phannacol. 44:911- 

917, 

470. Whitlock JPJ and Galeaui DR (1984) 2,3,7,8-Tetrachlorodibenzo-p-dioxin 

receptors in wild-type and variant mouse hepatoma cells. Nudear location and 

strength of nuclear binding. 1. Biol. Chem. 259:980-985. 

471. Wang WL, Thomsen JS, Porter W, Moore M and Safe S (1996) Effect of 

transient expression of the oestrogen receptor on constitutive and inducible 

CYPlAZ in Hs578T human breast cancer cells. Br. 1. Cancer 73:316-322. 

472. Schilsky RL, Bailey BD and Chabner BA (1981) Characteristics of membrane 

transport of methotrexate by cultured human breast cancer cells. Biochem. 

Pharmacol. 30: 2537-1542. 

473. Haslam SZ and Shyamala G (1981) Relative distribution of estrogen and 

progesterone receptors among epithelial, adipose, and connective tissue 

components of the normal mamrnary gland. Endocrinofogy 108:825-830. 

474. Whitelaw ML, Gottlicher M. Gustafsson JA and Poellinger L (1993) 

Definition of a novel ligand binding domain of a nuclear bHLH receptor: Co- 

localization of Ligand and HSP9O binding activities within the regulable 

inactivation domain of the dioxin recep tor. EMBO 1.124169-4179. 



222 

475. Moore M, Wang X, Lu YF, Wormke M, Craig A, Gerlach JH, Burghardt R, 

Barhoumi R and Safe S (1994) Benzo[alpyrene-resistant MCF-7 human breast 

cancer cells. A unique aryl hydrocarbon-nonresponsive clone. 1. Biol. Chem. 

269:11751-11759. 

476. Moore M, Ruh M. Steinberg M and Safe S (1996) Isolation and 

characterization of variant benzo[a]pyrene-resistant T47D hurnan breast-cancer 

cells. lnt. 1. Cancer 66:117-123. 

477. Zhang J, Watson AJ, Probst MR, Minehart E and Hankinson O (1996) Basis 

for the loss of aryl hydrocarbon receptor gene expression in clones of a mouse 

hepatoma ce11 line. Mol. Pharmacol. 50: 1454-1 462. 

478. Gierthy JF, Bennett JA, Bradley LM and Cutler DS (1993) Correlation of in 

vitro and in vivo growth suppression of MCF-7 human breast cancer by 2,3,7,& 

tetrachiorodibenzo-p-dioxin. Cancer Res. 53:3149-3153. 

479. Gradin K, Whitelaw ML, Toftgard R, Poellinger L and Berghard A (1994) A 

tyrosine kinase-dependent pathway regulates ligand-dependent activation of the 

dioxin receptor in human keratinocytes. 1. Biol. Chem. 26923800-23807. 

480. Wang X, Thomsen JS, Santostefano M, Rosengren R, Safe S and Perdew CH 

(1995) Comparative properties of the nuclear aryl hydrocarbon (Ah) receptor 

complex from several human cell lines. Eur. 1. Phannacol. 293:191-205. 



481. Dohr O, Vogel C and Abel J (1995) Different response of 2,3,7,8- 

tetrachlorodibenzo-p-dioxin (TCDD)-sensitive genes in hurnan breast cancer 

MCF-7 and MDA-MB 231 cells. Arch. Biochem. Biophys. 321:405-412. 

482. Swanson HI and Perdew GH (1993) Half-life of aryl hydrocarbon receptor in 

Hepa 1 cells: Evidence for ligand-dependent alterations in cytosolic receptor 

levels. Arch. Biochem. Biophys. 3Oî:l67-174. 

483. Reick M, Robertson RW, Pasco DS and Fagan JB (1994) Down-regulation of 

nuclear aryl hydrocarbon receptor DNA-binding and transactivation functions: 

Requirement for a labile or inducible factor. Mol. CelI. Biol. 145653-5660. 

484. Giannone GV, Wei L, Probst M and Okey AB (1998) Prolonged depletion of 

Ah receptor without alteration of receptor mRNA levels after heatment of cells in 

culture with 2,3,7,8-tetrachiorodibenzo-p-dioxin. Biochem. Pharmacol. 55:489-498. 

485. Prokipcak RD and Okey AB (1991) Down-regulation of the Ah receptor in 

mouse hepatoma cells treated in culture with 2,3,7,8-tetrachlorodibe11zo-p-dioxin. 

Can. 1. Physiof. Phannacol. 69:1204-1210. 

486. Yeh GC, Lopaczynska J, Poore CM and Phang JM (1992) A new fmctional 

role for P-glycoprotein: Efflw pump for benzo[alpyrene in human breast cancer 

MCF-7 ceîls. Cancer Res. 526692-6695. 



487. Astroff B, Rowlands C, Dickerson R and Safe S (1990) 2,3,7,8- 

Tetrachiorodibenzo-p-dioxin inhibition of 17fl-estradiol-induced increases in rat 

uterine epidemal growth factor receptor binding activity and gene expression. 

Mol. Cell. Endocrinof. 72:247-252. 

488. Sabbah M, Redeuilh G and Baulieu EE (1989) Subunit composition of the 

estrogen receptor. involvement of the hormone-binding domain in the dimeric 

state. /. Biol. Chem. 2642397-2400. 

489. Jiang SY and Jordan VC (1992) Growth regulation of estrogen receptor- 

negative breast cancer ceils transfected with complementary DNAs for estrogen 

receptor. 1. Natl. Cancer Ins t .  84:58O-W. 

490. Kumar V, Green S, Stack G. Berry M, Jin J-R and Chambon P (1987) 

Functional domains of the estrogen receptor. Cell51:941-951. 

491. DeVito MJ, Thomas T, Umbreit TH and Gallo MA (1992) Multi-site 

regulation of estrogen receptor by 2,3.7,8-tetrachiorodibenzo-p-dioxin. Prog. Clin. 

Biol. Res. 374:321-336. 

492. Godowski PJ, Rusconi S. Miesfeld R and Yamamoto KR (1987) 

Glucocorticoid receptor mutants that are constitutive activators of transaiptional 

enhancement. Nature 325365-368. 



493. Inano K, Curtis SW. Koradi KS, Ornata S and Horigome T (1994) Heat shock 

protein 90 strongly stimulates the binding of purified estrogen receptor to its 

responsive element. 1. Biochettl. 1 16:759-766. 

494. Lee HS, Aumais J and White JH (1996) Hormonedependent transactivation 

bv estrogen receptor chimeras that do not interact with HSP90 - evidence for 

hanscriptional represson. 1. Biol. Chem. 271:25727-25730. 

495. Hutchinson KA, Brott BK. De Leon JH, Perdew GH, Jove R and Pratt WB 

(1992) Reconstitution of the multiprotein complex of pp6ûsrc, HSP90, and p5O in a 

cell-free system. j. Biol. Chem. 2622902-2908. 

496. Tora L, Muiiick A, Metzger D, Ponglikitmongkol M. Park 1 and Chambon P 

(1989) The cloned hurnan oestrogen receptor contains a mutation which alters its 

hormone binding properties. EMBO 1.8: l98l-l986. 

497. Metzger D, Berry M, Ali S and Chambon P (1995) Effect of antagonists on 

DNA binding properties of the hurnan estrogen receptor in vitro and in vivo. Mol. 

Endocrinol. 9:579-591. 

498. Wilson CL, Thornsen J, Hoivik DJ, Wormke MT, Stanker L, Holtzapple C 

and Safe SH (1997) Aryl hydrocarbon (Ah) nonresponsiveness in estrogen 

receptor-negative MDA-MB-231 cells is associated with expression of a variant 

Arnt protein. A rch. Biochem. Biophys. 346:65-73. 



499. Defranco DB, Madan AP, Tang Y, Chandran UR, Xiao N and Yang J (1995) 

Nudeocytoplasmic shuttling of steroid receptors. Vitam. H o m .  51 :315-338. 

500. Picard D and Yamamoto KR (1987) Two signals mediate hormone- 

dependen t nuclear localization of the glucocorticoid recep tor. EM BO 1. 6:3333- 

3340. 

501. Pratt WB (1992) Control of steroid receptor function and cytoplasmic- 

nuclear transport b y hea t shock proteins. Bioessays l4:84 1-tM8. 

502. Guiochon-Mantel A, Loosfelt H, Lescop P, Sar S. Atger M, Perrot-Applanat 

M and Milgrom E (1989) Mechanisms of nuclear localization of the progesterone 

receptor: Evidence for interaction between monomers. Cell57:1147-1154. 

503. Ylikomi T, Bocquel MT, Berry M, Gronemeyer H and Chambon P (1992) 

Cooperation of proto-signals for nuclear accumulation of estrogen and 

progesterone receptors. EMBO 1.11:3681-3694. 

504. Picard D, Kumar V, Chambon P and Yamamoto KR (1990) Signal 

transduction by steroid hormones: Nuclear localization is differentiaily regukited 

in estrogen and glucocorticoid receptors. Cell Regul. 1:291-299. 

SûS. Welshons WV, Grady LH, Judy BM, Jordan VC and Preziosi DE (1993) 

Subcellular compartmentaiization of MCF-7 estrogen receptor synthesis and 

degradation. Mol. Cell. Endoninof. 94:183-194. 



506. Tang PZ, Gannon MJ, Andrew A and Miller D (1995) Evidence for 

oestrogenic regulation of heat shodc protein expression in human endometnum 

and steroid-responsive cell lines. E ur. 1. E ndocrinol. 133:598-605. 

507. Jameel A, Skilton RA, Campbell TA, Chander SK, Coombes RC and 

Luqmani YA (1992) Clinical and biological significance of HSP89a in human 

breast cancer. Int. 1. Cancer 50:409-415. 

508. Wolffe AP, Perlman AJ and Tata JR (19û4) Transient paralysis by heat shock 

of hormonal regulation of gene expression. EMBO ].3:2763-2770. 




