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ABSTRACT

Mechanisms of Hormonal Regulation of CAD Gene Egpi@n and Inhibition by Aryl
Hydrocarbon Receptor Agonist in Human Breast Cafedis. (December 2005)
Shaheen Munawar Ali Khan, B.Sc., St. Xaviers Cdlleg
M.Sc., University of Mumbai

Chair of Advisory Committee: Dr. Stephen H. Safe

The CAD gene is trifunctional and expresses carlyshosphate
synthetase/aspartate carbamyltransferase/dihydesa,owhiclare required for
pyrimidine biosynthesis. CAD gene activite® induced in MCF-7 human breast cancer
cells, and treatmenf MCF-7 or ZR-75 cells with 1Festradiol (E2Jesulted in a 3-5
fold increase in CAD mRNA levels in botkll lines. E2 inducerkeporter gene activity
in MCF-7 and ZR-75 cellsansfected with a construct containing the grovesponsive
—90/+115 (pCAD1) region of the CAD gene promotehnjcl contains three upstream
GC-richand two downstream E-box motifs. Deletion and moeanalysi®f the CAD
gene promoter demonstrated that only the GC hitvetind Spl protein were required
for E2-responsiveness. Resufgel shift and chromatin immunoprecipitati@HIP)
assays show that both Sp1 and estrogen recedtoiRa) interact withthe GC-rich
region of the CAD gene promoter. Moreover, hormortkiced transactivation of
pCAD1 was inhibitedby cotransfection with dominant-negative Sp1 exgigsplasmid

and small inhibitory RNA for Spl. These results destrate that, in common with



many other genes involved in E2-induced cell peoéifionthe CAD gene is also
regulated by a nonclassical E/Spl-mediate@athway.
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) and atheyl hydrocarbon
receptor (AhR) ligands suppress several E2-induesgonses in the rodent uterus and
mammary tumors and in human breast cancer cell®Dri@hibited hormone-induced
activation of CAD mRNA levels and reporter genendistin MCF-7 and ZR-75 cells
transfected with E2-responsive pCAD promoter caicss. E2-mediated transactivation
of pCAD constructs with a mutant inhibitory dioxiesponsive element DRE (iDRE)
were also inhibited by TCDD suggesting that inlubitAhR-ERx/Sp1 crosstalk was
iIDRE-independentt was not possible to determine whether the legeERa in cells
cotreated with E2 plus TCDD were limiting since fireteasome inhibitor MG132 itself
directly decreased CAD mRNA levels. Using fluoresmeresonance energy transfer
(FRET), it was shown that both E2 and TCDD enham@d-ERx interactions. E2 also
induced interactions between &Rnd Spl. However cotreatment with TCDD abrogated
this effect. Results of this study demonstrateiguexmodel of AhR-ER crosstalk
where the liganded AhR inhibits BRSp1 interactions and also recruitsd&e® Ah-

responsive gene promoters such as CYP1ALl.
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CHAPTERI

INTRODUCTION

1.1 Cancer
1.1.1 General introduction with statistics

Cancer is a complex disease involving uncontratieltlgrowth and metastasis
that is caused by the interplay of multiple genas @ifferent environmental factors
(Luch, 2005)Cancercells harbor alterations in key steps that regudateproliferation,
differentiation, and cell-cell communication aneésk mutations cause cancer cells to
acquire phenotypes associated with the malignate $HHahn, 2004b). The origin of the
word cancer is credited to the Greek physician bBlgoates, considered the "Father of
Medicine." Hippocrates used the terms carcinoscamcinoma to describe non-ulcer
forming and ulcer-forming tumors.

In the United States 1 in 4 death are caused bgecand it is the second leading
cause of death exceeded only by heart disease .t Xb&ti of cancers are diagnosed at
age 55 or older; more than 10 million people aegdosed with cancer every year
worldwide and it is estimated that there will berdlion new cancer cases every year
by 2020. Cancer causes 6 million deaths everyweddwide. Lung, colorectal and

stomach cancer are among the five most common zircthe world for both

This dissertation follows the style of Gene.



men and women (excluding skin cancers other tha@amoma). Among men, lung

and stomach cancer are the most common cancerdwidel and for women, the most
common cancers are breast and cervical cancer WAgrlth Organization, 2005;
International Agency for Research on Cancer, 20@8ure 1 shows the estimated
cancer deaths in the United States in 2005; lungeras the most common fatal cancer

in both men (32%) and women (27%)(American Canoeiedy, 2005a).

Men Women
295,280 275,000

Lung and bronchus 32%

27% Lung and
Prostate 10% bronchus
Colon and rectum 10% 15% Breast
Pancreas 5% 10% Colon and rectum
Leukemia 4% 6% Ovary
Esophagus 4% 6% Pancreas
Liver and intrahepatic 3% 4% Leukemia
Bileduct _

3% Non-Hodgkin
Non-Hodgkin 3% lymphoma
Lymphoma _

3% Uterine corpus
Urinary bladder 3% )

2% Multiple myeloma
Kidney 3% _

2% Brain/ONS
All other sites 24%

22% All other sites

ONS= other nervous system

Figure 1. Estimated US Cancer Deaths in 2005 irJineed States (American Cancer
Society, 2005a).



There is a marked overall difference in the totaicer burden between
developed and developing countries. Cancer ofuhg,Icolon, breast, prostate and
bladder are greatest in developed countries subloablern Europe whereas in Sub-
Saharan Africa the incidence of these cancergrsafsiantly lower (Parkin et al., 2005).
The most common cancers in developing countriesfaifee cervix, liver, stomach and
mouth. Also the incidence and mortality of canaas vary within the same
geographical area and this can be attributed tw@th. For example, there is high
incidence of oesophageal cancer in parts of Irawéthin the United States, incidence
and mortality is higher among African Americdhan all other racial/ethnic groups
(Clegg et al., 2002). There is a 20-fold variatiothe incidence of colon cancer
worldwide (highest in the United States, lowesdlnidia), and the incidence of breast
cancer varies sevenfold within the United Stateh e highest incidence in Hawaiians
and the lowest in Israeli non-Jews (Bingham andRiB004).

There are various causes and risk factors for dpwetnt of cancer and these
include exposure to chemicals, radiation, virudest, tobacco, genetics and heredity,
hormones and other miscellaneous factors suchagpation, environmental pollution,
sunlight, radiation, food additives, pesticidesigd, exercise and stress. Epidemiological
evidence indicates that several factors also praigainst cancer and these include
reduction of smoking, increased consumption otf$rand vegetables, control of
infections and reduced exposure to carcinogens §fand Gold, 1998; Tominaga,

1999).



1.1.2 Carcinogenesis

Carcinogenesis is a multistage, multimechanistoc@ss and is divided into three
stages: initiation, promotion, apdogression (Nowell, 1976; Weinstein et al., 1984,
DiGiovanni, 1992) (Figure 2). Tumor initiation rdtsufrom irreversible DNA damage or
error-prone DNA repair/replication leading to mwgagsis. In addition, genetic changes
associated with tumor initiation include activatiminproto-oncogenes such as ras family
and loss of function in tumor-suppressor genes asghb3 and Rb. Initiators can be
chemical carcinogens such as nitrosamines, ioniad@tion such as x-rays or viruses
such as papillomavirus or Epstein-Barr virus.

The next step is tumor promotion that occurs wdsmglanitiated cell
undergoes clonal expansion by a combination of gr@twrmulation and inhibition of
apoptosis and produces a larger population of tediisare at risk of further genetic
changes (Trosko, 2001). Promoters such as phentddaphorbol ester, polybrominated
biphenyl, peroxisome proliferators, etc. are noragahic (Yuspa et al., 1996) and most,
if not all, tumor promoting agents reversibifibit gap junctional intercellular
communication (GJIC) (Yotti et al., 1979). Promsteuch as phenobarbital, phorbol
ester, polybrominated biphenyl, peroxisome prddifers, etc. are nonmutagenic (Yuspa
et al., 1996) and most, if not all, tumor promotagents reversibiyhibit gap junctional
intercellular communication (GJIC) (Yotti et al979). The promotion stage is
reversible and is caused by epigenetic mechanisohgding alterations in the
expression of the genetic information at the trapsonal, translational, or

posttranslational level (Hikita et al., 1999).



Initiation Promotion Progression
DNA damage by | | selective clonal | | rapid cell proliferation, |
virus, chemical expansion genetic and epigentic
or radiation changes

@@ Promoter

00 y
@%&.@@) Initiator %@

©,

Normal cells Initiated cell Preneoplastic lesion Malignant tumor

Activation of proto-oncogenes and
inactivation of tumor suppressor genes

Figure 2. Multistage model of carcinogenesis (Albet al., 2002).

The final stage of progression begins when bemgrated cells in a promoted
mass accrue additionstiable, genetic or epigenetic changes so as tareesulependent
of an endogenous or exogenous tumor promoter diletpermanergenomic change
(Vogelstein et al., 1988). The cells proliferatpiddy, are characterized by gross
morphological and karyotypic changes and are censilto have been neoplastically
transformed (Lengauer et al., 1998). By thize sufficient genomic instability has
occurred to allow furthagenetic and epigenetic changes that, in turn, atloevof these
cells to achieve the phenotypes of invasivenessratdstasis. Hanahan and Weinberg
have proposed six essential alterations in celsjhygy that collectively dictate
malignant growth and are acquired by most if nbtahcers during their development

(Hanahan and Weinberg, 2000). These hallmarkswusmnenarized in Figure 3.



Self-sufficiency
In growth signals

Insensitivity to

Evadin:
: anti-growth signals

apoptosis

Tissue invasion

SIEEITIES) & metastasis

angiogenesis

Limitless replicative
potential

Figure 3. Acquired capabilities of cancer (Hanahad Weinberg, 2000).

1.2 Breast Cancer
1.2.1 Introduction

Breast cancer is a complex multifactorial maligndisease in which tumors
develop from cells of the breast. Figure 4 is asudttic representation of the female
breast. Female breast is made up lobules, duttyafed connective tissue, blood
vessels, and lymphatic vessels. Lobules are gltnadsnake breast milk and ducts are
small tubes that connect lobules to the nipple.tNdosast cancers begin in the ducts
(ductal carcinoma), some in the lobules (lobulacicema), and the rest in other tissues

(American Cancer Society, 2005b).
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Figure 4. Schematic representation of the fematadir(Adapted from American Cancer
Society, 2005b).

Breast cancer is the most common cancer diagnasedgawomen and is the
leading cause of cancer deaths in women worldwiderid Health Organization, 2005).
It is the second leading cause of death among womigre United States and it is
estimated that one in eight women will develop bteancer over her lifetime
(American Cancer Society, 2005b). In the Unitedestancidence rates of breast cancer
are generally 20%-40% higher in Caucasian womem ith&frican-American women
although the mortality is higher in the latter goqacey et al., 2002; Shavers et al.,
2003).There is a geographic variation in the incadeand mortality of breast cancer
with higher rates in developed countries compaoedket/eloping countries (Althuis et al.,

2005; Parkin et al., 2005). Studies on migrantetdamonstrated that breast cancer



incidence increases in people who move from a regith low breast cancer incidence
such as Asian countries to other locations witlnérgreast cancer incidence such as the
United States and other western countries (Zieglat., 1993). These geographic
variations and international differences can bebatted to the differences in lifestyle
such as reproductive and socioeconomic variabiesadd environmental factors (Bray
et al., 2004; Gordon, 2003).
1.2.2 Risk factorsfor breast cancer

There are several different risk factors for breasicer and there is a strong
interplay of genetic and environmental risk factorghe initiation and progression of
this disease (Martin and Weber, 2000). Breast gaigleincreases with age and 77% of
women diagnosed with breast cancer are older tBaRiSk factors can be broadly
classified as genetic, hormonal, environmentala@hdr lifestyle factors. A summary of
breast cancer risk factors has been describedble Ta(Dumitrescu and Cotarla, 2005).
1.2.2.1 Genetic risk factors and family history

Five to ten percent of all breasstncers are associated with the inheritance of
mutations irone of the two major breast cancer susceptibityes BRCA1 and
BRCA2 (Peto et al., 1999; Struewing et al., 199®)ere is an 80% chance of
developing breast cancer during a lifetime in wowéth an inherited BRCA1 or
BRCA2 mutation (Nathanson et al., 2001; Rebbe@k.e1996). BRCAL1 and BRCA2
are tumor suppressor genes and their proteinsthem implicated in a multitude of
different processes including DNA repair and recovation, cell cycle control, and

transcription (Venkitaraman, 2002). Ashkenazi 3wvomen are at a much higher risk



of developing breast cancer at an early age (bdforgears) and this is largely due to the
high occurrence of three founder mutations in BR@A#l BRCA2 genes (Berman et al.,
1996; Oddoux et al., 1996).

Mutations in other genes such as p53, PTEN, ATMHZ#LH1 and
STK11/LKB1 account for a small proportion of hebia breast cancer (de Jong et al.,
2002; Olsen et al., 2001, Slattery and Kerber, 1988ld type p53 plays an important
role in maintaining genomic stability in responsdiNA damage by inducing transient
G1 arrest or by triggering apoptosis. Germ line piations are reported in 50% cases
of Li-Fraumeni syndrome (childhood cancer) and aginately 50% of patients who
survive this disease develop breast cancer by 8@ (Easton et al., 1995; Malkin et al.,
1990). Germ line p53 mutations occur in less th#Enof women with sporadic breast
cancer (Patel et al., 1995).

Cowden syndrome is an autosomal dominant disoctiaracterized by the
development of hamartomas and benign tumors acalised by mutation in germ line
PTEN gene (Hanssen and Fryns, 1995). PTEN is artaoppressor gene that encodes a
phosphatase protein and women with germ line nartatin PTEN exhibit a 25-50%
lifetime breast cancer risk (Hlobilkova et al., BQThull and Vogel, 2004). Peutz-
Jeghers syndrome is an autosomal dominant disardkthe relative risk of breast
cancer in these families is 20.3% (Boardman efl8B8). It is caused by germ line
mutations in the LKB1 gene that encodes for a settimeonine kinase (Hemminki et al.,
1998). Both PTEN and LKB1 do not seem to play a inlsporadic breast cancer

(Bignell et al., 1998).
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There are also low penetrant breast cancer subd#ptenes and these include
protooncogenes (RAS, HER2 and myc genes), metabaliovay genes [cytochrome
p450 family, GST family and N-acetyl transferasé (M and NAT2)], estrogen
receptor (ER), progesterone receptor (PR), androgmaptor (AR), heat shock protein
70 (HSP70), tumor necrosis facto(TNFa), HLA region and vitamin D receptor (VDR)
genes (de Jong et al., 2002). Polymorphisms iretgegses have a greater contribution to

breast tumorigenesis in combination with other fattors (Table 1).

Table 1. Summary of breast cancer risk factors (irestu and Cotarla, 2005).

Factorsthat increase breast cancer risk

Increasing Age

Geographical region (USA and western countries)
Family history of breast cancer

Mutations in BRCA1 and BRCA2 genes
Mutations in other high penetrance genes (p53, ATM, PTEK13Y
History of benign breast disease

Well-confirmed factord High mammographic breast density

Late age at menopause (> 55)

Early age at menarche (< 12)

Nulliparity and older age at first birth

Hormonal replacement therapy

Oral contraceptives recent use

lonizing radiation exposure

Environmental factors

Obesity in postmenopausal women

High alcohol consumption

Probable factors High saturated fat
High socioeconomic status

Factorsthat decrease breast cancer risk

Geographical region (Asia and Africa)
Early age of first full-term pregnancy
Well-confirmed factorg Higher parity

Breast feeding (longer duration)

Fruit and vegetables consumption
Physical activity

Probable factors Non-steroidal anti-inflammatory drugs
Polymorphisms in low-penetrance genes
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Fifteen to twenty percent of female brezmtcers occur in women with no
apparent gene mutations but with a family histdrigreast cancer and this could be due
to other unidentified genetic factors modified lmyweonmental influences (Madigan et
al., 1995; Mincey, 2003). The risk of breast canoereases with the increasing number
of relatives with breast cancer in the family ane tisk is even higher if a mother or
sister has a history of breast cancer (Claus e1294; Webb et al., 2002). History of
benign breast disease, particularly atypical hylasia or extensive mammographic
breast density, is also associated with increasemksbcancer risk (Boyd et al., 1995;
Byrne et al., 2001; London et al., 1992; Wang gt24104; Webb et al., 2002).
1.2.2.2 Hormonal factors

Several studies have shown that prolonged expdsulhe hormone estrogen
increases the risk of breast cancer. Epidemiolbgicaies have established a strong link
between higher risk of breast cancer and reprogritdictors that increase the overall
number of menstrual cycles such as early menatferge age 12), late menopause
(after age 55), age of women at first birth (ov@+3%) and nulliparity (Russo et al., 1992;
Talamini et al., 1996). Breast cancer risk is lowmewomen with multiple pregnancies
and women with a pregnancy prior to age 24 (Lantlz. €1996; Meeske et al., 2004).
Women who are above 30-35 years of age at firtt bire at higher risk compared to
nulliparous women (Albrektsen et al., 1994; Rosiaal., 1994). The protective effects
of pregnancy against breast cancer is explaindtdidojnduction of complete
differentiation of the breast that may markedlyueglthe susceptibility of the fully

differentiated mammary gland to carcinogens duatttgeast in part, by decreasing
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proliferative activity of parous epithelium (Russioal., 2000). Another hypothesis is

that the decreased risk may also be due to theedIt®rmonal environment during
pregnancy, and these include specific moleculangés induced by estrogen and
progesterone and decreased circulating growth hoenldusso et al., 2005; Sivaraman
and Medina, 2002). Breastfeeding is also prote@ganst breast cancer and this is may
be due to the reduction of total number of ovulatoenstrual cycles and consequently
cumulative ovarian hormone exposure (Enger el@87; Lee et al., 2003; Lipworth et
al., 2000; Russo et al., 2000).

Recent studies have shown that the use of hornggplacement therapy and oral
contraceptives for long time periods can also iaseethe risk of developing breast
cancer (Althuis et al., 2003; Ewertz et al., 2008)some studies women exposed to
diethylstilbestrol (DES) were also found to beratreased breast cancer risk (Sasco et
al., 2003; Titus-Ernstoff et al., 2001).
1.2.2.3 Environmental factors

lonizing radiation is the most well characterizedieonmental risk factor for
breast cancer. Radiation induced breast cancedegknds on the various factors
including age at exposure (highest before agetB8)status of hormone levels, parity
and other genetic disorders (Coyle, 2004; BrodyRuadel). A number of reports
showed patients who received radiation therapyfmigkin’s disease, breast cancer and
other ilinesses, had an increased risk of breasteraand women in Japan exposed to
atomic bomb radiation also have a high rate ofdireancer (Goodman et al., 1997;

Hancock et al., 1993; Land et al., 2003). Othd¢ fa&tors include solar radiation, light
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and chemicals. Solar radiation creates an active &f vitamin D that may lower the

risk of breast cancer and studies show that wontemwork at night are at higher breast
cancer risk. This may be due to decreased vitansgrihesis and suppression of
normal nocturnal production of melatonin by thegaihgland, which, in turn, increases
the of estrogen release by the ovaries therebymtisig circadian patterns (Davis et al.,
2001; Garland et al., 1990; Grant, 2002; Schernhananal., 2001).

Environmental toxic chemicals such as organochéocimmpounds (OCs) have
been linked to breast cancer. The most prevalenteSidues found in human tissues are
dichlorodiphenyldichloroethane (Van Loo et al. g thajor metabolite of DDT
(dichlorodiphenyltrichloroethane) and PCBs (polyehiated biphenyls). These
compounds have been hypothesized to be factotwdaist cancer however the linkage
between these compounds is debatable and not saggxyr most studies or biological
plausibility (Laden et al., 2002; Romieu et al.0@0Safe, 2004).
1.2.2.4 Lifestyle factors

Various lifestyle factors such as diet, exercisegling and alcohol consumption
are related to an increased risk of developingdtreancer (Key et al., 2003).
Confirmation of the risk of dietary fat intake abiskast cancer has not been
substantiated in large epidemiology studies (SMidmner et al., 2001; Velie et al.,
2000), however a dietary pattern of high fiber fowd fat intakes is associated with a
lower risk of breast cancer in postmenopausal wofBaghurst and Rohan, 1994;
Mattisson et al., 2004; Saadatian-Elahi et al. 42200n some studies protective effects

of some vegetable fats, vitamin E, selenium andradintioxidants have been observed
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(Gaudet et al., 2004; Gerber et al., 2003). Deexctasarian hormone levels and
decreased risk of breast cancer in populationssia & related to their high
consumption of soya products containing significambunt of the isoflavones, daidzein
and genistein, that act as weak estrogens (Lu,et(00a; Mezzetti et al., 1998).

Obesity causes increased levels of estrogen d&med bormones and is linked to
increased breast cancer risk particularly in postspausal women (Lahmann et al.,
2004; Lahmann et al., 2003; van den Brandt e2@D0). There is increasing evidence
that exercise reduces the risk of breast canceyeflcas et al., 2004) and there is
conflicting data regarding smoking and breast carisk (Brunet et al., 1998; Hamajima
et al., 2002; Hanaoka et al., 2005; Reynolds eP8@04). Alcohol is a risk factor for
many cancers and an increased breast cancer sdielea observed with high alcohol
consumption (Hamajima et al., 2002; Lin et al., 20Petri et al., 2004; Singletary and
Gapstur, 2001). Other factors such as the usetifiatics, breast implants, non-
steroidal anti-inflammatory drugs and induced abao# are still a topic of debate and
more studies are required to resolve their contiobs, if any, to breast cancer (Beral et
al., 2004; Erlandsson et al., 2003; McLaughlinletl®98; Sorensen et al., 2005; Velicer
et al., 2004; Zhang et al., 2005).
1.2.3 Role of estrogen in breast cancer

Several studies showed that estrogen is capaliétiating and promoting
growth of both carcinogen-induced and spontanearammary tumor formation in rats
(Broerse et al., 1987; Nandi et al., 1995; Noroahd Goodall, 1984). It is also well

established that increased exposure to estroganimmportant risk factor for breast
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cancer but the role of estrogen in developmented$t cancer has been difficult to
ascertain (Henderson et al., 1988; Pike et al.31993-Estradiol (E2) is the most
biologically active estrogen in breast tissue. Tikgue concentrations of E2 is
significantly higher in the malignant tissues conggbto nonmalignant tissues and is
similar in pre- and postmenopausal women despéelétrease in the peripheral plasma
levels of E2 by 90% after menopause (Pasqualial.£1996; van Landeghem et al.,
1985). This suggests specific local biosynthestsantumulation of the potent estrogen
by breast cancer tissue itself (Suzuki et al., 2003

High concentrations of circulating inactive steijiincluding androstenedione
and estrone sulfate, are considered to be majoupser substrates for local estrogen
production (Santner et al., 1984). Three main ersythat are involved in estrogen
biosynthesis are: aromatase that converts andexfitere and testosterone to estrone
and E2, respectively; Estrone sulfatase, that Hyses estrogen sulphate to estrone and
17B-hydroxysteroid dehydrogenase type 13¥SD type 1) that preferentially reduces
estrone to E2 in tumor tissues. There is substanf@mation that human breast cancer
tissues contain all the enzymes required for thallbiosynthesis of E2 from circulating
precursors (Dao et al., 1974; Lipton et al., 198&squalini et al., 1995; Pasqualini et al.,
1986). Several mechanisms have been proposed kairegprcinogenecity of estrogens
in breast cancer (Figure @iehr, 2000). One of them is that the estrogerpéar (ER)-
mediated activity of E2 is related to inductiongeines critical for regulating ticell
cycle and stimulating cell proliferation. Theserone-responsive tumor ceftgy fix

any spontaneous or induced DNA damage resultimg@umulation of genetic changes
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and thus establishirggpotentially malignant tumor (Cavalieri et al. 020 Feigelson and
Henderson, 1996). However not all breast cancaragoERY, breast cancer can be
ERa- positive (+ve) or ER-negative (-ve) (Russo and Russo, 2004) and msrtant

to understand how ER+ve) and ER(-ve) breast cancer arise in order to fully
understand the initiation and progression of breaster. It is suggested that either
ERa(-ve) breast cancers result from the loss of thityabf the cells to synthesize ER
during clinical evolution of ER(+ve) cancers or that ER+ve) and ER(-ve) cancers
arise independently and are different entities et al., 1999; Brown, 2000). It is
postulated that terminal ductal lobular unit in temale breast contain at least three cell
types, ERi(+ve) cells that do not proliferate, BRve) cells that can proliferate and a

small proportion of ER(+ve) cells that can proliferate as well.

Normal growth of
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Figure 5. Potential mechanisms of estrogen-indeaecdinogenesis in human breast
tissues (Russo and Russo, 2004).
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Estrogen might stimulate ER+ve) cells to produce a growth factor that in turn
stimulates neighboring ER-ve) cells capable of proliferating. Similarly, ER-ve)
cells can proliferate and become the stem cellSRoi(+ve) tumors. Also ER(+ve)
cells can convert to ER-ve) cells (Figure 6)The role of ER in breast cancer
progression is not yet clear. Hormone receptouststich as E/Rand progesterone
receptor (PgR) status are important indicatorgfescribing hormone and endocrine
therapy. Patients with ER or PgR (+ve) tumors tienidave better prognosis and are
more likely to respond to hormone therapy comp#oguatients with ER or PgR (-ve)
tumors. Studies in women with early stage breast@areceiving no adjuvant therapy
showed a higher 5-year disease free survival ratpatients with ER(+ve) tumors
compared to patients with EBRve) tumors (Crowe et al., 1991; Fisher et alg8)9

Another mechanism involves oxidative catabolisnesifogens by various
cytochrome p450 complexes. Hydroxylation at the6@-fiosition and C2 or C-4
position of E2 are the major pathways that resuformation of hydroxylated estrogens
(catechol estrogens). The catechol estrogens caadily oxidized to DNA-reactive
guinones and semiquinones that can cause oxidstiees and genomic damage directly
(Ashburn et al., 1993). Reactive free radicals tmayroduced in the process of
oxidation resulting in formation of DNA adducts tltan cause additional DNA damage
thereby initiating carcinogenesis (Cavalieri et 8097; 2000). Estrogen also can
stimulate production of autocrine and paracrinevgindfactors from the epithelium and
stroma in the breast that can further contributiereast cancer progression. Clearly

more than one pathway is involved in initiation gmdgression of estrogen-mediated
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breast carcinogenesis and more studies are regoifadher elucidate the mechanisms
underlying the carcinogencity of estrogen in breasicer.
1.2.4 Stages of breast cancer

One of the important factors in considering treath@ption is the stage of breast
cancer, which describes the severity of the origipamary) tumor and the extent of
metastasis to other tissues (American Cancer §9€@05b). The most common system
used to describe the stage of a tumor is the Amerdoint Committee on Cancer (AJCC)
TNM system. This staging system classifies canicasgd on their T, N, and M stages
whereT stands fotumor (its size and how far it has spread within theabt@nd to
nearby organs)\ stands for spread to lympiodes andM is for metastasis (AJCC)

(Singletary et al., 2002).
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Figure 6. Schematic representation of the postillp#thways of estrogen actions on
breast epithelial cells (Russo and Russo, 2004).
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Breast cancer has been grouped into five stagesl lmasthe description of stages
outlined by the AJCC (Singletary et al., 2002) (Aioan Cancer Society, 2005b) (Table
2). The 5-year survival rate shown in Table 2 iterthe percentage of patients who
live at least 5 years after their cancer is diagdoStage I1IC was defined only a few

years ago and therefore survival rates are nawatable for this stage.

Table 2. Summary of breast cancer stages (modiioed American Cancer Society,
2005b).

, . 5-year
csnfage ﬁljzrﬁo(;mameter) of the Spread of the tumor to Metastasis relative
axillary lymph nodes (M) Survival
tumor rate
Tiny clusters of cells
0 within the breast duct or | No spread None 100%
within the lobules
I 2 cm or less in diameter No spread None 98%,
No tumor is found in the | Tumor is identified in 1 to 3
breast axillary lymph nodes
i 0
A Less than 2 cm Has spread to 1 to 3 axillany None 88%,
lymph nodes
Between 2 and 5 cm No spread
Larger than 2 cm in .
diameter and less than 5 Has spread to 1 to 3 axillany
cm lymph nodes
]2} None 76%
Larger than 5 cm and the
tumor does not grow into| No spread
the chest wall
Has spread to the axillary
A Any size lymph nodes and to axillary None 56%
tissues
Any size and has attachedHas spread to the pectoral o
B | iiself to the chestwall | (chest) lymph nodes None 49%
Has spread to 10 or more
nodes in the axillaorto 1 ar Not
lnc Any size more lymph nodes on the None available
same side as the breast
cancer
Has spread to other
May or may not have parts such as bone
\ Any size spread to axillary lymph luna. liver. and ' 16%.
nodes bra?ﬁ '
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1.2.5 Treatment of breast cancer

The incidence of breast cancer appears to be isiagaorldwide but the
mortality rates are now declining in at least samestern countries (Peto et al., 2000).
This decrease in mortality is most likely due toreased use of screening for early
disease and the effective treatment including wickesd administration of adjuvant
systemic therapieS.rreatment of breast cancer except lobular carcanonsitu (LCIS)
includes the treatment of local disease with syrgadiation therapy (RT), or both, and
the treatment of systemic disease with cytotoxenebtherapy, biological or hormonal
therapy. Treatment decisions are based on a nuohipeognostic and predictive factors.
These factors include tumor histology, clinical gnadhologic characteristics of the
primary tumor, axillary node status, hormone regeptatus, level of HER2 expression,
presence or absence of detectable metastatic djsganorbidity, patient's age and
menopausal status. Patient preference is also targan situations in which survival
rates are equivalent among the available treatoyidns (NCCN clinical practical
guidelines in oncology). Tablel3ts the most common types of breast cancer.
1.2.5.1 Surgery and radiation

Several surgery procedures including breast-coimggsurgery (lumpectomy)
(surgical removal of a cancerous lump in the brabmstg with a small margin of the
surrounding normal breast tissue, mastectomy (cetafireast removal), sentinel lymph
node biopsy (SLNB)(removal of first one to thremfgh nodes in the lymphatic chain)
and axillary dissection (operation in which 20-@hph nodes are removed) are used in

breast cancer therapy (Sakorafas, 2001). Radititemapy uses high-energy rays to
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damage the genetic material and inhibit tumor gedivth. The option of surgery and
radiation is primarily based on the stage of thesabt cancer. Surgery is a standard
treatment for stage 0 DCIS cancers. For smalleptanumpectomy is preferred
followed by radiation therapy to reduce the riskamfal recurrence although in some
cases women choose to prefer masectomy. The risivadive breast cancer greatly
increases if DCIS is left treated. Patients witlge 0 LCIShave very low risk of
developing invasive carcinoma and can be manageédolservation alone; however,
some women prefer bilatenalastectomy as a risk reduction strategy. Stagasdll are
the “early” stages of invasive carcinoma and arewtered operable. Together they
constitute 75%-80% of all cases of breast cangeana?y treatment options for stage |
and stage Il cancers are tatahstectomy with axillary lymph node dissection mrast-
conserving surgery, axillary dissection, and breaatliation(Arriagada et al., 1996;

Fisher et al., 2002; Veronesi et al., 2002).

Table 3. Summary of the most common types of bresster (American cancer society,
2005b).

Type of breast cancer Description

. L Begins in the lining of the milk ducts of the breasd
Ductal carcinoma in situ : . e
has not invaded the surrounding fatty breast tissue
(DCIS) . )
the most common type of noninvasive breast cancer.

Lobular carcinoma in situ| Begins in the lobules where breast milk is produmetd
(LCIS) they do not penetrate through the wall of theselket

Begins in the milk ducts of the breast and thermkse
through the wall of the duct and invades the fasiyue
of the breast. This is the most common form of trea
cancer, accounting for 80% of cases.

Invasive ductal carcinoma

=

Begins in the lobules of the breast and has spread
surrounding tissues or the rest of the body. lbaats for
10-15% of breast cancers.

Infiltrating (invasive)
lobular carcinoma
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Although mastectomy is appropriate for some patidmteast conservation has
become the preferred method of treatment for matigpts (Singletary, 2001).
Radiation is used after lumpectomy or mastectortlgerealone or in combination with
chemotherapy, to reduce the risk of breast cammenrrence. Stage Ill breast cancers are
defined as locally advanced breast cancers in #i@CAsystem. Stage IIIA tumors are
divided in to operable (T3N1MO0) and inoperable (ldAMO) cancers based on their
lymph node status. Stage IlIA operable tumors r@até¢d in the same fashion as stages
Il and I. In case of inoperable stage Ill tumgnsoperative chemotherapy is used to
shrink the size and this followed by local treatinghich involves either total
mastectomy with axillary lymph node dissection,hnot without delayed breast
reconstruction, or lumpectomy and axillary dissati{iFavret et al., 2001; Pisansky et al.,
1996). Radiation is an important component of muditilal therapy in treatment of stage
[l tumors (Recht et al., 2001n stage IV breast cancer, the cancer has spreadietre
in the body and local treatments like surgery diaon do not work; however surgery
and radiation is used in some cases to relievegramther symptoms (Brito et al., 2001;
Hortobagyi et al., 1995).
1.2.5.2 Chemotherapy

Chemotherapy is the use of anti-cancer drugs &b kneast cancer. It can be used
alone as the main treatment or in combination vathation or other breast cancer
therapies. Adjuvant chemotherapy is the use oksyisttherapy to treat microscopic
metastasis following surgery and is generally Usegatients with early stage breast

cancer to reduce the odds of recurrence and dBattaflonna et al., 1995). Neoadjuvant
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therapy (also known as preoperative or inducti@nafy) is the use of chemotherapy
before surgery and is used to treat patients véhes|l and stage |1l operable breast
cancer to shrink the size of the tumor (Fishel.efl898a; Nabholtz et al., 2002; Scholl
et al., 1995). Chemotherapy is the main treatmampétients with stage 1V breast
cancer and is often used in combination with horenitverapy or immunotherapy. For
women with ER-negative and PR-negative tumors, symatic visceral metastasis, or
hormone refractory disease, chemotherapy is teeliire treatment and may include use
of sequential single agents or combination chenmafiie In patients with metastatic or
recurrent breast cancer whose tumors overexpreB2Hielected chemotherapeutic
agents are considered in combination with trast@wu(®lamon et al., 2001). Table 4
describes several classes of chemotherapeuticsageed for treatment of breast cancer.
1.2.5.3 Taxanes

The taxanes, paclitaxel (taxol) and docetaxelpast alkaloids and are among
the most promising new agents for treatment ofdireancer. Taxol was isolated from
the Pacific yew Taxusbrevifolia), and docetaxel is a semi-synthetic taxane analogu
from the European yew éxus baccata) (Gligorov and Lotz, 2004). Their unique
mechanism of action involves binding and stabitizimicrotubules, thereby preventing
their depolymerization and thus inhibiting cellidien. Taxanes can be combined with
almost all activehemotherapeutic agents commonly used for breastecaherapy.
Moreover these compounds have improved outcomeetastatic, adjuvant and
neoadjuvant settings and both taxanes exhibit aobat antitumor activity in treatment

of anthracycline-resistant breast carcinoma (Piataal., 2001; Ravdin et al., 1995).
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1.2.5.4 Antiestrogens

The steroid hormone E2ediates a broad spectrum of physiologic functions
ranging from regulation of the menstrual cycle agwroduction to the modulation of
bone density, cholesterol transport and cognitiveetion in elderly women. Earlier
work by Beatson and others also showed a connelgtitweeen ovarian hormonal
function and breast cancer and these observatierss tive initial basis for the concept of
antihormone therapy.

Table 4. Summary afhemotherapeutic agents for treatment of breastecgMiller and
Sledge, 2002).

Class Mechanism of action

Alkylating agents

Cylophosphamide Forms DNA adducts and interferes with DNA replication (Chalanelr
Thiotepa Roberts, 2005).

Ifosfamide

Platinum based

compounds Forms DNA adducts and thereby disrupts DNA structure amctifin
Cisplatin (Fuertesa et al., 2003).

Carboplatin

Anthracyclins Intercalates within DNA and inhibits topoisomerase Il. Thennsae
Doxorubicin effect associated with the use of Doxorubucin is cardiac toxicity
Epirubucin thereby limiting its use (Hortobagyi, 2000).

Vinca alkaloids

Vincristine

Vinblastine Inhibits microtubule synthesis and cell division.

Vinorelbine

Antimetabolites

Inhibits thymidylate synthetase, the key enzyme that promuoeedet
5-flourouracil (5-FU) novo synthesis of thymidylic acid which leads to the fororatf
dTTP (Parker and Cheng, 1990; Wurzer et al., 1994).

It is a folic acid analogue andhibits the enzyme dihydrofolate
Methotrexate (MTX) reductase (DHFR) activity thereby blocking DNA synthesis
(Huennekens, 1994).

It is an oral fluoropyrimidine that generates 5-fluorouracil
preferentially at the tumor site.

Gemcitabin (dFdC). Causes cell death due to DNA chain termin@lankett et al., 1995).

Capecitabine
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Ovarianablation including oophorectomy and ovarian irréidiahas been used
for more than a century in threatment of breast cancer (Conte et al., 1989yv&f@nd
Davidson, 2004). A meta-analysis by the Early Br€&scer Trialists Collaborative
Group of 12 properly designed randomized trial®regal significant greater disease-free
and overall survival rates for women under the @gg0 receiving ovarian ablation as a
single adjuvant therapy and this was independenbtdél status (Ovarian, 1996).

In addition chemical suppression of ovarian estnqg@duction has been
accomplishedia the administration of luteinizing hormone redigg hormone (LHRH)
analogues which have been used for breast caneeratherapy (Clarke, 1998; Prowell
and Davidson, 2004). Goserelin (Zoladex) is a LHRidlogue approved by the United
States Food and Drug Administrati@fDA) for the treatment of premenopausal women
with advancedbreast cancer. Ovarian suppression is a prefepgonotreatment over
ovarian ablation due to lower morbidity. Therelsoaa lower likelihood of permanent
amenorrhea and potentfal restoration of fertility. Several clinical tiacombining the
antiestrogen tamoxifen with ovarian ablation/suppi@n showed that combination
therapy is superior to monotherapy (Klijn et a002).

Unlike estrogens, which are uniformly agonists, antlestrogens, which are
uniformly antagonistsselective estrogen receptor modulat@ERMS) are a new
category of therapeutic agents that display anwadugssue-selective pharmacology
(Figure 7). They are agonists in some tissues (domee, and the cardiovascular system),
antagonists in other tissues (brain and breadf) r@red agonists/antagonists in the

uterus. An ideal SERM will mimic estrogen's critibanefits for the bones and heart but
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will act as antiestrogens in the breast and uteéhus, avoiding estrogen's harmful effects
in these tissues (Lewis and Jordan, 200&8)noxifen(Nolvadex)is the first SERM used

in treatment of breast cancer that acts as an amtstgn breast cancer tissue (Cole et al.,
1971; Jordan, 1976) but preserves bone densityoavatrs serum cholesterol levels
(Bertelli et al., 1988; Powles et al., 1996; Ziddral., 2004). Studies with tamoxifen
showed response rates of about 70 % in patienksaglifanced breast cancer whose
tumors express both ER and PgR whereas less tBane€ponse rate was observed in
patients with ER and PgR negative breast cancardjR&t al., 1992). In patients with
ER-positive breast cancer, tamoxifen reduces thearrecurrence rate by 50% and
annual death rate by 28% (Wickerham, 2002).

Tamoxifen is the most widely used hormonal treatni@nall stages of breast
cancer including advanced breast cancer, as anadjtreatment of primary breast
cancer and adjuvant therapy in premenopausal astthpaopausal women with node-
negative disease. It is the first line treatmentfomen with hormone-responsive breast
cancer. The Breast Cancer Prevention Trial dematestithat tamoxifen can be used as
a preventive therapy because it reduced the incalehER-positive breast cancer by
about 50% (Fisher et al., 1998b; Fornander el 889). Thus, in adjuvant settings
tamoxifen has been approved for the preventiorredidt cancer in high-risk women.
However, the major problems associated with théopged use of tamoxifen is the
increased risk of endometrial cancer, thrombosisdavelopment of resistance to
tamoxifen (Cuzick et al., 2003; Fisher et al., 99/Regan and Jordan, 2002).

Resistance to tamoxifen can be either intrinsicenetatients with advanced ER-
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positive disease fail to respond to tamoxifen @uared, where ER-positive tumors in
patients that initially respond subsequently preges to a resistant phenotype. The
possible causes for intrinsic and acquired reststdiave been attributed to the
pharmacology of tamoxifen, alterations in the suite, expression and function of the
ER, interactions with the tumor environment andeggeralterations in the tumor cells
(Clarke et al., 2003; Jordan, 2004). For exampbrations in the ER signal transduction
pathways and altered levels and/or activities aictivators and corepressors can convert
the inhibitory tamoxifen-ER complex to a growthmstilus resulting in acquired
resistance (Lewis and Jordan, 2005).

In addition, ligand-independent ER action by adetrexpression/activation of
growth factor receptors or aberrant growth factgnaling, can also contribute to
tamoxifen resistance (Nicholson et al., 2005). &@mple overexpression of HER2 and
p160 coactivator, AIB1, in breast tumors have b&ssociated with tamoxifen resistance
(Shou et al., 2004). Overexpression of the HER+2fjene is a frequent event in about
30% of breast cancer and overall survival rateasreést and ovarian cancer patients
whose tumors overexpress HER-2/neu are signifigdower than those of patients
whose tumors do not overexpress HER-2/neu (Mutlet.e2004; Slamon et al., 1989).
It is suggested that high levels of HER2 resultadtivation of MAPK that activates
AIB1 and enhances the AlB1-mediated ER activityisTsults in increase in estrogenic
activity of tamoxifen (List et al., 2001; Osborneag¢, 2003).This has led to further
developments of SERMS&lch as toremifene, droloxifene, idoxifene, ralen#, and

arzoxifene (Figure 7). These compounds exhibit matiactivity for treatment of
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tamoxifen-resistant disease and are not any mgetizle than tamoxifen as a first-line
treatment for breast cang@ordan, 2004; Robertson, 200dpwever, some of these
compounds such as raloxifene increases bone midenaity in postmenopausal women
and have minimal side effects in the uterus (Cungsiet al., 1999; Delmas et al., 1997).
Moreover the results from MORE (The Multiple Outasrof Raloxifene Evaluation
trial) showed that raloxifene reduced the riskmasive breast cancer by 72% and
reduced the risk of ER-positive invasive breasteaiy 84% compared with placebo
(Cauley et al., 2001). This led to the initiatidnST AR trial to compare tamoxifen and
raloxifene for the reduction in the risk of breeahcer. Raloxifene is currently available
for prevention of osteoporosis.

Fulvestrant (Faslodex, formerly ICI 182,780) iscdemt steroidal antiestrogen
that mediates its effects by downregulating ER esgion without exerting any partial

ER agonist activities (Robertson et al., 2005; Risoa et al., 2001) (Figure 8).
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Figure 7. Structures of selected SERMS (pearcelardhn, 2004).
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Fulvestrant represents an additional treatmenbogtr postmenopausabmen with
advanced breast cancer whose disease progressemafoxifen therapy (Howell et al.,
2004; Osborne et al., 2002).

Aromatase inhibitors (Als) form another class ainpmunds that act by
inhibiting estrogen biosynthesis. Anastrozole detde, and exemestane are three
commercially available aromatase inhibitors appdobvg the US Food and Drug
Administration for treatment of hormone receptosifige breast cancer in
postmenopausal women (Figure 8) (Choueiri et D42 Als act by inhibiting
cytochrome P450-dependent aromatase activity thatests testosterone to estrogen

and androstendione to estrone in the final stegswbgen biosynthesis.
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Figure 8. Structures of selected antiestrogens €@éR and Jordan, 2002).
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Anastrozole and letrozole are nonsteroidal aroneatdsbitors that bind reversibly to
aromatase whereas exemestane is a steroidal orhibét competitively binds to the
substrate-binding site of the enzyme forming irreil@e covalent bonds that result in
permanent enzyme inactivation (Choueiri et al.,£2@sborne and Tripathy, 2005). Als
have been used in treating advanced breast cant#rdir utility in treating early
disease has not been completely evaluated. Sidetefissociated with Als are the
increased risk of osteoporosis, and/or bone fradiNabholtz et al., 2003).
1.2.5.5 Herceptin

HER2 or c-erbB2 oncogene encodes a 185-kDa tranbra@e cell surface
receptor with intrinsic tyrosine kinase activityosting homology to the epidermal
growth factor receptor (EGFR or c-ErbB) and is imred in normal cell proliferation
and tissue growth. Multiple studies demonstratedl HER2
amplification/overexpression occur in 25-30% of lannbreast cancers and is associated
with poor prognosis, short survival and recurrer{@&amon et al., 1987; Stefano et al.,
2004; Yamashita et al., 2004). It has been repdhatpatients with elevated HER2
levels show poor response to antiestrogens or ctiemapy (Jukkola et al., 2001; Lipton
et al., 2002; Rosenthal et al., 2002; Slamon e¢fl8B7). HER2/neu has been used as
both a prognostic marker for node positive patiamts predictive marker for response to
adjuvant chemotherapy, endocrine therapy (tamokitemd herceptin treatment
(Yamauchi et al., 2001). Herceptin (Trastuzumala) kerapeutic monoclonal antibody
that specifically binds to the extracellupartion of HER2 and is now regarded as a

therapeutic option for treating HER2-overexpressimgastatic breast cancers (Ross et
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al., 2004; Slamon et al., 2001). It has been repdtat with increasing amounts of
HER2/Neu oncoprotein on the cell membrane, theesscof herceptin immunotherapy
is increased (Baselga et al., 1998; Masood andZ®@2; Molina et al., 2001). There is a
moderate response rate in women treated with hiéencapa single agent however in
combination with chemotherapy greater response eatd prolonged survival of women
with advanced breast cancer is observed (Bell, @&rdiac toxicity is associated with
the use of herceptin in combination therapy wittheacyclines (Bell, 2002; Seidman et
al., 2002; Slamon et al., 2001). Ongoing clinicells are examining the potential role of
herceptin in neoadjuvant and adjuvant settingsr&atment of HER2-positive breast
cancer (Baselga et al., 2004; Burstein et al., 2003
1.2.5.6 Vitamin D analogues

1,25-Dihydroxyvitamin D3 [1,25(OHD3], the biologically activéorm of
vitamin D that interacts with the vitamin D recefdDR), has been recognized as a
regulator of proliferation, differentiatioand survival of breast cancer cells (Colston and
Hansen, 2002; Welsh, 2004). Various studies suggpsssible role for
VitaminD in prevention and treatment of breast cancerkihipnd Newmark, 1999;
Shin et al., 2002). Several mechanisms have begroped to explain the anti-tumor
effects of vitamin D and its analogues in breastea (Colston and Hansen, 2002). One
of them is the induction of apoptosis by decreatiegrelative expression of anti-
apoptotic (bcl-2/ bcl-XL) to pro-apoptotic familyambers such as bax and bak and by
upregulating apoptotic related proteins such astefin, cathepsin B and transforming

growth factor (TGH3) (James et al., 1998; Simboli-Campbell et al.,729h addition,
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several studies have demonstrated that pretreatmhén¢ast cancer cells with
1,25(OH}D3 or active vitamin D analogues potentiates thectes of TNF: on induction
of apoptosis and this is attributed to enhancedraatation of ceramide and cytosolic
phospholipase A2 (cPLA2) activation (Mathiasenlgt2z901; Pirianov et al., 1999).

Several studies also show that 1,25(el}) and its analogues inhibit breast
cancer cell growth by regulating the expressionearfain cell cycle regulators to bring
about G1 arrest. This include increase in expressi@yclin-dependent kinase (cdk)
inhibitors such as p21 and p27 and dephosphorylatiohe retinoblastoma protein (Fan
and Yu, 1995; Hansen et al., 2001; Wu et al., 198i)additional mechanism by which
vitamin D derivatives may influence breast can@& growth is through modulation of
mitogenic pathways mediated by insulin-like grodabtor | (Vink-van Wijngaarden et
al., 1996; Xie et al., 1999) and the ER (James$ £1294; Swami et al., 2000).

The potential anti-tumor properties displayed byurelly occurring 1,25(0OH)D3
(Figure 9)are limited by the tendency of this compound toseaypercalcaemia when
administered at high doses. This led to developroksynthetic vitamin D analogues
that retain the anti-tumor activity but have rediicalcaemic activity. (Colston and
Hansen, 2002). Seocalcitol (EB1089), a vitamin Blague showed markedly reduced
calcaemic activity in vivo and also in phase | stofl patients with advanced breast
cancer (Gulliford et al., 1998). Various other $atic vitamin D analogues inhibit

breast tumor growth in vitro and in vivo and aregantly in clinical trials.
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1.2.7.7 Retinoids

Retinoids are a group of natural and synthetiamitieA analogs that are known
to possess antiproliferative, differentiative, immomodulatory, and apoptosis-inducing
properties. Retinoids bind to various retinoid daileding proteins in the cytosol, which
control their availability for interactions with olear retinoid receptors, the retinoic acid
(RA) receptors (RARS) and retinoid X receptors (RXR hese receptors form RXR-
RAR heterodimers, as well as RXR—RXR homodimersland to the retinoic acid
response elements (RARES) in the upstream regigarajus genes (Toma et al., 2005;
Yang et al., 2002). Retinoids suppress breasgeceWth as well as tumor growth and
development in several animal models by inhibitmgpgenic pathways and inducing
genes linked to growth inhibition, differentiation apoptosis (Yang et al., 1999). In
several human clinical breast cancer trials natucacurring retinoids were found to be
highly toxic and most current trials are using &ic retinoids. LGD1069 (targretin),
an RXR-selective retinoid and fenretinide {N-[4-mg&yphenyl] retinamide (4-HPR)}
(Figure 9), a selective activator of RAR, are theshhwidely used retinoids in
chemoprevention clinical trials (Decensi et al.02p0

Fenretinide has very low toxicity associated withuse and in a phase IlI
secondary prevention trial with this compound theas a trend in reduction of second
breast malignancies in premenopausal but not impa®pausal women (Camerini et
al., 2001; Menard et al., 2001). LGD1069 effectvslippressed ER-negative tumor
development in mouse mammary tumor virus-erbB2sgganic mice with minimal

toxicity (Wu et al., 2002).
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Figure 9. Structures of vitamin D and syntheticn@t acid analogues.

Bexarotene is a RXR-selective retinoid that exkibi&ntitumor activity in a
breast cancer preclinical trial, but the efficaoy treatment of patients with refractory
metastatic breast cancer was limited in a multerephase 1l study (Esteva et al., 2003).
1.2.5.8 PPAR yligands

The peroxisome proliferator-activated receptorsAIR$) are ligand-activated
transcription factors and belong to nuclear hormeaoeptor (NHR¥uperfamily. PPAR
plays an important role in diverse metabolic paysvacluding differentiation of
adipocytes and macrophagam cells, control of peroxisome lipid metabolism,
maintenance of insulin sensitivity, atherosclerosigl hypertension (Chen et al., 1993;
Dreyer et al., 1992). Upon ligand binding, PPAR&h&limerizes with onef the

retinoid X receptors (RXRs) and binds to DNA sedqesncalled PPAR response
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elements (PPRES) the promoters of target genes and thereby attaascriptional
regulators (Jowharji et al., 1992; Osumi et al9@)9

Naturally occurring PPAR ligands include several polyunsaturated fatty scid
(PUFAS) (Issemann et al., 1993; Thoennes et a@dQRand eicosanoids such as 15-

deoxyA?14

prostaglandina(PGJ2). In addition, there are variety of synithégands
including non-steroidal anti-inflammatory drugs (NBS) such as indomethacin and
ibuprofen, and thiazolidinediones (TZDs) such aditeaizone, troglitazone, pioglitazone,
rosiglitazone and LY171.833 (Lehmann et al., 1999pglitazone and rosiglitazone
have been used clinically for treatmehtnsulin-resistant type Il diabetes (Girnun and
Spiegelman, 2003; Theocharis et al., 2004) (Fige The endogenous ligand(s) for
PPARy is still unclear although PGJ2 may be the mostmiotndogenous ligand of
PPARy (Forman et al., 1995; Murphy and Holder, 2000).

PPARy is expressed in several breast cancer cell linels as MCF-7, BT474,
T47D, and MDA-MB-231 cells and in human primary andtastatic breast
adenocarcinomas (Clay et al., 1999; Grommes €2@04; Kilgore et al., 1997; Mueller
et al., 1998). Several studies have shown that RRi§Rnds inhibit proliferation of
breast cancer cell lines and breast cancer tigdtiwed from patients and this has been
associated with cell cycle arrest in G1 phase,dtidn of apoptosis, enhanced
expression of cyclin-dependent kinase inhibitors p@d p27 (Clay et al., 1999; Elstner

et al., 1998; Forman et al., 1995) and downregutatif cyclin D1 expression (Qin et al.,

2003; Wang et al., 2001a; Yin et al., 2001).
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Figure 10. Chemical structures of selected PRABonists (Theocharis et al., 2004).

PGJ and TGZ inhibit proliferationf both estrogen receptor-negative breast

cancer cell line MDA-MB-231 and estrogen receptosifive MCF-7 breast cancer cells

and induce morphologicehanges associated with apoptosis, including elhadunding,

blebbing, the production of echinoid spikes, blistg andcell lysis in both the cell lines

(Clay et al., 1999). Pighetti et #001)reported that troglitazone (TGZ) treatment

resulted in regression or stasis of total tumoura in 40-50% of the

dimethylbenzanthracene (DMBA)-induced mammary tusnorats. Elstner and co-

workers showed that combination of an RAR agoaiétrans-retinoic acidATRA) and
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TGZ caused irreversible inhibition of MCF-7 celbgrth and induced apoptosis
associated with a dramatic decreafskcl-2 protein levels (Elstner et al., 1998).
Furthermore the same group demonstrated significhiftition of MCF-7 tumor growth
in triple immunodeficient mice by TGZ alone, andrtmnedadministration of TGZ and
ATRA resulted in apoptosis afibrosis of these tumors without any toxic sideeets
(Elstner et al., 1998).TGZ also prevented formatbpreneoplastic mammary lesions in
DMBA-treated murine mammary glands (Mehta et 10® and the selective PPAR
agonist GW7845 delayed tumor formation in a mouaenmary carcinogenesisodel

(Yin et al., 2005).

PGJblocked phosphorylation of epidermal growth facemeptor 2 (ErbB2) and
ERbB3 and interfered with ErbB signaling pathway$iCF-7 cells and this was
accompanied with dramatic growth-suppressive effeatcumulation of cells in the
GO0/G1 and a marked increase in apoptosis (Pighatell., 2001). Moreover, Patel et al.
showed that the activation of PPARy rosiglitazone upregulated PTEN expression and
this resulted in reduced proliferation of MCF-7Isé€Patel et al., 2001).

A phase Il study on the use of troglitazone foatireg patients with advanced
refractory breast cancer failed to show any clinbemefits. However, the study was
incomplete because troglitazone was withdrawn fcommercial availability (Burstein
et al., 2003). This is the only published clinit@l using a PPARIigand for treatment
of breast cancer. A recent study showed that somaitations of the PPARgene is a
very rare event in human malignancies suggestiagRRAR is unlikely to act as a

tumor suppressor gene and thus can be a stabkudatle target for TZD cancer
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therapy (Ikezoe et al., 2001; Posch et al., 208dyvever, a better understanding of
mechanisms underlying the antineoplatic effectBAR-gamma ligands will be needed
before they may be useful in the treatment of lireascer patients.

Other targeted therapies for treatment of breasterathat are underway include
anti-angiogenesis factors that inhibit VEGF sigmglpathways, matrix
metalloproteinase inhibitors, proteasome inhibit@®X-2 inhibitors, cell cycle
inhibitors, tyrosine kinase inhibitors and epidergrawth factor receptor blockers
(Awada et al., 2003). The role of selective aryditocarbon receptor modulators
(SAhRMS) in treatment of breast cancer will be dgsed in section 1.7.9.

1.2.6 Genomic analysisin breast cancer

Breast cancer is a complex heterogeneous disedsevaluation of a small panel
of markers provides only limited prognostic infotioa. However, high-throughput
gene expression profiling such as microarrayspsoanising new technology capable of
simultaneously measuring thousands of genes tinahel@ to construct molecular
fingerprints of individual tumors. These fingergsrave been applied to the
classification of breast cancers, to prognosis,targediction of response to treatment
(Chang et al., 2005; Esteva and Hortobagyi, 20Pd)ou and colleagues were the first
to classify invasive breast carcinoma into fivetgpbs based on their distinct gene
expression prolfiles using cDNA microarray (Pertale 2000). These included luminal
cell-like group (subtypes A & B), a basal cell-ligeoup lacking ER expression, an Erb-
B2-positive group and a normal- epithelial groupalsubsequent study it was shown

that luminal-type had a more favorable prognosimgared to the basal-like group
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(Sorlie et al., 2001). Another group used a diffié@NA microarray platform and
identified a ‘poor prognosis signature’ that inadd70 genes involved in regulation of
the cell cycle, in invasion, in metastasis, andngiogenesis (van 't Veer et al., 2002).
This signature was validated by the same groupstu@dy of 295 patients with primary
breast cancer, where they found that at 10 yeesbapility of remaining free of distant
metastases was 50.6% in the group with a poor-pgrsignature and was 85.2% in
the group with a good-prognosis signature. Thiaaigre has a strong independent
prognostic value that is currently being validafi@dclinical and diagnostic applications
(Sorlie et al., 2003; van de Vijver et al., 200B)addition, several clinical trials are
evaluating the predictive value of gene exprespraofiles in patients with early-stage
breast cancer.

Chang and colleagues have shown that gene pro@iingbe used in accurately
predicting response to neoadjuvant docetaxel (Cleaag), 2003) and another group
recently showed that gene expression profiles cprddict complete pathologic
response to neoadjuvant paclitaxel, fluorourackatubicin, and cyclophosphamide
(Ayers et al., 2004). Genome-wide approaches hesat gotential in unraveling
insights into tumor biology that can accuratelydicethe outcome and prognosis of
individual breast cancer patients, however, th@mmph use of such techniques in
clinical studies requires further optimization astdndardization of reporting procedures,
validation of gene sets across platforms and rafdin of results in carefully planned

prospective studies (Ahmed and Brenton, 2005; Gheudlj 2005).
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1.3 Transcription
1.3.1 Introduction

The flow of genetic information in all living cel]lfom bacteria to humans, occurs
from DNA to RNA (transcription) and from RNA to gean (translation). This is the
central dogma of molecular biology. Transcriptieraiprocess by which an RNA
molecule is produced from the coding region of D&l#l this process is catalyzed by
the multisubunit enzyme called RNA polymerase.ukagyotes there are three different
RNA polymerases that transcribe different classegnes; RNA polymerase | which
transcribes 5.8S, 18S and 28S ribosomal RNA (rR{@C®mai, 2004; Hannan et al.,
1998; Larson et al., 1991), RNA polymerase Il (RNIARhat transcribes all protein
coding genes in addition to some of the small rard®RNAs (snRNAs) involved in RNA
splicing and RNA polymerase Il that transcribessfer RNA (tRNA), 5S rRNA, Alu-
RNA, some snRNA and small cellular RNAs (scRNA)(Babagen et al., 1980; Chedin
et al., 1998; Paule and White, 2000; Schramm andatelez, 2002; Sharp et al., 1981).

Regulation of gene expression is critical in depeient, growth, survival and
maintenance of cellular and organism homeostasiarg® number of human diseases
including cancer involve the dysregulated expressiogenes (Villard, 2004).
Transcription initiation is one of the importanggs in controlling eukaryotic gene
expression and insight into mechanisms of transorips critical in understanding the
development and progression of cancer. The follgwsiections will review the

mechanism of RNA polymerase Il mediated transaipti
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1.3.2 Core promoter and other DNA elements

The core promoter is the site of action of the Rdbdymerase Il transcriptional
machinery and is defined as the minimal stretctootiguous DNA sequence that is
sufficient to directiccurate initiation of transcription by the gendoalbasal) RNA
polymerase limachinery (Butler and Kadonaga, 2002). Various sege motifs that are
commonly foundn core promoters includbe TATA box, initiator (Inr), TFIIB
recognition element (BRE) located upstream of SGWEA boxes (Evans et al., 2001;
Lagrange et al., 1998nd downstream core promoter element (DPE) (FifyliyeThe
core promoter may contain some, all or none ofdmastifs.

The TATA box (also named the Goldberg-Hogness @9 the first core
promoter element identified in eukaryotic proteoding genes (Breathnach and
Chambon, 1981). It has a consensus sequence of AATaRd is located 25 to 30 bp
upstream in higher eukaryotes and 40 to 120 bpegstin yeast from the initiation
start site (Wobbe and Struhl, 1990). The TATA b®thie binding site for the TATA-
binding protein (TBP) that directs the assemblhef pre-initiation complex (Patikoglou
et al., 1999). There are many other upstream premseiquences which differ from the
consensus TATA sequence but still can function&SA boxes and can interact with
TBP (Singer et al., 1990). However many promotersict contain TATA-boxes or
even TATA-like sequences; for example a databaabysis of human genes revealed
that TATA boxes were present in only 32% of 103feptial core promoters (Suzuki et
al., 2001) suggesting the importance and preseinather elements in RNAP Il core

promoters such as Inr, DPE and others.
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Figure 11. Core promoter elements for RNAP |l. THeE consensus was determined
with Drosophila core promoters. The Inr consensus is shown fdr bomans (Hs) and
Drosophila (Dm) (Butler and Kadonaga, 2002).

The Initiator (Inr) element consists of transciptinitiation site and studies have
shown that it is functionally similar to the TATA0k and can function independently of
TATA box (Smale and Baltimore, 1989). Inr is foundooth TATA containing as well
as TATA-less core promoters (Corden et al., 1980aliery et al., 1994; Smale et al.,
1998). The TFII D complex is essential for Inr =ity (Smale and Kadonaga, 2003) and
studies of TATA-Inr spacing revealed that the tdengents act synergistically when
separated by 25—-30 bp but act independently whesraed by more than 30 bp
(O'Shea-Greenfield and Smale, 1992). The DPE eleorethe other hand is located
precisely at +28 to +32 relative to the;Aucleotide in the Inr motif and is typically
found in TATA-less promoters acting in conjunctiwith the Inr (Burke et al., 1998;
Kutach and Kadonaga, 2000). The DPE element biRdDTand mutation of either the

DPE or the Inr results in loss of TFIID binding dvasal transcription activity from the
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DPE core promoter elements (Burke and Kadonagég)199addition there are 0.5-2
kbp stretches of DNA called CpG islands in the hag@nome that are associated with
approximately half of the promoters for protein-tmdgenes (Suzuki et al., 2001).
These usually lack TATA boxes, DPE elements, oelaments and are characterized by
the presence of multiple binding sites for the saiption factor Sp1 (Macleod et al.,
1994). They also possess multiple transcriptiort stees that span a region of 100 bp or
more and are often located 40—80 bp downstreamed$pl sites. Spl has been
suggested to direct the basal machinery to formeegiation complex and mediate
transcription initiation in these promoters (Blakeal., 1990; Smale et al., 1990).

Othercis-acting DNA sequences that regulate RNAP Il trapsion include the
enhancers or upstream activating sequences, sierasel boundary/insulatelements.
Enhancers bind to activators and activate transonpvhereas silencers bind to the
repressors and repress transcription. These eleroartie located many kbp away from
the transcription start site and regulate the trapson of target genes.
Boundary/insulatoelements appear to prevent the spreading of tivatiog effectof
enhancers or the repressive effects of silencengterochromatin (West et al., 2002).
1.3.3 Eukaryotic transcription factors

Eukaryotic transcription by RNAP 1l requires ttlese concert of large number
of proteins collectively termed transcription fastgHahn, 2004a; Lee and Young,
2000). Transcription factors are generally dividtgd three groups: (1) general/ basal
transcription factors which are ubiquitous andude RNA polymerase Il (Pol Il) and a

set of accessory general transcription initiatiactdérs (GTFs)(Orphanides et al., 1996);
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(2) gene-specific transcription regulators sucha@svators and repressors that modulate
the rate of transcription of specific target geimes tissue- and developmental stage-
specific manner or in response to physiologicamrironmental stimuli; (3)
transcription cofactors/co-regulators (coactivatord corepressors) or mediator
complexes which interact with regulators and medihé effects of regulators on the
general/basal transcription machinery either viadiphysical interactions with GTFs
and/or RNAP Il or indirectly through modificatioh chromatin structure.
1.3.4 Pre-initiation complex (PIC) formation and I nitiation of transcription

A breakthrough in understanding the mechanismasfsicription initiation
followed the discovery that purified mammalian RNARvould selectively initiate
transcription from template DNA when supplementeith\a crude cell extract (Weil et
al., 1979). This led to identification of the GT&rphanides et al., 1996) and
subsequent studies revealed that the basal trpisarby RNAP Il requires a
coordinated assembly of a stable pre-initiation glem (PIC) composed of DNA, RNAP
II, and six GTFs (Dvir et al., 2001). GTFs includanscription factor (TF) lIA, TFIIB,
TFIID, TFIE, TFIIF, and TFIIH. TFIID is composed @BP plus about fourteen TBP-
associated factors (TAFs). Table 5 summarizesuharst composition and function of
human GTFs. Moreover the crystal structures andetsaaf RNAP Il (Cramer et al.,
2000; Westover et al., 2004), structures of sev@iidts and structures of RNAP I
interacting with GTFs combined with biochemical ayahetic studies have provided
novel insights into the mechanism of transcrip{iBoshnell et al., 2004; Chen and Hahn,

2003; Chung et al., 2003).
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Table 5 Human general transcription initiation tast(Martinez et al., 2002).

Factor Number of | Mass in (Kda) of Function
subunits subunits
TF IID 1 38 Core promoter recognition (TATA box);
TBP TFIIB recruitment
TFIID 14 250, 150, 140, 135, | Core promoter recognition/selectivity (non-
TAFIIS 100, 80, 55, 43, 31, | TATA elements); regulate TBP functions;
30, 28, 20, 18, 15 coactivators; protein kinase, histone

acetyltransferase, and H1 ubiquitylase
activities (TAF250).

TFIA 3 34 (@), 19 B), 12 ¢) | Stabilization of TBP-DNA and TAF-DNA
interactions; anti-repression and coactivator
functions.

TFIIB 1 35 Stabilization of TBP-DNA interactions;
recruitment of Pol II-TFIIF; start site selection
by Pol Il.

TFIF 2 74(RAP74), 30 Recruitment of Pol Il to promoter DNA-TBPA

(RAP30) [IB complex; destabilization of non-specific
Pol IIDNA interactions; facilitates Pol Il
elongation.

Pol 1l 12 220-10 (RPB1-12) RNA polymerase (pre-mRNAthgsis);

recruitment of TFIIE; role of its CTD domain
in interactions with mediator complex,
elongator complex and pre-mRNA processifg
factors.

TFIIE 2 57 ¢), 34 () TFIIH recruitment, modulation of TFIIH
helicase ATPase and kinase activities;
facilitates promoter melting.

TFIIH 9 89 (ERCC3/XPB), 80| Promoter melting (open complex); helicase
(ERCC2/XPD), 41 (XPB and XPD); CTD kinase (CDKT7); role i
(CDK7), 38 (cyclin nucleotide excision repair.
H), 34, 32 (MAT1),
62, 50, 44 (hSSL1).

The first step in PIC assembly is nucleated by inipaf the TBP, a subunit of
TFIID, to the TATA box (Woychik and Hampsey, 2002Zhe core domain of TBP binds
the minor groove of the TATA box as a molecularddaénd induces a sharp bend in
the DNA toward the major groove by partial unwirglof base pairs (Kim et al., 1993).
TBP is essential for initiation of transcription &l three RNAP 1, 11, and Il (Hernandez,

1993). However, at TATA-less promoters with INnfZPE elements, basal transcription
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is facilitated by interaction of other factors swshTAFs and initiator-dependent
cofactors (TICs) (Burke and Kadonaga, 1996; Sni&lé7). The binding of TFIID to
the core promoter is stabilized by TFIIA that bitdghe DNA sequences upstream of
the TATA element (Sun et al., 1994; Tan et al.,8)9%his complex is further stabilized
by association with TFIIB that contacts both TBRI &NA sequences and help recruit
RNAP II and other factors to the complex (Butled dtadonaga, 2002; Nikolov et al.,
1995; Tsai and Sigler, 2000).

There are two models proposed for the recruitmemEtiF, RNAP II, TFIIE
and TFIIH following the formation of TF 1ID-11A-1IBDNA complex (Figure 12)The
first model is based on the in vitro experimentshvpurified factors which suggests
sequential recruitment of TFIIF plus unphosphosdaRNAP I, TFIIE and TFIIH
resulting in fully assembled or complete PIC fornimat Figure 12 is a schematic
representation of PIC formation. The alternativelelsuggests the possibility that the
TFIID/TBP-IIA-IIB-DNA complex is recognized in asjle step by a pre-assembled Pol
Il holoenzyme. This is based on the discovery thathypophosphorylated form of Pol
Il in yeast and mammalian cells, can be found aatext with a variety of factors in
large holoenzyme complexes in solution (Hengargted., 1995; Koleske and Young,
1994; Ossipow et al., 1995) . The holoenzyme gdigereludes TFIIF, TFIIE, TFIIH,
and components of the multi-subunit cofactor compkdled Mediator (Malik and
Roeder, 2000; Thompson et al., 1993). Mediatonisssential component of the RNAP
Il general transcriptional machinery and playswc@l part in the activation and

repression of eukaryotic mMRNA synthesis (Conawagl.eR005b; Myers and Kornberg,
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2000). In either case, once the PIC complex is éaknthe next step is to form an open
complex. TFIIH has two ATP-dependent DNA helicagkspposite polarity (XPB and

XPD) and a cyclin-dependent protein kinase (cdkalioyH) (Tirode et al., 1999).

Model 2

TFIIF.POL II
Mediator

Model 1

Figure 12 Schematic representation of alternative pathwaydGfassembly (Martinez
et al., 2002).
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TFIIE activates the helicase activity associatetthWilIH. The helicase once activated
catalyzes ATP-dependent unwinding of the DNA tergpé the transcriptional start site
and promoter melting to form the open complex (Deciz et al., 2000; Kim et al., 2000;
Kim et al., 1997). Once the open complex has fornmetiation of transcription begins
with synthesis of the first phosphodiester bon&NfA. In many systems, RNAP I
synthesizes multiple short RNAs (of three to tesdsd, termed abortive products, before
it initiates productive synthesis of full-length RbI(Holstege et al., 1997).

The next step after initiation is phosphorylatidrire CTD (carboxy-terminal
domain), the largest subunit of Pol Il, which faatles promoter clearance and
progression into the elongation phase of trangongty disrupting interactions of the
CTD with components of the PIC (Liu et al., 20089llowing this RNAP Il, TFIIB and
TFIIF dissociate from the promotieraving the remaining general factors at the premot
serving as a scaffold for the formation of the neamhscriptionnitiation complex
(Yankulov and Bentley, 1997; Yudkovsky et al., 20R8wel et al., 1995). At this point
RNAP Il enters the stage of transcription elongatiod elongation factors that promote
productive RNA chain synthesis, RNA processing RMA export are recruited
(Orphanides and Reinberg, 2000; Sims et al., 280djstrup, 2004). Once the promoter
is cleared, the nexbund of transcription can be reinitiated. Reirnitia of transcription
is much faster process relative to ithéal round, and is responsible for the bulk of
transcriptionin the cell (Jiang and Gralla, 1993; Ranish etl&99). The final step in the

transcription cycle is transcrigrmination followed by mRNA processing which
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involves the addition of a 5'-cap, the excisiomndfons by splicing factors, and the
addition of a 3'-poly(Ajail (Proudfoot et al., 2002). Transcript elongafi&NA
processing and termination events all happen astrgptionally and is coupled to the
progress of RNAP Il through the gene (Bentley, 30Qhce mRNA is processed it is
transported to the cytoplasm for protein synthesis.
1.3.5 Chromatin modifying complexes

DNA in eukaryotes is packaged into nucleoprot@mplex known as chromatin.
The fundamental repeat unit of chromatin is thdeasome, which is comprised of an
octamer of four core histones, H2A, H2B, H3 anddd#4ounded by 146 bp of DNA
(Luger et al., 1997). Nulceosomes are further datlefolded in to higher order
compacted chromatin structures (Georges et al2;2B0bert et al., 2005). It is
necessary to open the compacted chromatin intowelextended state to initiate
transcription. This is accomplished by chromatirdifiong complexes that can be
divided in to two classes (Li et al., 2004; Martin2002). The first one contains ATP-
dependent chromatin remodeling complexes suchas $VI/SNF complex (Smith
and Peterson, 2005). These enzymes use the fregyatexived from the hydrolysis of
hundreds of molecules of ATP per minute to disthptchromatin structure. This class
of ATPases has been further subdivided into at base major subfamilies: the
SWI2/SNF2, Mi-2/CHD, and ISWI families, as well apotentially new family of
Ino80-like complexes. All of these complexes camtan ATPase subunit that is
essential for remodeling along with additional suilsithat affect regulation, efficiency,

and specificity. They modify chromatin structureasimon-covalent manner, presumably
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by modifying the histone-DNA contacts within indivial nucleosome, resulting in
either localized disruption of the histone-DNA cacts or mobilization of the
nucleosomes on the chromatin fiber (Vignali et2000). Human homologs of
SWI/SNF complex include BRG1 and BRM and has beend to activate a subset of
IFN-a inducible genes (Huang et al., 2002c).

The second class is histone-modifying complexesstwadd or remove covalent
modifications, such as acetylation, methylatiomggghorylation, and ubiquitation from
histones (Strahl and Allis, 2000). Histone acetglats the best-studied histone
modification and is carried out by histone acetghsferases (HATS) complexes. HATs
acetylate the-amino groups of conserved lysine residues withéhistone tails (Roth
et al., 2001). HATs are usually associated withtiprbtein complexes including those
that contain the catalytic HAT subunit Gcnb5, sushhe SAGA, SLIK/SALSA, ADA,
STAGA, and TFTC complexes; complexes containinglgat subunit p300/CBP
(human) and human and mouse catalytic subunit SRRC3 and TIF2 (Torok and
Grant, 2004).

It has been suggested that HAT activity increalsestcessibility of DNA to
transcription factors by lowering the positive a@rdecondensing the compaction of
nucleosomal array, disrupting histone-histone attons between neighboring
nucleosomes (Garcia-Ramirez et al., 1995), or bgureng additional transcription
factors through the histone code mechanism (Agadtal., 2000; Wolffe and Hayes,
1999).Hyperacetylation of histones is well correthtvith transcriptionally active and

open chromatin structures. HATs can acetylate satiest other than histones, including
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DNA-binding activators such as p53 (Gu and Roetieé97), GATA-1; architectural
proteins such as HMG-I or HMG-17 (Herrera et @99); GTFs such as TFIIE and
TFIIF (Imhof et al., 1997) and others. On the oth&nd hypoacetylation of histones is
carried out by histone deacetylases (HDACSs) ardseciated with transcriptional
repression and silencing (Ito et al., 2000). HDA&wove the acetyl group from the
histones comprising the nucleosomes resultinggimeir wrapping of the DNA. HDACS
are associated with multi-protein co-repressor dergs such as Sin3 and NurD (Ayer,
1999). In addition to histones, HDACs have beemshto deacetylate other proteins
including p53, E2Fa-tubulin and MyoD (Hubbert et al., 2002; Juan et2000).
1.3.6 Transcriptional activation of eukaryotic genes

RNAP Il and GTFs are capable of carrying out b&saiscription,
however, gene-specific transcriptional activatiequires sequence-specific DNA
binding proteins called transcriptional activattirat bind to the upstream activating
sequences (UAS) or enhancers. A typical activatatains a DNA binding domain
(DBD) in addition to a separable activation dom@D) to stimulate transcription
(Ptashne and Gann, 1997). One of the importantifumg of activator is to recruit
chromatin-modifying complexes such as SWI/SNF aAGA to promoters. These
complexes disrupt the chromatin structure makimgcibre promoter more accessible for
RNAP Il and GTFs as well as other transcriptioegiulators. Several lines of evidence
indicate that an important aspect of activator fiamcis to stimulate the recruitment of
the basic transcription machinery (i.e., RNAP I &iTFs) by directly interacting with a

component(s) of this machinery (Kuras and Strud@2t Li et al., 1999). For example
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TFIID has been implicated as a target for activasuch as Spl, CREB, VP16 and myc
(Chiang and Roeder, 1995; Kuras and Struhl, 199ph&nides et al., 1996; Ptashne and
Gann, 1997). Activator VP16 has also been showntévact with TFIIB (Hall and

Struhl, 2002; Roberts et al., 1993). Interactiofihe activation domain of transcription
activator E2F1 with two GTFs, the TBP and TFIIH éalso been characterized
(Pearson and Greenblatt, 1997). Moreover, actigatmrease the overall elongation rate
of polymerase, possibly by stimulating the ratpm@moter escape or polymerase Il
processivity (Blau et al., 1996; Brown et al., 1p98ctivator GAL4-VP16 stabilizes the
transcription reinitiation intermediate suggestale for some activators in promoting
high levels of transcription (Yudkovsky et al., B)OFigure 13 is a schematic

representation of transcriptional activation oftpno coding genes.

Figure 13. Schematic representation of transcmpliactivation of protein coding genes
(Martinez et al., 2002).
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1.3.7 Mediator complex and its interaction with activators

The Mediator complex consists of 25—-30 proteing, i conserved throughout
eukaryotes (Malik and Roeder, 2005). Mediator vitss fliscovered and purified to near
homogeneity fronsaccharomyces cerevisiae by Kornberg and coworkers (Kim et al.,
1994). Yeast Mediator is a stable multi-subunit ptax of more that 20 proteins that
include various SRB and MED proteins. Subsequentlytiprotein mammalian Med-
like complexes have been isolated and includetywoid hormone receptor-associated
proteins/SRB-Med containing cofactor (TRAP/SMCQ}j\aator-recruited factor-large
(ARC-L), vitamin D receptor-interacting proteinsRIP), positive cofactor 2 (PC2),
cofactor required for Sp1 activation (CRSP), modsel and rat Med complexes
(Conaway et al., 2005a).

Mammalian Mediator complexes seem to affect sevaegqls during assembly of
the pol Il preinitiation complex, including recmnént of TFIID (or TBP) and pol Il to
the core promoter and the other GTFs (Conaway.,2@05b; Lewis and Reinberg,
2003). Distinct subunits of the Mediator complexhin the basic Pol Il machinery are
essential targets of activator proteins (Fishbural.e2005; Klein et al., 2003). For
example, interaction between MED23 and activatkrEhas been shown to stimulate
transcription of the moudegrl gene at initiation as well as at a step after #&&embly
(Wang et al., 2005). Also, the interactions of VRith both MED17 and MED25 has

been well demonstrated (Mittler et al., 2003; Yangl., 2004a).
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1.4 Transcription Factor Spl
1.4.1 Sp/KLF family of proteins

Transcription regulation of protein encoding geimesukaryotes is carried out by
a combination of several egcting elements and traasting transcription factors.
G-rich elements such as GC-BGGGCGGGG-3 and GT (5-GGTGTGGGGBboxes
are recurring ckacting elements in promoters and distal regulategyons of several
mammalian genes (Suske, 1999). These elementaplagportant role in regulation of
expression of many ubiquitous, tissue-specific\aral genes. In addition these motifs
are involved in the maintenance of the methylafiele- status of the CpG islands as
shown for APRT gene (Brandeis et al., 1994; Macletal., 1994). Sp1 (Specificity
protein 1) and other members of the Sp/KLF binthese GC and GT boxes and
regulate transcription.

Splis the first identified and cloned protein of &rippel-like factor (KLF)
protein family that currently contains 25 memb&/KLF family can be divided in to
two major subgroups. The first group contains Sygins (Sp1-Sp9) named after Spl
and is characterized by the presence of Button(i@aD) box CXCPXC, just N-
terminal to the zinc fingers domain. The secondigrs a more heterogeneous group
called KLFs that contain 16 proteins (KLF1-KLF1@dado not have a BTD box (Suske
et al., 2005). Table 6éutlines the functional properties and expressattepns of
SP/KLF family of proteins. The defining featureQp/KLF family of proteins is the

presence of zinc finger domain in their C-termirggion.
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Table 6. Summary of the expression pattern andifumal features of Spl-like/KLF
family members (modified from Kaczynski et al., 300

Protein Transcriptional activity (and Expression Interacting
functional domains) coactivator/
corepressor
Spl/SPR-2 Activator (Q-rich domains) Ubiquitous CRSBO#3B
P TAFII130
Sp2 Unknown (Q-rich domain) Unknown Unknown
Sp3/SPR-2 Activator and/or repressor (Q+1 Ubiquitous Unknown
rich domains)
Sp4/HF1B/SPR-1 Activator (Q-rich domains) Brain-enriched krdrvn
Sp5 Unknown Ubiquitous Unknown
Sp6/ KLF14 Activator Ubiquitous Unknown
SP7/0SX/osterix
SP8
KLF1/EKLF Activator (acidic domain) Erythroid mast cells Q82CBP,PCA
F, SWI/SNF
andmsSin3A
KLF2/LKLF Activator (acidic domain) Lung, blood vessels, | Unknown
lymphocyte
KLF3/BKLF Activator/repressor Erythroid tissue- and | CtBP2
brain-enriched
KLF4/GKLF/EZF Activator and/or repressor Gut-enriched p300/CBP
(acidic survival domain)
KLF5/CKLF/IKLF/B | Activator Gut and epithelial Unknown
TEB2 tissues
KLF6/COPEB Activator Ubiquitous Unknown
GBF/ZF9/BCD1/CP
BP/ PAC1/ST12
KLF7/UKLF Activator (acidic domain) Ubiquitous Unknown
KLF8/BKLF3, Repressor Ubiquitous CtBP2
DXS741, ZNF74
KLF9/BTEB, Activator/repressor (SID) Ubiquitous mSin3A
BTEB1
KLF10/EGRA, Repressor (SID, R2, R3) Ubiquitous mSin3A
TIEG, TIEG1
KLF11 FKLF, Activator and/or repressor (S0, Ubiquitous mSin3A
FKLF1, TIEG2 R2, R3)
KLF12 AP2REP, Repressor Brain, kidney, liver andCtBP1
AP-2rep lung
KLF13/BTEB3/ Activator/repressor (SID, R2 | Ubiquitous mSin3A,
FKLF2/NSLP1/ and R3) p300/CBP,
FKLF-2/ RFLAT1 PCAF
KLF15/KKLF Repressor Ubiquitous Unknown
KLF16 DRRF, Repressor (SID) Ubiquitous mSin3A
BTEB4, NSLP2
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This zinc finger domain represents the DNA-binddagnain and consists of three zinc
fingers of the classical Cyslis, type. Sp1l is thought to contact DNA with the amino
acids KHA in the first, RER in the second and RHiKkhe third zinc finger. These
critical amino acids are conserved in Sp3, Sp4, WBFEB1, KLF10/TIEG1 and
KLF11/TIEGZ2 proteins and are capable of bindingdlassical GC-box (5
GGGGCGGGG-3 with relatively similar affinities (Cook et all998; Hagen et al.,
1992; Sogawa et al., 1993). However, the DNA-bigdipecificity of these proteins is
altered if the proteins differ in the key residuésr instance Sp2 protein has a leucine in
place of histidine within the first zinc finger ahds been shown to preferentially bind a
GT rather than a GC-box (Kingsley and Winoto, 1992 xaddition there are several
other proteins of the family such as KLF1 and KItR&t contain a leucine instead of a
lysine in the third zinc-finger motif and preferiadly bind the 5'-CACCC-3' element
(Crossley et al., 1996; Miller and Bieker, 1993).

The DBD is the most highly conserved domain amooiKSF family members
whereas the amino-terminal regions of the Sp1/Kitdtgins are much more variable
and contain transcriptional activation and repassiomains. For example Sp1l is one of
the most potent transcriptional activators with latamine-rich activation domains
whereas KLF11 (TIEG2) functions as a potent traptional repressor and posseses
three amino-terminal repression domains includivg3in3 interaction domain (SID),
which mediates interaction with the corepressom®8&i(Cook et al., 1999; Zhang et al.,

2001). In addition, several Sp/KLF proteins canction as either activators or
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repressors, depending on the cell and promoteegbrior example Sp3 has both
activation and repression domains and thereby ceasaan activator as well as a
repressor of Spl-mediated activation dependindnerceéll and promoter context
(Majello et al., 1997). The expression patternagable among different family
members and is an important aspect in determimeagpecificity of these proteins. For
instance Spl and Sp3 are ubiquitously expresseteati¢he expression of KLF1/EKLF
and Sp4 are restricted to erythroid cells and hrespectively. Also the data from the
experiments with knock-out mice have revealedaaitroles for most of the members of
Sp/KLF family in growth and development (Kaczynskial., 2003).
1.4.2 Sp subfamily

Sp members of the SP/KLF family consist of 9 Spgqins, Sp1-Sp9. Spl was
first identified as the transcription factor thatds to and activates transcription from
multiple GC-boxes in the simian virus 40 (SV40)le@romoter (Dynan and Tjian,
1983). Sp1 protein was then cloned by Kadonagacanworkers from Hela cells
(Kadonaga et al., 1987). Sp1 was the first clonecthtrer of Sp proteins and was
initially thought to control gene expression ofgdines containing GC or GT boxes.
However, this view changed after the identificatadrother Sp family members
including Sp3 and Sp4 that also bind GC or GT baxiéls the same affinity as Spl and
regulate gene expression. Within the Sp proteirls Sp2, Sp3 and Sp4 form a subgroup
based on their similar modular structure. Spl, &mBSp4 proteins contain two
glutamine-rich (Q-rich) transactivation domains wdaB that are critical for

transcriptional activation while Sp2 has only oh&amine-rich domain (Figure 14).
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All four proteins contain serine/threonine-rich geqgces that could be a target for post-
translational modification. Sp5-8 are low molecwaaight proteins and also possess
several domains common to Sp1-4. All nine Sp pnstéiave Btd box immediately N-
terminal to the zinc finger domain in addition tp ISox (SPLALLAATCSR/KI) that is
located at the N-terminus of the proteins (Harrisbal., 2000). The Btd element has
been shown to be involved in synergistic activabgrSpl or Sp3 with sterol-regulatory

element-binding proteins (SREBP) (Athanikar et 297).

A B C D
»1 H: -c
2 HH c
Sp3 H e
ID
Sp4 HH]: e

Sp box E S/T- rich region box m Q- rich region

|:| Btd box I Zinc finger Highly charged region

Figure 14. Structural motifs in Sp proteins. Actiga (AD) and inhibitory (ID) domains
are indicated (modified from Bouwman and Philipsz002).
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The Sp-box contains an endoproteolytic cleavageasitl is situated close to an N-
terminal region of Sp1l that targets proteasome-udga degradation in vitro (Su et al.,
1999). The following sections will review Sp1, Sigh3 and Sp4 proteins in detalil.
1.4.3 Functional properties of Spl, Sp2 Sp3 and Sp4

1.4.3.1 1

Sp1l regulates transcription of several genes bgifignto GC-boxes in their
promoter regions. Molecular cloning of Spl and egoent dissection of various
functional domains of Sp1l protein revealed thahl@irich domains act as strong
activation domains (Courey and Tjian, 1988). Spi stanulate transcription from both
proximal and distal sites and can synergisticatlyvate transcription from multiple
binding sites through protein-protein interactitwetween adjacent Sp1l proteins. Spl
can form tetramers and this provides further ewidethat Sp1 protein-protein
interactions are involved in synergistic activatadriranscription (Courey and Tjian,
1988). Domain D is required in addition to botmsactivation domains for synergistic
activation of Spl1 (Pascal and Tjian, 1991).

Spl-dependent transactivation involves Spl protge@ractions with several
components of basal transcription machinery incigdiBP (Emili et al., 1994) and
specific TAFs. For example DNA binding domain oflSpteracts with human TAFII55
(Chiang and Roeder, 1995) and the A-domain of 8fgkacts with glutamine-rich
regions in human TAF130 (Rojo-Niersbach et al.,.2% ®aluja et al., 1998). In addition
to basal transcription machinery. Sp1l also interacth human mediator or coactivator

complex called cofactors required for Sp1 coadiwveor CRSP (Ryu and Tjian, 1999).
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CRSP is a 700 kDa multi-protein complex which fimas in conjunction with the

TBP-associated factors to promote efficient acibradf transcription by Sp1(Naar et al.,
1998, 1999; Taatjes et al., 2002; Taatjes and ;Ta04).

Spl protein can also be modified post-translatigria} glycosylation (Jackson
and Tjian, 1988) and phosphorylation. Glucose d@pion results in reduced
glycosylation of Sp1 and this is associated withneneased susceptibility of Sp1
protein to proteasome-dependent degradation (Harkadlow, 1997; Yang et al.,
2001). Jackson et al. first reported phosphorytatibSpl by a DNA-dependent protein
kinase and since then a large number of differaratdes that phosphorylate Sp1
including PKA, PKCE, casein kinase I, ERK, cyclin-dependent kinase, @hers have
been identified (Chu and Ferro, 2005; Jackson.e1890). Spl phosphorylation has
been linked to functional changes in DNA bindingl gmomoter activation and could
either increase or decrease expression of thettgege, depending on the cell and
promoter context (Chu and Ferro, 2005).

In addition to house keeping genes, Sp1l also regtranscription of several cell
cycle regulated and tissue-specific genes by ioter@ with other transcription factors
and nuclear proteins including AhR, Arnt, GATA-1ATGA-2, GATA-3, NF-YA, VHL,
MyoD, HDAC1, PML, HTLF, E2F1, YY1, MDM2, c-jun, AR; myc, NFAT-1, HD
protein, cyclin A, Oct-1, TBP, HNF3, HNF4, p53, MEE, SMAD2, SMAD3, SMAD4,
Msx1, several viral proteins (c-rel, p50, p52,Aetat, and BPV-E2), EI1, Rb, p107 (Rb-
like), DNMT1, and ZBP-89 (Safe and Kim, 2004). Mos$the interactions of these

proteins are mediated by C-terminal domain (C/D$pt. For example both E2F1 and
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Spl proteins physically interact and are involvedooperative activation of the
thymidine kinase promoter that contains a GC-rioth an E2F1 site separated by 6 bp
(Karlseder et al., 1996; Lin et al., 1996). Mutatmf either site results in more than 90
percent loss of basal activity in Swiss 3T3 cells.

Splis involved in growth regulation by regulatseyeral growth-promoting
genes such as dihydrofolate reductase (DHFR) (destsa., 1997), ornithine
decarboxylase promoters (Kumar and Butler, 1998)lin-like growth factor (IGF)-
binding protein 2 (Kutoh et al., 1999), vasculadethelial growth factor (VEGF)
(Milanini et al., 1998) and thymidine kinase (S@en and Wintersberger, 1999).

Moreover Sp/KLF family members play a role in tlifeets of multiple growth-
related signaling pathways by mediating effectgrofvth factors and cytokines,
including those involving EGF and erbB receptoliFé, PDGF, TG, IGF-1 and
IGF-II, interferony, follicle stimulating hormone, thyroid hormonefregen, and
androgens (Black et al., 2001a). In addition SgB &d other members of Sp/KLF
family are involved in regulation of the growth ibliory gene p21(Gartel and Tyner,
1999). p21 gene contains six Spl sites in its pnakpromoter region and these sites
mediate the regulation of p21 in response to melsmuli from different signal
transduction pathways (Lu et al., 2000b; Wang .e2800; Zhang et al., 2000b).

Activation of p21 through the proximal GC-rich elemts in the human p21
promoter was primarily dependent on Sp3 and notiBpG63 cells (Nakano et al.,
1997; Sowa et al., 1999a; Sowa et al., 1999b), @dwrin other human cell lines and

Drosophila cells, Sp1 was a more potent activator (Koutsddaatital., 2001; Pagliuca et
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al., 2000). Thus different Sp proteins bind witffetent affinities and can activate or
repress the p21 promoter depending on cell coataxkthereby integrate the multiple
signaling pathways. The role of Sp1 protein inagn-mediated transactivation of
genes in breast cancer cells will be discusseeétaildsection 1.6.5.4.
1.4.3.2 2 and 4

Sp2 binds to a GT-box promoter elemeithin the T-cell recepton promoterin
vitro (Kingsley and Winoto, 1992%p2 represses Spl- and Sp3-mediated activation of
the CTP: phosphocholine cytidylyltransferaspromoter inDrosophilaSL2 cells
(Bakovic et al., 2000). Recently Phan et al. (2CGR)wed that down-regulation of
carcinoembryonic antigen-related cell adhesnahecule 1CEACAM1) gene in prostate
cancer is mediated by the transcription factor a2 recruitdistone deacetylase
(HDAC) to repress transcription of the CEACAN@&ne (Phan et al., 2004). The
transactivation function of Sp4 also resides in@aech domains, however, Sp4 is not
able to synergistically transactivate from promstesntaining multiple binding sites
(Hagen et al., 1995). Sp4 activates promoteB3rwsophila cells and in several
mammalian cell lines (Ahlgren et al., 1999; Leraeal., 2005; Wong et al., 2001).
1.4.3.3 $3

The expressiopattern and the structure of Sgp@ very similar to Sp1. In
addition Sp3 binds to the GC and GT boxes withlsingffinities as Spl but there are
striking functional differences between the twotpnas. Unlike Sp1, Sp3 can function
both as an activator or a repressor depending lbarw: promoter context. There are

multiple isoforms of Sp3 that makes the transauipdi control by Sp3 more complex



63

(Kennett et al., 1997; Kingsley and Winoto, 1992)rlh et al., 2004; Sapetschnig et al.,
2004). Sapetschnig et al. showed that four isof@in®p3 are expresseal vivo, two

long forms and two short forntisat differ in the extent of the N-terminzdrt and are
derived from alternative translational start s{teapetschnig et al., 2004). The short
forms of Sp3 lack the subdomain A of the transvatibn domain and act as repressors
or weak activators.

Sp3 stimulates transcription of many promotersudiclg PDGF-B (Liang et al.,
1996), thymidine kinase (Birnbaum et al., 19951 (Gzartel et al., 2000; Majello et al.,
1997; Sowa et al., 1999b), and hum&{(l) collagen (Ihn and Trojanowska, 1997).
Transactivation potential of Sp3 appears to beain, dependent on the number and
arrangement of recognition sites. There are sevepairts showing that Sp3 can
transactivate promoters containing a single Spibgdite but cannot activate promoters
containing multiple Sp-binding sites (Birnbaum ket 8995; Dennig et al., 1996; Prowse
et al., 1997). Whether Sp3 is transcriptionallynacbr repressive also depends on the
cell context. For instance, transfected Sp3 stitedl&ranscription from the HERV-H
long-terminal repeat in the teratocarcinoma cak INTera2-D1 but acted as a repressor
in HeLa human cervical cancer and SDfbsophila cells (Sjottem et al., 1996).
Moreover, Sp3 has been shown to repress Spl-meédiatesactivation function by
competing for the same binding site (Birnbaum gtl&195; Majello et al., 1995; Yu et
al., 2003). It was suggested that since Spl ancc8pPete for the same binding sites,
the relative expression of Spl and Sp3 within @gieell type should determine the

regulation of some target genes. Alterations inréhative abundance of the two proteins
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under different conditions have been reported aisvtas associated with changes in
regulation of target genes (Apt et al., 1996; Desatt al., 1998; Hata et al., 1998).

The transactivation potential of Sp3 is due tottih@ Q-rich domains similar to
Spl and the inactivity of Sp3 is explained by thespnce of an inhibitoigomain
located between the second glutamine-rich actiaaionain and the zinc finger region
(Dennig et al., 1996; Majello et al., 1997). Mubatiof critical KEE triplet within this
inhibitory domain results in relief of repressiamdgpotentiates the transactivaton
potential of Sp3. It has been shown that acetylaticthe lysine residue within the KEE
triplet results in decreased transcriptional attief Sp3 (Braun et al., 2001). In addition
Sp3 is post-translationally modified by the snad@liquitin-like modifier (SUMO) within
its inhibitory domain botlin vivo andin vitro (Ross et al., 2002; Sapetschnig et al.,
2002) Mutations of amino acids that were esseftiaBEUMO modification were shown
to strongly enhance the transcriptioaelivity of Sp3 suggesting that SUMO
modification silences transcriptior@pacity of Sp3. Sapetschnig et al. recently showed
that unlike Sp1, none of Sp3 isoforms are glycdsgdahoweverall four isoforms
become SUMO-modifieth vivo as well asnvitro specifically and exclusively at lysine
residue 551 (Sapetschnig et al., 2004).
1.4.4. Physiological role of Sp proteins

The knockout phenotypes of Sp proteins reveat tirdical and distinct
functions in growth and development. Sp1-deficembryonic stem cells (ES cells) are
viable with normal growth characteristics and canrauced to differentiate and form

embryoid bodies as efficiently as wild type ES £¢8uske, 1999). However the Sp1-
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knockout embryos exhibit multiple abnormalitiegarded development and they all die
around day 11 of embryonic development. Despitelthelopmental abnormalities Sp1l
null embryos were shown to express many putatiiet&met genes at normal levels,
including housekeeping and cell-cycle regulateceggMarin et al., 1997). Sp4 is
primarily expressed in the brain and approximately thirds of thesp4-/- mice die
within a few days of birth. The surviving animale aeduced in size and the male mice
are infertile and unable to copulate (Gollner et2001; Supp et al., 1996). In addition
Sp4 null mutant mice have been shown to suffer fcandiac arrhythmia and sudden
death (Nguyen-Tran et al., 2000).

Sp3 knockout mice are retarded in growth and diariably at birth of
respiratory failure (Bouwman et al., 2000). In dighi, Sp3—/— mice show impaired
hematopoiesis, tooth and bone development (Bouwahah, 2000; Gollner et al., 2001;
Van Loo et al., 2003). Bone formation is blockedim/ knockout mice (Nakashima et
al., 2002) and Sp5 knockout mice showed no overhptype (Harrison et al., 2000).
Mice with a targeted deletion 88 gene gava dramatic phenotype including the
absence of tails and severtlyncated forelimbs and hindlimbs. In addition Sfp8nice
showed central nervous system defects which indiadiilureto close both the anterior
and posterior neuropores, leadingxencephaly and spina bifida (Bell et al., 2003)
Thus, it is evident from the results of knockoutenthat Sp proteins play critical and

specific roles in cellular functions of growth adelvelopment.
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1.5 Nuclear Receptor Superfamily
1.5.1 Introduction

Nuclear receptors (NRs) are a superfamily of {tapson factors that play an
important role in embryonic development, reprodutthomeostasis, metabolism and
other biological processes (Aranda and Pascuall)20ysfunction of nuclear receptor
signaling is implicated in several human diseasekiding diabetes, infertility, obesity,
neurological dysfunctions, and leukemia, breast@odtate cancers. This makes
nuclear receptors potential targets for drug discpMndeed, ligands for several nuclear
receptors are currently used clinically to treahyndiseases including cancer. For
example tamoxifen targets the ER and is used &b kne@ast cancer. Ligands for the
glucocorticoid receptor (GR) such as dexamethaaom@sed as anti-inflammatory
drugs and chemotherapeutic agents; the mineralocmttreceptor ligand,
spironolactone, is used for prevention of cardibosis; and PPAR gamma ligands such
as thiazolidinediones are used for treating typlidbetes (Pearce et al., 2004).

There have been 21 NRs identified in the completeoge of the flyDrosophila
melanogaster (Adams et al., 2000), 270 in nematdckenor habditis elegans (Sluder et
al., 1999) and 48 NRs in the human genome (Magtid., 2003). Although many NRs
have known ligands, the majority of nuclear receptoe called orphan receptors for
which ligands have nget been discovered. Out of 48 human NRs, 24 guieaor
receptors, however, those that will remain as ¢mpdan receptors have not been
established. The mammalian NR superfamily can bieel in to six classes based on

nuclear receptor sequences using molecular phyjogfnanda and Pascual, 2001;
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Gronemeyer et al., 2004). Table 7 outlines differeneptors within each class along
with their ligands and response elements. Ligahdshind NRs include steroid
hormones such as estrogens (binds ER), progestéms PR), mineralocorticoids
[binds mineralocorticoid receptor (MR)], glucocedids (binds GR) and androgens
[binds androgen receptor (AR)]; in addition othersidal molecules such as vitamin D,
oxysterols and bile acids that bind vitamin D ré¢oep(VDR), LXR and FXR. Other
ligands for NRs include retinoic acids (all-tramsl®-cis isoforms) (binds RAR and
RXR respectively), thyroid hormones (bind TR), xbiwmbics (bind CAR and PXR), fatty
acids, leukotrienes, protaglandins (PPARS), varmaatabolites and growing numbers of
lipophilic molecules (Escriva et al., 2000; Chawtaal., 2001). Many known natural
ligands of NRs including corticoids, vitamin D, egjen, progesterone, androgen and
retinoic acid derivatives that arise from isoprehderived biochemicals that have been
further metabolized (Steinmetz et al., 2001).
1.5.2 Domain structure of NRs

Nuclear receptors share a common modular struetitiheautonomous functional
domains that can be interchanged betwetated receptors without loss of function
(Wrange and Gustafsson, 1978; Kumar et al., 198%)pical nucleareceptor consists
of a variable amino-terminal region (A/B domainanserve@®NA-binding domain
(DBD) or region C, a linker region D, and¢@nserved E region that contains the ligand-
binding domain (LBD). Some receptors contain antaathl F domain in the C-terminal
region which exhibits a highly variable sequence whose structure and function are

not well defined.



Table 7.Subfamilies of mammalian nuclear receptors (modifrem Aranda and
Pascual, 2001; Gronemeyer et al., 2004).
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Mono
mer,
Response Homo
Class Receptor | Subtype Denomination Ligand Element glrmer,
Hetero
dimer
Class | TR o, B Thyroid hormone | Thyroid Pal, DR-4, Y
' receptor hormone (T3) IP
Retinoic acid DR-2,
RAR a, B,y Retinoic acid DR-5, Pal,| H
receptor P
VDR Vitamin D receptor| 1-25-dihydroxy | DR-3,IP- | |,
vitamin D3 9
Benzotriene B4;
Wy
14.643Eicosanoi
: ds;
peroxisome thiazolidinedione
PPAR a, B,y proliferator : DR-1 H
activated receptor | > (TZDS); 15-
deoxy-12,41-
prostaglandin J2
polyunsaturated
fatty acids
PXR Pregnane X Pregngn_es; DR-3 H
receptor xenobiotics
Xenobiotics,
Constitutive Androstanes;
CAR/MB a, B androstane 1,4-bis[2-(3,5- DR-5 H
67 . .
receptor dichloropyridylo
xy)]benzene
LXR a, B Liver X receptor Oxysterols DR-4 H
: Bile acids,
EXR Farnesoid X fexaramine, DR-4, IR- H
receptor 1
lanosterol
RevErb | a,B Reverse ErbA Orphan DR-2, M, D
' Hemisite ’
Retinoid Z Retinoic acid,
RZR/RO o p receptor/retinoic | cholesterol and Hemisite M
R B Y acid-related orphan cholesteryl
receptor sulphate
UR Ubiquitous Orphan DR-4 H
receptor
Class Retinoid X 9-Cis-retinoic
I RXR a,B.y receptor acid Pal,DR-1| D




Table 7 continued
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sex reversal

Monomer,
Class Receptor | Subtype Denomination Ligand %?Z?r?ennste Hom(())(:|mer,
Heterodimer
Chicken
COUP- ovalbumin
TF a,B.y upstream promoter Orphan Pal,DR-5| D, H
transcription factor
) Hepatocyte nuclear Fatty acyl-CoA | DR-1, DR-
HINF-4 a,B.y factor 4 thioesters 2 D
Tailles-related DR-1,
Class Il TLX receptor Orphan Hemisite M, D
Photoreceptor- DR-1
PNR specific nuclear Orphan Hemiéite M, D
receptor
TR2 a,pB Testis receptor Orphan 8251 0 D,H
EAR? ErbA2-related Orphan
gene-2
GR Glucocorticoid Glucocorticoids | Pal D
receptor
AR Androgen recepto]  Androgens Pal D
PR Progesterone Progestins Pal D
Class Il receptor :
ER o, B Estrogen receptor Estradiol Pal D
MR Mineralcorticoid Aldosterone,
receptor spirolactone
Estrogen-related Pal,
ERR a,B.y receptor Orphan Hemisite M, D
NGFI-B | a,B,y gftﬁ}'gduced Orphan Pal, DR-5| M, D, H
Cll\a/lss NURR1 lilur related factor Orphan
Neuron-derived
NOR1 orphan receptor 1 Orphan
SE- Steroidogenic
1ETZ-F1 | @ B factor 1/Fushi Oxysterols Hemisite M
Class V/ Tarazu factor 1
Liver receptor
LRH1 homologous Orphan
protein 1
GCNE Germ cell nuclear Orphan DR-0 D
factor P
Small
C\I/a:ss SHP heterodimeric Orphan H
partner
DAX-1 Dosage-sensitive Orphan

M, monomer; D, homodimer; H, heterodimer; NGF, nerve growth factor; DR, direct repeat; Pal,
palindrome; 1P, inverted palindrome
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Figure 15 is a schematic representation of a typicelear receptor. The A/B
region is variable in both size and sequence aedaats with coactivators and/or other
transcription factors in cell- and promoter specifianner (Webster et al., 1988; Berry et
al., 1990; Kumar and Thompson, 2003). The A/B regmomany receptors contaiose
constitutively active transcriptional activatiomfttion, referred tas AF-1 which
contributes to ligand-independent activation ofraeeptor (Tora et al., 1988). The A/B
domain is also a target for phosphorylation in meggeptors including ER (Kato et al.,
1995) and PPARand this may result in activation or repressionsfranscriptional
activity (Shao et al., 1998).

The DBD or the C-region has the most conservedamcid sequence among
the members of the NR superfamily and is requicedHe recognition and binding of
specific target sequences on DNA. The DBD has tighlf conserved zinc-finger
motifs spanning ~60-70 amino acids: C-X2-C-X13-C&2and C-X5-C-X9-C-X2-C
that are common to the entire family with the exwepof two divergent members:
(DAX-1) (Zanaria et al., 1994) and SHP (Hard et B990; Schwabe et al., 1990; Seol et

al., 1996).

NH-2 F |-cooH

Hinge
Figure 15.Schematic representation of the functional domafnsiclear receptors.
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In addition, the DBD has a COOH-termieaktension (CTE) that contains the so-
called T and A boxes critical for specificity andl@rity of NRs in DNA binding (Hsu et
al., 1998; Melvin et al., 2004). Each zinc-fingentains four highly conserved cysteine
molecules that coordinate the binding of a zineratdmino acids required for sequence
specificity in DNA binding are present at the batéhe N-terminal finger in a region
termed the "P box," (Nelson et al., 1995) and ressdof the second zinc fingeat form
the so-called "D box" are involved in dimerizatidhgure 16 Zechel et al., 1994).

The core DBD contains twm-helices: the first one is known as the recognitiehix

and bindghe major groove of DNA making contacts with spiedifases, the second
helix spans the COOH terminus of the second fanger and forms a right angle with
the recognition helix (Aranda and Pascual, 200he DBD may also contain a nuclear

localization signal (Hsieh et al., 1998) and nuckgort signals (Black et al., 2001b).

GYH
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Figure 16. Schematic representation of the DBDuadear receptors (Ruff et al., 2000).
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The D domain is not well conserved and behavesflaxiale hinge between the
DBD and the LBD, allowingotation of the DBD. The D domain in many cases iaap
harbor nucledocalization signals and may be important for homebinding (Lin et al.,
1991). The LBD or the E domain is moderately comsgamong members of the
nuclear receptor superfamily. It contains an adddl transactivation domain, AF-2,
which is strictly ligand dependent and is a tafgeinteraction with several coactivator
and corepressor complexes (Barettino et al., 188#te et al., 1998). The crystal
structure of the LBD has been determined for séverelear receptors and has provided
insights regarding the mechanisms involved in lghmding and transactivation
(Bourguet et al., 2000).

The overall structure of the LBD is similar for seal NRs and is composed of
12 helices, H1-H12, arranged together iraatiparallel, three-layered sandwich which
may include two to foug-strands (Wurtz et al., 1996). Helices H1-H11 faha
hydrophobic ligand-binding pocket whose entranagusrded by H12 (Bourguet et al.,
1995; Uppenberg et al., 1998). Agonist ligand bigdnduces a conformational change
in many NRs resulting in alternate positioning df24This promotes recruitment of
coactivators that interact with their short LXXLIlké motifs (where L is leucine and X
is any amino acid) called NR-boxes. LXXLL-like nfstare present in many co-
activators and are common motifs required for axténg with the LBD of NRs. The
residues of the ligand-dependent activation fumcBdAF-2) are located in H12
(Danielian et al., 1992). The structural data, tbgewith transcriptionactivation data,

imply that the positioning of helix 12 is crucfal receptor activation (Warnmark et al.,
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2003). In addition the LBD also contains nucleaalization signals (Kanno et al., 2005),
a dimerization domain (Ribeiro et al., 2001; Hehkscet al., 2002), and in some cases
repression domains (Marimuthu et al., 2002).
1.5.3. Overview of mechanism underlying NR-mediated transactivation

An essential step in transcriptional activationNfys involves binding of ligand-
activated NRs to response elements, termed as hermsponse elements (HRES),
within the regulatory region of target genes. HREs derivatives of the canonical
sequence of 6 bp RGGTCA where R is a purine. Theawsus sequence of AGAACA
has been characterized for class Il steroid hoemeseptors, however many HREs
show significant variations from the consensus sage (Aranda and Pascual, 2001).

Although some NRs such as SF-1 can bind DNA asrgomer, most NRs bind
as homodimers or heterodimers to HREs. For exaoia$s 11l NRs such as ER and AR
forms homodimers whereas class | NRs such as TR &l RAR heterodimerize with
RXR. The dimeric HREs are typically composed of tvexameric core half-site motifs
which are present as palindromes (Pal), invertéidgrames (IPs) or direct repeats
(DRs). Figure 17 illustrates various types of DNeésponse elements for some NRs. The
steroid hormone receptors such as GR, PR, AR angdddéh of which is a homodimer,
typically bind to palindrome (symmetric repeatspobAGAACA-3’ separated by 3 bp
with the exception of the ER which binds similansyetric sites but with consensus 5
AGGTCA-3 half-sites. As shown in Figure 17B, a ‘1-5 rulpésifies the use of direct-

repeats with variable spacing by RXR and its maanyners. Some receptors, such as
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the VDR or RevErb, can form homodimers as alteveat heterodimers. The size of
the inter-half-site spacing (n) can vary from oodite base pairs. Sites containing just
one copy of 5 AGGTCA-3 flanked with specific 5sequences (xxx) are used by the
nerve growth factor-induced B (NGFI-B) receptorsyRrb and other orphan receptors
(Figure 17C) (Khorasanizadeh and Rastinejad, 2001 .identity of different response
elements resides in three features: the nuclestdaence of the two core half-sites and
their flanking sequences, the number of base paparating them (usually 1-5 bp), and
the relative orientation of the motifs (Claessemd @ewirth, 2004). The specificity of

DNA recognition by NRs resides in the first zineder of the DBD (Green et al., 1988).

A. Symmetric sites B. Direct repeats
AGAACA n TGTTCT AGGTCA n AGGTCA
n=3 GR-GR n=1 RXR- RXR
PR-PR PAR
AR-AR PPAR
MR-MR COUP
n=2 RXR- PPAR

RevErb-RevErB
C. Monomeric sites

n=3 RXR- VDR
—> VDR-VDR
n=4 RXR- TR
xxx- AGGTCA LXR
xxx=aaa NGFI-B CAR
xxx=act  RevErb n=5 RXR- RAR
NGFI-B

Figure 17. The types of DNA response elements hgeuiclear receptors
(Adapted from Khorasanizadeh and Rastinejad, 2001).
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In the absence of a ligand several NRs bind HREarget genes as a
corepressor complexed with HDACSs. Ligand bindingases the HDAC complex and
recruits HATs and chromatin remodelling (CRM) coexas such as steroid receptor
coactivator SRC/p160s and CBP [CREB (cCAMP respehsment-binding protein)
binding protein]. This binding results in disruptiof local nucleosomal structure.
Finally RNAP Il along with GTFs and mediator comy#s such as TRAP/DRIP are
recruited, thereby facilitating transcription iatiion. The temporal order and
requirement of these complexes can occur in a teceparget-gene- and cell-specific
manner. The ligand can also interact with its cogmeceptor and exert a non-genomic

action or extranuclear by interacting directly éxample with kinases.

1.6 Estrogen Receptors
1.6.1 Introduction

The biological effects of estrogens are mediatetdibding to one of two ERS,
namely ERr and ERB. Both are ligand-dependent transcription factbat belong to the
nuclear receptor family. ERwas the first ER sub-type identified in the 196@slensen
and his colleagues (Jensen, 1962; Toft and Gdt9k6; Jensen et al., 1967; Jensen et
al., 1968) and shown by O'Malley and coworkersa@bigand-activated transcription
factor (O'Malley and McGuire, 1968; Means et a072). ERx was cloned in 1986
(Green et al., 1986; Greene et al., 1986) and stgemerally accepted that this was the

only receptor mediating the effects of estrogermvéler, in 1996, a second genetically
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distinct receptor (EPR), was identified and cloned from rat prostate avary (Kuiper et
al., 1996), closely followed by cloning of humardanouse homologues (Mosselman et
al., 1996; Enmark et al., 1997; Tremblay et al97)9 The discovery of ERposed

many questions and possibilities on ER function laasiresulted in an important
paradigm shift in biology.

ERa and ER are products of two different genes located ofecd#ht
chromosomes and have distinct physiological fumstias demonstrated from studies on
ERa (aERKO) (Lubahn et al., 1993), BRBBERKO) and both ER and ER
(aBBERKO) knockout mice (Krege et al., 1998). Althougk classical 66 kDa ER
has been well-characterized, otheroEsplice variants have also been identified and
their biological functions are unknown (Pearce dotian, 2004). A variety of ER
MRNA isoforms have been identified in humans, ptesarats and mice, and the 530
amino acid subtype is considered to be the wil@ typll length human ER(Enmark et
al., 1997; Lewandowski et al., 2002). &€Rnd ER exhibit different expression patterns
in various tissues, tumors and cancer cell linasd&r et al., 1997; Hiroi et al., 1999). In
humans, ER and ER are localized in the breast, brain, cardiovascsyatem,
urogenital tract and bone. ks the main ER subtype in the liver and uterusnehs
ERB is predominant in the colon, brain and prostatyldr and Al-Azzawi, 2000).

1.6.2 Domainsof ER

The structure of ERs and most other members diifaéamily can be divided

into six functional domains designated A to F (Kureial., 1987) (Figure 18). The

transactivation function of ER is mediated by tveparate but not mutually exclusive
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transactivation domains namely, ligand-independénil (within the A/B) and ligand-
dependent AF-2 (within the LBD)(Tora et al., 198Bhe A/B domain is the least
conserved region between &Rnd ER with only 30% similarity at the amino acid
level. The activity of AF-1 in ERIis negligible on ERE-reporter constructs compaoed

the AF-1 of ERX in several different cell lines (Cowley and Parkied99).

1 148 214 304 500 530
AFR-2

E/LBD FFcC

30% P 96% i 30% i 53%

1 185 251 355 549 595
AFR-2

|
E/LBD F I—c

Transcriptional
Activation AF1 AF2

Nuclear Localization _—

Dimertization

DNA-Binding —_—

Coactivator Binding —_ _— —_—

Corepressor Binding

Figure 18. Structural domains of humandceé&d ERB. The percent identity between the
individual domains at the amino acid level is irdexd (modified from Pearce and
Jordan, 2004; Koehler et al., 2005).
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ERa and ER also exhibit distinctiveesponses to the synthetic antiestrogens
such as tamoxifen and raloxifene which act asgldfiR agonists for ERand as pure
ER antagonists for HR(Barkhem et al., 1998). The functional differenisesveen the
respective A/B regions of ERand ER may explain their differences in ligand-
dependent activation (Delaunay et al., 2000; Matthend Gustafsson, 2003). The AF-1
region of ERx interacts with different transcriptional regula@nd coactivators that
affect ligand-independent transactivation. Thevagtiof AF-1 is also regulated through
kinase-dependent phosphorylation and the indiviga#tiways involved vary with cell
and promoter context (Tzukerman et al., 1994). astneell lines, both AFs act
synergistically to attain maximum transcriptionetiaty while in other cells only one
AF may be activated (Benecke et al., 2000).

The DBD (region C) is highly conserved betweernEd ER and exhibits
96% identity. This domain contains two zinc fingéf$ and CII) as described in section
1.5.2 for other NRs. The DBDs of both E&Rand ERB bind with high affinity to EREs
(Mosselman et al., 1996; Pettersson et al., 199%).minimal consensus ERE sequence
is a palindromic inverted repeat (IR): 5’-GGTCAnBACC-3'. Extension of the length
of the ERE palindrome, e.g. 5- CAGGTCANNNnTGACCTG{8rming a 17bp
palindromic IR, and the sequences immediately flagnkhe ERE are important for
determining ER binding affinities for this motif [ikge, 2000). Three specific amino
acidswithin the ‘P box’ of zinc finger Cl interact the major groove in a sequence-
specific manner. The amino acid sequence of thexAsbidentical between the two

receptors (Mader et al., 1989). Thus both recefitions estrogen responsigiements
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(ERESs) with similar specificity and affinity (Matlws and Gustafsson, 2003). The hinge
region or D domain is a 40-50 aa sequence sepauithgnDBD and LBD and is not well
conserved between the two receptors. It contaiqgesees for receptor dimerization
and nuclear localization (Picard et al., 1990; ¥k et al., 1992). The C-terminal E/F
region encompasses the LBD, a coregulator bindingse, a dimerization domain,
another nuclear localization signal, and AF-2 (8bls et al., 2001). Significant
homology between the two receptors exists in tier&gion and both proteins display
essentially the same binding affinity for E2 andhsnather estrogenic compounds
(Kuiper et al., 1997). However, the two receptaffedin their binding affinities for
some ligands including antiestrogens and phytogstre. For example, the
phytoestrogen geneistein binds with about a 30Hajtier affinity for ERB than ERx
(Barkhem et al., 1998).

Crystallographic studiesith the LBDs of ER and ER revealed that botBRa
and ER share a similar overall architecture. The AF-2iattionsurface is composed
of amino acids in helix 3, 4, 5, and 12 ahne position of helix 12 is altered upon ligand
binding. Amino acids within helices 3, 5 and 11 ianportant for ligand binding since
mutation of these residues significantly decrebhsebinding affinity for E2 (Wurtz et al.,
1998). Deletion and mutation analysis have revetidalER dimerization is mediated
through helices 7-10 (Fawell et al., 1990; Leeal €t1990). Crystal structures of the ER-
LBD complexed with E2, DES, the SERMSs raloxifene gamoxifen, and the pure
antiestrogen ICI 164,384, an analogue of fulvestfi&1 182,780), have been

determined (Brzozowski et al., 1997; Shiau etl#l98; Pike et al., 1999; Pike et al.,
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2001). These structures reveal critical informatiegarding the agonist and antagonist
activity of various ligands and showed that thectire of helix 12 within AF-2 is
sensitive to ligand binding. For example when tRe.[EBD is complexed with agonists
such as E2, helix 12 is re-positioned over thenkighinding pocket and it generates a
functional AF-2 that interacts with LXXLL motifs @foactivators. In contrast, binding
of antagonists such as raloxifene or tamoxifen \EfRw-LBD results in displacement of
helix 12 from its agonist position and this hebxre-positioned intthe hydrophobic
groove formed by helices 3, 4, and 5. This disrégisation of the coactivator
interaction surface (Shiau et al., 1998; Pike ¢t18199) and the ligand-dependent effects
on helix 12 positioning is dependent on the agan@tantagonistic activity of various
ER ligands (Brzozowski et al., 1997; Pike et a@QP2). This forms the molecular basis
for the action of SERMs.
1.6.3. Interaction of ERswith coregulators

Transcriptional activation by ERs is a complex gsxand requires recruitment
of transcriptional regulators, such as GTFs, ceatdrs, corepressors, mediator
complexes, HATs, and HDACs. Coregulators providaddaitional layer of specificity
and regulation of the transcriptional activity bétER (Pearce and Jordan, 2004)aER
interacts directly with components of the basalswiption machinery such as TBP
(AF-1 and AF-2 dependent) (Sadovsky et al., 198BF1128 and hTAFII30 and these
interactions are required for BERMediated transactivation (Jacq et al., 1994; King
2000). In addition to GTFs, ERinteracts with cofactors that specifically bind-AFor

AF-2 domains and modulate transcriptional activitge p160 steroid receptor
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coactivators (SRC) were first discoves=inuclear proteins that interact with ligand-
boundhormone receptors and subsequently a large nunhigeaotivators have been
identified and characterized. The AF-2 domain obEReracts with several
coactivators including theRC family (SRC1, SRC2/TIF2/GRIPdRd
SRC3/AIB1/RAC3) and components of the mammalianiatedcomplex such as
vitamin-Dreceptor interacting protein (DRIP) complexes, DEI® and DRIP 150
(Burakov et al., 2000; Warnmark et al., 2001; Walet2004; Lee et al., 2005).
Mediators possess chromatin-remodeling aldlitgl tether activated receptors to the
basal transcriptionahachinery. One of the primary functions of the pt6activators
to recruit other transcriptional coregulators, &#iTssuch as p300, CBP, and pCAF
(p300/CBP-associated factor), to ER-dependehaincers in target genes (Kamei et al.,
1996; Chen et al., 2000; Matthews and Gustafsa03)2

The AF-2 also binds other coactivators such as RGLtissue- and promoter-
specific PPAR-coactivator-1 (Tcherepanova et al., 2000), SNUB&v{lle et al., 2002),
PELP1, a proline-, glutamic acid-, leucine-richteio 1 (Vadlamudi et al., 2001), and
NCoA-7 (ERAP140) (Shao et al., 2002). With the gt of NCoA-7, most of these
coactivators possess the canonical LXXLL motif tmediates their ligand-dependent
interactions with the LBD of ER (Shao and Brown, 2004). In addition a tissue-gpeci
and kinase-regulated coactivator, GT198, interatts the DBD of ERt (Ko et al.,
2002). Coactivators that interact with AF-1 ofd&ERclude RNA helicases p68 and p72
(Endoh et al., 1999), RNA coactivator SRA (Watanabal., 2001), CBP and p160

family of coactivators (Webb et al., 1998; Kobayiathal., 2000). In addition to
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coactivators, corepressors such as N-CoR and SMRIbit transcription of ER-
regulated genes via their recruitment of HDACs (f2gbka et al., 2003f-or example
HDACSs recruited by corepressor complexes such 8oR/SAP31/SIN3/HDAC?2 is
required for the repression by tamoxifen-bouna&ERhang et al., 2000; Huang et al.,
2002a; Webb et al., 2003). In addition other pratedlso repress ER-mediated
transcription by distinct mechanisms. For examp&ER-specific corepressor REA
(Montano et al., 1999) and the orphan receptors asSHP and DAX-1, act by
competing with the p160 coactivators for bindingmigt-bound ER (Johansson et al.,
1999; Zhang et al., 2000a; Shao and Brown, 2004).
1.6.4 Phosphorylation of ER

ERa is phosphorylated on multiple amino acid residaed phosphorylation is
enhanced upon binding E2. For example, in resptmnBermone binding, human ERs
predominately phosphorylated on Ser-118 (Le Go#figtl994; Joel et al., 1995; 1998)
and to a lesser extent on Ser-104 and Ser-106 {Blgget al., 1999). In response to
activation of the MAPK pathway, phosphorylation oicon Ser-118 and Ser-167.
These serine residues are all located within thel A&gion of ER. In contrast,
activation of protein kinase A (PKA) increases ptawylation of Ser-236, which is
located in the DBD (Chen et al., 1999). Althoughesal groups have reported thatdER
can be phosphorylated at tyrosine residues, Tyri&d&ted in the LBD (Migliaccio et
al., 1986; Arnold et al., 1995a; Arnold et al., 5B there are conflicting reports
regarding the in vivo phosphorylation status of-587 (Lannigan, 2003).

Phosphorylation of ERhas not been well examined.
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1.6.5 Mechanism of transcriptional activation by ER

There are multiple mechanisms underlying transomgtl activation by ERs and
these involve genomic and non-genomic pathways.gémemic pathways include the
classical mechanism where ER directly binds to E&#tsnon-classical mechanisms
that include interactions of ER with other DNA-baolumanscription activators such as
Spl, nuclear factaaB (NF«B), GATA-1 and AP-1. In addition ER function can be
modulated in the absence of a ligand by growthofacand kinase signaling cascades.
Moreover estrogen also activates non-genomic kis@g®ling via a putative membrane
receptor.
1.6.5.1 Classical mechanism of ligand-dependent ER action

A variety of proteins and processes affect ER fiomcand the molecular
mechanisms of ligand-induced gene expression oessn. ER is sequestered in the
nuclei of cells as part of a large inhibitory helbck protein (hsp) complex. Upon
binding E2, the ER undergoes a conformational catrag results in displacement of
hsps and formation of an ER homodimer which binB&& located within the
regulatory regionef target genes (Figure 19)(Klein-Hitpass et @89; McDonnell and
Norris, 2002). Once bound to an ERE, the ER interath basal transcription
machinery and cofactor proteins to modulate trapgon of target genes. Depending on
the cell and promoter context, the DNA-bound recepkerts eithea positive or
negative effect on expression of the downstreagetgenesEREs were first identified

in the 5'-flanking regionf the Xenopus vitellogenin A2 gene (Klein-Hitpass et al., 1986).
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Figure 19. Classical mechanism of ER action (Grameéit al., 1997).

The minimal consensus ERE sequence is a palindnonected repeat (IR): 5'-
GGTCANnNnTGACC-3'. Subsequently EREs have been ifiedtn several genes
including the human pS2, human complement C3 aiwkeh ovalbumin genes and
ERE sequences vary considerably from the consdfREsas indicated in Table Bhe
ER can bind EREs as homodimers or heterodimersheasg complexes activate some of
the same genes although [ERRnds to be less active thand&ERCowley et al., 1997;
Pettersson et al., 1997; Watanabe et al., 1997)eXample overexpression of BR
decreases ERmediated transcriptionakttivation of ERE promoter construct (Hall and
McDonnell, 1999). The antagonistic effects offfd ERx may arise from differences

in their respective transactivaticggions.



85

Table 8. Sequences of consensus and nonconsenBissfifoR estrogen-responsive
genes (modified from Klinge, 2001).

Name

Sequence

Xenopus vitellogenin
A2 (VitERE)

5-GTCAGGTCACAGTGACCTGATCAAAGTTAATGTAACCTCA-3
(19 bp ERE)

Chicken ovalbumin

—47/-43: 5'-TGGGTERA which is half ERE and an AP-1 binding site

Human complement
C3

—236: 5-GTGTTCACCAGGGGCCCTGACETGGGAG-AGTCCA-
3" +25: 5-TGTCCCTTCGTCCCTCTGACOCTGCACTGTCC-
CAGCAACCATG(start)-3'

Human progesterone
receptor (hPR)

Form B is initiated at +744: +540: 5'-
ATGGAGGCCAAGGQECAGGAGCTGACCAGCGCCGCCCT-3' Form
A is initiated at + 1236: +1148: 5'-

TCCTGCGAGGTCACCAGCTCTTGGT-3'

Human pS2

5-CTTCCCCCTGCAAGGTCACGTGECCACCCCGTGAGCCACT-
3!

Rat creatine kinase B

-569: 5'-
GGGCCCGCCCAAGGTCHAACACCCTGGGTGCTTCCGGGLGG
GACC-3'

Rat cjun (JUN5)

5'-GATCCTGAAGEAGAGCATGACCTTGAA-3'

Human BRCA1

+2023: 5-TGGTAAGCTGGTAGGAACTCCTGACCG -3

Human VEGF

-1560: AATCAGACTGACTGGCCTCAGAGCC-3'

Mouse cfos

—278: 5-GCGGAAGGTTAGGAGACCCCCTAG-3'

The ERY/ERB heterodimer exists both in vitro and in vivo amads ERE with

affinity similar to that of the ER homodimer (Cowley et al., 1997; Pettersson et al.,
1997; Tremblay et al., 1999).
1.6.5.2 Non-classical genomic mechanisms of ER-mediated transactivation

There are several genes regulated by E2 that dcombéin ERES however both
ERa and ERB can modulate the expression of these genes witlraatly binding
promoter DNA. These include binding of ER to otB@&A-bound transcription factors

such as AP-1, Spl, NikB, GATA-1 and other proteins. For example reprassibthe
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IL-6 gene by E2 is mediatédrough the interaction of ERwith the c¥el subunit of NF-
KB (Ray et al., 1994; Stein and Yang, 1995) ande®gon of erythropoiesis gebg E2
involves interaction of ERs WitBATA-1 (Blobel et al., 1995).
1.6.5.3 ER/AP1

One of the non-classical genomic mechanisms ofd@@rainvolves interactions
of ER with members of the jun/fos family of tranption factors bound to AP-1 sites.
Genes that are activated by BR-1 include the ovalbumin, collagenase and IGF-1
genes (Tora et al., 1988; Gaub et al., 1990; Tzu&aret al., 1991; Umayahara et al.,
1994). Webb et al. (1995) showed that thexHPBD is not required for hormonal
activation through AP-1, however AP-1 proteins r@guired. ER interacts with c-Jun
in vitro and the domain required for this interanthas been mapped to amino acids
259-302, which are located in the hinge domainkd EJakacka et al., 2001; Teyssier et
al., 2001). E2 activates AP-1 regulated genes irp&§ttive MCF-7, ZR-75, and T47D
breast cancer cells, but represses AP-1 targesgermher cells including ER-negative
MDA-MB231 and BT20 cells (Philips et al., 1998). Moreovetragens and
antiestrogens differentially activate BERAP-1 and ER /AP-1 in Hela, Ishikawa, MDA-
453 and MCF-7 cells transfected with AP-1 repoctarstructs. Agonists such as E2 and
DES, and antagonists including tamoxifen and 1C1383! activate transcription at AP-1
sites in the presence of ERvhere as E2 and DES inhibited transcription ingresence
of ERB. Raloxifene is only a partial agonist for thedRP-1 pathway and the
antiestrogens tamoxifen, raloxifene, and ICI 16488#d as potent transcriptional

activators of ER/AP-1 in all the cell lines (Paech et al., 199Mislrevealed a potential
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control mechanisror differential regulation of estrogen-responspenes by estrogens
and antiestrogens and molecular analysis of tresggonses showed that the regions of
ER required for AP-1 mediated transcription vanéh cell type and ligand
(Weatherman and Scanlan, 2001).

Webb and co-workers (1999) have summarized two é&geddent and
independent pathways for activation of ER/AP-1 (ifgg20). The estrogen-activated
ERa/AP-1 pathway requires both AF-1 and AF-2 and thgractionsvith the p160
family of coactivators; tamoxifen activates &RP-1 through AF-1, and partly through
an AF-independent pathway. The antiestrogens 18888 and raloxifene activate
ERB/AP-1 or AF-1-deletedAF-1) ERx /AP-1 through an AF-independent mechanism
that involves interaction with the corepressor NRGince a mutation that eliminates ER
binding to N-CoR eliminates antiestrogen activaijdfebb et al., 2003). It has also been
suggested that the DBD of ERs may play an importetin both AF-dependent and
AF-independent pathways, even though DNA bindingoisrequired (Bjornstrom and
Sjoberg, 2002). For example mutations of a higlolyserved lysine residue within the
DBD (ERa.K206A/G) lead to super-activation of AP-1 throujk-dependent pathways
(Uht et al., 2004).
1.6.5.4 ER/S1

There are two mechanisms of E2-mediated transdictivehat involve ER and
Sp1l and these include a DNA-dependent mechanisvhich an ERE half (1/2) site and
a GC-rich site are required for transactivation af@NA-independent mechanism that

requires only a GC-rich site.
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ER activation at AP-1 Sites; Two pathways
AF-mediated AF-independent
ERa with E2, tam ERB. ERaAAF-1, with SERM S

@

0.

AP-1

Figure 20. ERs use two separate pathways for dictivaf ER/AP-1 (Kushner et al.,
2000).

Dubik and Shiu (1992) initially identified an E2sponsive region of the c-myc
promoter that did not contain consensus EREs b&R#a 1/2 and a GC-rich site
[GGGCA(N)sGGCGG]. E2-mediated transactivation of this promotstruct was
shown to require the DBD of ERand involved both ER and Sp1 bound to different
sites (DNA-dependent) (Figure 21). Subsequent rekea our laboratory identified
similar motifs in cathepsin D (Krishnan et al., B9%hsp27 (Porter et al., 1996) and
TGFa (Vyhlidal et al., 2000) gene promoters. For exantpe E2-responsive region
(-199 to —165) of cathepsin D gene promoter costai®GGCGC(NYACGGG motif
and extensive mutational analysis of this prommgeealed that mutation of either the
ERE 1/2 or GC-rich sites resulted in loss of horsérduced transactivation. Similar
motifs have been identified in rabbit uteroglotddefnig et al., 1995; Scholz et al.,
1998), creatine kinase B (Wu-Peng et al., 1992)astasis-associated protein 3 (MTA3)

(Fujita et al., 2004) and progesterone receptoegéRetz and Nardulli, 2000).
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ER
D ER
(N)y — ERE 1/2
GC N ERE1/2
Cathepsin D GGCGGG 23 GGGCA
Hsp27 GGGCGG 10 GGTCA
TGFa GGGCGG 31 GGTAA
C-myc GGCGGG 16 GGGCA

Figure 21. DNA-dependent BiRSpl (Safe and Kim, 2004).

Surprisingly mutation of the ERE 1/2 site in th@?& gene promoter retained
hormone-responsiveness in transient transfectiaties suggesting that GC- rich site
alone was sufficient for hormone-responsivenessgéPet al., 1997). This led to further
studies on the role of GC-rich sites in mediatiRpESp1 action. A construct containing
consensus GC-rich Spl binding site linked to aramphenicol acetyl transferase (CAT)
reporter gene (pSpl) was used in transient tratsifeassays in ER-positive MCF-7 and
ER-negative MDA-MB-231 cells. E2 induced lucifezactivity in both cell lines after
transfection with pSpl and an ERXxpression plasmid, and E2 responsiveness was also
observed in cells transfected with a mutantB&cking the DBD (HE11) suggesting
that DNA binding was not required for BERSp1 activation of GC-rich sites (Porter et al.,
1997). In gel mobility shift assays Sp1l, but noERirectly bound GC-rich
oligonucleotides and supershifted ternaryaEBp1/DNA complexes were not detected.

However kinetic analysis showed that ER enhanceathrate of Sp1-DNA binding,
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but did not affect dissociation (off-rate) of thplSDNA complex (Porter et al., 1997).
ERa and Spl can be coimmunoprecipitated and in vitrdiges with chimeric
glutathione-S-transferase (GST)-Spl demonstratdiith ER and ER interacts
with the C-terminal DBD of Sp1 while Sp1 interaafish multiple regions on ER
(Porter et al., 1997; Saville et al., 2000).

In a recent study Kim et al. (2005) confirmed ligadependent interactions of
ERa and Spl in living MCF-7 cells after treatment wiB, 4’-hydroxytamoxifen (4-
OHT), or ICI 182,780 using fluorescence resonameggy transfer (FRET). This led to
a proposed model in which ERnteracts with GC-rich-bound Sp1 and mediates E2-
dependent transactivation of genes containing @gromoters (Figure 22). Research
in this laboratory has shown that in MCF-7, T47[0 &RR-75breast cancer cells several
hormone-induced genassociated with cell proliferation, cell cycle pregsionand
nucleotide metabolism are regulated byoERp1 mechanism. RNA interference using
small inhibitory RNA for Sp1l (iSpl) decreased homaenduced activation of ERSpl
and cell cycle progression, demonstrating an ingpdntole for ER/Spl-dependent

genes in the growth of ER-positive breast canckks (&bdelrahim et al., 2002).

Figure 22. DNA-independent activation of GC-ricloqmoter by ER/Sp1 (Porter et al.,
1997).
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Genes activated by ERSp1l in breast cancer cells include VEGF (Stonat.et
2004), bcl-2 (Dong et al., 1999), cyclin D1 (CasRivera et al., 2001adenosine
deaminase (ADA), thymidylate synthase (&g et al., 2000), DNA polymerase
(Samudio et al., 2001), retinoic acid recemdRARa) (Sun et al., 1998), IGF binding
proteind (IGFBP4) (Qin et al., 1999) and E2F1 (Wang etl#199; Ngwenya and Safe,
2003). Recently the human vitamin D3 receptor (Wketet al., 2005) and pS2 gene
promoters (Sun et al., 2005) were also shown tegelated by ER/Sp in MCF-7 cells.
ERa/Spl regulated genes have also been identifiednAbmeast cancer cell lines and
these include low density lipoprotein receptor (L)(Sanchez et al., 1995; Li et al.,
2001), epidermal growth factor receptor (EGFR) \&lri et al., 2000), rat SK3 (rSK3-
a small conductance Eaactivated potassium channel)(Jacobson et al.,)2@68
receptor for advanced glycation end products (RA@Bpaka et al., 2000).

Saville and co-workers investigated the ligandd eell context-dependent
activation of ER/Spl and ER/Splaction in cells transfected with pSp1l containing a
single GC-rictelement. E2, 4-OHT and ICI 182,780 activatecaEsplin MCF-7,
MDA-MB-231, and LNCaP cells, but not kteLa cells, whereas hormone-dependent
activation of ER/Sp1 was not observed in any of the cell lines@sxteased activity
was observed in HelLa cells. Studies with chimeRcoteins showed that the A/B
domain of ER were required for E®Spl-mediated transactivation, and the A/B
domain of ER lacked the required transactivation function. Amatids 79—-177 region

in the A/B domain of ER were sufficient for ligand-induced BRSpl transactivation



92

(Saville et al., 2000). Kim et al. (2003) showedttastrogen or antiestrogen activation
of ERa/Spl also required other regions ofER
1.6.6 Activation of ER by kinases

The ER can be modulated by a variety of differgygras/pathwayis the
absence of E2 and these include peptide growtbradPietras et al., 1995), interleukin-
2 (IL-2), dopamine (Power et al., 1991; Olesenl.e2805), 8-bromo-cyclic adenosine
monophosphate (CAMP) (Ince et al., 1994), insufatone et al., 1996), caveolin
(Schlegel et al., 1999), cyclins A and D (Neumaalgtl997; Trowbridge et al., 1997;
Zwijsen et al., 1997; Zwijsen et al., 1998), antivators of the PKA and PKC pathways
(Cho and Katzenellenbogen, 1993). Most growth facaativate cell proliferation,
differentiation,or survival programs through binding their tyrostinmease receptors,
expressed in the plasma membrane and thereby agwarious downstream kinase
pathways. Growth factors that stimulatedEiRclude EGF, transforming growth factor
(TGF-a) (Ignar-Trowbridge et al., 1996), IGF-1 and herlagi2 (Pietras et al., 1995).
The mechanisms by which TGFand heregulin-Activate the ER are unclear, however
activation of ER by EGF and IGF-1 has been extensively investigated

EGF mimics several estrogen-like effects such amption of cell growth and
induction of E2-responsive genes in the mouse temtive tract (Nelson et al., 1991).
Administration of the antiestrogen ICI 164,384 reglsithe observed uterine responses to
EGF (Ignar-Trowbridge et al., 1992). Moreover Cusgt al. (1996) showed that EGF did

not induce DNA synthesend transcription in uteri @ERKO mice suggesting that

EGF mayact through ER in absence of estrogen. IGF-1 activates the tyeokinase
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receptor IGFR-I and also induces proliferation ifdst cancer cells (Figure 23)
(Hamelers and Steenbergh, 2003). Like EIGIF-I activates uterine cell proliferation in
vivo and this is also dependent ondElotz et al., 2002). Both EGF and IGF-I
activate ER by inducing MAPK-dependent phosphorylation ofE& Ser-118 (Kato et
al., 1995; Bunone et al., 1996). EGF and IGF-1 atsoulate the phosphoinositol kinase
3 (PI3-K)/AKT pathway which in turn activates EZpensive genes such as
progesterone receptor in MCF-7 cells and thesetsffean be blocked by PI13-K
inhibitors and ICI 182, 780 (Matrtin et al., 20003F-I activates P13-K- dependent
phosphorylation of ER at Ser-167 and enhand&Ra-dependent transcriptional activity
and cell proliferation. AKT overexpression alsoegulates expression of estrogen-
regulated pS2, Bcl-2, and macrophage inhibitytpkine 1 genes in MCF-7 cells
(Campbell et al., 2001).

The tyrosine kinase Src-dependent phosphorylati@RK also stimulates AF-1
of ERa by phosphorylation of Ser-118. In addition SRC-alggent activation of INK
enhances phosphorylation of &Rt Ser-118 (Feng et al., 2001; Ho and Liao, 2002).
contrast to ER, there is only one study showing that growth fexcguch as EGF
activate ER in the absence of estrogen via the MAPK pathwal/this leads to
recruitment of SRC1 by HR(Tremblay and Giguere, 2001).

Activation of HER-2 by heregulin leadsdoect and rapid phosphorylation of
ERa on tyrosine residues and induction of progestereneptor gene expression in
breast cancer cells. It was also shown that oveesspn of HER-2 in MCF-7 cells

results in rapidly growing cells that are insensitio both E2 anthmoxifen (Pietras et
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al., 1995). This may explain, in part, tamoxiferisgance in breast tumors that
overexpress HER-2. Shou et al. (2004) recently sldativat tamoxifen behaves as an
estrogen agonist in breast cancer ¢bls$ express high levels of the coactivator SRC3

and HERZ2, resulting in de novesistance.
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Figure 23. Activation of ER by kinases (modified from Hamelers and Steenbergh,
2003).
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Growth factors also modulate the transcription#éivag of ER by
phosphorylation of NR coregulators such as SRC3S®@1 (Font de Mora and Brown,
2000; Rowan et al., 2000). It has been suggestdgtiosphorylation of coregulators
may serve as point of convergence between E2 awvdlgfactor signaling pathways
and regulate the transcriptional activity of doweatn target genes.

1.6.7 Non-genomic actions of estrogen

There is now considerable evidence thatiERan induce rapid non-genomic
(extranuclear) responses that occur within sectmdsnutes after the addition of
estrogens in multiple tissues/cells including bdireast, digestive and reproductive tract,
vasculature and the nervous system (BjornstronSjmigerg, 2005; Levin, 2005). These
effects are rapid and induced by membrane-imperladgbsuch as E2-BSA (Taguchi
et al., 2004) and are not blocked by inhibitorpmaiteinor RNA synthesis (Losel et al.,
2003) implying that transcription and translatioa aot induced (Simoncini and
Genazzani, 2003; Acconcia and Kumar, 2005). Thesealled non-genomic effects of
estrogens and are cell-type specific.

E2 rapidly activates several pathways includingdlesation of intracellular
calcium levels (Stefano et al., 2000a), stimulabbadenylate cyclase activity and
CAMP production (Aronica et al., 1994; RazandiletZE999), secretion of prolactin
(Watson et al., 1999) and generation of nitric exi8tefano et al., 2000b). In addition,
E2 activates MAPKSs in severall types, including breast cancer, endothddahe, and
neuroblastoma cells (Migliaccio et al., 1996; Bgirom and Sjoberg, 2005). Migliaccio

et al. showed that the liganded &EBRnds and activates c-Src in MCF-7 cells. Actidate
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c-Src phosphorylates Shc, which then associatdsthat Grb2/mSos complex and
subsequently results in activation of MAPK (Migicae et al., 1996, 2000). E2 also
activates the PI3-K pathway in MCF-7 cells andwated ER forms a ternary complex
with src and p8& (Castoria et al., 2001; Sun et al., 2001). Actorabf kinase pathways
by estrogen affects cell growth, cell cycle progres, and survival in several cell lines
including breast cancer cells. Table 9 depicts g@nemic activities of ER and proposed
physiological relevance. In cultured endothelidlscé=Cs), estrogen enhances NO
release within minutesithout altering expression of endothelial NO sy# (Adams et
al., 2000) and this is due to activation of MARIKD P13-K pathways. These effects may
play a significant role in the cardioprotective pecties of E2. The protective effects of
estrogen in the bone is also attributed due, ity parapid activation of MAPK b2
(Endoh et al., 1997; Jessop et al., 2001).

E2 also activates growth factor receptors sucl&slR (Kahlert et al., 2000)
and EGFR (Brandeis et al., 1994; Filardo et alQ®ang et al., 2004b). E2 activates
EGFR by a mechanism that involves activation @ir@eins, Src kinase, and matrix
metalloproteinases, leaditmincreased MAPK and Akt (protein kinase B) a¢tes
(Razandi et al., 2003). Activation of growth facsignaling pathways has been
implicated in breast cancer progression (Shou.e2@04). Tamoxifen also activates
membrane ER and this may explain acquired tamoxésistance in breast tumors
(Kurokawa et al., 2000). The crosstalk betweerogsin and growth factor signaling
pathways may play critical role in resistance tdaamine therapies and breast cancer

progression. The non-genomic effects of estrogenreadiated in part by cell-
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surface/membrarteR forms that are linked to intracellular signalnsductiomproteins.

A putative membrane ER was first proposed in 1%iét(as and Szego, 1977; Pietras

and Szego, 1980), however no such membrane EReleasdioned and the precise

nature of this receptor remains elusive (Ho ana L #902). Razandi et al. (1999)

demonstrated that membrane and nuclear ERs canfianis a single transcript by

transfecting cDNAs for ERand ER into Chinese hamster ovary (CHO) cells, which

lack endogenous ER.

Table 9. Summary of tissue-specific extranucleéiviéies of ERx and their proposed
physiological relevance (Adapted from Ho and Li2002).

Cell type

Signalling cascades  Proposed physiological effect

Neuroblastoma
Primary cortical neuron

Cortical explant
Hippocampus

Lactotroph
Mammary cancer

Cardiac myocyte

Lung myofibroblast

Vascular smooth muscle

Endothelial

Colon cancer
Uterus

Prostate cancer
Osteoblast

Macrophage
Overexpression system

MAPK
P13-K/Akt
Src/Ras/MAPK
Src/ERK/B-Raf
cAMP
ERK %
Src/Ras/ERK
Src/PI3-K
P38
INK
ERK %
INK
P38
ERK %
Calcium influx
ERK
P38
PI3-K/Akt/eNOS

MAPK/eNOS

G proteins/eNOS
Src/ERK Y2

cAMP
Src/Ras/ERK
ERK %2

Src/Shc/ERK
Calcium influx

G proteins
IGFR

LHRH Secretion
Neuroprotection
Neuroprotection

Neuronal Differentiation
Excitatory neurotransmission
Prolactin production

Cell cycle progression

Apoptosis

Anti-apoptosis
Cardioprotection

Cardioprotection
Anti-proliferation
Vasorelaxation
Antiproliferation
EC protection
No release decreased leukocyte
accumulation
NO release
NO release
Cell growth

Cell proliferation

NO release, cell activation
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Several other groups have also identified membE&@sing antibodies against
the classical nuclear BRand ERB (Pappas et al., 1995; Kim et al., 1999; Norfldetle
2000; Chambliss et al., 2002). For example Wedirnanalysis of purified membrane
proteins with ER antibodies revealed multiple high molecular weigi@mbrane ERs
(92 k, 110 k, and 130 k) as well as a 67 koER addition fluorescence, confocal and
electron microscopy studies of MCF-7 cells haveanidied specific membrane ER
sites (Powell et al., 2001). The association oflwype and truncated BRsoforms with
the plasma membrane may be due to palmitoylatidine receptor (Li et al., 2003;
Acconcia et al., 2004; Rai et al., 2005). Recamndiss have shown that the E domain of
ERa is critical for membrane localization (Razandakt 2003; Chambliss et al., 2005).

Alternatively ERs have been found in caveolae afodimelial cells where they
activate eNOS through protdimase-mediated phosphorylation (Kim et al., 1999;
Chambiliss et al., 2002; Razandi et al., 2002)a#t &lso been shown that cytosoliccER
physically associates with signaling proteins idahg modulator of nongenomactivity
of estrogen receptor (MNAR) (Wong et al., 2002 #uapter proteins Shc, pBéf PI3-
K, caveolin (Zschocke et al., 2002), IGF-1R (Sohglg 2004), and striatin (Lu et al.,
2004) which leads to ERmembrane translocation and the activation ofroelnbrane-
initiated kinases. Furthermore two nonclassical B X (Li et al., 2003), and GPR30
(Qiu et al., 2003; Revankar et al., 2005) have beentified in endothelial cell
membranes and neurons respectively suggestinghinabngenomic effects of E2 are

mediated by a distinct ER different from wild tyg®a and ERB. The exact nature of
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membrane/cytosolic ER mediating rapid effects tfogen is controversial and this area
of study is under intense investigation.
1.6.8 ERa and ERB knockout mice

The role of ER and ER in development and homeostasis has been analyzed
using three knockout models that includeRKO (Lubahn et al., 19933BERKO
(Krege et al., 1998) amaBERKO mice (Couse and Korach, 1999; Dupont et 8002.
Loss of either ER or/and ER is not lethal and all three knockout mice suntive
adulthood (Walker and Korach, 2004). Both male famialeaERKO mice are infertile
but external phenotypes of both sexes are normadghn et al., 1993). However,
o ERKO females showed noticeable internal gross mdiffees, with hypoplastic uteri and
E2 did not induce increases in uterine wet weilgiyperemia, or the alteration of vaginal
epithelial cell morphology. The ovaries lacked avgplutea and contained cystic and
hemorrhagic follicles with few granulosa cellEERKO females exhibit decreased
patterns of sexual behavior and do not show argokis posture or receptiveness to
wildtype males even after treatment with E2. Thisklof estrogen responsiveness is due
to abrogation of ER in the central nervous system.

TheaERKO mammary gland exhibits normal prenatal anguylpertal
development, but remains rudimentary after pubdatsking the epithelial branching
and lobuloalveolar development as evident in wiidetglands (Bocchinfuso and Korach,
1997). MaledaERKO mice have decreased fertility, and low speoont, low testis
weight and decreased sperm motility (Lubahn etl@B3; Eddy et al., 1996). They

exhibit normal motivatiomo mount females but achieved less intromissioasge lyreatly
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reduced aggressive behavior and egaeulations (Ogawa et al., 1997; Pearce and
Jordan, 2004 BERKO females exhibit normal sexual behavior andr@amammary
gland development but have reduced fertility wetvér and smallditters. The
reduction in fertility is the result of reduced o@mefficiency since the ovaries have
fewer corpora lutedERKO males show no abnormalities in sexual beha¥ogge et
al., 1998; Ogawa et al., 1999; Dupont et al., 2000)

afERKO males and females are infertdERKO males exhibit a complete
disruption of sexual behavior, from both consummatmd motivational aspects in
addition to an 80% reduction in sperm count (Caatsa., 1999; Dupont et al., 2000;
Ogawa et al., 2000). The uterine phenotype obsanvefERKO mice is quite similar to
that observed inERKO mice, however theBERKO mice exhibit a distinct ovarian
phenotype where structures are similar to thosergbd in male seminiferous tubules of
the testis. The granulosa cells of these "sex-se¢drfollicles have undergone
redifferentiation to a Sertoli cell phenotype, mgicated by both morphological and
biochemical markers. These structures are not pras¢he prepubertal ovaries. The
o/BERKO mammary gland phenotype resembles thaE&KO adult females (Korach
et al., 2003).

Bone phenotypes in ERKO mice show shorter femusseRKO andofERKO
mice but not IPERKO mice (Vidal et al., 1999). Femal&RKO mice have smaller
bone diameters and males have lower bone dendital(®t al., 1999)BERKO female
mice had higher bone density wher&B&KO male mice showed normal bone density

(Windahl et al., 1999; 2001). These results empleasie importance of ERn
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maintenance of bone. Studies with knockout mice sigjgest that ERand ER may
play redundant roles in E2-mediated cardioprotecfiafrati et al., 1997; Karas et al.,
1999, 2001). Evidence for an obligatory role ofcEiR mediating the detrimental
actions of neonatal DES exposure in the murineodstive tract was provided by
Couse and Korach (2004) using knockout mice. Theltgin thenERKO uterus and
prostate showed that DES-effects on gene expreasidiissue differentiation were not
observed. Although ERis highly expressed in the prostate epitheliunopag¢al DES

treatment induced similar responses in wild type ZEBRKO male mice.

1.7 Aryl Hydr ocar bon Receptor
1.7.1 Introduction

The aryl hydrocarbon receptor (AhR) is a ligandetegent transcription factor
that regulates expression of a battery of genaswide range of species and tissues. The
AhR was first identified by Poland et al. (1976)avdhowed specific binding of
radiolabeled 2,3,7,8-tetrachlorodibenzalioxin (TCDD), to an intracellular component
in hepatic cytosol in C57BL/6J mice (Poland et #.76). TCDD is a persistent
environmental contaminant that is a by-producndbstrial processes and combustion
of organic materials including municipal garbagd #me most toxic among the
halogenated aromatic hydrocarbon (HAH) environmgmdutants. TCDD binds the
AhR with an extremely loWq value and has been used extensively as a protatypi
AhR ligand (Poland and Knutson, 1982). TCDD anceotelated halogenated aromatic

hydrocarbons (HAHS) elicit a diverse spectrum of sstrain-, age-, and species-
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specific responses. These effects include a sevastng syndrome, tumor promotion,
immunotoxicity, hepatotoxicity, teratogenesis, ¢acdlysfunction, enzyme induction,
and the modulation of endocrine systems (Kocike.e1978; Pitot et al., 1980; Poland
and Knutson, 1982; Safe, 1986). In rodents, TCDddeases the incidence of hepatic
carcinoma and pulmonary and skin tumors (Flodstebal., 1991; Kociba et al., 1978).
In skin of hairless mice, TCDD promotes tumor fotima at 1/100th the dose rate of
phorbol-12-myristate-13-acetate (TPA), which isn@kn tumor promoter, in skin of
hairless mice (Knutson and Poland, 1982; Polaradl £1982). However TCDD was
found to be non-mutagenic in Ames test and apgedrs non-genotoxic (Geiger and
Neal, 1981). Moreover treatment of female SpragaeABy rats with TCDD or PCDD
for 2 and 6 months showed no covalent DNA adduchédion in kidney or liver of
these animals (Randerath et al., 1988). Therefasdikely that the carcinogenic
responses are associated with the action of TCDdtasor promoter.

The most established effect of exposure to TCDDathdr HAHSs in humans is
chloracne. The carcinogenicity of TCDD in humand haen controversial but TCDD
was designated as a human carcinogen (Groupl1)0in A International Agency for
Research on Cancer (IARC). This classification based on sufficient evidence in
animals as a multisite carcinogen and limited evigefrom humans where increased
overall cancer mortality in industrial cohorts wadsserved (Steenland et al., 2004).
1.7.2 AhR ligands

There are several synthetic and naturally occutigemnds that bind AhR but to

date no high affinity endogenous ligand has beentitied. The most extensively



103

characterized classes of AhR ligands are enviroteheantaminants that include HAHs
such as the polyhalogenated dibenzo-p-dioxins (P§)Pdibenzofurans (PCDFs), and
biphenyls (PCBs) and polycyclic aromatic hydrocaibPAHS) such as 3-
methylcholanthrene, benzo(a)pyrene, benzanthracbaasoflavones, and related
compounds (Figure 24) (Kafafi et al., 1993; Saf9@, Waller and McKinney, 1995).
PCDDs and PCDFs are formed as byproducts durinthegis of various organochlorine
products (such as the herbicide 2,4,5-T), as dtresahlorine bleaching of wood pulp,
during municipal, hospital and industrial wasteimecation, metal production and fossil
fuel or wood burning and other sources (Denisontdeath-Pagliuso, 1998). PCBs were
produced commercially for use in transformers auhcitors, heat transfer and
hydraulic fluids and for other applications.

During the past fifteen years relatively large tn@mof AhR ligands whose
structure and physiochemical characteristics aamdtically different from that of the
“classical” HAH and PAH ligands have been identdfmuggesting that AhR has a
promiscuous ligand binding site (Cheung et al.,619®e et al., 1996; Nagy et al., 2002;
Quattrochi and Tukey, 1993). In addition there saeeral naturally occurring non-
classical ligands that have been identified andasitarized that can activate or inhibit
AhR signaling pathways. Earlier studies showed ithdle-3-carbinol (13C), a
secondary plant metabolite produced in vegetablésedBrassica genus, including
cabbage, cauliflower and brussels sprouts, ind@&a1A1 activity. Subsequently it

was found that Indol-[3,2]-carbazole and diindolgtimane (DIM) which are acidic
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condensation products produced from I13C in vitrd emvivo exhibit more potent AhR

agonists activities (Figure 25) (Bjeldanes et91).

A. Classical AhR ligands

c:|: : :o: : :CI o ol
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3

3,3',4,4’ 5-Pentachlorobiphenyl 3-Methylcholanthrene
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B. Non-classical synthetic AhR ligands
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Figure 24. Structures of selected classical (A) monl-classical (B) synthetic ligands of
AhR (Denison and Nagy, 2003).
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Indole-3-carbanole Indole[3,2-b]carbazole

Indigo Indirubin

Figure 25. Structures of selected naturally ocogrAhR ligands (Denison and Nagy,
2003).

Several other phytochemicals such as dibenzoylmeth&,8-dihydrorutacarpine,
curcumin, carotenoids [e.g., canthaxanthin, astiwxajrand flavonoids have been
shown to competitively bind the AhR and/or indudeRAdependent gene expression
(Gillner et al., 1993; Gradelet et al., 1996; Pardad Babbs, 1991; Washburn et al.,
1997). The existence of an endogenous ligand BoAtR has been inferred from
studies reporting identification of the active rearl AhR in unexposed cells/ tissues and
from the phenotypes observed in AhR knockout mib&klwsuggest a role for the AhR
in normal development and physiology (Singh etl®96). Numerous laboratories have
reported the existence of endogenous AhR ligandgfase include indoles,

tetrapyroles, arachidonic acid metabolites andretfideath-Pagliuso et al., 1998; Miller,
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1997; Seidel et al., 2001). However, these compsand relatively weak AhR agonists
compared to TCDD and are rapidly degraded by ditation enzymes. Adachi et al.
(2001) reported two tryptophan metabolites, indagd indirubin, present in human
urine as extremely potent AhR agonists (Figure Ri)igo and indirubin activated AhR
in an AhR/Arnt containing yeast cell bioassay syst&ad were recently shown to act as
inducers for cytochrome P450 1A1/2 mediated by AhRiammals in vivo suggesting
the possibility of indigoids as physiological ligemof the AhR (Sugihara et al., 2004).
1.7.3 Characterization of AhR and Arnt proteins

AhR cDNAs have been cloned and characterized f@rersl mammalian
species and strains and the rat (91-96 kDa), m@ds86 kDa) and human (96 kDa)
AhRs have been studied in great detail. Mammalg loaly one gene for AhR (AhR1)
but atleast two AhR genes (AhR1 and AhR2) have be@md in fish (Hahn, 2002;
Hahn et al., 1997; Karchner et al., 1999). The huiidR locus encoding the structural
gene for the Ah receptor has been localized to @bsmme 7p21-->p15 (Le Beau et al.,
1994). AhR and its heterodmerization partner, th& Auclear translocator (Arnt) are
members of the basic helix-loop-helix-per/Arnt/giniHLH-PAS) family of transcription
factors (Burbach et al., 1992). Arnt was first ititéed as a factor required to translocate
ligand bound AhR from the cytosol to the nucleusoton a transcriptionally active
nuclear AhR complex in mouse hepatoma Hepa c4 @étifman et al., 1991). ARNT
exists as an alternatively spliced form in both s@and human, containing an
additional 15 amino acids just N-terminal of thesibaegion encoded by exon 5 (Reisz-

Porszasz et al., 1994). Other BHLH/PAS proteinfuimhe hypoxia inducible factors
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(HIF-1a, HIF-2a/HLF, HIF-3a), which mediate hypoxic responses, single minded
proteins (SIM1 and SIM2), which are involved in tohof neural development and
circadian rhythm proteins (BMAL1 and BMAL?2) (Kewleyt al., 2004). The AhR is
incapable of forming a homodimer and partners ontis Arnt. However, on the other
hand Arnt or hypoxia inducible factois capable of homodimerizing (Antonsson et
al., 1995; Sogawa et al., 1995) and is a heterattrpartner for other bHLH/PAS
proteins including SIM1, SIM2 (Probst et al., 198nd HIFL (Wang et al., 1995). In
addition Arnt has been shown to heterodimerize ®ittF1(Cardiovascular basic helix
loop helix factor 1) (Chin et al., 2000) and EPA&hdothelial PAS domain protein
1)(Tian et al., 1997) which are putative regulatafrsardiovascular development and
pathological angiogenesis respectively.

Several functionally important domains have beemiified in the AhR and
ARNT proteins (Figure 26). The amino-terminal regad AhR and ARNT contains a
bHLH motif, which is involved in heterodimerizati@md is shared by other
transcription factors such as Myc, Max and MyoDRAArnt binds to the dioxin
response elements (DRE) rather than typical E-bomgnized by other bHLH proteins.
This binding to DNA occurs primarily through théiasic domains in the N-terminal
region. The sequence adjacent to the bHLH regiostitates the PAS domain, which
contains two imperfect repeats of 50 amino aciés$ R and PAS B. The PAS domain
was initially identified as a conserved sequenceraybrosophila PER, human ARNT
andDrosophila SIM (Citri et al., 1987; Hoffman et al., 1991; Namet al., 1991; Reddy

et al., 1986). PAS domains act as regulated pratédnactiorsurfaces and are involved
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in a wide variety of sensory/signalipgocesses in both eukaryotes and prokaryotes (Gu

et al., 2000). Ligand binding to AhR occurs ovex BAS B domain (Fukunaga et al.,

1995; Whitelaw et al., 1993). In its latent (non-BNKinding) state, the AhR is found in

the cytoplasm of many cell types, stably associati¢tal two molecules of the 90 kDa

molecular chaperone hsp90, p23 and hepatitis BWrassociated protein

(XAP2/AIP/Ara9) (Meyer et al., 1998).
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Figure 26. Schematic representation of functiomahains of AhR and Arnt proteins

(modified from Gu et al., 2000).
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Hsp90 interacts with the AhR via both the bHLH megand PAS B domain, and
this association is essential for AhR signaling e and Bradfield, 1996). ARA9/AIP
interacts with the PAS-B/ligand-binding domains i@t et al., 1998). Also both
nuclear localization signal (NLS) and nuclear expagnal (NES) sequences have been
identified in the NH-terminal region of the AhR protein (Ikuta et d41998). AhR and
ARNT also contain carboxyl-terminal trans-activatdomains (TAD). The TAD of
AhR is complex and composed of multiple segmerasftimctionndependently and
exhibit varying levels of activation whereas theT Af ARNT is constitutive and
limited to 43 amino acids. One of the TAD domaihthe AhR that is rich in glutamine
(Q-rich) is critical for transcriptional activatiasf dioxin-responsivgenes (Jain et al.,
1994; Kumar et al., 2001; Reisz-Porszasz et ab4;1Bowlands et al., 1996).

The interactions between the AHR/ARNT with basahscription factors such as
TFIIB (Swanson and Yang, 1998), TFIIE (Rowlandalgt1996), and TBP and, with the
coactivator proteins such as SRC1, RIP140 and,,/3B0P1 and BRG-1 (Kobayashi et
al., 1997; Kumar and Perdew, 1999; Kumar et aB91 ®Rushing and Denison, 2002;
Wang and Hankinson, 2002) facilitate gene activalbip the AHR/ARNT heterodimer.
Potential binding sites for NdB (Tian et al., 1999), Rb (Ge and Elferink., 1998),
COUP-TF1 and ER&1 (Klinge et al., 2000) haveeen identified in the AhR protein
(Swanson, 2002). In addition both bHLH and PAS dosaf AhR and ARNT

cooperatively interact with the zinc finger of Subtein (Kobayashi et al., 1996).
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1.7.4 AhR and Arnt null mice

The AhR is ubiquitously expressed in most tiss@s\(er et al., 1994). Three
independent groups have generated AhR-null micetzese mice are fertile and viable.
There are considerable phenotypic differences sbdeatmong the three different
knockout mice, but all three groups consistentporéed hepatic defects with reduced
liver weight and loss of inducibility of drug metalzing enzymes (Fernandez-Salguero
et al., 1995; Mimura et al., 1997; Schmidt et H996).

It has been reported that reproductive succesdvisrsely affected in Ahr-null
females which have difficulties in surviving pregieg and lactation, and rearing pups to
weaning (Abbott et al., 1999). In addition, Thackalp et al. (2003) demonstrated that
AhR is required for normal insulin regulation iregnant and older mice and for cardiac
development in embryonic mice. The hepatic defettanges in immune function and
effects in other tissues in AhR(-/-) animals, sgigrsupport a role for the AhR in cell
and tissue physiology and homeostasis and othemalatevelopmental processes.

Extensive studies on the AhR function using AhRiadent mice have revealed
that AhR is responsible for most, if not all, oéttiverse biological, toxic (Nakatsuru et
al., 2004) and biochemical effects caused by TCBEn(idt et al., 1996; Shimizu et al.,
2000). Peters et al. (1999) reported that TCCD-edueratogencity is mediated by
AhR by evaluating teratogenicity of TCDD in AhR-hmiice. AhR-deficient mice has
been shown to mount normal productive immune resg®to two model antigens,
allogeneic P815 tumor cells and sheep red blodd, @id neither the cellular nor the

humoral response were suppressed by exposure t®{Zbrderstrasse et al., 2001).
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These results confirmed the obligatory role of AhRICDD-induced immune
suppression. Bunger and coworkers generated mibeawnutation in the AHR nuclear
localization/DRE binding domain (Bunger et al., 300rhese AhR (nls) mice were
found to be resistant to all TCDD-induced toxicp@sses including hepatomegaly,
thymic involution, and cleft palate formation. Mokeer, aberrations in liver
development observed in these mice were identicdigt observed in mice harboring a
null allele at the Ahr locus. These results furthgpport a model where most, if not all,
AHR-regulated biology requires nuclear localizatibising AhR(-/-) mice, Nishimura et
al. (2005) demonstrated that disruption of thyitmidmone and retinoid homeostasis
after exposure to TCDD is mediated entirely via AhR

Arnt is found exclusively in the nucleus of a ramgeultured cells form
different tissues and species (Pollenz et al., 19%ht has an ubiquitous tissue
expression pattern (Carver et al., 1994) but has Bown to localize within the
cytoplasm to some level in several tissues (Hugtled., 1998; Sojka et al., 2000).
Arnt-deficient mice are embryonically lethal andhoat survive past 10.5 days. The
primary cause of lethality appeared to be faildrthe embryonic component of the
placenta to vascularize and may be related to ARKJI€ in hypoxia, angiogenesis and
other important signaling pathways (Kozak et @97; Maltepe et al., 1997).
1.7.5 Mechanism of AhR-mediated transactivation

The induction of CYP1A1 gene expression has bewmeikely used as a model
for understanding the mechanism of AhR action (F@gar) (Whitlock, 1999). In the

absence of a ligand, AhR is mainly in the cytoplasrd exists in a complex with two
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molecules Hsp90, and one molecule each of the aperbbnes, XAP2/AIP/Ara9 and a

38 kDa p23 protein (Carver et al., 1998; Kazlausiaad., 1999; Ma and Whitlock, 1997,

Meyer et al., 1998; Perdew, 1988; Pollenz et &94). Ara9 is a tetratricopeptide repeat
protein of the immunophilin family and binds to baisp90 and AhR. Several groups
have implicated the role of ARA9 and p23 in staimlg the cytoplasmic AhR (Bell and

Poland, 2000; Kazlauskas et al., 1999; Kazlauskak,&2000; Ramadoss et al., 2004).
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Figure 27. Mechanism of transcriptional activatipnAhR (Mimura and Fujiikuriyama
2003).
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Hsp90 appears to be required for proper foldingtR into a high affinity
ligand binding conformation and is also involvedhe retention of the AhR in the
cytoplasm, perhaps by masking its nuclear locabradequence (NLS) (Ikuta et al.,
1998; Pongratz et al., 1992). Ligand binding caasesnformational change in AhR
protein, exposing its nuclear localization sigrmtttriggers nuclear translocation of
AhR and in the nucleus AhR exchanges hsp90 withatier molecule Arnt (Lees and
Whitelaw, 1999). The stage at which the releage28fand XAP2 takes place from the
AhR complex is not known. The AhR/Arnt heterodirtien binds to the dioxin or
xenobiotic response elements (DRE/XRE) in the CYP§Ane promoter and promoters
of other Ah- responsive target genes (Dolwick etl93; McLane and Whitlock, 1994,
Shen and Whitlock, 1992). It then recruits coad¢tva (CBP/300 for Arnt and RIP140,
SRC1 for AhR) and general transcription machingrynitiate the transcription of the
target gene (Beischlag et al., 2002; Hankinson528@m and Stallcup, 2004;
Kobayashi et al., 1997; Kumar and Perdew, 1999; &ush al., 1999).

DRE motifs were initially identified in the 5’ retatory regions of CYP1A1
gene by several groups (Fujisawa-Sehara et alg;1J@fhes et al., 1986). Based on
sequence alignment of several known DRES, a consdDRE containing an N T/G
TGCGTGA/C C/G AIT AIG G/C N sequence has been derivea géntanucleotide
core GCGTG is required for AhR/Arnt binding andng sequences are important for
transcriptional activation (Safe, 2001). The traimtimnal activity of the AhR can be
autoregulated. Mimura et al. (1999) reported thatliganded AhR complex activated

gene expression of another bHLH/PAS protein desgghas the AhR repressor (AhRR)
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(Figure 28). AhRR inhibits AhR function by compegiwith AhR for dimerizing with
Arnt and binding to the XRE sequence. This reprissemovel mechanism for
regulating AhR function by negative feedback intidn. The AHRR—-ARNT complex
itself is capable of binding to gene promoter XRES does not transactivate these target
genes (Baba et al., 2001; Korkalainen et al., 2800ura et al., 1999).

Basal expression of AHRR mRNA has not been detantduk tissues of
untreated mice, but AHRR mRNA levels were induaetling, thymus, heart, liver,
kidney, and intestine after treatment with 3-methglanthrene. However, in humans,
AHRR is constitutively expressed in various nortiedues, especially in testis (Mimura
et al., 1999; Tsuchiya et al., 2003; Yamamoto e2804). An additional regulation of
AhR function is due to induced degradation of AhBt@in. Degradation of AhR in
response to TCDD has been observed in severdinesiand tissues and it is
established that ligand-induced downregulation lbRAs mediated by ubiquitin and 26S
proteasome pathway following nuclear export (Dawagiand Pollenz, 1999; Pollenz,
2002; Roberts and Whitelaw, 1999). It has been dstnated that inhibition of
proteasomes blocked AhR degradation resultingrongtand prolonged activation of
AhR mediated genes (Ma et al., 2000). There isesdence suggesting that
phosphorylation of AhR/Arnt heterodimer is impottéor transactivation since the
binding of AhR/Arnt to DRE was shown to be aboldliy phosphatase treatment (Park
et al., 2000). Recently several reports have sugdeésvolvement of MAPK and other
kinase pathways in modulating the activity of tHeRAcomplex (Tan et al., 2002; Tan et

al., 2004; Yim et al., 2004).
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Figure 28 Domain structures of mMAhRR and mAhR proteins. Ewtage identity
between mAhRR and mAhR are indicated (Mimural gti#199).

1.7.6 Target genesfor TCDD

It has been suggested that most of the pathologitedts of TCDD are due to
transcriptional activation or repression of gef@DD induces several phase | enzymes
(cytochrome P450s CYP1A1, CYP1B1, and CYP1A2) amabsp Il (NAD(P)H-
dependent quinone oxidoreductase-1, glutathiorteaSsferase GST-Ya, UDP-
glucronosyltransferase) drug metabolizing eny(ddsitiock, 1999). In addition a
number of other genes involved in cell proliferati@GF{, IL-13 and PAI-2), cell
cycle regulation (p27, p21 and jun-B), apoptosiaxBMatikainen et al., 2001) and
other pathways, are also induced by AhR ligandsl@iKcet al., 1999; Son and Rozman,
2002; Sutter et al., 1991). TCDD inhibdtsll cycle progression in 5L rat hepatoma cells
by direct induction of p27 mRNA and protéavels (Kolluri et al., 1999). Treatment of
PC-3 and DU145 human prostate cancer cells with D@ 3ults in dose and time
dependent increase in matrix metalloproteinases MMRpression and also stimulates

MMP-9 protein secretion (Haque et al., 2005). MalsR-regulated genes contain XRE
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in their regulatory regions and are regulated bgdaibinding of ligand-activated AhR to
XRE sequences, however, there is considerable mugdinat TCDD can affect gene
expression through other indirect mechanisms, agsohhR complex formation with
retinoblastoma protein (RB), RelA, and SP1 (Durdapl., 2002; Ge and Elferink, 1998;
Kim et al., 2000; Wang et al., 1998) and effectkimases such as src kinase (Dunlap et
al., 2002). For example TCDD induces the transionipof fos and jun genes by both
AhR- dependent and -independent mechanisms (Hefffal, 1996; Puga et al., 1992).
Recently, Weiss et al. (2005) showed that the ihdo®f c-jun in 5L- rat
hepatoma cells depends on activation of p38-mitegdivated protein kinase (MAPK)
by an AhR-dependent mechanism and differs frontlhgsical mode of AhR-dependent
regulation of gene expression by binding of theepgar to its XRE recognition
sequences in promoters of regulated target gemesidition, TCDD affects gene
expression by stimulation of growth factors (Dastsl., 2000) and through interference
with other nuclear receptors such as ER (Wormks#.e2003). Several groups have used
microarray technology to identify novel genes reg¢ed by TCDD. Boverhof et al (2005)
performed comprehensive temporal and dose-respoitsearray analyses using
custom cDNA microarrays containing 13,362 cDNA @smn hepatic tissue from
immature ovariectomized C57BL/6 mice treated wi@DD. The group reported
changes in expression of genes involved in sepdiological processes such as
oxidative stress and metabolism, differentiatigroosis, gluconeogenesis, and fatty
acid uptake and metabolism. Table 10 describest aflseveral other genes regulated by

TCDD.
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Table 10List of genes regulated by TCDD.

MRNA/promoter/protein upregulated or induced by TCDD

Aldehyde dehydrogenase

(Dunn et al. 1988)

Aldehyde oxidase 1 (AOX1).

Mouse hepatoma cell line Hepave(®Ret al.,
2005).

Basic leucine zipper transcription factor
NRF2 (NF-E2 p45-related factor 2).

Mouse hepatoma 1c1c7 (Miao et al., 2005).

Cyp2a5.

Primary hepatocyte cultures derifrech livers of
DBA/2 and C57BL/6 mice (Arpiainen et al., 2005).

Insulin-like growth factor binding protein-1
gene expression.

Human hepatocytes and HepG2 human hepatoma
(Marchand et al., 2005).

cells

Suppressor of cytokine signaling 2 (Socs2).

Murine B ¢Bllsrerhof et al., 2004).

Plasminogen activator inhibitor-1.

Mouse hepatoma cell lines.é®d Rozman, 2002).

p21.

Lncap and MCF-7 cells (Barnes-Ellerbe et al., 2004

).

HES-1(protein and mRNA levels).

T47D human mammary carciceits (Thomsen et
al., 2004).

CAAT/enhancer binding protein-alpha
(C/EBPalpha).

Mouse adipose tissue and liver (Liu et al., 1998).

Nuclear factor, DIF-3.

Mouse embryonic stem (ES) cells(Ohbayasthi,
2001).

MMP-1. Human Keratinocytes (Murphy et al., 2004).
mMRNA/promoter/protein downregulated by TCDD
C/EBP beta. Mouse adipose tissue and liver (Liu et al., 1998)

Gamma-catenin.

Rat liver epithelial cells (WB-F344).(Dietrichl gt
2003).

Spermatogenesis-related factor-2 (SRF-2).

Rat testis (Yamanp28G8).

T-cadherin mRNA.

Rat aortic smooth muscle cells (Niermann et al.,

2003).

1.7.7 Inhibitory AhR/ER crosstalk

TCDD inhibits several E2-induced responses bothtio and in vivo.

Kociba and co-workers (1978) first reported thatesal age-dependent spontaneous

mammary and uterine tumors were decreased in feBmabgue-Dawley rats exposed to

TCDD in the diet for up to two years.

These ressiltggested that TCDD exhibits

antiestrogenic activity and inhibited formation frdyrowth of two E2-dependent

tumors. Subsequent studies showed that TCDD ishib&émmary tumor formation and
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tumor growth in 7,12-dimethylbenzanthracene-induesdale Sprague-Dawley rats and
inhibits tumor growth in athymic nude mice bearingnan breast cancer cell xenograft
(Gierthy et al., 1993; Holcomb and Safe, 1994;sther et al., 1995).

TCDD exhibited several antiestrogenic effects mualterus of immature or
ovariectomized rats and mice. In these animals, D@ihibited several E2-induced
uterine responses including uterine wet weightaase (Romkes et al., 1987), DNA
synthesis, progesterone receptor (PR) binding xudaee activity (Astroff and Safe,
1990), EGF receptor binding and increased EGFR¢Kstt al., 1990) and c-fos mMRNA
levels (Astroff et al., 1991). The AhR is expressethe rodent uterus and the structure-
dependent antiestrogenic activities of TCDD andtesl compounds as antiestrogens
corresponded to other AhR binding affinities thgrebpporting a role for the AhR in
mediating the responses (Romkes and Safe, 1988;efaf., 2000).

Buchanon et al. (2000) showed that TCDD inhibitsiliciced uterine epithelial
labeling index (LI) and lactoferrin (LF) mMRNA exmson in wild type but not in AhR
knockout mice. Recently, Takemoto et al. (2004) olesirated that cotreatment of mice
with E2+TCDD resulted in significant decrease iniB@uced uterine peroxidase
activity (UPA) in wild type AhR mice but not in ARR and cyp1bl -/- knockout mice
suggesting that antiestrogenic effects of AhR nexpuAhR as well as CYP1bl.
Moreover, TCDD also inhibited E2-induced cyclin Ayclin B1, and cyclin D2 in the
uterus of ovariectomized C57BL/6J mice. This waamted with increased expression
of TGH3, which may play a role in the growth inhibitoryexfts of TCDD (Buchanan et

al., 2002). In humans, accidental exposure of exdgdof Seveso, Italy (1976) to TCDD



119

resulted in a decrease in mammary and endomeaniaker (Bertazzi et al., 1998;
Bertazzi et al., 2001), thus supporting the antiegenic effects of TCDD in humans.

TCDD inhibits expression of a large number of EQuoed genes/proteins and
other related activities in various cell lines umbihg ER positive breast and endometrial
cancer cells. Gierthy and coworkers initially regedrthat TCDD inhibited E2-induced
secretion of tissue plasminogen activator actiptystconfluent focus production, and
proliferation of ER-positive MCF-7 cells, whereas effects were observed in ER-
negative MDA-MB-231 cells (Gierthy et al., 1987;e@&hy and Lincoln, 1988).
Subsequent studies revealed that TCDD and otheraguoRists inhibited secretion of
pro-cathepsin D, cathepsin D,160-kD protein and {E&gel and Safe, 1990) in
addition to inhibition of E2-induced glucose metidra (Narasimhan et al., 1991).

TCDD also inhibited E2-induced mRNA levels of salarenes including c-fos
(Duan et al., 1999), pS2 (Zacharewski et al., 19%9Hesby et al., 1997), Hsp27(Porter
et al., 2001), prolactin receptor (Lu et al., 1998 (Harper et al., 1994), and cyclin
D1(Wang et al., 1998). TCDD inhibited reporter gewévity in cells transfected with
constructs containing EREs (Nodland et al., 199id) gromoter fragments of cathepsin
D (Krishnan et al., 1995; Wang et al., 2001b), tneskinase B (Castro-Rivera et al.,
1999), pS2 (Gillesby et al., 1997), Hsp27 (Porteale 2001), c-fos (Duan et al., 1999)
and E2F1 genes (Ngwenya, S unpublished). Wang edgrted that TCDD
significantly inhibited E2-induced hyperphosphotida of RB, cyclin D1 protein, and
cdk2-, cdk4-, and cdk7-dependent kinase activitidd CF-7 cells and the anti-

proliferative activity of TCDD may be due, in pamtdownregulation of several E2-
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induced cell cycle proteins/activities (Wang ef 4898). Kohle et al. (2002)
investigated biological effects of a constitutivalstive mutant of the aryl hydrocarbon
(Ah) receptor (CA-AhR), in modulating estrogen natoe function in MCF-7 cells. The
conditional expression using the tet repressorAADR inhibited estrogen-dependent
cathepsin D expression and growth of MCF-7 ceklsehy suggesting the role of AhR
in mediating growth inhibitory effects. Moreover DO inhibited selected estrogen-
induced responses in wild-type but not beajmjrene resistant (BaPR) MCF-7 cells
which expresses ERand Arnt but only minimal levels of the AhR thusther
confirming the requirement of AhR expression fordméng AhR/ER crosstalk (Moore
et al., 1994). TCDD inhibited several E2-inducespianses including cell proliferation
in Ishikawa and ECC1 endometrial cancer cell lifi&sstro-Rivera et al., 1999; Wormke
et al., 2000a) and inhibitory AhR/ER crosstalklsoaobserved in ovarian cancer cells
(Rowlands et al., 1993; Rogers and Denison, 2002).
1.7.8 Mechanism of Inhibitory AhR-ERa crosstalk

The interaction between AhR and &Rignaling pathway is complicated and
several mechanisms have been proposed to exp&ainhibitory AhR/ERx crosstalk.
These include increased metabolism of E2, dirgetactions of the AhR with critical
promoter regions of E2 responsive genes, indudfonhibitory factors, competition for
common nuclear coregulatory proteins, and proteastdependent degradation of £R

(Safe and Wormke, 2003).
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1.7.8.1 Increased metabolism of E2

Spink and co-workers demonstrated that TCDD androiihR agonists induce
CYP1A1l and CYP1B1 expression in breast cancer.c@¥®1A1 and CYP1B1 are
involved in oxidative metabolism of E2 resultingdapletion of intracellular hormone
levels (Spink et al., 1990; Spink et al., 1992;nRmt al., 1994). The limiting levels of
E2 may result in decreased hormone-responsivehasmay contribute to the observed
inhibitory crosstalk between AhR and ER signaliaghpvays. However, there is
evidence that alteration in E2 metabolism cannidt Account for observed
antiestrogenic responses. For example, circul&gvels are not altered in rodents
treated with TCDD (Shiverick and Muther, 1982). T@Bnd other related compounds
inhibit E2-induced responses at time points thatede induction of CYP1A1 protein
(Krishnan et al., 1995). Several SAhRMs do not celGYP1ALl in breast cancer cells
or in rodent models in vivo but inhibit cell/tumgrowth. These results suggest that
CYP1Al-dependent depletion of E2 through oxidametabolism is not necessary for
inhibitory AhR-ER: cross-talk (Safe and Wormke, 2003).
1.7.8.2 Proteasome-dependent degradation of ERa

TCDD and other AhR agonists were initially reportediecrease the levels of
ERa protein levels in MCF-7 cells and this correlatgth their binding affinities for the
AhR (Harris et al., 1990). Later, Wormke et al.@@B) demonstrated that TCDD causes
proteasome-dependent degradation of both AhR amdrEsulting in decreased levels
of immunoreactive AhR and ERproteins in T47D, MCF-7, and ZR-75 breast cancer

cells. Moreover, cotreatment with TCDD plus E2 fesiin 80-90% (enhanced)



122

degradation of cellular ERIevels within 3 h (Wormke et al., 2003). Thus eatment
of cells with TCDD plus E2 may result in proteasedependent degradation of ER
below critical levels required for hormone-indudeghsactivation.
1.7.8.3 Induction of Inhibitory factors

TCDD inhibited E2-induced pS2 mRNA and ERE-repogene activity in BG-1
ovarian cancer cells and this was blocked by cyotohide, a protein synthesis inhibitor.
These results suggest that the inhibitory effeE®GDD may be due to induction of an
inhibitory factor (Rogers and Denison, 2002). Haind Enhanceaf Split homolog-1
(HES-1) is downregulated by estrogen and is inwbivemediating proliferative effects
of E2 on breast cancer cells (Strom et al., 2000pmsen et al. (2004) recently showed
that HES-1 is up-regulated BYDD both at protein and mRNA levels in T47D cells
and that AhR-mediatagp-regulation of HES-1 mRNA is caused by transwpl
activationof the HES-1 gene. This upregulation of HES-1 eggi@ was correlatemith
suppression of cell proliferation and this may t@art, to inhibition of E2F-1 through a
HES element. Thus, the regulation of HES-1 by TCidid E2 with opposite effects
may represent a novel pathway for the repressid&dfignaling by TCDD-activated
AhR.
1.7.8.4 Inhibitory DRES

One of the mechanisms of inhibitory AhR/&Rrosstalk involves direct
interactions of the nuclear AhR complex with "@di" regions of E2 responsive gene
promoters that results in suppression of gene egme. Functional inhibitory DREs

(iDREs) with GCGTG sequence that corresponds tpémtanucleotide core of a DRE
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required for AhR-mediated transactivation, havenbdentified in the cathepsin D, pS2,
Hsp27, and c-fos gene promoters; however the mesrharof inhibition are gene
promoter specific.
1.7.8.5 Competition for shared transcription factors

AhR and ER interact with several common transaipfactors and cofactors
including nuclear factor 1 (Ricci et al., 1999) asteroid receptor coactivators such as
estrogen receptor associating protein 140 (ERAR, RI®140 (Kumar et al., 1999),
SRC1 (Kumar and Perdew, 1999) and CBP/p300 (Kolbagasl., 1997). In addition
the silencing domain of SMRT corepressor interaatis the PAS B domain of the AhR
(Nguyen et al., 1999; Rushing and Denison, 200RoR@et al., 2004).
1.7.9 SAhRMs

Research in our laboratory has identified two gsoofselective AhR
modulators (SAhRMSs) as potential therapeutic ageasstarget the AhR for treatment
of breast cancer. This includes alternate-substit(t,3,6,8- and 2,4,6,8-) alkyl PCDFs
and ring-substituted diindolylmethanes (DIMs) (Seffal., 1999; Safe et al., 2000).
These compounds interact with the AhR and exhinitipl AhR antagonist activities for
many of the AhR-mediated toxic responses whileimgtg antiestrogenic properties.
Prototypical SAhRMs such as 6-methyl-1,3,8-trichttibenzofuran (6-MCDF) (Figure
29) and related alternate-substituted alkyl PCDRghited E2-induced responses in
vitro as well as in the rat uterus. 6-MCDF alsalliited mammary tumor growth in
DMBA-induced rat mammary tumor model without angrsficant changes in

liver/body weight ratios, liver morphology or indien of hepatic CYP1A1-dependent
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activity (McDougal et al., 1997). Cotreatment wiioxifen (TAM) and 6-MCDF
resulted in synergestic and additive effects ofbitibn of DMBA-induced rat
mammary tumor growth. Moreover, 6-MCDF inhibitecbtWAM-induced markers of
estrogenicityn the uterus without affecting the desirable ERragt activityof TAM on
bone growth (McDougal et al., 2001). TCDD and 6-ME&lso inhibited pancreatic
cancer growth via induction of p21 and cell cydleest (Koliopanos et al., 2002).

On the other hand, the ring-substituted diindolytimees (DIMs) are structurally
related to phytochemicals such as indole-3-carlii3&) that are components of
cruciferous vegetables and exhibit antitumorigewitvity. DIM (Figure 29) is a major
acid-catalyzed metabolite of I3C formed in the tpait binds to the AhR and exhibits
anticarcinogenic activity in vivo in rodent models well as inhibiting growth of cancer
cell lines (Wattenberg and Loub, 1978; Stoewsaral.e1988; Kojima et al., 1994). For
example, Chen et al. (1998) showed that DIM inkiEiR-induced proliferation of MCF-
7 cells, reporter gene activity in cells transigmtansfected with an E2-responsive
plasmid (containing a frog vitellogenin A2 genermuder insert) and down-regulated the

ER.

| \ CIOO
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CH,

6-MCDF

DIM

Figure 29. Structure of SAhRMs (McDougal et al.9792001).
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Moreover, DIM also inhibits DMBA-induced mammaryrar growth in
Sprague-Dawley rats and this was not accompanieddugtion of hepatic CYP1A1-
dependent activity. Several ring-substituted DIMsteesized in this laboratory
inhibited E2-induced growth of MCF-7 cells and DMBAduced mammary tumor
growth in Sprague-Dawley rats (McDougal et al., @00 hese results are consistent
with the epidemiological evidence showing that darous vegetable consumption is
associated with prevention of several cancers duefubreast cancer and this could be
due, in part, to indole-3-carbinol and related compls that activate the AhR (Murillo

and Mehta, 2001).

1.8CAD

Pyrimidine nucleotides play a critical role inlogr metabolisnserving as
activated precursors of RNA and DNA; and CDP-diglyderolphosphoglyceride for
the assembly of cell membranes and UDP-sUgarsotein glycosylation and glycogen
synthesis. Pyrimidines can either be synthesileatbvo from small metabolites or via
salvage pathways and recycling of preformed pyrineidbases (Evans and Guy, 2004).
The salvage pathway is usually sufficient for megttells (Zaharevitz et al., 1992),
however, activation afie novo pyrimidine biosynthesis is essential for growthwhors
and proliferating cells (Roux et al., 1973; Huisnedral., 1979; Fairbanks et al., 1995).
Thede novo biosynthesis of pyrimidines is a highly regulatedltistep (six) pathway
and has been studied genetically and biochemiaabyvariety of organisms (Figure 30).

In mammalian cells, the first, second and thirghstare catalyzed by a large
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multifunctional protein CAD, that contains threezgmatic activities: carbamoyl
phosphate synthetase Il (CPSase Il), aspartatecidmamoylase (ATCase) and

dihydroorotase (DHOase)(Coleman et al., 1977).

NH, + CO,
2 ATP

CPS II
2 ADP + P,

Carbamoyl phosphate

ATCase
Aspartate

Carbamoyl -H,0

aspartate —rb Dihydroorotate
NAD

21O Dihydroorotic dehydrogenase

NADH

Orotate

Orotate pyrophosphorylase
PRPP

Orotidine-5’-phosphate

Orotate decarboxylase -CO,

Uridine monophosphate (UMP)

Figure 30. Schematic representation of de novamgine biosynthesis in mammalian
cells (modified form Evans and Guy, 2004).
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CAD is a 243kDa polypeptide that is functionallyiae as a hexamer and is
organized into autonomously folded functional damaionnected by inter-domain
linkers (Figure 31) (Carrey et al., 1985; Lee et H85; Kim et al., 1992; Qiu and
Davidson, 2000). The rate limiting reaction of adwo pyrimidine biosynthesis is
catalyzed by CPSase I, that is allosterically lnied by UTP and activated by 5-
phosphoribosyl-1-pyrophosphdfRPP) (Levine et al., 1971; Simmons et al., 2004).
The activity of CPS Il is also regulated by MAPKdaPKA phosphorylation; for
example, PKA-mediated phosphorylation of Ser14@&lts in loss of UTP inhibition
and reduced activation by PRPP (Carrey et al., 1G8fey and Hardie, 1988; Sahay et
al., 1998). @D is also phosphorylated &hr-456 in the CPS Il domalbyy MAPK in
vitro and in response to growth factors (EGF, PD@R)vo. MAPK phosphorylation
bothin vivoandin vitro relieves UTP inhibition and stimulates PRPP atitiveof
CPSase Il that may result in increased rate ohpginebiosynthesis (Graves et al.,
2000). CAD protein is also a selective targetdaspase-mediatadactivation and
degradation during apoptosis in vitro and in vim@aimyeloid precursor cell lingluang
et al., 2002Db).

Elevated activities of many of the key enzymesuafleotide metabolism,
including CAD, CTP synthetase, thymidylate synth@s®), dihydrofolate reductase and
ribonucleotide reductase have been reported isfivtamed and malignant tumor cells
(Aoki and Weber, 1981; Weber, 2001). For exan@RSase Il activity of CAD was
significantly higher in hepatomas compared to ndiimer cells (Aoki et al., 1982;

Reardon and Weber, 1985).
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CPS I DHO ATCase
A
1 379 1456 1789 1915 2225
I
MAPK PKA1 UTP PKA2
(Thr456) (Ser1406) PRPP (Ser1859)
Phosphorylation Phosphorylation Phosphorylation
upregulates downregulates No effect on
pyrimidine pyrimidine pyrimidine
biosysnthesis biosysnthesis biosysnthesis

Figure 31. Structural organization and regulatib@AD (modified from Sigoillot et al.,
2004).

Sigoillot et al. recently showed that the activfythede novo pyrimidine
biosynthetic pathway and the intracellular CAD camtcation in MCF-7 cells was
around 4-fold higher than in normal MCF-10A breaddts (Sigoillot et al., 2004). Thus

inhibition of these enzymes is another target fredoping anticancer drugs.

1.9 Resear ch Objectives
1.9.1 Molecular mechanisms underlying hormonal regulation of CAD gene expression
in MCF-7 and ZR-75 breast cancer cells

E2 stimulates proliferation of MCF-7 and other ESitive breastancer cell
lines, and this is accompanied by cell cycle prsgjaand transactivation of multiple
genes including several thae involved in the proliferative response. Lippnaaual
coworkers have investigated effects of E2 in MCéells on several enzymes required
for DNA synthesisncluding those involved in nucleotide biosynthg8isonzert et al.,

1981, Aitken and Lippman, 1982; Aitken and Lippmaf85). They reportethat E2



129

induced dihydrofolate reductase, thymidylate sysétand thymidine kinase activities,
and these were accompanmdincreased DNA synthesis as determined by raobdal
thymidineuptake (Aitken and Lippman, 1985; Aitken et al.83 In addition, activity
of several enzymes required for pyrimidine biosesthjncluding carbamylphosphate
synthetase, aspartate transcarbamytasédine pyrophosphorylase, and orotidine
decarboxylase, werdso induced by E2 (Aitken and Lippman, 1983).

Research in this laboratory has demonstridtaidthe mechanisms of hormonal
and growth factor regulatiaf some genes, including those associated witheotidle
biosynthesisind cell growth, are regulated by a nonclassicahbBxiNlependent
mechanism that involves ERSp1l interactionat E2-responsive GC-rich promoter
motifs. Genes regulated by BERSpl inER-positive MCF-7 or ZR-75 breast cancer cells
include cyclinD1, bcl-2, RARx1, IGF binding protein 4denosine deaminase, DNA
polymerasen, c-fos, cathepsin D, E2F-dnd creatine kinase B (Duan et al., 1998; Sun
et al., 1998; Dong et al., 1999; Qin et al., 199@; et al., 2000; Castro-Rivera et al.,
2001; Samudio et al., 2001; Ngwenya and Safe, 200%®) aim of this research was to
investigate the mechanisms underlying hormonalletigm of CAD gene expression in
MCF-7 and ZR-75 breast cancer cells.

1.9.2. Molecular mechanisms of inhibitory AhR-ERa crosstalk using the hormone-
responsive CAD gene as a model

ERa and ERB are members of the NR superfamily of transcripfewtors, and
studies in ER knockout mice and humans show theitapt role for this receptor in

reproductive tract development, neuronal and vasduhction, and bone growth (Krege
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et al., 1998; Couse and Korach, 1999). ER expressid activation by estrogens also
plays a pivotal role in mammary tumor developmertt growth (Hulka et al., 1994),
and early stage ER-positive breast cancer hassemessfully treated with
antiestrogens such as tamoxifen and other SERMs@v&agor and Jordan, 1998).
Although tamoxifen and other SERMs have been extelysused in clinical
applications, there is evidence that prolongedafiskese compounds may lead to
increased risk for endometrial cancer (for tamoxifer development of tumors resistant
to endocrine therapy (Clarke et al., 2001). Aeralative approach for inhibiting
estrogen-dependent mammary tumor growth usingdig#or the aryl hydrocarbon
receptor (AhR) has been investigated in this lalooyaCompounds such as 6-MCDF
activate inhibitory AhR-ER crosstalk in breast and endometrial cancer déksyodent
uterus, and rodent mammary tumorsivo. For example, 6-MCDF significantly
inhibited DMBA-induced mammary tumor growth in fele&prague Dawley rats at
doses as low as 3@/kg/d (McDougal et al., 2001). Moreover, in condiion with
tamoxifen, 6-MCDF synergistically inhibited mammawmmnor growth in the rat model
and protected against tamoxifen-induced estrogesigonses in the uterus but did not
affect bone lengthening induced by tamoxifen (McBalLet al., 2001).
Hormone-mediated mammary tumor growth is depenolembodulation of gene
expression and in breast cancer cells, AhR agosigth as 6-MCDF or the high affinity
AhR ligand TCDD, inhibit E2-induced progesteroneggtor, prolactin receptor,
cathepsin D, heat shock protein 27ps-pS2 and cyclin D1 mRNA and/or protein

expression (Safe and Wormke, 2003). Based on sesfiromoter analysis, one



131

inhibitory mechanism may involve direct interactioithe AhR complex with inhibitory
IDREs in E2-responsive gene promoters (Krishnaal.e1995; Gillesby et al., 1997;
Duan et al., 1999; Porter et al., 2001). Both B@ &CDD induce proteasome-
dependent degradation of ERWormke et al., 2000b; Wormke et al., 2003) and in
breast cancer cells cotreated with E2 plus TCDB résulting low levels of ERmay
become limiting and thereby decrease expressigome hormone-dependent genes.
The objective of this study was to investigaterttechanism of inhibitory AhR-ER

crosstalk using the hormone-responsive CAD gererasdel.
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CHAPTERII

MATERIALSAND METHODS

2.1 Cells, Chemicals and Biochemicals

MCF-7, ZR-75 and COS-1 cells were purchased froneAran Type Culture
Collection (ATCC, Manassas, VA). MCF-7 and COS-lisceere cultured iDME/F12
(Sigma Chemical Co., St. Louis, MO) media supplete@rvith 5% fetal bovine serum
(Intergen, Des Plains, I1A; JRH Biosciences, Len&&:, or Atlanta Biologicals, Inc.,
Norcross, GA,), 1.5 g/l sodium bicarbonate and 10antibiotic-antimycotic solution
(Sigma Chemical Co., St. Louis, MO). ZR-75 celkre maintained in RPMI 1620
medium with phenol red and supplemeniaith 10% fetal bovine serum, 1.5 g/l sodium
bicarbonate, 2.38 g/l HEPES, 4.5 g/l dextrose afd /| sodium pyruvate. Cells were
maintained in 37°C incubators under humidified 5@™5% air.

Dimethyl sulfoxide (DMSO), Phosphate buffered salfRBS), E2, and
antibiotic/antimycotic solution were purchased fr8igma Chemical Co. (St. Louis,
MO). MG132 was purchased from Calbiochem (EMD Biesces, Inc., CA). TCDD
was prepared in this laboratory and was shown ted886 pure by gas chromatographic
analysis. ICI 182,780 was provided by Alan WakeljAgtraZeneca Pharmaceuticals,
Macclesfield UK). [7-*P]JATP (3000 Ci/mmol) andrf*?P] CTP (3000 Ci/mmol) were
purchased from Perkin-Elmkeife Sciences (Foster City, CA). Restriction enzgme

Polydeoxy- (inosinic-cytidylic) acid [poly d(I-C)[f4 DNA ligase, and other enzymes
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were purchased from Promega Corp. (Madison, Wl)arBloehringer Mannheim
(Indianapolis, IN). Reporter lysis buffer and Lu#ise Assay Reagent were purchased
from PromegaB-Galactosidase activity was measured using Tropiba&o-Light Plus
Assay System (Tropix, Bedford, MA, USA). Instantdger and Lumicount micro-well
plate reader were purchased from Packard Instru@entDowners Grove, IL). Anti-
FLAG M2 antibody was purchased from StratageneJ@la, CA) and all other

antibodies were purchased from Sabwtaz Biotechnology, Inc. (Santa Cruz, CA).

2.2 Plasmids, Oligonucleotides and Cloning

Human ERx expression plasmid was originally providedDr. Ming-Jer Tsai
(Baylor College of Medicine, Houston, TX) and wasloned into pcDNA3 and human
ERPB expression plasmid was kindly provided by BEsEnmark and J.A. Gustafsson
from the Center for Biotechnologfpovum (Huddinge, Sweden). ERleletion
constructs HE11, HE1&nd HE19 were obtained from Dr. Pierre Cham(bostitut de
Genetique et de Biologie Moleculaire et Celluldlitgirch, France) and cDNAs for
these constructs were then subcloned into the Esio&bf pcDNA3.1 in this laboratory.
ERa-null and TAF1 plasmids were derived from HE19 &R, respectively in this
laboratory. Dominant negative Spl (pBGENSp1) arddhresponding empty vector
(PBGENO) were provided by Drs. YoshihiBmwa and Toshiyuki Sakai (Kyoto
Prefectural University of Medicin&yoto, Japan). Basic pGL2 luciferase plasmid was
purchased from Promega. DRE-luciferase (DRE-lugdrer construct was constructed

in this laboratory and contains three tandem coasedioxin response elements (DRE).
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PCI/hAhR-FLAG and pcDNA3/hArnt-FLAG were kindly prioled by Dr. Gary Perdew
(Pennsylvania State University, PA). Plasmid pSpihtains three consensus Spl
binding sites linked to a luciferase reporter geloaed into pXP2 plasmid. All primers
and oligonucleotides were prepared either by Gest®gyma (The Woodlands, TX,
USA) or Integrated DNA Technologies (IDT) (CoralgillA) or Promega Corp
(Madison, WI). CAD promotduciferase constructs pCAD1 (-90/+115) and pCAD2 (-
90/+25) werekindly provided by Dr. Peggy Farnham (UniversityMdfsconsinMadison,
WI). CAD promoter fragments were synthesized or léirad by PCRas double-
stranded DNA and inserted into the pGL2 basic &reeeporter plasmid (Promega
Corp.) vector between Nhe | and Hindgdlylinker sites. pCAD3 (-67/+115), pCAD4 (-
67/+25), pCADS5 (-47/+115), pCAD7 (-20/+115), pCADB+115), and pCAD9 (-
47/+60) were madey PCR amplification using pCAD1 as the templateé fomward
(fwd) and reverse (rev) primers as listed in Tdldle

Plasmids pCADG6 (-47/+2%nd pCAD10 (-30/+25) were constructed by inserting
the double-stranded oligonucleotidie® pGL2 basic vector. PCAD constructs
containing point mutations were constructed by P@Ragenesis usingcADm-rev: 5'-
CCA ACA GTA CCG GAA TGC CAA GCT TAC TTA GAT-3' as the reverse primer.
PCAD1m1, pCAD1m2 and pCADmM4 were made using pCABtha template;
pCADmMS5 was made using pCADmL1 as the template, &#&Dm6 was made using
pCADmM?2 as the template. The fwd primers used fdr P@itagenesis are listed in Table
12. All ligationproducts were transformed into competent Eschexicbii cells and

clones were confirmed by DNA sequencing (Gene TeldgiesLaboratory, Texas
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A&M University). Plasmid preparation kits were phased from Qiagen (Valencia, CA)
or Biorad Lab. (Hercules, CA). pECFP-C1 and pEYFPr@&ammalian expression
vectors were obtained from BD Biosciences CLONTHGHoratories, Inc. (Palo Alto,
CA). CFP-hER, CFP-YFP chimera, CFP-Saxid YFP-hER were constructed by Dr.
Kyounghyun Kim in this laboratory (Kim et al., 200%ull length YFP-AhR was
constructed using forward primer 5° CAG TAG ATC TAFAA CAG CAG CAG CGC
CAA CAT 3’ and reverse primer 5 CAG TGT CGA CTT ADGGA ATC CAC TGG

ATG TCA A 3’ and cloned in between bgl Il and Saltes of pEYFP-C1 plasmid.

Table 11. Primers for pCAD deletion constructs.

pCAD deletion
constructs Primers used

pCAD3 (-67/+115) pCAD3-fwd: 5’- CAG TGC TAG CCT TAC GTG CCC GGC CCC- 3

pCAD3-rev: 5-CAG TAAGCT TTG CAAACT CCACTGGAAC CAC-®

DCAD4 (-67/+25) pCAD3-fwd: 5'- CAG TGC TAG CCT TAC GTG CCC GGC CCC- 3

pCAD4-rev: 5-CAG TAA GCT TGC AGC GTAGGAGCCTCG C -3

pCADS (-47/+115) pCAD5-fwd: 5'-CAG TGC TAG CCT CAC GCC GCC TGT GTC-3

pCAD3-rev: 5-CAG TAAGCT TTG CAAACT CCACTGGAAC CAC-3

PCAD?7 (-20/+115) pCAD7-fwd: 5-CAG TGC TAG CCA GTC TCT GCT GCT GCC-3

PCAD3-rev: 5-CAG TAAGCT TTG CAAACT CCACTGGAAC CAC-®

pCAD8-fwd: 5'-CAG TGC TAG CCA AGC GCG CCCGAGGCTC CT
AC-3’
PCAD3-rev: 5-CAG TAAGCT TTG CAAACT CCACTGGAAC CAC-®

pCADS (1/+115)

DCADO (-47/+60) pCAD5-fwd: 5'-CAG TGC TAG CCT CAC GCC GCC TGT GTC-3

PCAD9-rev: 5-CAG TAA GCT TGC TAACGG CGC GGG GCG C TG-¥

fwd= forward and rev= reverse
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Table 12. Primers for pCAD constructs containingqypmutations.

Plasmids Primers used

pCADIm1 pCADm1-fwd: 5-CAG TGC TAG CCC GTG GCT CCG CGG ACC CGCCCC
TTA CGT GCC CGG CCC CCAACC TCAC-3'

bCAD1M2 pCADm2-fwd: 5-CAG TGC TAG CCC GTG GCT CCG CGG ACC CCA ACC
TTA CGT GCC CGG CCC CCA ACC TCA C-3'

pCAD1m4 pCADm3-fwd: 5'-CAG TGC AGC CCG TGG CTC CGC GGA CCC GCC CCT
TAC GTG CCC GGC CCC GCC CCT AAA ACC_ GCC TG-3'

DCADIMS pCADmM5-fwd: 5'-CAG TGC TAG CCC GTG GCT CCG CGG ACC CGC CCC
TTA CGT GCC CGG CCC CCA ACC TAA AAC CGC CTG-3'

DCADIMG pCADmM6-fwd: 5'- CAG TGC TAG CCC GTG GCT CCG CGG ACC__CCA ACC
TTA CGT GCC CGG CCC CCA ACC TAA AAC CGC CTG-3'

fwd= forward and rev= reverse

2.3 Semiquantitative Rever se Transcriptase-Polymerase Chain Reaction (RT-PCR)
MCEF-7 cells were seeded in DME/F12 medium suppléetewith 2.5%

charcoal-strippederum. RNA was extractesing RNAzol B (Tel-Test, Friendswood,

TX) or RNeasy mini kit (Qiagen, Valencia, CA) foling manufacturer’grotocol.

RNA was quantitated by measuring the 260/280-nM@gdi®nratio, and concentration

was adjusted to 100-200 ngRMA for use in RT-PCR. RNA was reverse-transcriaed

42°C for25 min using oligo-deoxythymidine primer, followbkg PCR amplificatioof

RT product using 2 mM Mggl1 uM each gene-specificimer, 1 mM deoxynucleotide

triphosphate (ANTP), and 2.5 U AmpliTB&A polymerase (Perkin-Elmer, Boston,

MA). Primer sets for CAD were addamthe mixture, and gene products were amplified

(30 cycles)n a PTC-200 thermal cycler (MJ Research, Inc.,aatvn, MA).The
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resulting 837-bp CAD probe was ligated into pcDNABe CADprobe was PCR
amplified, gel purified and then sequenced by tkedsTechnologidsaboratory, Texas
A&M University. Primers used for CAD amplificatiomere as follows:

CAD-fwd: 5-CTAAGCTTAC-TGTGGCCTCAAGTATAAT-3'

CAD-rev: 5'-CTGGATCCTATGGGAAGA AAATAGACCT-3'

2.4 Northern Blot Analysis

Cells were seeded in DME/F12 medium supplementéd 26% charcoal-
strippedserum and then synchronized in serum-free media @ays. Cellsvere treated
with various compounds for different time periodsl &NA was extracted using
RNAzolB (Tel-Test), following the manufacturer’s protoctbb-20 pg of RNA were
separated on a 1.2% agarose/1 M formaldepgtand transferred onto nylon
membrane for 48 h. RNA was cross-linksdexposing the membrane to UV light for 10
min, and the membrameas baked at 8C for 2 h. The membrane was then
prehybridizedor 18 h at 60C using ULTRAhyb-Hybridization Buffer (Ambion, Aust
TX) and hybridized in the same buffer for 2#ith the [r*?P]-labeled cDNA probe. The
membrane was then washed in 2X SSC (0.3 M sodidanidl, 0.03 M sodium Citrate,
pH 7) and 0.5% SDS for 1 h and then washed in 2& 8% 6-8 h. The resulting blots
were quantitatedsing a Phosphor Imager (Molecular Dynamics, Sual®\CA).[3-
Actin or B-tubulin mRNA were used as an internal control@aonmalizeCAD mRNA

levels.
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2.5 Transient Transfection Assays

Cells were seeded in DME/F12 medium supplementéd 2%6% charcoal-
strippedserum overnight in 12-well plates. Transfection wasied out either using
calcium phosphate-DNA co-precipitation method ogéne 6 transfection reagent
(Roche, IN) or lipofectamine 2000 (Invitrogen, CAhe reporter plasmids were
cotransfected with E&R ERB, or other ER variant expression vectors using thawa
phosphatenethod for 5—6 h. After 5-6 h cells were shockethwi5 ml of 25 % glycerol
for 1 min in a 12-well plate. Cells were then dof&md36-48 h with different treatments.
Transfection using Fugene 6 or lipofectamine 20@8 warried out according to the
manufacturer’s protocol in absence of antibioticserum-free media. After 4 h, serum
was then either added directly on to the wellseous-free media was changed with 5
% charcoal-stripped media. Cells were then treaidddimethylsulfoxidgDMSQO) or
other treatments. After 24-36 h cells were washigd RBS and then harvested in 300
of cell lysis buffer (Promega Corp., Madison, WOEll lysate was frozen in liquid
nitrogen for 30 sec and then thawed at room tengpvilater bath. Freeze-thaw cycle was
repeated three times and then sample was vortegattjfuged at 12000 rpm for 1 min
and supernates were transferred to fresh tubedekase activities ithe various
treatment groups were performed on 20 dedif extract using the luciferase assay
system (Promega Corp., Madison, WI) in a luminom@ackard Instrument Co.,
Meriden, CT), andesults were normalized fisgalactosidase enzyraetivity which was

also performed on 20 ul oéll extract.
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2.6 Electrophoretic Mobility Shift Assay (EM SA)

Cells were seeded in DME/F12 medium supplementéd 2%6% charcoal-
strippedserum overnight and treated with 10 nM E2 for 3@.mMluclear extractsere
obtained using NE-PER nuclear and cytoplasmic etitnareagents (Pierce Chemical
Co., Rockford, IL). Oligonucleotides were synthesipurified, and annealed, and 5
pmol of specific oligonucleotidegere labeled at the 5'-end usingpblynucleotide
kinaseand f4] ATP. 2 g of nuclear extract was incubated in 0.75 M HEG@n(#
HEPES, 1.5 mM EDTA, and 10% glyce(ebl/vol), pH 7.6) buffer with ful of 0.1 M
ZnCl, and 1 pl of poly [d(I-C)] for 5 min. 100-150 foékcess of unlabeled wild-type or
mutant oligonucleotidesere added for competition experiments and incubfte10
min. The mixture was incubated with 2 pl labeled oligdeatides (40,000 cpm) for 10
min,and antibodies were then added fon30 on ice for supershift experiments. The
reaction mixture was loaded onto a 5% polyacryl@gal and ran at 150 V for 2 h. The
gel was dried for 45 min and protein/DNA complexese visualized by either
autoradiography or exposed to phosphoscreen andliied on STORM' 860
(Molecular Dynamics, Sunnyvale, CA). The oligonwatides (mutations are underlined

and substitutedases are indicated in bold) used in EMSAs aredist Table 13.

2.7 Chromatin mmunopr ecipitation Assay
ZR-75 or MCF-7 cells were grown in 150-mm tissu#ure platesand treated
with 20 nM E2 for various times. Formaldehyde wen added to the medium to a final

concentration of 1% andcubated with shaking for 10 min at room tempentu
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followedby the addition of glycine (0.125 M) and incubatfon 10 min. Cells were
washed with PB&nd 1 mM phenylmethylsulfonyl fluoride (PMSF), qued, and
collectedby centrifugation. Cells were then resuspendeaveliuffer(85 mM KCl,
0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluei5 pg/ml leupeptin and
aprotinin at pH 8.0) and homogenizaliclei was isolated by centrifugation at 1509 x
for 3 min,then resuspended in sonication buffer [1% sodiudedyl sulfat€SDS); 10
mM EDTA,; 50 mM Tris-HCI, pH 8.1], and sonicated #& sec. This extract was then
centrifuged at 15,000 x g f@0 min at 4 C, aliquoted, and stored at>-80until used.
Thecross-linked chromatin preparations were diluteduffer (1%Triton X-100; 100
mM NacCl; 0.5% SDS; 5 mM EDTA; and Tris-H@IH 8.1), and 20 ul of Ultralink
protein A or G or A/Geads (Pierce Chemical Co., Rockford, IL) were ddukr 100 pl
of chromatirand incubated for 4 h at 4 C. A 100-pl aliquot wagedand used as the
100% input control. Salmon sperm DNA, spediintibodies, and 20 pl of Ultralink

beads were added, atté mixture was incubated overnight at 4 C.

Table 13 0Oligonucleotides used for EMSA.

Oligos Sequences

CADal (-75/-48) 5'-CCC CGC CCCTTA CGT GCC CGG CCC CGC TCA CGC CC- 3'
CADE (+54/+78) 5-GCC GTT AGC CAC GTG GAC CGA CTC-3'

CADE (mutant) 5-GCC GTT AGC CTG CAG GAC GAC CGA CTC-3’

Sp1 (consensus) 5-AGC TTA TTC GAT CGG GGC GGG GCG AGC G-3'

Spl (mutant) 5-AGC TTATTC CG AA GC GGG GCG AGC G-3'
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Samples were tharentrifuged; beads were resuspended in dialysiehuf
vortexedor 5 min and centrifuged at 15,00@or 3 min. Beads wemesuspended in
immunoprecipitation buffer (11 mM Tris-HCI; 508M LiCl; 1% Nonidet P-40; and 1%
deoxycholic acid, pH 8.0) anbrtexed for 5 min at 20 C. The procedures with the
dialysisand immunoprecipitation buffers were repeated (3-ahd beads were
resuspended in elution buffer (50 nM sodium bicadie 1% SDS, 1.5 pg/m sonicated
salmon sperm DNA), vortexednd incubated at 85 for 15 min. Supernatants were
isolatedby centrifugation and incubated at’85 for 6 h to reverse cross-linkizard
PCR kits (Promega Corp.) were used to purify DNMJRCR was used to detect the
presence of promoter regions immunoprecipitatiéll ERa, Spl, Brahma-related gene
1 (Brg-1) or acetylated histone 4 (Ac. H4) antilesd{Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA)The primers -176 5'-CTT GGG GTG GGA GGG ACT-3' ahdl 5'-
GCGGCA GCA GCA GAG ACT-3' (CAD gene promoter) and +348-TGTAGT
TCT TGA GCA CCT CG-3' and +2605 5-TGC ACA AGT TEGT CCATC-3'
(cathepsin D, exon Il) were synthesized and use®@Ranalysis of
immunoprecipitated DNA. PCR reactions were cardetin the presence of 1 M
betaine and/or varying amounts of DMSO 3-6 % itriagent two-step PCR program

(95-6C0r 95-65) to increase the specificity.

2.8 Coimmunopr ecipitation
MCF-7 cells were seeded in 10 mm plates in DME/fE2lium supplemented

with 2.5% charcoal-strippeskrum and were grown for two days. Cells were femntad
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with 3 pg of AhR-FLAG using Fugene 6 as per the manufacsiprotocol for 18 h and
then treated with different compounds for 20 mieli€were washed with ice-cold PBS
(2x) and cell lysates were prepared in $00f lysis buffer [50 mM Tris HCI, pH 8.0,
150 mM NaCl, 1 mM EDTA, 1 % Igepal CA-630 and peste inhibitomixture (Sigma)]
on ice for 45 min with intermittent vortexing at diem speed and then centrifuged at
13000 x g for 15min. Five hundred) of protein was used for immunoprecipitation for
each sample. 20l of EZview ™ Red ANTI-FLAG M2 agarose affinity gel (Sigma
Chemical Co.) was added to the protein samplesramainoprecipitation was carried
out for 6 h at 4C on a rocking platform. In control samplegid.of mouse IgG was
added for 5 h followed by addition of 1 protein- L- agarose beads (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) for 1 h. Tleals were washed with the lysis
buffer (5x) for 15 min each af@ followed by centrifugation at 8,000 x g for 3@ se
After the final wash, beads were resuspended ijnl 8D 1X sample buffer (50 mM Tris-
HCI, 2% sodiundodecyl sulfate [SDS], 0.1% bromphenol blue, 175 giM
mercaptoethenol), boiled for 5 min, separated 6rAl0% SDS-PAGE gel for 5 h at

130V and Western blot analysis was performed.

2.9 Western Blot Analysis

Protein samples were boiled in 1X sample buffeSfonin, separated on 7.5-
10% gel and then transferred to polyvinylideneutifide (PVDF) membrane (BioRad)
overnight at 30V. Membranes were blocked in Bl¢g# milk, Tris-buffered saling.0

mM Tris-HCI, pH 8.0, 150 mM NacCl], and 0.05% Twe2®) for 30 min angrobed
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with primary antibodies E® (H184), Spl (PEP2) or FLAG (M2) for 2-4 h. Membegan
were washed for 30 min in 1X TBS-Tween, probed \pithoxidase-conjugated
secondary antibody for 1-2 h and then washed iTB%-Tween for 30 min. Ten ml of
HRP-substrate (Dupont-NEN, Boston, MA) was addeatlinoubated for 1 min and
visualized by autoradiography. Quantitation waggreared using a Sharp JX-330
scanner (Sharp Electronics, Mahwah, NJ, U&#9) Zero-D Scanalytics software

(Scanalytics Corp., Sunnyvale, CA, USA).

2.10. Fluor escence Resonance Energy Transfer (FRET)

To perform FRET, cells were seeded in 2-well Laluletmber slides w/cvr
(Nalge Nunc. International, Rochester, New YorkPME/F12 medium supplemented
with 5% charcoal-strippeserum and grown for 36 h. Cells were then transtkutith
750 ng of CFP-Sp1, 500 ng CFP-ER, 500 ng YFP-AhBOOrng of YFP-ER alone or in
combination using Fugene 6 in absence of seruner Aft, 5 % charcoal-strippsdrum
was directly added on to the cells. After 14-18dils were washed with PBS and then
put on the stage of the BioRad 2000MP system equippth a Nikon T#300 inverted
microscope with a 60X (NAL1.2) water immersion olijgz lens and a Titanium:Saphire
pulsed laser tuned to 820 nm wavelength and araamiis wavelength Argon/Krypton
laser tuned to 488 nm excitation (Table 14). Celse pre-treated with TCDD for 15
min and images were acquired between 8 and 18 fteinaddition of DMSO or E2.
Images of cells transfected with CFP and YFP fusmmstruct alone or in combination,

were collected using 2 photon-820 nM excitation @amgth.
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Table 14 Excitation and emission of fluorescent proteins.

Channel Excitation (nm) Emission (nm Laser
CFP channel 820 488 Titanium: Saphife
FRET channel 820 525 Titanium:Saphire

YFP channel 488 525 Argon/Krypton

Both CFP and YFP were excited at 820 nm to effettigenerate 410 nm for
excitation of the CFP and FRET channels. Emissfddrd® (CFP channel; donor signal)
was collected using a 500 DCLP dichroic and 4508®mm filter while emission of
YFP (FRET channel; acceptor signal) was collectadgia 528 nm/50 nm filter. Donor
bleed through signal to the FRET channel was cafedlby measuring the FRET
channel signal resulting from MCF-7 cells transéelobnly with the CFP fusion
construct. Acceptor bleed through to the FRET ckanas calculated by measuring the
FRET channel signal resulting from MCF-7 cells sfacted with the YFP fusion
construct alone. For determination of YFP-ERcalization in the YFP channel, YFP-
hERo was excited at 488 nm with Argon/Krypton laser anassion of YFP-hER was
collected at 525/50 nm. To correct for variatiom$luorophore expression resulting
from different transfection efficiencies, minimuevkls of YFP expression and
maximum levels of CFP were selected based on addiected from each experiment.

Cells that did not match the selection criteriaeveliminated from the FRET analysis.
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Negative (CFP empty and YFP empty) and positiveR‘GIFP chimera) controls were
used to calculate the approximate FRET efficiemcgells treated with different ligands;
It was assumed that the signal from cells transteatith the positive CFP-YFP chimera
construct will exhibit 50% FRET efficiency when cpared to signals from cells
transfected with CFP/YFP empty constructs. Fortifieation of Region Of Interest
(ROI) and FRET analysis, MetaMorph software verédhwas used (Universal
Imaging Corp. Downingtown, PA). Acceptor signal aicgd with the FRET channel
was corrected by subtracting the background sigealell as the donor bleed through
signal. Ten to fifteen images were collected franlesample and 1-5 cells per image
captured were analyzed. Three to five experimeatepch combination of transfected
fusion constructs were conducted on different d&ysdent’s t test was used to analyze
the statistical significance between control agdrid-treated cells at p<0.05 and this
analysis was performed using Prism software ver4i0r{(GraphPad Software Inc. San

Diego, CA).

2.11 Small Inhibitory RNA

Small inhibitory RNAs (siRNAs) were prepared by IDTDharmacon Research
(Lafayette, CO) and targeted ttmding region 153-173, 672—-694, and 1811-1833
relative to the start codon of GL2, lamin B1, and §enesespectively. Single-
stranded RNAs were annealed by incuba2@g M of each strand in annealing buffer
(100 mM potassiuracetate; 30 mM HEPES-KOH, pH 7.4; and 2 mM magmesiu

acetatejor 1 min at 90 C followed by 1 h at 37C. Cells were cultureid six-well
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plates in 2 ml of DME/F12 medium supplemented \bith fetal bovine serum. After
16—-20 h when cells were 50-6@#nfluent, iRNA duplexes and reporter gene
constructs (pCAD1Were transfected using LipofectAMINE Plus Reagém¢i{rogen
Life Technologies, Carlsbad, CA). The effects gdi®n hormone-induced
transactivation of CAD gene was investigated in Zeellsreated with 15 nM E2 and
transfected with pCAD1 (500 ng) aB&a expression plasmid (200 ng). iRNA duplex
(0.75 pg)was transfected in each well to give a final comegion of50 nM. Cells were
harvested 48 h after transfection by masgehping in 1x lysis buffer (Promega Corp.

Madison, WI). The sequences for the siRNAs usddisstudy are listed in Table 15.

2.12 Real-Time PCR

Cells were seeded in DME/F12 medium supplementéd 26% charcoal-
strippedserum and then synchronized in serum-free media éays. Cellsvere
pretreated with DMSO or M MG132 for 30 min before treating with various

compounds for different time periods.

Table 15. Sequences for siRNA duplexes.

Target gene  siRNA duplex

GL2 5-CGU ACG CGG AAU ACU UCG ATT
TT GCA UGC GCC UUA UGA AGC U-%’

LMN 5-CUG GAC UUC CAG AAG AAC ATT
TT GAC CUG AAG GUC UUC UUG U-%

5-AUC ACU CCA UGG AUG AAAUGATT

Spl TT UAG UGA GGU ACC UAC UUU ACU-5'
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RNA was extracted using Qiagen RNeasy minikit (@mgvalencia, CA, USA)
following the manufacturer’s protocol. Foug of RNA was reverse transcribed for
cDNA synthesis using Superscript Il reverse trapsase (Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol. Twl@f cDNA reaction mixture was then
used to carry out PCR using SYBR Green PCR Masterfidm PE Applied
Biosystems (Warrington, UK) on an ABI Prism 770@&ence Detection System (PE
Applied Biosystems). PCR was performed as follo8tep 1: 95 for 10 min (1 cycle)
and step 2: 95for 15 sec and 60for 1 min (40 cycles). The relative quantitatidn o
samples was carried out using comparatiyenéthod. TATA binding protein (TBP)
was used for normalization. Primers used to perfe@R were purchased from
Integrated DNA technologies (Coralville, 1A) anctas follows:

CAD (Fwd): 5- TCC TCT GAT CGG CAA CTA TGG -3
CAD (Rev): 5- AGG ATT CAAACC ACTTGC AGAGA -3
TBP (Fwd): 5'- TGC ACA GGA GCC AAG AGT GAA - 3’

TBP (Rev): 5- CAC ATC ACA GCT CCC CAC CA - 3'

2.13 Statistical Analysis

Experiments were repeated two or more times, atalate expressex either
the mean + SD or mean + SE for at least threeaafgls for eactireatment group.
Statistical differences between treatment grougre determined using SuperANOVA
and Scheffé’s test. Treatments weoasidered significantly different from controlgaif

< 0.05.
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CHAPTER 11

RESULTS

3.1 Mechanism of Hormonal Regulation of CAD Gene Expression in MCF-7 and
ZR-75 Breast Cancer Cells*
3.1.1 Hormonal regulation of CAD gene expression in MCF-7 and ZR-75 cells

In order to determine if regulation of CAD gene eegsion is critical for E2-
induced breast cancer growth we first investigétedeffects of E2 on CAD mRNA
levels. E2-responsive MCF-7 and ZR-75 cells weratamed in serum-fremedia
before treatment with 10 nM E2 for 1, 3, 6, 12, @24th. CAD mRNA levels were
determined at all time points in batéll lines and significant induction was observed i
MCF-7 cells after 3 and 6 h (5- and 3-fold incrgg&egure 32) and aftedr2 h (>4.5-fold)
in ZR-75 cells (Figure 33). Although the time cairgluction of CAD mRNA levels by
E2 was different in MCF-7 ar€R-75 cells, the induced mRNA appeared to be teatsi

in bothcell lines.”

" Reprinted with permission from “Estrogen recef@ptl complexes are required for
induction of cad gene expression by 17beta-estradlreast cancer cells” by Shahen
Khan, 2003.Endocrinology, 144, 2325-2385pyright 2003, The Endocrine Society.
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Figure 32. Induction of CAD mRNA levels by E2 in & cells. MCF-7 cells were

treated with DMSO for 24 h (lane 1) and 10 nM E2Xp3, 6, 12, and 24 h (lanes 2-5,
respectively). Cell extracts were obtained, andlt@NA was isolated and subjected to
Northern blot analysis as described in Material$ iethods. The intensity values were
guantified using a Phosphor Imager and were nopedlio the values @-actin mRNA.
Significant induction® < 0.05) of CAD mRNA was observed at 3 h and 6dhian

indicated with arasterisk.
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Figure 33. Induction of CAD mRNA levels by E2 in Z/. ZR-75 cells were treated
with DMSO for 24 h (lane 1) and 10 nM E2 for 163,12, and 24 h (lanes 2-5,
respectively). Cell extracts were obtained, andlteNA was isolated and subjected to
Northern blot analysis as described in Material$ iethods. The intensity values were
guantified using a Phosphor Imager and were nopexdlio the values @-actin mRNA.

Significant induction® < 0.05) of CAD mRNA was observed at 12 h and isdated

with anasterisk.



151

After determining that E2 induced CAD mRNA levels then investigated
effects of E2 on CAD gene promoter constructsangrent transfection assays in both
cell lines. The proximal growth-responsive regidthe humarand hamster CAD gene
promoter are similar and contain three upstré&@rrich binding sites and 1 (hamster) or
2 (human) downstreaB box motifs. pPCAD1 contains the -90 to +115 regibthe
human CAD gene promoter linked to the firefly lecdse reporter gene (Mac and
Farnham, 2000) and was initially used to deternteeeffects of E2ZIreatment of
MCF-7 or ZR-75 cells with E2 alone (10-100 nM) diat induce reporter gene activity
suggesting that nongenomic hormonal activationimddes manot be required for
transactivation of the growth-responsive CAD gerewter (Figure 34).

Studies in several laboratories have demonstthggchormonal activation of E2-
responsive promoters containing EREs, AP-1, andi@@notifs are minimal in ER-
positive breast cancer cells witha@oatransfection with ER (Berry et al., 1989; Weisz
and Rosales, 1990; Porter et al., 1996; Sathyi, di987; Castro-Rivera et al., 2001).
This has been attributed to overexpression of émstcucin the transfected cells where
ER becomes limiting and2-responsiveness is restored by cotransfectidm ki or
ERpB expression plasmids. The results in Figure 34 sthatE?2 induced luciferase
activity only in MCF-7 or ZR-75 cellsotransfected with E®Rand pCAD1, whereas
hormone-induced transactivatiaas not observed in cells cotransfected witfBER
These results suggest thatd&eRut not ER play a critical role in E2-mediated

transactivation of CAD gene promoter.
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Figure 34. Activation of pCAD1 by E2 in MCF-7 (Aha ZR-75 (B) cells. Cells were
transfected with ug of pCAD1 and 250 ng of ERor ER3 expression plasmids, and
the effects of 10 nM E2 on luciferase activity wdetermined as described in Materials
and Methods. Results are expressed as means # @DIéast three replicate
determinations or each treatment group and sigmficmduction P < 0.05) is indicated

with anasterisk.
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3.1.2 Analysis of domains of ERa required for E2-mediated activation of CAD gene
promoter in MCF-7 and ZR-75 cells

The importance of different domains of & E2-mediated transactivation of
CAD gene promoter was investigated by transfedi@f-7 and ZR-75 cells with
pCAD1 plus wild type or variant EdRexpressiomplasmids. Figure 35 is a schematic
representation for each of the &Rxpression plasmids used in these studies. These
include ERx variants containing mutatioms helix 12 of AF-2 (TAF1) and deletion$
AF-2 (HE15), AF-1 (HE19), and the DNA-binding dom@HE11) regions. ER-null
contains both mutations in helix &8d deletion of AF-1. Mutations in helix 12 within
the AF-2 domain disrupt the interaction of coadtva with transcription factors without
affecting ligand binding or dimerization. In MCFeélls, hormone inducibility was
observed in cells cotransfectedh pCAD1 and ER or HE11 and decreased hormone-
responsiveness but significant induction was als®oved in cells transfected with
TAF1 and HE19. In ZR-75 cells hormone inducibiltgas observed in cells
cotransfectedith pCAD1 and ER and decreased hormone- responsiveness but
significant induction was also observed in celagfected with HE11 and TAF1 (Figure
36). Analysis of domains of E®Rrequired for activation ggCAD2 was also investigated.
The pCAD2 construct has three upstream GC-ricls sitet lacks the two downstream E-
boxes. E2-mediated transactivation of pCAD2 wasnkexl with ER(, HE11 and TAF1
in MCF-7 cells whereas in ZR-75 cells, E2-medidtadsactivation of pCAD2 was

observed with ER, HE11 and HE15 (Figure 37). In summary hormoneafallity was
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observed in n MCF-7 and ZR-75 cells cotransfeatiéidl ERa and HE11; however,
transactivation by HE19 and TARias dependent on promoter and cell context.
Moreover the fold-inducibility opCAD constructs was higher in ZR-75 cells (>8-fold)
transfectedavith ERa compared with MCF-7 cells (<3.5-fold); inducibyin MCF-7 and
ZR-75 cells transfected with HE11 or TAF1 wasd®4-fold. These data are consistent
with results of previous studies on other genesletgd by ER/Spl where
transactivatiots observed for ER and HE11, demonstrating that DN#ding by ERx

is not required for hormone-dependent transactwatibuan et al., 1998; Sun et al.,

1998; Porter et al., 2001; Saville et al., 2002).

Wild type ERe. | AF-1 DBD | Hinge | LBD/AF-2 | F
drkk

TAF-1 AF-1 DBD | Hinge | LBD/AF2 | F

HE19 DBD | Hinge | LBD/AF2 | F

HE11 AF-1 Hinge | LBD/AF-2 | F
At

ERa-null DED | Hinge | LBD/AF-2 | F

HELS AF-1 DBD | Hinge

Figure 35. Schematic representation fonBRiriants containing deletions and point
mutants. HE11 contains deletion of DBD of &R1E15 contains a deletion of the AF-2
domain of ER, TAF-1 contains mutations helix 12 of the AF-2 domain of ER
(D538N, E542Q and D545N), HE19 contains a deletiotme AF-1 domain of ER and

ERa-null is similar to HE19 but has three point mutas in AF-2.
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Figure 36. Effect of wild type and variant ERn pCAD1 in MCF-7 and ZR-75 cells.
Cells were transfected withplg of pCAD1 and 250 ng of ERor HE11, HE15, HE19,
ERa-null, and TAF1. pSpilwas used as a positive control for HE11 in ZR-&lsc
Luciferase activity was determined as describddaterials and Methods. Results are

expressed as means + SD for at least three replieaérminations for each treatment

group and significantR < 0.05) induction is indicated with asterisk.
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Figure 37. Effects of wild type and E&Rvariants on pCAD2 in MCF-7 and ZR-75 cells.
Cells were transfected withplg of pCAD2 and 250 ng of ERor HE11, HE15, HE19,
ERa-null, and TAF1. pSpilis used as a positive control for HE11 in ZR-7lsce
Luciferase activity was determined as describddaterials and Methods. Results are
expressed as means + SD for at least three replieaérminations for each treatment

group and significantR < 0.05) induction is indicated with asterisk.
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3.1.3 Deletion and mutation analysis of the CAD gene promoter

The E2-responsive -90 to +115 region of the humaAb @ene promotecontains
three GC-rich Sp1 binding sites and two E-boxesin8Rced reporter gene activity was
observed in MCF-7 (Figure 38) and ZR{Pwgure 39) cells transfected with pCAD1
which contains both GC-ricdnd E-box motifs. Deletion analysis of the growth-
responsiveegion of the CAD gene promoter gave a unique patiEresponseas both
cell lines. The effects of successive 5'-deletioiithe upstream GC-rich sites on basal
activity and E2-responsivenesas determined in transient transfection studi@sgus
pCAD1,pCAD3, pCADS5, pCAD7, and pCADS8. As shown in Figa& basal activity
observed witlthese constructs in MCF-7 cells decreased witheasing deletionf GC-
boxes 1-3; however, GC-box 2 appeared to bentiet essential element for high basal
activity. Moreover, E2esponsiveness of pCAD1, pCAD3, pCAD5, pCAD7, and
pCAD8 in MCF-7cells was dependent on GC-boxes 1 and 2 but reotBGC-box
was primarily responsible for E2-mediated transatibn. Constructs containing GC-
box 3 alone (pCAD9, pCADS5, pCAD6, p€AD10) or in combination with the two E-
box motifs (pCAD5Wwere E2 non-responsive.

Transfection of constructs containitig E-box motifs alone (pCAD7 and
pCADS8) or comparison of activitiessociated with deletion of the E-boxeg(pCAD1
vs. pCAD2;pCAD3vs. pCAD4) indicated that in MCF-7 cells these motrere not E2-
responsive and inhibited basal activity in MCEells. These results are in contrast to
previous studies withoth the human and hamster CAD gene promoter aanstin

othercell lines where the E-box regions were primardgponsibldéor high basal
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activity (Boyd and Farnham, 1997; Boyd et al., 1998yd and Farnham, 1999; Mac

and Farnham, 2000).

MCF-7
Luciferase activity F%:d "
p induction
0GCrich BEbox O 40 80 120 160 200 240 280
empty 1.10
PCAD1 (-90/+115) mimiel—iili— * 2.52
0CAD2 (:90/+25) —-8-8— 232
PCAD3 (-67/+115) =elflllill— ¥ 2.48
pCAD4 (-67/+25) == * 2.48
PCADO (-47/+60)  —@ 0.78
pCAD5 (47/+115) —— Tl 0.97
PCAD7 (-20/+115) —H e 0.89
O DMSO
PCADS (1/+115) i 0.75
DCAD6 (-47/+25) == 0.85
pCAD10 (-30/+25) - 0-74
PCADL1 (-20/+25) - 0.76

Figure 38 Deletion analysis of pCAD constructs in MCF-7 ce@lls were transiently
transfected with various pCAD deletion construBEiRy expression plasmid and treated
with DMSO or 10 nM EZ2; luciferase activity was detened as described in Materials
and Methods. Results are expressed as means # @DIéast three replicate
determinations for each treatment and significRr& 0.05) induction is indicated with

anasterisk.
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Figure 39. Deletion analysis of pCAD constructZR75 cells. Cells were transiently
transfected with various pCAD deletion construEiRy expression plasmid and treated
with DMSO or 10 nM EZ2; luciferase activity was detened as described in Materials
and Methods. Results are expressed as means # @DIéast three replicate
determinations for each treatment and significRr& 0.05) induction is indicated with

anasterisk.
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In ZR-75 cells transfecteslith the same constructs (Figure 39), there was a
higher levebf E2-inducibility and less variability in basaltatity comparedvith MCF-
7 cells. Deletion of the E-boxes in constructs aonhgGC-boxes 1-3 (pCAD#s.
pCAD2) or GC-boxes 2—-3 (pCADAB. pCAD4) resulted in increased basal activity and
hormone-inducibilityn ZR-75 cells, whereas in MCF-7 cells (Figure 38)ly increased
basal activity was observed. In ZR-75 cells, a cangpn ofa series of constructs
containing successive deletion of GC-boke8 (pCAD1/pCAD3/pCAD5 and
pCAD2/pCAD4/pCAD9, pCAD6 andCAD10) indicated that E2 responsiveness was
primarily associatedith GC-boxes 1 and 2. The hormone inducibility etved for
pCAD?9 (-47 to +60), which contains GC-box 3 was olagservedor pCAD6
(-47 to +25) or pCAD10 (-30 to +25), suggestingtthGC-box-independent region
between +60 and +25 retained sdmamone responsiveness. Constructs containing the
E-boxes (pCADANnd pCADS8) or GC-box 3 and promoter sequences tietéirste-
box were also E2 responsive. These results sugjgesheE-box and/or +25 to +60
region of the CAD gene promoter exhibite2-inducibility in ZR-75 but not MCF-7
cells; however, GC-boxdsand 2 were the major E2-responsive sites in timeam CAD
gene promoter.

The effects of mutation analysis of the CAD prom@&€-boxes on E2-
responsiveness were also investigated in MCF-7Z&xd@5cells (Figure 40). Mutation
of GC-box 2 (pCAD1m1) did not eliminae2 responsiveness; however, deletion of

both GC-boxes 1 ari(pCAD1m2) resulted in the loss of hormone respemess.
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These results further confirm that cooperative imgdo bothGC-rich motifs contribute
to hormone-dependent activatiortioéd CAD gene promoter constructs.
3.1.4 Protein interactions with the CAD gene promoter

In order to determine the binding of Sp1 with G€hrsites of CAD gene
promoter we performed gel mobility shift assaysgsligonucleotides from the CAD
gene promoter containing wild type or mutant GQr8des. Interactions of nuclear
extracts from MCF-7 and ZR-75 celfisated with DMSO (lanes 6 and 12) or 10 nM E2
(lanes 1-&nd 7—11) with the GC-rici¥P]CADal (-75 to —35 region of the CAD
promoter) and*fP]Sp1 (containing consensus GC-rich site) oligoeniidesvere
investigated. Nuclear extracts from both cell libesind f2P]-Sp1 tagive several bands
which have previously been identified$sl and Sp3 proteins (Dong et al., 1999; Wang
et al., 1999; Xie et al., 2000; Castro-Rivera et2001; Samudio et al., 2001). A major
low mobility Sp1-F2P]Sp1 complex (indicated with anrow) was observeflanes 1, 3,
5, and 6) and this band was unaffected by nonspég@® antibody (lane 1) or
competition with unlabeled mutant Spligonucleotide (lane 3); in contrast, Spl
antibody supershifte8S) this complex (lane 2), and all bands were @iitiyely
decreased using unlabeled wild-type Sp1 oligonticledlane4). There was an increase
in intensity of the Sp1-DNA compléand using nuclear extracts from MCF-7 cells
treated with EZFigure 41, lane 5) compared with M (Figure 41, lane 6);
comparabl@ifferences in band intensities were not obsermedR-75 cell{Figure 42,

lanes 5 and 6).
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Figure 40. Mutation analysis of pCAD constructd@F-7 and ZR-75 cells. ZR-75 [A]

or MCF-7 [B] cells were transiently transfectediwitarious pCAD mutant constructs,
ERa expression plasmid and treated with DMSO or 10E®VIuciferase activity was
determined as described in Materials and Methodsuls are expressed as means = SD
for at least three replicate determinations foheaeatment and significan® & 0.05)

induction is indicated with aasterisk.
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The patterns of low mobility nucleextract-f2PJCADal bands were similar to
those observed usintfP]Sp1; however, there were several additional highbility
complexes observed usingf]CAD1 (lanes 6-12). The Spi%¥p]CADaland Sp1l-
[**P]Sp1 complexes exhibited similar mobilities (lafie&2vs. 1-6; complex indicated
with anarrow). The specifically bound Sp£4P]CADal complex (lanes 7-91, and 12)
was unaffected after coincubation with nonspetifig (lane 7) or mutant unlabeled Spl
oligonucleotide (lane 9yhereas Sp1l antibody supershifted (SS) the contplgike a
band (lane 8) with similar mobility to the supefsd complexobserved in lane 2; and
coincubation with an excess of unlabeled consepdsoligonucleotiddane 10)
decreased intensities of the higher mobility comgésThe lower mobility complexes
were not affected by coincubatiasith Spl antibody or consensus oligonucleotide and

were nofurther investigated.
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[32P] Sp1 + + + + + +
[32P] CADal + + + + o+ o+
100x Sp1 + +
100x mut Sp1l + +
Spl antibody + +
1gG + +
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Figure 41. Binding of Spl to CAD promoter in MCFRé&lls. Nuclear extracts from
MCF-7 cells treated with DMSO (lanes 6 and 12) @nM E2 (lanes 1-5 and 7-11)
were incubated with*fP]Sp1 or {#PJCADal [containing the proximal GC-rich (-75 to -
39) region of the CAD promoter] and unlabeled wijde or mutant Spl
oligonucleotides, Sp1l antibody, or nonspecific Ey@ibody as described in Materials

and Methods.
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Figure 42. Binding of Sp1 to CAD promoter in ZR-@&ls.Nuclear extracts from ZR-
75 cells treated with DMSO (lanes 6 and 12) or WOE? (lanes 1-5 and 7-11) were
incubated with P]Sp1 or {2P]JCADal and unlabeled wild-type or mutant Sp1
oligonucleotides, Sp1l antibody, or nonspecific Bgdescribed in Materials and

Methods.
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Nuclear extracts from MCF-7 cells were also ind¢atavith F?PJCADEwhich
contained the E-box motif in the +54 to +78 regadithe human CAD gene promoter as
shown in Figure 43. Incubation 6fPJCADE with nucleaextracts gave a retarded band
(lane 1, indicated with aarrow), which was competitively decreased by a 50-fold
excess of unlabeledld-type CADE (lane 3) but not mutant CADE oligaeotide
(lane 4). This specifically bound band was supé&esthby USFIantibody (lane 5) but
not by nonspecific IgG (lane 6). The specificdlbund complex was not observed using
radiolabeled mutCADE (lan®; however, two more mobile bands were observed an
only themore mobile band was formed with wiId-tyﬁéH]CADE. Proteingnteracting
with [*3P]CADE to form the less mobile band wer identified. These results
demonstrate that USF1/2 in nucleatracts of MCF-7 cells bind the E-box motifs i th
CAD genepromoter, and interactions of USF1/2 in MCF-7 ceitlear extractwith the
E-box major late promoter element in the cathepsyene promoter has previously

been reported (Xing and Archer, 1998; Wang e2801b).
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Figure 43. Binding of USF-1 to CAD promoter in MCFeells. Nuclear extracts from
MCF-7 cells treated with DMSO (lane 1) or 10 nM (he 2-7) were incubated with
wild-type [F?P]CADE (+54 to +78) or’fP]-labeled mutCADE and unlabeled wild-type
or mutant E-box oligonucleotides, USF-1 antibodynonspecific IgG as described in

Materials and Methods.
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3.1.5 Role of Splin E2-mediated transactivation of CAD gene promoter

Role of Spl in E2-mediated transactivation of CAdhg promoter was
investigated using dominant negati4el expression plasmid (pBGENSp4%) empty
vector (P BGENOPn hormone inducibility in MCF-7 and ZR-75 cellsgére 44). The
emptyvector alone slightly decreased hormone inducihihbweverthe results show
that dominant negative Sp1 significantly inhibiig2tinduced transactivation in MCF-7
and ZR-75 cells transfectadth pCAD1, thus confirming the role of Spl in this
response.

We have further investigated the role of Sp1 in ist&ty hormone-induced
CAD gene expression using an SiRNA duplex thatetsrépl mRNAesulting in down-
regulation of both Sp1 mMRNA and protelmansfection of siRNA into MCF-7 or ZR-75
cells significantlydecreased Spl protein in whole cell extracts (5%)&hd both basal
and hormone inducibility in cells transfecteih pSpt (Abdelrahim et al., 2002). The
results in (Figure 45) show that E2 indubetiferase activity in ZR-75 cells transfected
with pCAD1, andoth basal and induced responses were inhibitedB0$tRNAs
targeted to the luciferase reporter gene (iGL2) @pdl (iISpl)whereas siRNA targeted
to lamin B had no effect. These resfiligcher confirm the role of Spl in hormone-
induced transactivatioof CAD through interaction of the ERSp1 complex with GC-

rich motifs.
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Figure 44. Effects of dominant negative Spl omitliated transactivation of pCADL1.
Cells were cotransfected withuy pCAD1 along with increasing amounts of either
dominant negative Spl expression plasmid (pBGENSP&npty vector pPBGENO,
treated with E2, and luciferase activity was detead as described in Materials and
Methods. The ratio of pPCAD1: pBGENSP1 (1:1) resiitesignificant P < 0.05) *

inhibition of E2-induced luciferase activity in IoZR-75 and MCF-7 cells.
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Figure 45. Inhibition of hormonal activation of pOA by small inhibitory RNA for Sp1.
ZR-75 cells were transfected with pCAD1 and siRNétdamin C (iLMN), luciferase
(IGL2), and Sp1 (iSp1l), treated with 1@ B2 or DMSO and luciferase activity
determined as described in Materials and Methodsuls are expressed as means = SD
for at least three replicate determinations folhdagatment group and significamt €

0.05) inhibition in cells transfected with iGL2 ai#pl compared with cells transfected

with control or iLMN is indicated with aasterisk.
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3.1.6 Interactions of ERa and Sp1 proteins with the GC-rich region of CAD gene
promoter

Confirmation of ER(/Sp1 interactions with the CAD gene promatere
investigated using the chromatin immunoprecipitatgsays (ChiRnd PCR primers
directed to the -176 to -19 regiohthe promoter. Spl antibodies immunoprecipitated
the CAD promotein untreated ZR-75 cells and in cells treated WithnM E2for 30, 60,
and 90 min (Figure 46). ER(H184) antibodies gave wetikknondetectable bands
where the ER (G20) antibody showedrermone-induced increase in &kteractions
with the CAD gen@romoter. Previous studies have reported intenacfdheBrahma-
related gene 1 (BRG-1) with hormone-responsive geomoters (DiRenzo et al., 2000;
Shang et al., 2000), and in this study we deteBR@G-1 associated witihhe CAD gene
promoter in the presence or absence of hormone.

As a control, we also investigated the interactiohERo, Spl, and Brg-1 with
the +2465 to +2605 region (E2 nonresponsive) ot#dibepsin D gene promoter by
PCR. Only minimal to nondetectable bands were efleskon the cathepsin D gene
promoter (Castro-Rivera et al., 2001; Wang et28lQ1b).These data confirm
interactions of ER and Sp1l with the human CAD gene promoter in ZR&lk, and
current studies are investigatimgeraction of other nuclear cofactors required for

ERa/Sp1l action.
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Figure 46 Analysis of ERx and Sp1l interactions with the CAD gene promote€hipP.

A, CAD gene promoter. ZR-75 cells were treated &idhnM E2 for different time

points and after immunoprecipitation of cross-lidk®mplexes, the chromatin was
analyzed by PCR as described in Materials and Misth®, Cathepsin D gene promoter.
As a control, we also investigated the interactiohER, Spl1, and Brg-1 with the +2465
to +2605 region [E2 nonresponsive] of the cathepsgene promoter by PCR as
described in Materials and Methods. Only minimahémdetectable bands were

observed.
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3.2. Molecular M echanisms of AhR-ERa/Spl Crosstalk in Breast Cancer Cells
3.2.1. Inhibitory effects of TCDD on CAD gene expression in ZR-75 and MCF-7
breast cancer cells

Results described in section 3.1 show that E2 ied@AD gene expression in
ZR-75 and MCF-7 cells and this response was meatithteugh interaction of ERSp1l
with proximal GC-rich motifs (-90 to +25). This siyiused the CAD gene as a model
for investigating the mechanisms of inhibitory AlRa crosstalk in which ER/Spl
was the hormone-activated transcription factor demp/Ne first investigated the effects
of TCDD on E2-induced CAD gene expression. Resnligure 47A show that E2
induced CAD mRNA levels in ZR-75 cells and thispasse was inhibited by the
antiestrogen ICI 182,780 and the AhR agonist TCEDinduction was observed at 12 h
and 24 h in this study (Figure 47A) whereas inghevious study E2 induction was
observed only at 12 h (Figure 33). This could be tuchanges in serum and different
passage of cells used. Results in Figure 47B &lgw shat treatment of MCF-7 cells
with 10 nM E2 also induced CAD mRNA levels, whergasitment with TCDD alone or
in combination with E2 resulted in CAD mRNA levaisilar to that observed in cells
treated with DMSO (solvent control). These data destrate inhibitory AhR-ER
crosstalk associated with hormonal regulation oDGfene expression in ER-positive

ZR-75 and MCEF-7 cells.
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Figure 47. Regulation of CAD mRNA levels in ZR-7daMCF-7 cells. ZR-75 cells [A]
were treated with DMSO (D), 10 nM E2 (E) alone fe?4 h, 1uM ICI 182,780 (1), or
10 nM TCDD (T) alone for 12 h, or in combinationtiveE2 (E+I or E+T) for 12 h. CAD
MRNA levels were determined by Northern blot analgs described in the Materials
and Methods. Using a similar approach, CAD mRNZAelswvere also determined in
MCEF-7 cells [B] treated with DMSO, 10 nM E2, 10 nNCDD, or E2 plus TCDD for 6

h.

3.2.2. Inhibitory effects of TCDD on CAD gene promoter-reporter constructs
The inhibitory effects of TCDD on E2-induced tractbaation was also

investigated in ZR-75 cells transfected with camstis containing CAD gene promoter



175

inserts. E2 induced transactivation in cells traatfd with pCAD1 and pCAD2 which
contains the E2-responsive -90 to +115 and -9@&promoter inserts, respectively.
After cotreatment with E2 plus TCDD, the inducediferase activity was significantly
decreased (Figures 48A and 48B). In a similabkekperiments, ZR-75 cells were
transfected with pCAD1 or pCAD2 and treated with 801 10 nM E2, E2 plus ICI
182,780, or 1uM ICI 182,780 alone (Figures 49A and 49B). The hssshow that like
TCDD, ICI 182,780 also inhibited E2-induced trarisation and the classical
antiestrogen was a more effective inhibitor intitaasient transfection studies. We also
carried out a comparable set of experiments in M@ells transfected with pCAD1 or
pCAD2 and treated with E2 alone or in the presearid® nM TCDD (Figures 50A and
50B) or ICI 182,780 (Figures 51A and 51B). The tesswere comparable to those
observed in ZR-75 cells and both TCDD and ICI 18@,ihhibited E2-induced
transactivation.

We then investigated inhibitory AhR-ERcrosstalk in ZR-75 and MCF-7 cells
transfected with pCAD1 and constructs containingations in critical GC-rich sites
and a potential IDRE motif containing a CACGC (Fgb2). Results presented in
section 3.1 demonstrated that the upstream GCstiebk #1 and #2 were the major E2-
responsive motifs in the CAD gene promoter anddiselts in Figure 53A show that
induction by E2 was increased in ZR-75 cells traotsfd with pCAD1m1 (mutated site
#2), whereas in cells transfected with pCAD1m2piame-inducibility was not
observed, indicating that GC-rich site #1 was sidfit for hormone inducibility. TCDD

inhibited E2-induced transactivation in cells trf@aesed with pCAD1m1.
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Figure 48 Regulation of CAD constructs by TCDD in ZR-75 ceIR-75 cells were
transfected with 500 ng of pCAD1 [A] or pCAD?2 [Bhe@ 150 ng of ER, treated with
DMSO, 10 nM E2, E2 plus TCDD, or 10 nM TCDD [A aBfiand luciferase activity
determined as described in the Materials and MethRRdsults are expressed as means
SE for three replicate determinations for eachttneat group and significant (p < 0.05)

induction by E2 (*) or inhibition of this responbg TCDD (**) are indicated.
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Figure 49 Regulation of CAD constructs by ICI 182,780 in ZR¢klls. ZR-75 cells
were transfected with 500 ng of pCAD1 [A] or pCAIB] and 150 ng of ER, treated
with DMSO, 10 nM E2, E2 plus ICI 182,780, opM ICI 182,780 [A and B] and
luciferase activity determined as described inNtagerials and Methods. Results are
expressed as meahsSE for three replicate determinations for eacatinent group and
significant (p < 0.05) induction by E2 (*) or inliion of this response by ICI 182,780

(**) are indicated.
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Figure 50 Regulation of CAD constructs by TCDD in MCF-7 ceN4CF-7 cells were

luciferase activity

transfected with 500 ng of pCAD1 [A] or pCAD?2 [Bhe 150 ng of ER, treated with
DMSO, 10 nM E2, E2 plus TCDD, or 10 nM TCDD [A aBfiand luciferase activity
determined as described in the Materials and MethRdsults are expressed as means
SE for three replicate determinations for eachttneat group and significant (p < 0.05)

induction by E2 (*) or inhibition of this responbg TCDD (**) are indicated.
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Figure 51 Regulation of CAD constructs by ICI 182,780 in MCIFeells. MCF-7 cells
were transfected with 500 ng of pCAD1 [A] or pCAIB] and 150 ng of ER, treated
with DMSO, 10 nM E2, 1M ICI 182,780, or E2 plus ICI 182,780 [A and B] and
luciferase activity determined as described inNtaerials and Methods. Results are
expressed as meahsSE for three replicate determinations for eacatinent group and
significant (p < 0.05) induction by E2 (*) or inliiion of this response by ICI 182,780

(**) are indicated.
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Figure 52.Summary of CAD constructs and their cis-elemengzlue study inhibitory

AhR-ERo crosstalk
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Inhibitory AhR-ERx crosstalk for cathepsin D, heat shock proteinr&¥ afos
has been linked to direct interactions of the AloiRiplex with "inhibitory DRES"
(iDREs) containing the core CACGC motif that birtde AhR complex (Krishnan et al.,
1995; Gilleshy et al., 1997; Duan et al., 1999;t&oet al., 2001). The CAD promoter
also contains a CACGC motif at -45; however, E2ioet] luciferase in ZR-75 cells
transfected with pCADmM3 (mutated DRE), and in cetiseated with E2 plus TCDD,
the induced response was significantly inhibiteidFe 53B). Transfection of plasmids
which contain the mutant iDRE and also mutation&@Gfrich sites #1 (pCADmM4) or #1
and #2 (pCADmb5) resulted in loss of E2-responsigsrand the effects of TCDD on this
activity. These results suggest that the indiraetieatrogenic activity of TCDD in ZR-75
cells was iIDRE-independent. A parallel set of expents were carried out in MCF-7
cells transfected with pCAD1, pCADm1 and pCAD1mB(fFe 54A), pCAD1,
pCAD1m3, pCAD1m4 or pCAD1mS5 (Figure 54B). AlthougBAD1m1 was hormone-
inducible and this response was inhibited by cotneat with TCDD (Figure 54A), the
magnitude of the induction response was signifigadcreased suggesting a more

important role for GC-rich site #2 in mediatingiaation by E2.
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Figure 53Inhibitory AhR-ERx crosstalk in ZR-75 cells transfected with wild-&ypr
mutant CAD constructs. ZR-75 cells were transfegtgd 500 ng each of wild-type or
mutant CAD constructs [A and B] and 150 ng ofcEReated with DMSO, 10 nM E2,
10 nM TCDD, or E2 plus TCDD for 36 h, and lucifezasctivity determined as
described in the Materials and Methods. Resulteapeessed as meahASE for three
replicate determinations for each treatment groupsagnificant (p < 0.05) induction by

E2 (*) or inhibition by E2 plus TCDD (**) are indated.
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Figure 54 Inhibitory AhR-ERx crosstalk in MCF-7 cells transfected with wild-gypr
mutant CAD constructs. MCF-7 cells were transfeet@ti 500 ng each of wild-type or
mutant CAD constructs [A and B] and 150 ng ofcEReated with DMSO, 10 nM E2,
10 nM TCDD, or E2 plus TCDD for 36 h, and lucifezasctivity determined as
described in the Materials and Methods. Resulteqpeessed as meahASE for three
replicate determinations for each treatment groupsagnificant (p < 0.05) induction by

E2 (*) or inhibition by E2 plus TCDD (**) are indated.
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Compared to results in ZR-75 cells (Figure 53Bnmame-induced
transactivation was greatly decreased in MCF-&dedinsfected with pCAD1m3
(Figure 54A), suggesting that in MCF-7 cells, th®CGC sequence may also influence
hormone-induced transactivation through the GC-sith#2. This observation was not
unprecedented since a previous study in MCF-7 shltsved that hormone-induced
transactivation of a GC-rich motif in the cathepBipromoter was also dependent on a
proximal CAGGC site (Wang et al., 1998). The pCAdnstructs are clearly activated
by E2 in ZR-75 and MCF-7 cells and &fSpl activation is a critical component of this
process. However, results with the mutant consrdemonstrate, that cell context also
plays a role in differential activation of specifiomoter elements. Despite these
differences in hormone-induced transactivation idtype and mutant CAD promoter
constructs in ZR-75 and MCF-7 cells, inhibitory AlfRa crosstalk was observed for

both gene and reporter gene expression in bothimed.

3.2.3 Characterization of CFP and YFP fusion proteins used in florescence resonance
energy transfer (FRET)

FRET has been used to study interactions of nuobeaptors and co-regulatory
proteins or peptides in living cells (Llopis et, &000; Tamrazi et al., 2002; Weatherman
et al., 2002; Bai and Giguere, 2003), and using/ZIHP chimeras of EiRRand Sp1,
ligand-induced interactions of ERwith Sp1 in MCF-7 cells have been reported (Kim et
al., 2005). Figure 55 summarizes the YFP/CFP ctamased in this study in MCF-7

cells.
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ZR-75 cells exhibit lower transfection efficienciasd were not used for the
FRET studies. In a previous report (Kim et al., 20@& was shown that the YFP/CFP-
ERa and Spl chimeras were functional in transactivadissays. Figure 56A
summarizes the effects of DMSO, E2, and E2 plus D@D distribution of transfected
YFP-AhR in MCF-7 and COS-1 cells. In MCF-7 celisdted with DMSO and EZ2, the
AhR was detected in the cytosolic and nuclear ilvast whereas after treatment with E2
plus TCDD or TCDD alone, the receptor was localiegdlusively in the nucleus and
exhibited a punctate staining pattern. In a pdrakperiment with COS-1 cells that do
not express ER or AhR, the transfected YFP-AhR badk cytosolic/perinuclear and
nuclear in cells treated with DMSO or E2, wheredagkis TCDD or TCDD alone
induced formation of a nuclear AhR complex as olesgin MCF-7 cells. The
functionality of the YFP-AhR chimera was also invgated in COS-1 cells treated with
DMSO or 10 nM TCDD and transfected with pDREhich contains three tandem
consensus DREs linked to firefly luciferase (Figbé®). In the absence of YFP-AhR,
TCDD did not induce luciferase activity; howeverduction by TCDD was observed
after cotransfection of YFP-AhR indicating that ttemeric YFP-AhR protein was
functional.
3.2.4 Direct interactions between CFP-ERa and YFP-AhR determined by FRET in
MCEF-7 cells

Ligand activation of the AhR inhibits induction BRa/Spl-dependent
activation of CAD gene/gene promoter expressioM@F-7 and ZR-75 cells (Figures

47-54).This led us to investigate the direct interactioh€FP-ERx and YFP-AhR by
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FRET in MCF-7 cells. In solvent (DMSO)-treated MCFeells transfected with YFP-
AhR and CFP-ER, both receptors were primarily localized in theleus and this was
also observed in cells treated with 10 nM E2, 10Ti®DD, or E2 plus TCDD (Figure
57A). Cells were pretreated with TCDD for 15 mirdahen treated with E2 (alone or in
combination with TCDD) for an additional 8 min. pnctate nuclear pattern was
observed in all the ligand treated groups and wast ppronounced in cells treated with
E2 plus TCDD. Excitation of CFP-ERat 410 nm and emission at 488 illustrates the
blue fluorescent emission of the nuclear CFRxERhe yellow fluorescence was
detected in the FRET channel at 525 nm by excifir@-ERx using 820 nm pulsed
laser and this represents the CFP-YFP interactidreaergy transfer. The emission
intensities in the FRET channel were enhancedanréated cells.

The results in Figure 578uantitate the FRET efficiencies in the various
treatment groups, and there was a significant asgen FRET efficiencies in cells
treated with E2, TCDD and E2 plus TCDD. The owedathe CFP and FRET signals
are shown in Figure 56A and confirm the enhanceidsaon observed in the FRET
channel for the treatment groups. These resultodstrate for the first time that AhR
and ERx interact in living cells, and this observatiorcansistent withn vitro studies
that also show interactions between these pro{&insge et al., 1999; Ohtake et al.,
2003; Wormke et al., 2003). A parallel set of expents was also carried out in COS-1

cells that do not express endogenous AhR ar.ER
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Figure 56 Activity of YFP-AhR in MCF-7 and COS-1 cells. A.dand-dependent
subcellular trafficking of YFP-AhR. MCF-7 or COSeglls were transfected with 250
ng of YFP-AhR for 16 h, treated with DMSO, 10 nM,B® nM TCDD, or E2 plus
TCDD for 30 min, and localization of YFP-AhR wag@enined as described in the
Materials and Methods. B. Ah-responsiveness of @@8Hs transfected with YFP-AhR.
COS-1 cells were transfected with 150 ng pRREd different amounts of YFP-AhR
expression plasmid, treated with DMSO or 10 nM TCRBd luciferase activity
determined as described in the Materials and MethiRdsults are expressed as means
SE for three replicate determinations for eachttneat group and significant (p < 0.05)

induction by TCDD is indicated (*).
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Figure 57 Ligand-dependent interactions of YFP-AhR and CFR:EHRMCF-7 cells.
MCEF-7 cells were transfected with YFP-AhR and CHRxEpretreated with 10 nM
TCDD for 15 min before treating with DMSO or 10 A2 for 8 min, and representative
FRET images in each treatment group were acquiced 8-18 min after treatment. For
each treatment group, 10-15 images were acquirgé@ach image contained 1-5 cells
which were subsequently analyzed for FRET efficiesin MCF-7. Significant (p <
0.05) induction of FRET efficiency in the variousdatment groups is indicated by an

asterisk.
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In COS-1 cells transfected with CFP-&Rnd YFP-AhR (Figure 58A), the
results of excitation/emission studies were sintethose observed in MCF-7 cells and
FRET efficiencies were significantly increased i@&-1 cells treated with E2, TCDD
and E2 plus TCDD (Figure 58B).

3.2.5 Direct interactions between CFP-Spl and YFP-ERa as determined by FRET in
MCEF-7 célls

Direct interactions of chimeric Sp1 and AhR progaivere not observed in the
FRET assay, and this is not unexpected due toitjrerholecular weights of these
proteins which porbably preclude adequate dist@hd® nm) and dipole-dipole
orientation between the fluorophores to observegsynieansfer. We therefore
investigated the effects of the liganded AhR comple hormone-dependent activation
of ERa/Spl in MCF-7 cells which express endogenous AhdlisQvere transfected with
CFP-Spl and YFP-ERand treated with solvent (DMSO) control, E2, TCDDE2 plus
TCDD. Cells were pretreated with TCDD for 15 mimopito addition of E2 for 8 min
(Figure 59A). Cells treated with DMSO or TCDD exhiow FRET efficiencies,
whereas after treatment with E2, there was a sagmif increase in the FRET signal.
This ligand-dependent increase was consistenttivtliecent FRET study showing
ERa-Spl interactions in breast cancer cells (Kim gt24105). However, the intensity of
the E2-induced FRET emission is significantly desed in cells treated with E2 plus
TCDD, and quantitation of the FRET efficiencies suanized in Figures 59B confirms

this observation.
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Figure 58 Ligand-dependent interactions of YFP-AhR and CFR:HRCOS-1 cells.
COS-1 cells were transfected with YFP-AhR and CRe-Fpretreated with 10 nM
TCDD for 15 min before treating with DMSO or 10 A2 for 8 min, and representative
FRET images in each treatment group were acquiced 8-18 min after treatment. For
each treatment group, 10-15 images were acquirg@ach image contained 1 - 5 cells
which were subsequently analyzed for FRET efficiemi MCF-7. Significant (p <
0.05) induction of FRET efficiency in the variousdatment groups is indicated by an

asterisk.
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Figure 59 Ligand-dependent interactions of YFP-(EBRnd CFP-Spl1 in MCF-7
cells. MCF-7 cells were transfected with YFP&E&1d CFP-Sp1l, pretreated with 10 nM
TCDD for 15 min before treating with DMSO or 10 A2 for 8 min, and representative
FRET images in each treatment group were acquiced 8-18 min after treatment. For
each treatment group, 10-15 images were acquirgé@ach image contained 1-5 cells
which were subsequently analyzed for FRET efficien¢B). Significant (p < 0.05)
induction of FRET efficiency by E2 (*) and inhitoti of this response by cotreatment

with TCDD (**) are indicated.
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These results demonstrate that the liganded- AmiplEx induces a rapid
change in ER/Spl interactions which correlates with the obsginaibitory AhR-ERx
crosstalk on the CAD gene/gene promoter (FigureS%)8We further investigated ER-
AhR interactions in MCF-7 cells treated with DM32, TCDD, E2 plus TCDD and
transfected with FLAG-AhR. Cell lysates were immprexipitated with non-specific
IgG or FLAG antibodies and analyzed for &Ry Western blot analysis (Figure 60A).
ERa was detected in IgG precipitates, and the lowltewere observed in the E2 plus
TCDD treatment group. Interactions of &®ith the AhR were determined in the
FLAG antibody immunoprecipitates in which highevdés of ERx were observed in the
TCDD and E2 plus TCDD treatment groups. These tesére consistent with the
enhanced AhR-E®Rinteractions observed by FRET in MCF-7 and CO®lls ¢reated
with TCDD and E2 plus TCDD (Figure 57). Levels @lSorotein did not show any
consistent treatment-related effects in the immueadpitation in COS-1 cells
transfected with pDREand FLAG-AQR studies. Results in Figure 60B sltloat
TCDD induced transactivation (compared to DMSOysthonfirming that the FLAG-
AhR chimera was functional.

There is also evidence that proteasome-dependgnadiation of ER in
breast cancer cells cotreated with E2 plus TCDD reauylt in limiting levels of ER
and thereby inhibit expression of E2-responsiveegdliVormke et al., 2003). Therefore
we investigated the effects of proteasome inhitM@&132 on CAD mRNA levels in

presence of different ligands.
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Figure 60. Flag AhR-ER interactions and function. [A] FLAG-AhR ERinteractions.
MCF-7 cells were transfected with FLAG-AhR for 16titeated with DMSO, 10 nM E2,
10 nM TCDD, and E2 plus TCDD for 30 min, and int#ians of FLAG-AhR and ER
were determined by immunoprecipitation and Wesdohanalysis as described in the
materials and Methods. [B] Functionality of FLAG-RhCOS-1 cells transfected with
pDRE;, FLAG-AhR or pcDNA3.1-AhR (pAhR), treated with DNISor 10 nM TCDD,
and luciferase activity determined as describetienMaterials and Methods.

Significant (p < 0.05) induction by TCDD is indieat
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Results in Figure 61 show that E2 induced CAD mRbMels in ZR-75 cells
and this was downregulated in cells co-treated w2 TCDD. However, in cells pre-
treated with MG132, CAD mRNA levels were decreasedll the treatments including
the control. Thus in this study it was not posstbleetermine whether the low levels of
ERa in cells cotreated with E2 plus TCDD were limitisigice the proteasome inhibitor
MG132 itself directly decreased CAD mRNA levelsgiiiie 61). Thus, it is possible that
decreased and possibly limiting &Revels in MCF-7 and ZR-75 cells cotreated with E2

plus TCDD may contribute to the antiestrogenic@fef the latter compound.

25

20

15
*k

10

Fold induction

D E ET T p E ET T

Pre-DMSO Pre-MG132
Figure 61. Effects of proteasome inhibitor MG132@RD mRNA levels in ZR-75 cells.

ZR-75 cells were pretreated with DMSO (D) or M MG132 before treating with
DMSO, 10 nM E2 (E), 10 nM TCDD (T) or E+T for 12@GAD mRNA levels were
determined by Real-time PCR analysis as describ#uki Materials and Methods.
Significant (p < 0.05) induction by E2 (*) and ibftion of this response by TCDD (**)

are indicated.
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These results suggest that the AhR complex eitivers a transcriptionally-
inactive AhR:ER/Sp1 complex where the AhR coree$sR/Sp1l or the AhR
competitively dissociates EBRfrom interactions with Spl. The latter pathway is
supported, in part, by recent studies showingttieatment of cells with TCDD alone or
in combination with E2 recruits the ER/AhR comptexpromoters of Ah-responsive
genes such as CYP1A1 (Beischlag and Perdew, 20a@h&vs et al., 2005). We
therefore investigated simultaneous interaction&hd®/Arnt and ER on the
endogenous CAD and CYP1A1 gene promoters (Figur@ei§iig a ChiP assay.

Initial studies examined interactions of &€RSp1, AhR and Arnt with the CAD
gene promoter after treatment with DMSO, 10 nM H2nM TCDD, and E2 plus
TCDD for 1 h (Shengxi Liu, unpublished results) efdnwas evidence that all of these
transcription factors were associated with the &ponsive (GC-rich) region of the
CAD promoter in the solvent (DMSO)-treated groupnttand Sp1l levels exhibited
minimal changes in band intensities in the varimeatment groups. The ERband
increased and decreased in cells treated with T@RDE?2 plus TCDD, respectively,
and in cells treated with TCDD, there was a de@@&a#\hR interaction with the CAD
promoter. These results show some treatment-rethiedences at one specific time
point (1 h) and, in order to more accurately defMR/ERx interaction with the CAD
promoter during conditions of inhibitory AhR-ERcrosstalk (i.e. E2 plus TCDD), we
determined the time-dependent interactions of tni@pigon factors with the CAD

promoter in cell cotreated with E2 plus TCDD (Fig@?2).
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Figure 62. Analysis of protein interactions with BAand CYP1A1 promoters by ChlP.
A. Schematic representation of CAD promoter and CAPenhancer. B. Analysis of
protein interactions with the CAD gene promoter &¥P1A1 enhancer by ChIP in ZR-
75 cells. ZR-75 cells were treated with E2 plus TC@E&+T) for 0, 15 min, 1 hand 2 h

and after immunoprecipitation, the chromatin waalyred by PCR as described in

Materials and Methods.
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Band intensities associated with Arnt and Sp1 werglar at all time points (O,
15, 60 or 120 min), whereas after 60 or 120 mierglwas increase in bands associated
with the AhR and a decrease in thecElBand. As a positive control for this experiment,
we also showed that treatment with TCDD plus E2uiged AhR, Arnt and ER to the
Ah-responsive region of the CYP1A1 promoter. Thakibitory AhR-ERx/Sp1l
crosstalk in cells cotreated with E2 plus TCDD nraxolve ligand-induced disruption
of ERa/Sp1l by the AhR and decreasedcdEiRteractions with the CAD gene promoter.

Previous studies in this laboratory reported Eadid not affect Ah-
responsiveness (i.e. CYP1ALl inducibility by TCDR)MCF-7 cells (Hoivik et al.,
1997), and recent studies reported that E2 eithieaieced (Matthews et al., 2005) or
suppressed CYP1A1 inducibility (Beischlag and Perd2005). We therefore
investigated the effects of E2 on TCDD-inducedgeaivation of DRE-luc reporter
activity. Results in Figure 63 show that E2 (100)rddcreased 2 nM TCDD -induced
transactivation in MCF-7 and ZR-75 cells transfdatéth pDRE (Figure 63). Currently
we are investigating the effects of E2 on TCDD-iceld CYP1A1 mRNA and protein to

re-examine whether ERmodulates Ah-responsiveness in MCF-7 cells and’BRells.
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Figure 63. Effects of E2 on TCDD-induced transaation of pDRE in MCF-7 and ZR-
75 cells. MCF-7 [A] or ZR-75 [B] cells were transted with pDRE, treated with
DMSO [D], 100 nM E2 [E], E2 plus TCDD [E+T], or Z#hTCDD [T], and luciferase
activity determined as described in the Materiald Blethods. Significant (p < 0.05)

induction by TCDD (*) or inhibition of this respoasy E2 (**) are indicated.
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CHAPTER IV

DISCUSSION AND CONCLUSIONS

4.1 M echanism of Hormonal Regulation of CAD Gene Expression in MCF-7 and
ZR-75 Breast Cancer Cells

The CAD gene encodes enzymes required for thetliree steps de novo
pyrimidine synthesis, and previous studies in MQfells showed that E2 activated two
of these enzyme activitiesarbamylphosphate synthetase and aspartate
carbamyltransferase (Aitken and Lippman, 1983).nkoral activation of CAD is
consistent with the mitogenactivity of E2 in breast cancer cells and the iaseeof
purine and pyrimidine pootequired for DNA synthesis and cell division. Poa
studieshave reported that serum or mitogenic stimulatiovaniouscancer cell lines was
accompanied by a parallel increas€&D gene expression at tha/G phase boundary
of the cell cycldBoyd and Farnham, 1997; Boyd et al., 1998; Boydl Barnham, 1999;
Mac and Farnham, 2000).

Farnham and co-workehsive extensively investigated regulation of the $tem
CAD gene and the growth-responsive proximal regiomef@AD geng@romoter (Boyd
and Farnham, 1997; Boyd et al., 1998; Boyd andi&am 1999; Mac and Farnham,
2000). Their results indicate that growth-dependegtlatiorof the hamster CAD gene
promoter is linked to the proto-oncogenmyc and formation of Myc-Max heterodimers

that bind to th&-box motif (consensus sequence is CACGTG) andatetitranscription.
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The E-box motif is also the binding site for otlpeoteins including transcription factor
TF3, TFEB, upstream stimulatory factor (USF) aslwaslMax heterodimers paired with
Mad family of proteins such as Mad, Mxil, Mad3 aidd4. Human and hamster CAD
gene promoters are similand both contain upstream GC-rich sites; howewerhuman
promoter contains two E-boxes (5' and 3'), wheosdg the5' E-box is present in the
hamster promoter. Recent studiedlIH3T3 cells indicate that the 5' E-box in the
human promotds the major growth-responsive element and tratsfiec-Myc
preferentially activates CAD gene promoter conggrticrougtthis motif (Mac and
Farnham, 2000). CAD is one of the few proposed @ kédyget genes whose expression
is decreased in c-Myc null cells (Bush et al., 1998

In this study we show that E2 activates CAD mRNyels in MCF-7 and ZR-75
cells (Figure82 and 33) and also reporter gene activity in dedissfected witlhCAD1,
which contains the growth-responsive -90 to +1areof the CAD gene promoter
(Figures 36 and 37). Previous studies have denaiadthat E2 transiently induces c-
myc gene expression in MCF-7 cebig\d a synthetic antisense c-myc phosphorothioate
oligonucleotidenhibited c-myc protein expression and partialljibited E2-induced
growth of MCF-7 cells (Dubik et al., 1987; Watsdrak, 1991). Another study indicated
thec-myc and other protooncogenesf@s-and ciun) were not growthate limiting in
MCF-7 cells (Wosikowski et al., 1992).

Deletion and mutation analysi§the CAD gene promoter in MCF-7 and ZR-75
cells clearly demonstratédsat E-box motifs that bind Myc-Max are not essarfor

basabr hormone-induced transactivation (Figure 38-80¢vious studielsave
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demonstrated that the E-box motif within the magdepromoter element in the
proximal -120 to -101 region of tlwathepsin D gene promoter binds USF1/2, which are
highly expressenh nuclear extracts of MCF-7 cells (Xing and ArchE998; Vyhlidal et
al., 2000). Not surprisinglyhe +54 to +78 E-box in the CAD gene promoter &sms
a USF1/2-DNAretarded band complex after incubation with nuckedractsrom MCF-
7 cells (Figure 43). Therefore, the high expressifddSF1/2 in MCF-7 cells and
subsequent binding to the CAD promdEeboxes may competitively inhibit hormone-
induced myc complexdsom binding and activating CAD gene expressiomfithe E-
boxmaotif.

Deletion analysis of the CAD gene promoter demassthathe GC-rich
motifs are required for hormone-induced transatibvan ER-positive MCF-7 and ZR-
75 cells. The pattern of activatibg wild-type and variant E®Rwas comparable in both
cell linesin which deletion of the DNA binding domain (HE1diyl not resulin loss of
hormone inducibility in both cell lines transfecteith pCAD1 (Figure 36 and 37).
These results are consistent with previstuslies on other GC-rich promoters activated
by ERn/Spl becaustansactivation does not require the DNA bindingndo of ERx
(Duan et al., 1998; Sun et al., 1998; Saville t28100). The role of ERSp1 in
activation of CAD gene expressioas further supported by the inhibitory effects of
both dominanbegative Spl and siRNA for Spl (Figure 45). Studidhislaboratory
have demonstrated that iSp1 selectively decregskprotein in MCF-7 and ZR-75 cells
and blocks basal and hormone-indutradsactivation in cells transfected with a GC-rich

(pSpX) construct (Abdelrahim et al., 2002). The patternesponses for
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activation/inactivatioof pSpx (Abdelrahim et al., 2002) and pCAD1 in MCF-7 cells
cotransfected with iSpdere identical (Figure 45), thus confirming thatLlSpotein is
required for hormone-induced transactivation inscelnsfecteavith pCAD1. Promoter
analysis has demonstrated that many genes actitratathh genomic E&RSpl are also
coordinately upregulated via nongenomic pathwaysaéction. For example c-fos,
cyclinD1, E2F-1 and bcl2 are regulated by hormartevation of CAMP,
phosphatidylinositol-3-kinase (P13-K), and mitogaetivated protein kinase (MAPK)
pathways (Dong et al., 1999; Castro-Rivera e2@01; Duan et al., 2001; Ngwenya and
Safe, 2003). In this study treatment of MCF-7 orZ3Rcells with E2 alone did not
induce pCAD1 reporter gene activity suggesting timtgenomic hormonal activation of
kinases maypot be required for transactivation of the grongsponsive CAD gene
promoter (Figure 34).

Farnham and coworkers have proposed that the misandy which Myc
activates the CAD promoter in NIH3T3 cells is veeruitment of P-TEFb which
stimulates elongation by phosphorylating the CTindm of RNAPII. This allows the
release of a paused RNAP Il and subsequent tratiscrielongation (Figure 64). In this
study we show that Sp1 protein interacts with ti@righ motifs withinthe CAD gene
promoter (Figure 41-42), and further analysis byR@onfirms interaction of both ER
and Spl with the proximal regiohthe CAD promoter (Figure 46). ChIP has previgusl|
shown that ER and SpJroteins also bind GC-rich regions of other E2-cesive
genes (Castro-Rivera et al., 2001; Wang and Haokirg002), and we are currently

investigating the temporal interactiosfsSERa, Spl, and other cofactors with their
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respective GC-richnotifs. On the basis of the results presentedignstudy we propose
a model for hormonal regulation of CAD gene expresf breast cancer cells (Figure
65). We suggest that unliganded ER may associdteSpil in the absence of ligand.
Upon binding E2, ER undergoes a conformational change and interat¢tsnet only
DNA-bound -Sp1 proteins but also with other nucleateins. For example, cofactors
such as HATSs, chromatin remodeling complexes ardiatw complexes (DRIP205) are

then recruited and this results in transcriptiawivation of the CAD gene.
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Figure 64. Model for Myc-mediated transcriptionetigation of CAD gene expression

in NIH 3T3 cells. In GO phase, Mad/Max, Spl, and¥®NI are bound to the CAD
promoter and the nucleosomes have high levelseaif/ited histones. In S phase,
Myc/Max is bound to the CAD promoter and recrud$BFb, which phosphorylates the

RNAP Il CTD and allows elongation of CAD transcafEberhardy., et al, 2000).
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Figure 65. Hormone-induced transcriptional actwatbf CAD gene involves ERSpl
in MCF-7 and ZR-75 cells. In the absence of horm@&@pe proteins are bound to
upstream GC-rich sites in the CAD gene promotenrmgand binding ER forms a
homodimer and interacts with GC-rich bound Splginst Coactivators and mediator
complexes are subsequently recruited and thistseisulranscriptional activation of

CAD gene.
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In summary, results of this study have demonstrttatitheeported hormone-
dependent increase in CAD activity in breztcer cells (Aitken and Lippman, 1983) is
accompanied by induced gene expres@tigure 32) that is linked to ERSpl
interactions with GC-ricinotifs. Many of the genes regulated by &8pl in ER-
positivebreast cancer cells play a role in purine/pyrimedonosynthesi@CAD,
thymidylate synthase) and metabolism (adenosinmotesend cell proliferation
(cyclin D1, E2F1, des, andbcl-2). These observations are consistent with the report
showingthat siRNA for Sp1 inhibits hormone-induced celtleyprogressiom MCF-7
cells (Abdelrahim et al., 2002).

Activation of ERx through interaction witERE motifs is primarily AF2
dependentyhereas previous studies in this laboratory hawevaelthat ER/Spl depends,
in part, on the AF1 domain of BRSaville et al., 2000). Coactivators such as S&R@s
interact with ERx and other NRs through their LXXLL motifs (NR bo}e&® not
coactivate ER/Sp1 in breast cancer cells (Kim et al., 2003).iTpeedominant effects
on ERx/Spl are inhibitory and resemble the action of passors. Research in this
laboratory has identified several mediator comgexeins, such as vitamin D
interacting protein 205 (DRIP 205), DRIP 150 andiPR30, and the RING protein
SNURF, as coactivators of ERSpl and their mechanisms of coactivation are atlyre
being investigatedCurrent studies are investigating molecut@chanisms of ERSp1l
action and coactivator/coregulatory proteiguired for this hormone-regulated

pathway.



207

Graves et al. (2000) reported thak@is phosphorylated &thr-456 in the CPS
Il domainby MAPK in response to growth factors such as EGHFRDGF in vivo which
relieves UTP inhibition and stimulates PRPP aciovetf CPSase 1l resulting in
increased rate of pyrimidirosynthesis. We hypothesize that estrogen widafCAD
phosphorylation in a manner similar to that of E&f PDGF and this may result in an
increased rate of pyrimidine biosynthesis by insmeg CPS Il activity. Future studies
will investigate the effects of E2 on phosphoryatof CAD and the role of kinase
pathways in regulation of CAD protein in breastaarcells.

Research in this laboratory has recently identifitter Sp proteins such as Sp3
and Sp4 that could play an important role in regeof GC-rich gene promoters. For
example E2-induced transactivation of a VEGF pr@mnobnstruct containing proximal
GC-rich motifs was decreased in ZR-75 cells bynsileg Sp1 or Sp3. These results
suggested that E2-induced transactivation of VBEGER-75 cells requires both
ERa/Spl and ER/Sp3 (Stoner et al., 2004). Preliminary studies@F-7 cells and
ZR-75 cells using siRNA for Sp3 and Sp4 show tlwhlbasal and E2-induced
transactivation of CAD gene promoter is decreasesilbncing Sp3 and Sp4 suggesting
that Sp3 and Sp4 may play a critical role in regoteof CAD gene expression. Recent
studies in this lab (Wu F., unpublished result®vslhat the functional role of Sp1, Sp3
and Sp4 varies with ligand-, cell- and promotertesthand current studies are further
investigating the role of Sp3 and Sp4 in basalB2dnduced transactivation of CAD

and other E2-responsive GC-rich gene promotersdaadb cancer cells.
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4.2 Molecular M echanisms of Inhibitory AhR-ERa/Spl Crosstalk in Breast Cancer
Cells

The classical mechanism of E2-dependent inducti@ene expression involves
initial formation of a liganded nuclear ER homodimadich binds to consensus or
nonconsensus EREs in hormone-responsive gene mm{giumar and Chambon, 1988;
O'Malley, 2005). The discovery of BRas a second ER subtype suggested that in some
cell contexts ER/ERa heterodimers may also be functional since bothejpre can
interact inin vitro assays (Cowley et al., 1997; Pace et al., 199%r€lis also evidence
that one or more ERE half-sites alone or in codpmravith other transcription factors
such as Sp1 are functional hormone-responsive snaiifd E2 also activates gene
expression through interaction of ER with other BNé&und transcription factors such
as AP-1 and Spl (Paech et al., 1997; Safe and 2006%). Research in this laboratory
has identified several genes involved in nucleasigigthesis and proliferation of breast
cancer cells that are activated throughoEsp1-mediated pathways (Safe and Kim,
2004).

Hormone-induced transactivation can be inhibitgéitiestrogens and also
through crosstalk with other ligand-activated réoepincluding the retinoic acid,
vitamin D and Ah receptors (Eisman et al., 1987{l&fet al., 2002; Safe and Wormke,
2003). Research in this laboratory has identifiétiSMs that are highly effective as
inhibitors of rodent mammary tumor growth (Safe 20@nd we have also focused on
determining the mechanisms of inhibitory AhR-dEBrosstalk (Safe and Wormke, 2003).

The mechanism underlying AhR/ER crosstalk is compled may involve interactions
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of AhR with iIDREs in promoters of E2 responsive ggrnproteasome dependent
degradation of ER and induction of inhibitory fastsuch as HES-1. In this study, we
used the E2-responsive CAD gene and CAD gene peayroohstructs to investigate
AhR-ER0/Spl interactions in ZR-75 and MCF-7 cells.

TCDD inhibited induction of CAD mRNA levels by EEigure 47) and reporter
gene activity induced by E2 in cells transfectethyaCAD constructs was also inhibited
by TCDD (Figure 48 and Figure 50) suggesting thhathitory AhR/ER crosstalk is
functional on the CAD gene promoter. Previous gsitiave identified functional iDREs
(CACGC) in promoters of four E2-responsive genea{lshock protein 27, cathepsin D,
c-fos and pS2) (Krishnan et al., 1995; Gillesbglet1997; Duan et al., 1999; Porter et
al., 2001). However the mechanisms of inhibitioa gene promoter specific (Figure 66).
For example constructs containing the upstream GGERE1/2 motif of the cathepsin
D gene promoter that binds ER/Sp1 were activateBdin reporter assays, and these
induced responses were inhibited by TCDD. Thisaegif the cathepsin D promoter
also contains an iDRE between the ERE1/2 and $p4. §ICDD-mediated inhibition
was not observed using a cathepsin D promoter GGERJE1/2 construct with a DRE
mutation. Gel mobility shift assays using the GG(RIRE1/2 construct showed that the
core DRE was targeted by the AhR complex and thesaction blocked formation of
the transcriptionally active ER/Sp1 complex, rasglin inhibition of E2-induced
transactivation (Krishnan et al., 1995).

E2-responsiveness of the pS2 gene was primaribcaged with an AP-1 motif

(-518 to -512), which overlaps an iDRE at -5275b4. Thus, inhibitory AhR-ER cross-
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talk on the pS2 gene promoter may be due to cotiyeetnteractions of the AhR and

AP-1 complexes for binding to the same region efglomoter (Gillesby et al., 1997).

-200/-195 -181/-175 -169/-164
Cathepsin D

-107/-102  -91/-87 -4/0 (TSS)
Hsp27

-1168/-1159

Figure 66. Functional iDRES in promoters of?fﬁ(g]e@sin D, c-fos, heat shock protein

27, and pS2 genes (Safe and Wormke, 2003).
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A similar inhibitory interaction has been observedthe c-fos gene promoter
that contains overlapping iDRE and GC-box motifghie distal region of the promoter.
Both the AhR and the ER/Sp1 complex may competéfmsame binding site and this
results in inhibition of E2-mediated transactivati®uan et al., 1999). The functional
IDRE in the Hsp27 promoter is located at the st suggesting that the AhR complex
may interfere with assembly of the basal transicnipmachinery (Porter et al., 2001).
The CAD gene promoter has an iDRE located at —bd®n the second and third Spl
sites. However E2-mediated transactivation of tA®@ene promoter construct
containing mutations in the iDRE was inhibited 0D in MCF-7 and ZR-75 cells,
suggesting that the inhibitory AhR-BRSp1l crosstalk was independent of the iDRE in
the CAD gene promoter (Figure 53 and 54).

There is also evidence that low levels ofcEiR breast cancer cells cotreated
with E2 plus TCDD may be limiting and thereby inkixpression of E2-responsive
genes (Wormke et al., 2003). In this study it waspossible to determine whether the
low levels of ER in cells cotreated with E2 plus TCDD were limitisigice the
proteasome inhibitor MG132 itself directly decreh€AD mRNA levels (Figure 61).
Thus, it is possible that decreased and possitiyitig ERx levels in MCF-7 and ZR-75
cells cotreated with E2 plus TCDD may contributéh® antiestrogenic effects of the
latter compound.

Studies in this laboratory recently reported ldralependent interactions of ER
and Spl proteins in living MCF-7 and COS-1 cell®g$-RET (Kim et al., 2005), and

these same constructs, and YFP-AhR (Figure 55) usgd to investigate AhR-
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ERa/Spl interactions. Direct interactions of AhR and $ising the FRET assay were
not observed due to the high molecular weightsoti [proteins. However a previous
study has shown that both proteins directly interdowever, E2, TCDD and E2 plus
TCDD increased FRET efficiency in MCF-7 and COSellsctransfected with CFP-ER
and YFP-AhR (Figures 57 and 58). Moreover, theggestaieatments also enhanced
colocalization of CFP-ER and YFP-AhR in MCF-7 cetlenfirming that ligand-
dependent interactions of BERand AhR which have also been reported in othelietu
(Klinge et al., 1999; Ohtake et al., 2003; Wormkalg 2003).

The molecular mechanisms of inhibitory AhR-&8p1 on GC-rich E2-
responsive promoter such as CAD could involve ssygathways which may be solely
responsible for or contribute to this response. AhR interacts not only with EiRbut
also Spl (Kobayashi et al., 1996) proteins. Theegf@hR could repress BRSpl
through formation of a transcriptionally-inactivéfR/ERxt/Spl complex or squelch
ERa/Spl-mediated transactivation through competitivbbplacing ER from binding
Spl and forming an AhR/ERcomplex. This latter possibility is supported bgent
studies showing that in cells cotreated with EZ@ICDD, there is an increased
formation of AhR/ER bound to promoter regions of Ah-responsive geneb as
CYP1A1 (Beischlag and Perdew, 2005; Matthews e280D5). Since direct interaction
of chimeric Spl and AhR interaction could not beedmined by FRET due to the high
molecular weights of both proteins, we investigdtezleffects of TCDD on ERSpl
interactions in living cells by FRET (Figure 59)@pared to cells treated with DMSO

or TCDD alone, treatment with E2 alone significgniticrease FRET efficiency and this
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enhanced interaction of ERand Spl was totally blocked in cells cotreatedh\&2 plus
TCDD (Figure 59). Disruption of hormone-activateldcZSpl by the liganded AhR
complex in living cells (Figure 59) correlated witthibition of ERt/Spl-mediated
activation of CAD gene/reporter gene expressiogyfes 47-54). Thus, in cells
cotreated with E2 plus TCDD, there was increasedaation of AhR and E®R (Figure
60) and this was coupled with decreased associafi&iRo/Spl based on FRET
efficiencies.

The ligand-dependent retention and/or loss ofethenscription factors on the
CAD gene promoter was further investigated in aRCddsay which compared protein-
DNA interactions on the CAD and CYP1A1 gene promstdter treatment with E2 plus
TCDD (Figure 62A) (in collaboration with Shenxi Diun ZR-75 cell lines, treatment
with E2 plus TCDD decreased ERnd increased AhR interactions with the CAD gene
promoter, and this was accompanied by increasetias®n of AhR, Arnt and ER
with the Ah-responsive region of the CYP1A1l promdtggure 62B). Similar results
were obtained in MCF-7 cells (Liu, unpublished teguThese results suggest that the
mechanism of inhibitory AhR-E&RSp1 crosstalk in MCF-7 and ZR-75 cells cotreated
with E2 plus TCDD results in loss of ERbound to GC-rich E2-responsive promoter
regions (in the CAD gene) and recruitment ofoE& the Ah-responsive region of the
CYP1A1 gene promoter. PresumablydRhR complexes are also formed on
promoters of other Ah-responsive genes. Previawdies in this laboratory reported that

E2 did not affect Ah-responsiveness (i.e. CYP1Aduibility by TCDD) in MCF-7
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cells (Hoivik et al., 1997), and recent studiesoréggd that E2 either enhanced (Matthews
et al., 2005) or suppressed CYP1ALl inducibilityifidblag and Perdew, 2005). Our
results indicate that E2 (100 nM) decreased 2 nNDDGinduced transactivation in
MCF-7 and ZR-75 cells transfected with pDREigure 63). Currently we are
investigating the effects of E2 on TCDD-induced AR mRNA and protein to re-
examine whether ElRmodulates Ah-responsiveness in MCF-7 cells and’BRells.

In summary, these results demonstrate that inmpbAdR-ERx/Sp1l crosstalk on
the CAD gene promoter in breast cancer cells ctadeaith E2 plus TCDD involves
decreased E®RSpl interactions as determined by FRET analysiaddition, the loss of
ERa from the CAD gene promoter is due, in part, tougment of ERx to AhR-
responsive promoters (e.g. CYP1A1) and formatioBRd/AhR complexes. Thus,
inhibitory AhR-ERx/Sp1 crosstalk involves competitive displacemeriRf from the
ERa/Spl complex by the ligand-activated AhR complegFe 67) and current studies
are investigating the validity of this model fohet ERt/Spl-regulated genes in breast
cancer cells. In addition, we are also investigathre molecular mechanisms underlying
the antiestrogenic actions of SAhRMs in breast eanells.

TCDD has been shown to activate/inhibit multipledse pathways in various
cell lines. For example TCDD activates tyrosinegsi®s such as c-Src kinase in
MCF10A mammary epithelial cells and this has beeplicated in the inhibitory effects

of TCDD on insulin signaling (Mazina et al., 206ark et al., 2004).



215

CAD CYP1A1

GTFs
\ CAD
| ISF1/ >

GTFs
CYP1Al

S’
coactivator, ‘ E2
SWI/
NF
eis GTFs
GTFs
CYP1Al
ERA ER CAD
C Cl Spl Sp Al C
A\ ISF1/ C\
9]0
. S’
Active complex
TCDD

()
Ah
PrOteaSDme Mediator @
degradation

DA GTFs
TRAP CYP1A1

Inactive complex

Figure 67. Proposed model for inhibitory AhR-ER/Spdsstalk on CAD gene promoter.



216

TCDD also inhibits E2-dependent activation of CAMRA which results in the
failure to activate NFY proteins and subsequemtyhits E2-mediated transactivation
of the E2F1 gene promoter containing the NFY siedR-75 cells (Ngwenya., et al
unpublished results). Future studies will inveseghe effects of TCDD on non-
genomic actions of E2 that are mediated by the mandicell surface ER and the role
of kinase pathways in inhibitory AhR/ER crosstalk.

In summary the results of this research have dai@teseveral important
mechanistic aspects of estrogen-induced CAD gepeession and of inhibitory AhR-
ERa/Spl crosstalk and these are summarized below.

1. The reported hormone-dependent increase in GAiRity in breast cancer cells

is also accompanied by induced CAD mRNA levels.

2. Promoter analysis showed that E-box motifs ateessential for basar
hormone-induced transactivation of CAD gene promooastructs in MCF-7
and ZR-75 cells. GC-box 2 at -47 is the most essegiement for high basal
activity of CAD promoter construct in MCF-7 and Zi8-cells.

3. E2-responsiveness is primarily associated withldexes 1 and 2 (at —-67 and —
47 respectively) in MCF-7 and ZR-75 cells and hamsxnduced transactivation
of CAD gene promoter does not require the DNA bigdiomain of ER in
MCF-7 or ZR-75 cells.

4. Spl protein is required for both basal and ER+ed transactivation of CAD

gene promoter construct and hormone-induced CAL2 gepression is linked to
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ERa/Spl interactions with the GC-rich motifs in the BAene promoter in
MCF-7 and ZR-75 cells.

The inhibitory AhR/ER crosstalk is functional GAD gene promoter in MCF-7
and ZR-75 cells and is iDRE-independent.

Results of this study demonstrate for the firse that AhR and ER interact in
living MCF-7 and COS-1 cells and this interacticiiieen AhR and ERis
enhanced in presence of E2 plus TCDD. InhibitoryRAER0/Spl crosstalk in
breast cancer cells cotreated with E2 plus TCDDbIves decreased BRSpl
interactions as determined by FRET analysis. CHifa duggests that the loss of
ERa from the CAD gene promoter may involve recruitmehER0 to AhR-
responsive promoters (e.g. CYP1A1l) and formatioBRd/AhR complexes.
However additional CHIP experiments are warrantecbinfirm the loss of ER
from the CAD gene promoter. Thus, inhibitory AhIRé&Sp1l crosstalk may
involve competitive displacement of ERrom the ERI/Spl complex by the
ligand-activated AhR complex or may result in fotioa of inactive AhR-

ERa/Spl complex.
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