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ABSTRACT 

Retinoids are derivatives of vitamin A with demonstrated therapeutic potential 

for the treatment of breast cancer. The efficacy of retinoids in vitro and in vivo 

correlates with the expression of the estrogen receptor alpha (ERa). The role ofERa in 

mediating RA-induced sensitivity is not understood and is further complicated by the 

recent discovery of ER~. This dissertation explores the transcriptional, as well as 

proliferative, response to RA in human breast cancer cells expressing ERa or ER~. 

First, ER-negative breast cancer cells were stably transduced with ERa-deletion 

mutants using retroviral technology. We compared the effect of the ERa wild-type, 

ERa-deletion mutants or the parental ER-negative cells on transcriptional activity from 

the RAR~2 promoter, a gene regulated by retinoids and potentially involved in retinoid

mediated growth inhibition. We observed that expression of ERa suppressed basal 

expression of the RA-responsive gene RAR~2, while allowing it to be strongly induced 

by RA. Repression of basal RAR~2 transcription was confirmed by transient expression 

of a reporter plasmid containing the RAR~2 minimal promoter. We further determined 

that RAR~2 induction required the N-terminal AF-l containing region of ERa, 

including the DNA-binding domain, but was independent of the C-terminal ligand

binding domain. The effect of ERa was specifie for RAR-mediated transcription and 

did not alter transcription from vitamin D or thyroid hormone response elements. 

Moreover, the cross-talk between ERa and RAR was not mediated by sequestration of a 

number of common co-regulators. To characterize the growth and transcription effect of 

ER~ on retinoid-mediated pathways, we generated stable transfectants using this 

isoform. Significant RA-mediated growth inhibition was observed in the ER~-positive 
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cens and not in the parental ER-negative cells. Furthermore, RA altered ERp-mediated 

pathways, as shown by its inhibitory effects on the expression of the endogenous pS2 

gene. Similar to ERu-positive breast cancer cells, ERp-expressing cells exhibited 

altered RARp expression, resulting in greater induction of RARp gene expression upon 

RA treatment as compared to the parental ER-negative ceUs. In conclusion, we have 

characterized transcriptional cross-talk between ERu or ERp and RAR in human breast 

cancer cells. Understanding the mechanism of action of retinoids in this disease will 

prove important to the targeted design of retinoid-based therapies. 
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RÉSUMÉ 

Les rétinoïdes, dérivés de la vitamine A, démontrent des effets thérapeutiques 

prometteurs pour traiter les cancers mammaires. L'effet inhibiteur de l'acide rétinoïque 

(AR) sur la prolifération des cellules cancéreuses correspond avec l'expression du 

récepteur de l'oestradiol alpha (ROa). Par contre, la fonction du ROa dans la 

médiation de l'inhibition à la prolifération induite par l'AR est peu connue, et est 

compliquée par la nouvelle découverte d'un deuxième RO, RO~. Nous avions pour but 

de caractériser le mécanisme d'interaction, aux niveaux transcriptionnel et prolifératif, 

entre le RO (a et ~) et le récepteur de l'acide rétinoïque (RAR) dans des lignées de 

cellules cancéreuses mammaires. En première partie, nous avons utilisé un vecteur viral 

pour construire des lignées stables de cellules mammaires exprimant des mutants de 

délétions du ROa. L'activité transcriptionelle du RAR sur le promoteur RAR~2, un 

gène régulé par l'AR et potentiellement important à l'inhibition de la croissance 

cellulaire, a été comparé entre les cellules souches parentales qui ne contenaient pas de 

ROa, celles exprimant le ROa sauvage, et les cellules exprimant les mutants de 

délétions du ROa. L'effet du ROa était de supprimer l'expression basal du gène 

RAR~2, tout en lui permettant d'être fortement induit par l'AR. Nous avons constaté, 

par transfection transitoire d'un gène rapporteur comprenant le promoteur minime du 

RAR~2, que l'effet du RO sur l'expression de ce gène, est due à l'amino terminus du 

ROa, incluant le domaine de liaison à l'ADN. Le domaine de liaison au ligand n'est pas 

nécessaire pour cette interaction transcriptionelle entre le ROa et le RAR. L'effet 

transcriptionel du ROa est spécifique pour le promoteur comprenant un élément de 

réponse à l'AR (RARE) et ne change pas la transcription par les éléments de réponse à 
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la vitamine D3 (VDRE) ou aux hormones thyroïdiennes (TRE). De plus, l'interaction 

transcriptionnelle entre le ROa et le RAR n'est pas liée à la séquestration d'un nombre 

de co-régulateurs communs à ces deux voies de signalisation. Pour caractériser l'effet 

du ROJ3 sur l'inhibition de prolifération et la transcription dû à l'AR, nous avons généré 

des transfectants stables, par technique rétrovirale, en utilisant cet isoforme. Nous avons 

observé que l'AR inhibait la croissance des cellules exprimant le ROp, tandis que les 

cellules souches parentales étaient résistantes à l'inhibition produite par l'AR. De plus, 

l'AR modifie la transcription induite par le ROJ3, tel qu'observé sur l'expression du 

gène pS2. Semblable aux cellules cancéreuses mammaires exprimant le ROa, celles qui 

expriment le ROJ3, avaient une plus grande induction de l'expression du RARJ32, causé 

par une réduction d'expression basal de ce gène. En conclusion, nous avons démontré 

une région d'interaction transcriptionnelle entre la signalisation induite par le RO et le 

RAR. Les mécanismes d'interaction entre ces deux récepteurs nucléaires sont à élucider 

pour améliorer ou mieux cibler l'effet de l'AR au niveau du contrôle de la croissance 

des tumeurs. 
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INTRODUCTION 

The regulation of transcription is of paramount importance in the development 

of cancer. Aberrant expression of tumor promoting and tumor suppressing factors can 

lead to a cascade of events, culminating in de-regulation of the cell cycle. Regulation of 

transcription involves a complex set of events. The promoter of target genes must be 

accessed by several molecules, whose roie it is to open the chromatin and render the 

transcriptional start site available to the basic RNA transcriptional machinery. 

In the case of breast cancer, an enhanced transcriptional property of the 

estrogen receptor (ER) is believed to be one major cause of aberrant cellular 

proliferation. It is becoming increasingly evident that understanding the transcriptional 

regulation of target genes will aid in the design of targeted cancer therapies for breast, 

as weIl as other cancers. 

1.1. TRANSCRIPTIONAL REGULATION 

1.1.1. Transcription by Nuclear Receptors 

Nuclear receptors are ligand-inducible transcription factors that modulate 

transcriptional activity by binding to DNA and recruiting accessory molecules. The 

nuclear receptor superfamily includes the Type 1 steroid receptors (ER, GR, AR, PR and 

MR) that bind to specifie promoters as homodimers, the Type II non-steroid receptors 

(RAR, VDR, TR and PPAR) that form heterodimers with RXR, and the Type III orphan 

nuclear receptors, for which the ligands are yet unknown (1). 

Nuclear receptors share a common basic structure that is defined by autonomous 

functional domains. Generally, nuclear receptors include an N-terminal region A/B, a 
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DNA-binding dornain (DBD) located within region C, a linker region D, and a C-

terminal region E containing the ligand binding dornain (LBD). Sorne receptors also 

contain aC-terminal F region ofunknown function (Fig. 1.1). Transcriptional activity is 

regulated by two transactivation functions (AF-l and AF-2), located in the AlB and E 

regions respectively. The N-terminal AF-l domain provides basal activity in the 

absence of ligand, whereas the C-terminru AF-2 domain is dependent upon binding of 

ligand to the receptor. (2-5). While these two functions have independent 

transactivation potential, they usually act together to modulate transcription from 

response elements. 

AF-l AF-2 

Dimerization 

Nuclear Localization 

Ligand Binding 

DNABinding 

Heat Shock Protein 
Binding (hormone 
receptors) 

Figure 1.1. Structural dornains of a typical nuclear receptor. 

The A/B domain 

The N-terminal AlB region is quite variable between receptor isoforms, and it is 

believed that this region is responsible for cell- and prornoter-specificity (5). The N-
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terminal reglOn contains many residues that can be phosphorylated by different 

signaling pathways to alter transcription independently of ligand. For example, 

activation of transcription from specific response clements can occur upon 

phosphorylation of threonine and serine residues in the N-terminal region of the 

estrogen receptor by MAPK pathways (6-8). RAR can also be phosphorylated by 

cyclin-dependent kinases and this can alter the transcriptional activity of this receptor 

(9, 10). Phosphorylation in this region may enhance the binding of sorne of the general 

transcriptional factors, including TFIIB, TBP and TAF30, to the N-terminal region of 

the nuclear receptor (11-13). 

The role of AF-l in the N-terminal region Îs not as weIl characterized as that of 

the AF-2. Although the AF-1 region has been shown to bind coactivators, it does so 

with less affinity than AF-2. It has been proposed that AF-l shows Uttle independent 

activity at a simple promoter, but with a complex promoter, containing other 

transcription factor binding sites, the AF-l may be important in ai ding in the stability 

and recruitment of cofactors required for transcription (14). 

The C domain 

The C region of nuclear receptors contains a DNA-binding and dimerization 

domain. The DNA-binding domain consists ofnine cysteines that form two zinc fingers 

involved in DNA interaction. At the base of the first zinc finger is the P-box. This 

region contains amino acids that are involved in recognition of specifie DNA 

sequences. The residues in the second zinc finger, forming the D-box, confer specificity 

for half-site spacing and function as a DNA-dependent dimerization domain (15, 16). 
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Nuclear receptors regulate transcription from enhancer elements that may be 

severai kilobases (kb) from their target promoters. In general, nuclear receptor families 

recognize DNA response elements with a core recognition motif of 6 bp. The idealized 

consensus sequence of [5'-AGAACA-3'] is preferentially recognized by the steroid 

receptors. The exception to this is the estrogen receptor, that recognizes the [5'-

(AlG)GGTCA-3'] consensus half-site motif (5). The non-steroid receptors 

preferentially bind to the [5' -AG(G/T)TCA-3 '] half-site recognition motif (5). These 

half-sites can be configured as palindromes, inverted palindromes or direct repeats 

(DRs). While sorne nuclear receptors can bind to DNA as monomers (ex. NGFI-B, SF-

1), most bind as homo- or heterodimers (5). 

As a mIe, the steroid hormone receptors bind as homodimers to consensus 

sequences organized as palindromes. Non-steroid receptors bind as heterodimers with 

the promiscuous binding partner RXR, and recognize preferentially direct repeats (Fig. 

1.2). Response elements that involve DRs spaced by 3, 4 and 5 bp mediate preferential 

regulation by VDR, TR and RAR respectively (5). In this case, the promiscuous partner 

RXR occupies the 5' end of the response element, with the heterodimeric partner 

occupying the downstream motif. In addition, a DRl can serve as a response element 

for RXR or pp AR, and a DR2 can also be recognized by RARs (Fig. 1.2). However, 

these are general guidelines for binding of nuclear receptors to response elements and 

widely spaced DRs can act as promiscuous response elements for different nonsteroid 

receptors and even for ER (5). In addition to spacing, differences in half-site sequence 

and sequences flanking the response elements may also be important parameters in 

determining nudear receptor binding. 
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TheD do main 

The D domain serves as a Hnk between the DBD and the LBD. It is involved in 

binding to heat shock proteins (for Type l nuclear receptors) and also harbors a nuclear 

loealization signal (17). Sorne groups have hypothesized that this domain 1S involved in 

maintaining the structural features required for eorepressor interactions in the C

terminal domain (5, 18, 19). 

TheE do main 

In addition to binding ligand, this domain mediates dimerization between 

nuclear receptors, interaction with heat-shock proteins (20), nuclear localization (21) 

and ligand-dependent activation via the AF-2 (5). The crystal structure of the LBD has 

been established for many nuclear receptors. In general, the LBD of nuclear receptors 

possesses twelve conserved a-helical regions, numbered Hl to H12. The helices are 

orgarnzed to form a mainly hydrophobie ligand-binding pocket. Upon binding of ligand, 

the receptor undergoes a conformational ehange that involves the folding of H12 over 

the ligand, generating a hydrophobie cleft (22). 
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Figure 1.2. Response elements recognized by RXR heterodimers 
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1.1.2. Chromatin Remodeling 

The activation of transcription is believed to be a two-step process, whereby 

chromatin remodeling occurs prior to recruitment of coactivators and the RNA Pol II 

machinery to the promoter (23, 24). Chromosomes are organized Înto repeating protein

DNA units called the nucleosome. The hormone responsive elements of genes are 

organized within the nucleosomes. Nucleosomes consist of two molecules of histone 

H2A, H2B, H3 and H4. This core, with the addition of linker DNA and histone Hl, 

constitutes the fundamental repeating unit of chromatin. Almost two turns of DNA 

superhelix (146 bp) are wrapped around this octameric core. T 0 allow the 

transcriptional machinery access to the transcriptional start site, the chromatin must be 

disrupted. There are two mechanisms for this: (1) A TP-dependent nucleosome 

remodeling complexes, and (2) covalent modification of histones via acetylation, 

phosphorylation, or methylation. 

ATP-dependent chromatin remodeHng 

Nuclear receptors mediate the recruitment of several large ATP-driven 

machines, essential for exposing nucleosomal DNA. One such multiprotein complex, 

SWIISNF, was originally identified in yeast. The mammalian homologs, hBRM and 

BRG-l, found in large complexes associated with selective BRG-l-associated factors 

(BAFs), were subsequently discovered (22, 25). Upon binding of ligand, subunits ofthis 

large complex are recruited to the AF-2 region of the nuclear receptors (22). These 

multiprotein chromatin remodeling complexes require ATP to catalyze nucleosome 
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mobilization in order to facilitate access to the DNA by the transcriptional machinery 

(5). 

It is believed that the SWIISNF complex acts before the modification of histones 

to activate transcription (26). However, this is not true of aH promoters, and it has 

recently been shown that chromatin-remodeling enzymes can regulate key steps in 

transcription before, during and after assembly of the pre-initiation complex (27-29). 

The SWIISNF complex is also thought to be expressed in limiting amounts and as such, 

nuclear receptor sequestration for interaction with its associated factor results in gene

specifie chromatin remodeling (25). 

Covalent Histone Modifications 

Histone taUs are the target of extensive post-transiationai modifications, 

including acetylation, phosphorylation and methylation. By far the most characterized 

histone modification is the acetylation of lysine residues in the histone tails. Histone 

aeetylation 1S a highly dynamic, specifie and reversible modification, recognized to be a 

regulatory switeh for transcription (30). 

The N-terminal tails of histones are highly positively charged and maintain a 

tight affinity with the negatively charged phosphate groups ofDNA (30). Acetylation of 

the histone N-terminal, primarily on histone H3 and H4, neutralizes the positive charge 

of histones and leads to the disruption of a higher order chromatin, thereby increasing 

the access of transcription factors to the promoter. 

It has further been suggested that the acetylation pattern at certain promoters 

serves as a unique recognition surface for specifie ehromatin-associated proteins (31). 

28 



P/CAF is one protein that is able to bind to specifically acetylated lysine residues (32), 

indicating that the acetylation of a distinct set of histones may direct a distinct 

transcriptional outcome (33). 

Like acetylation, histone methylation can result in changes in chromatin 

accessibility. For example, tri-methylation of H3 at lysine 4 (H3-meK4) 1S usually 

associated with lysine 9 acetylation and results in active chromatin. Methylation of H3 

at lysine 9 (H3-meK9) is associated with repressed chromatin (34,35). 

DNA Methylation 

In addition to the control of transcription by nuclear receptors, there exist other 

mechanisms of transcriptional regulation. Methylation of C-residues in CpG Islands 

near thepromoter, and even in the coding region of target genes, has traditionally been 

associated with transcriptional repression. Many human cancers show aberrant 

regulation of DNA methylation (34), particularly at tumor suppressor genes. 

Furthermore, DNA hypermethylation has been found to be associated with drug 

resistance acquired during chemotherapy (36, 37). 

DNA methylation is carried out by at least three DNA methyltransferase 

(DNMT) enzymes (38). Once methylated, the DNA is bound by specific proteins 

known as methyl CpG-binding proteins (MeCP) proteins (39). MeCPs can interact with 

histone deacetylating proteins (HDACs) via the corepressor Sin3. In addition to MeCPs, 

DNMTs themselves can recruit HDAC complexes (40). This connection, between 

MeCPs, DNMTs and HDAC-containing protein complexes, results in a restrictive 

chromatin structure that is inaccessible to transcriptional factors (41). 
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1.1.3. Coactivators 

Nuclear receptors, when bound by an agonistic ligand, have the ability to recruit 

several coactivator proteins. To date, a large number of cofactors have been identified, 

whose expressions differ from œIl to ceIl (42). The role of coactivators is to aid in 

remodeling chromatin by destabilizing the binding of nucleosomes and stabilizing the 

formation of the core-initiation transcription complex. Coactivators bind directly to 

nuclear receptors and recruit other accessory proteins such as p300, CBP and p/CAF. 

These accessory proteins contain histone acetyl transferase (HAT) activity, necessary 

for chromatin decondensation. Sorne coactivators (SRC-l, SRC-3) also exhibit HAT 

activity, thereby further contributing to increasing the accessibility of the DNA to the 

RNA Pol II machinery. The coactivators and associated accessory proteins form what is 

called a HAT complex. 

Of the coactivators, the p160 family is the most characterized. These 

coactivators have leucine-rich motifs of the consensus sequence LXXLL, where L 

represents leucine and X anyamino acid (43). These motifs, otherwise known as the NR 

boxes, are common to other proteins that are also involved in ligand-dependent nuclear 

receptor binding (43). 

In the absence of ligand, the AF-2-containing helix 12 of nuclear receptors 

extends away from the ligand-binding domain (44). Upon binding of ligand, the AF-2 

region undergoes a conformational change and helix 12 folds over to make tight contact 

with the ligand, exposing a hydrophobic site favorable to coactivator interaction. The 

LXXLL motif of coactivators makes direct contact with the hydrophobic cleft that is 

formed by helix 3,5 and 12 ofnuclear receptors (43). 
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Although the coactivators were initially characterized as molecules that bind the 

AF-2 domain of nuclear receptors, recent evidence suggests that coactivators can aiso 

bind the AF-l domain (5). Indeed, it has been shown that the p160 coactivators can 

interact with the N-terminal AF-l-region of several steroid receptors. Binding of 

coactivators to the AF-l domain involves a glutamine-rich region on the coactivators, 

and not an LXXLL motif (5). This is particularly important for transactivation via AR 

since most of tms hormone receptors' transactivating activity is mediated by the AlB 

domain (45,46). As an added example, interaction between the AF-l and AF-2 domain 

of ERa, with distinct regions of SRC-l, appears to be required for full synergy between 

the AF-l and AF-2 domains (47). Likewise, p300 has been shown to potentiate the AF

l function of both human ERa and p. Direct interactions of p300 with a truncated ERa 

containing only the AIB domains have been demonstrated (48). Recently, p68 RNA 

helicase has been identified as a cofactor that is specific for the AF -1 domain of ERa. 

The association of p68, which then recruits CBP, occurs in the AF-l region of 

ERa only upon phosphorylation in this domain (49). 

Although the primary role of coactivators is to facilitate transcription, they can 

aiso be involved in transcriptional attenuation. Acetylation of lysine residues in the 

hinge region of ERa by the coactivator p300, has been shown to suppress ligand 

sensitivity (50). Acetylation may be therefore be involved in ligand-dependent 

transcriptional repression or attenuation (50). Furthermore, it has been suggested that 

coactivators themselves can be covalently modified to alter their function (51). As an 

example, p300 not only acetylates histones, but 1S able to acetylate SRC-3, resulting in 

uncoupling of the interaction between the ER and SRC-3 on target promoters (52). 
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Coactivators may also be involved in the recruitment of proteins involved in 

histone methylation. It has been shown that the argenine methyltransferase CARM1 can 

synergize with p 160 proteins and p300 to enhance transcriptional activation through its 

ability to methylate histone H3 (53). 

The specificity of coactivators for receptors and their regulation 1S poorly 

understood. There exists much redundancy between coactivators, and null deletion 

experiments in mice have shown that many coactivators have overlapping functions 

(11). It has been proposed that the function of a coactivator is determined by promoter 

context, receptor and ligand identity, and tissue specificity (51). To date, only CBP, 

p300 and TRAP220 are essential for viability (51). 

1.1.4. Corepressors 

The non-steroid nucIear receptors recruit corepressor proteins in the absence of 

ligand, while the steroid hormone receptors require binding of an antagonist to the 

LBD. Co-repressors form large multiprotein complexes with the nucIear receptors. 

These complexes incIude HDACs that associate with Sin3A and Sin3B (5). Sin3A 1S a 

large multidomain protein that acts as a scaffold for the corepressor complex. 

The more commonly studied corepressors are NCoR and SMRT. These harbor a 

nucIear receptor interaction domain, referred to as the CoRNR box. This motif has the 

consensus sequence LXXIIHIXXXIIL, which interacts with specific residues in the 

same pocket required for coactivator binding (54). The CoRNR box contains an 

extended helix that cannot bind in the charged cleft of the nuclear receptor in the 

presence of agonistic ligand. In the presence of antagonists, or absence of ligand for 
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non-steroid nuclear receptors, helix H12 is repositioned, allowing eorepressors to bind 

to the hydrophobie poeket (5, 55). 

In addition to NeoR and SMRT, an ER-selective repressor of ER activity, REA, 

has also been identified. This corepressor enhances the potency of antiestrogens and is 

specifie for ERa and ER~ (56). 

Corepressors recruit a eomplex of proteins that exhibit HDAC aetivity. To date, 

18 HDACs have been identified in humans (57). Many of these are ubiquitously 

expressed in eelllines and tissues, and are sensitive to HDAC inhibitors (57). HDACs 

have been shown to associate with SMRT and NCoR, and sorne HDAC members can 

aiso interact with DNMTI (58). 

Recently, it has become known that direct interactions exist between 

corepressors and coactivators. Li et al have shown that the co-repressor NCoR can 

directly interact with ACTR, thus permitting the integration of nuclear receptor 

mediated repression and activation (59). 

1.1.5. DRIPITRAP p:roteins 

In addition to the HAT and SWI/SNF complexes mentioned above, nuclear 

receptors ean recruit a large complex of proteins ealled the DRIPS 

(TRAPS/Mediator/ARC) (60, 61). The DRIP complex consists of at least 9 proteins 

ranging in molecular weights from ~70 kDa to ~230 kDa (43). One subunit, DRIP205 

(TRAP220), contains two LXXLL motifs that are critieal for interactions with the C

terminal region of nuclear receptor in a ligand-dependent manner (62). Anchorage of 

this subunit to the reeeptor provides a seaffold for the binding of the rest of the DRIP 
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complex. The function of the DRIP complex is not weH understood, but it is believed 

that it aids in enabling transcription by recruiting the basic transcriptional machinery. In 

addition to nuclear receptors, the DRIPS also interact with other transcription factors, 

such as the p65 subunit ofNF-kB, and VP16 (63). 

1.1.6. Biphasic Model of Transcriptional Regulation 

The complexity of transcription, involving an orchestrated recruitment of 

components to the basal transcriptional machinery and including the integration of 

multiple signaling pathways, is essential to transcriptional regulation within chromatin 

structures important for development, differentiation and homeostasis. The presence of 

such large multiprotein complexes binding to nuclear receptors has led to a model of 

transcription that is multi-step in nature, where large protein complexes have temporally 

and spatially distinct functions (Fig. 1.3.). A possible sequence of events has been 

suggested, which begins with binding of ligand to the nuclear receptor, causing the 

release of corepressors, and the binding of the SWI/SNF/BRG-l complex that acts to 

modify chromatin domains. Binding of coactivators then results in localized HAT 

activity and disruption of the nucleosomal structure. 

The functional redundancy between transcription factors has lead to a mode! in 

which there is a combinatorial role for transcription factors in transcriptional regulation 

(24, 64). Chromatin immunoprecipitation assays have been useful in studying the 

interaction of cofactors with nuclear receptors at the promoter. Using this technique, it 

was determined that there exists a cyclic association and dissociation of coactivators. 

For example, p300 only appears to participate in the first cycle of ER cofactor 
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recruitment and this may catalyze chromatin modifications that prime the promoter for 

multiple rounds of transcription. This is consistent with p300 facilitating transcriptional 

initiation, but not re-initiation (65). Recruitment of p 160s and DRIPs occur in opposite 

phases, suggesting an exchange between these coactivator complexes at the target 

promoter (66). A mode! has been proposed where initial recruitment of chromatin

modifying complexes such as p 160s and CBP, is followed by displacement of the 

complex and interaction of the receptor with the DRIP complex to form a link with 

general transcriptional factors (11). Transcription would then occur in successive 

rounds (reviewed in (23) and (24». 

However, a general model of transcriptional activation has yet to be confirmed 

and its complexity 1S elegantly displayed by Metivier et al. who studied in great detail 

the transcriptional regulation from the pS2 promoter (64). They demonstrate that 

transcription from this promoter oœurs in cycles and that silenced chromatin results 

when the NuRD complex, containing HDACs and remodeling activities is recruited to 

the promoter upon departure of TBP and TFIIA. It appears like!y that the order of 

recruitment for chromatin-modifying complexes is promoter-specific, dependent upon 

the nature of the promoter, transcription factors available, and chromatin structure (67). 

35 



Chromatin Remodeling 
Factors 

(ATP-dependent) 

Histone Aeetylation 
CeU Specifie Cofadors 

Holoenzyme Recruitment 

Pre-Initiation Complex 

Figure 1.3. Ligand-dependent recruitment of multi-protein complexes to the promoter 

of target genes by nuclear receptors. 
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1.2. E2-MEDIATED SIGNALING 

The natural estrogen, 17p-estradiol (E2) is a small lipophilic molecule that 

crosses the cell membrane and enters the nucleus where it binds to the estrogen 

receptor. In absence of hormone, it was initially thought that aH steroid hormone 

receptors exist as inactive oligomers complexed with chaperone proteins (68). However, 

it has subsequently been shown, by immunocytochemistry and hormone binding assays, 

that the subcellular localization ofERa is the nucleus (69, 70). 

1.2.1. ERa and ERp 

In 1996, it was discovered that the action of estrogen is mediated not only by 

estrogen receptor (ERa), but by a second estrogen receptor, ERp (71-73). The two 

receptors are highly homologous in the DNA-binding domain (region C) and ligand

binding domain (region E) with 96% and 60 % homology respectively, but they differ 

significantly in the N-terminal A/B domain and hinge region (Figure 1.4.) (72). The 

ERp protein is slightly smaller than ERa (530 aa vs 595 aa), is located on a different 

chromosome and has overlapping but distinctly different tissue distributions compared 

to ERa. ERa is most highly expressed in the pituitary, vagina, uterus and breast, while 

ERp is most abundant in the ovary and prostate. However, ERp Is also present in 

marnmary glands, bone, uterus, central nervous system and cardiovascular system. (74). 
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Figure 1.4. Schematic diagram comparing the structural domains ofERa and ERp 

Although ERa and ERp recognize similar response elements, the transcriptional 

activity of the two receptors is gene- and cell-specific. For example, transcription of the 

pS2 gene, regulated by an ERE in its promoter region, is mediated by an active AF-1 

and AF-2 domain of ER. Since ERp has a weak: AF-1 activity even in the presence of 

E2, it activates the pS2 promoter more weakly than ERa (75). Tamoxifen, which 

inhibits only the AF-2 activity of ERa and ERp, is thus a more potent antagomst with 

ERp, as opposed to its partial agonistic properties on an ERE with ERa (76). 

In breast tumors, ERa is more highly expressed than ERp, and there appears to 

be no correlation between ERa and ERp expression (77). Although studies with ERa 

KO mice have demonstrated that ERp does not mediate E2-dependent growth and 

development of the mammary gland, the raIe of ERp in tumorigenesis remains ta be 

determined (78). About 60-70% of breast epithelial cells express ERp at aIl stages of 
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breast development, white ERa expression varies according to the developmental stage 

of the mammary gland (79). While most breast tumors express ERa alone or in 

combination with ER!) (80), there Ïs sorne controversy as to the role of ER!) in breast 

cancer. Sorne groups have found that ER!) correlates wÏth low biological aggressiveness 

of breast cancer and can even inhibit proliferation and invasion of breast cancer cens 

(79,81). In support ofthis hypothesis, expression of ER!) in HeLa cells is sufficient to 

completely inhibit cyclin Dl gene activation by estrogen (82). In contrast, others have 

indicated that the ratio of ERa to ER!) alters in breast cancer progression, with 

increased expression of ER!) in relapsed patients exhibiting tamoxifen-resistant tumors 

(83). To complicate matters, several ER!) splice variants have been reported (74). Many 

of these differ in the region of the ligand-binding domain and have been identified in 

human breast tumors, as weIl as normal rnammary tissue (84, 85). 

1.2.2. Ligand-independent activation of ER 

The transcriptional activity of ER can be rnodulated by signaling pathways, 

independently of ligand binding. Activation of MAPK pathways can lead to 

phosphorylation of serine residues in the N-terminal of the ERa and can lead to 

transcriptional activation. One of the best-characterized exarnple ofthis is the activation 

of ERa by the epiderrnal growth factor (EGF). Several groups have shown that EGF 

can actÏvate an ERE in a ligand-independent rnechanisrn via serine phosphorylation in 

the AF-l domain of ERa (76, 86). However, it has also been dernonstrated that EGF 

can increase ERE-rnediated reporter activity independently of ERa, indicating that the 

mechanism for cross-talk between ERa and EGF 1S not fully understood (87). Sirnilarly, 
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increased cAMP levels and PKA activity have also been associated with ligand

independent ERa transactivation (88). Phosphorylation of serine residues by PKA in 

the N-terminal region ofERa causes an association with cyc1in Dl, leading to increased 

ligand-independent transactivation (89). 

Modification of ERa-dependent transcription by extra-cellular ligands has also 

been observed with EGF, TGFa and IGF-1 (90). In addition, TPA, a PKC activator has 

aiso been shown to activate ERE-mediated transcription (90). This ligand-independent 

activity is mediated by the AF-l region ofERa (90). 

1.2.3. Classical signaling pathway of ER 

ER recognizes consensus palindromic response elements of [5'(AlG)GGTCA-

3 '] motifs separated by 3 bp. The selectivity of the binding of ER to its response 

elements 1S due to contact of amino acids in the C-terminal part of the frrst zinc finger 

(P-box) with base pairs and phosphates. The A box, downstream of the second zinc 

finger, 1S involved in recognition of base pairs upstream of the ERE motif (91). 

Interestingly, the consensus sequence half site recognized by ER as a palindrome 1S 

identical to the half site motif comprising the direct repeat recognized by RAR/RXR. 

In addition to promoter elements containing c1assical EREs, the ER can regulate 

transcription from promoters containing non-consensus EREs or low affinity half 

palindrome EREs (91, 92). While a few ER-regulated genes contain well-characterized 

EREs (Ex. pS2, lactoferrin, oxytocin, c-fos), many contain only a half-ERE and 

additional SpI sites (Ex. cathepsin D, RARa, c-myc, PR, hsp27) (reviewed in (91,93». 

Sp 1 1S a transcription factor that recognizes GC-rich motifs in the promoter of target 
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genes. Activation through Spl(N)xERE1I2 requîres interactions of both proteins with 

their cognate DNA elements (94). It has been demonstrated that ER and SpI physically 

interact with each other to allow the recruitment of cofactors required for transcription 

(94). 

1.2.4. Non-dassical signaling pathway of ER 

In addition to its genomic action at elassical EREs, ER can alter the regulation 

of target genes without directly binding to DNA. Several genes, containing only Sp I or 

AP-l binding sites in their promoters, can be altered by ER ligands. The mechanism for 

this appears to involve the tethering of ER to cofactors or directly to the AP-I or SpI 

transcription factors (94, 95). 

Even in absence of a known ERE in the promoter region, ER can modulate the 

transcription of the Spl-regulated genes c-fos, TGF-a, RARa, bel-2, IGFBP-4 and 

thymidylate synthase (94, 96, 97). This transcriptional modulation, which occurs by 

direct binding of ER to SpI, appears to be ligand and cell context dependent. For 

example, ERa/Spl is activated by estrogen and antiestrogen in MCF-7 and MDA-MB-

231 breast cancer ceIl Iines, but not in HeLa cens. In contrast, ERJ3/Sp 1 exhibits 

minimal activity, regardless of the ligand (98). Although the mechanism and regulation 

of transcriptional activation at promoters containing both Sp 1 sites and EREs is not weIl 

characterized, it has been suggested that the AF -1 domain of ERa is required for 

activation by SpI (98-101). 
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ER can also modulate the transcriptional activity of AP-l-mediated gene 

expression without binding to its response element. AP-l is a transcription factor 

consisting of Jun-Jun homodimers or Jun-Fos heterodimers, whose activity is important 

for cellular differentiation, proliferation and transformation. Several groups have 

demonstrated that ER binds members of the Jun family (c-Jun and JunB), but not to the 

Fos family (102, 103). 

The action of ER on AP-l promoters varies depending upon the subtype of the 

receptor (a or ~), ligand and cell-context (14, 95). When bound to estradiol, 

ERa activates transcription from an AP-1 element, whereas ER~ does not. However, in 

response to tamoxifen, both ERa and ER~ generallyactivate transcription (104). In 

addition to the effect of ligand and ER subtype, AP-1 activity is modulated in a cell

specifie manner. In the breast, estrogens increase AP-l activity whereas anti-estrogens 

inhibit this activity. However, in uterine cells, tamoxifen activates AP-1 activity, 

thereby contributing to pathways associated with cellular proliferation (105). 

The cross-talk between ER and AP-l is complex, and the mechanism for ER

mediated AP-l activity is not fully understood. ERa enhances AP-1 mediated 

transcription in a manner that requîres an active AF-1 and AF-2, but is independent of 

the DBD (14). It is generally thought that ERa aids in the formation and stability of a 

multiprotein complex, involving p160 coactivators, at AP-1 elements (14, 102). 

Alternatively, SERM-bound ER does not appear to be present in a complex of JuniFos. 

It has been proposed that SERM-bound ER recruits corepressors and HDACs away 

from the AP-l site, allowing unopposed activity of coactivators recruited by JuniFos 

(14, 106). 
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Cyclin Dl is an important ceIl cyde-regulating protein that is differentially 

regulated by ERa and ERp via an AP-I site in its promoter. There is a strong 

correlation between enhanced expression of ERa, increased cyclin Dl expression, and a 

proliferative response (107). In HeLa cells, ERa enhances transactivation of cydin Dl 

in response to estrogen, while ERp decreases it (108). Furthermore, ERp blocks ERa

mediated induction when both receptors are present, suggesting that ERp may oppose 

the proliferative effect ofERa [Liu, 2002 #2132]. 

In addition to the effect of ER on AP-l and SP-l elements, ER cross-talk occurs 

with the NF-KB pathway. In the myocardium, estrogenic compounds can inhibit NF

KB-dependent gene expression of pro-inflarnrnatory cytokines by competing for p300 

[Pelzer, 2001 #2118]. In the bone, ER inhibits NF-KB-mediated transcription from the 

IL-6 promoter by binding to the Rel homology domain ofNF-KB and the bZIP region 

of CIEBP beta (109). In another promoter context, NF-KB complexes cooperate with 

ERa to recroit cofactors. At the serotonin-IA receptor promoter, NF-KB and ERa 

synergize through non-dassical EREs by a mechanism that does not involve direct 

receptor binding to DNA (110). 

1.2.5. Non-genomic effeds of estradiol 

The existence of rapid effects elicited by estrogens suggested a non

transcriptional role for ER. Although the mechanisms leading to the rapid effects of 

estradiol are not fully understood, there is evidence for the presence of membrane-
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bound ER (111) and transfection studies suggest that both ERa and ERI3 can localize to 

the ceU membrane (112). 

N on-genomic actions of ER have been demonstrated at the vascular wall level, 

where estrogen triggers rapid vasodilation mainly due to increased nitric oxide (NO) 

release (113). In endothelial ceUs, the physical and functional coupling of ER to the 

lipid lanase phosphatidylinositol 3-0K kinase (PI3K) at the ceU membrane leads to 

activation of the PI3K signaling cascade and ultimate release of NO (113). 

In breast cancer ceUs, estradiol can increase cAMP levels independently of its 

genomic roie. The increase in intracellular concentration of cAMP 1S sufficîent to 

stimulate cAMP RE-mediated (CRE) gene transcription (114). In addition, membrane

associated ER may contribute to the proliferation of breast cancer cens by activating 

MAPK and Akt kinase signaling in the presence of estradiol (115). Furthermore, 

membrane-bound ER has been found to be associated with Her2/neu and may mediate 

resistance to tamoxifen-induced apoptosis (115). These non-genomic actions of ER 

involve the activation of important secondary messenger-stimulated genes. 

1.3. BREAST CANCER 

Despite advances in the treatment and understanding of breast cancer, this 

disease remains the leading cause of mortality for women in the industrialized world, 

second only to lung cancer (116). It 1S estimated that a woman's lifetime risk of being 

diagnosed with breast cancer is currently 1 in 8 (117). 

The mammary gland only becomes fully differentiated at the time of pregnancy and 

subsequent lactation (118). It consists of 15 to 20 lobes, surrounded by adipose tissue. 
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Within each lobe are smaller lobules that end in dozens of secretory alveoli important 

for milk production. Linking the lobes, lobules and alveoli are the ducts. The ducts are 

composed of aluminaI epitheliallayer of cells and a basal myoepitheliallayer, both of 

which are surrounded by a basement membrane. The majority of breast tumors arise 

from luminal epithelial ceUs that line the ductal and lobular structures of the mammary 

gland (116). 

The maturation of the mammary gland is mediated by estradiol, which is 

synthesized by the ovaries under the control of the pituitary gonadotrophins (118). 

Estradiol is required for breast and uterine development, bone homeostasis, 

cardiovascular and central nervous system functions. In the breast, estradiol has a 

growth stimulatory effect that is linked to carcinogenesis. Susceptibility to breast cancer 

has been attributed to lifetime exposure to estrogen and as such, early menarche, late 

menopause, and nulliparity are correlated with an increased lifetime risk of developing 

breast cancer (116) 

1.3.1 Molecular Mechanism of Breast Cancer 

It is becoming evident that nuclear receptors serve as a point of convergence for 

multiple signal transduction pathways. Tumorigenesis can occur when disruption of 

these pathways leads to uncontrolled cellular proliferation. In the breast, cellular 

proliferation is guided by estradiol. 

Vpon binding of estradiol to the ER, the transcription of several genes is 

activated (Figure 1.5.). Sorne growth potentiating genes, like TGFa, are activated by E2 

and secreted. In an autocrine fashion, TGFa binds the EGFR receptor 10cated on the 
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surface of epithelial cens, resulting in a cascade of events supporting growth stimulation 

At the same time, E2-mediated transcription causes an increase in IGFl, which is 

released from the cell and activates growth stimulatory pathways in a paracrine fashion 

by binding to IGFR (119). 

E2 also stimulates the transcription of c-Myc, a transcription factors thought to 

be a mediator ofmitogenic stimulation (120, 121). Another gene thought to be involved 

in stimulation of cell growth is cyclin DI. Activation of cyclin DI is associated with 

entry into the S phase of the cell cycle (122). The effect of estrogen is not limited to the 

activation of growth-stimulatory pathways. It also inhibits the transcription of the 

growth inhibitory molecule TGF~ (123). 

Many growth factor signaling pathways modulated ER-mediated transcription 

via phosphorylation. For instance, the binding of IGF-l, EGF and TGFa to surface 

tyrosine kinase receptors leads to a MAPK cascade culminating in the phosphorylation 

ofERa and increased transcription from ERE-containing promoters (124). 

Breast cancers often progress from hormone-dependent, antiestrogen-sensitive 

to hormone-independent, highly invasive phenotypes. Loss of the estrogen receptor 

leads to increased expression of several genes involved in invasion and metastasis. 

Increased expression of genes involved in the matrix metalloproteinase family (MMP) 

have been observed in ER-negative cells. These genes can be modulated by the AP-l 

and NF-KB family of transcription factors. For example, NF-KB, which is usually 

maintained in an inactive state by protein-protein interaction with IKB, was found to be 

constitutively active in ER-negative breast cancer ceUs and primary breast tumors (125). 

NF-KB has been shown to protect cells from TNF-a, ionizing radiation and 
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chemotherapeutic agents and may thus contribute to the increased malignant phenotype 

ofER-negative tumors. 

E2 • 

autocrine 

paracrine 

Figure 1.5. Activation of ER by its ligand, estradiol (E2), regulates genes involved in 

the proliferation of breast cancer cells. 
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1.3.2. Chemop:revention 

The treatment and management of breast cancer involves both chemopreventive 

and chemotherapeutic agents. A combination of treatments consisting of endocrine 

therapies (ovarian ablation, aromatase inhibitors, SERMs), cytotoxic chemotherapy or 

targeted intervention (Herceptin) offer the best outcome for breast cancer patients. The 

objective of chemoprevention therapy is to use noncytotoxic agents to protect against 

the development and progression of mutant cens to malignancies. Interesting 

chemopreventive agents currently in development are the selective estrogen receptor 

modulators (SERMs) and the retinoids (126). 

SERMS 

The management of breast cancer has focused on targeting the growth 

stimulatory pathways of E2 detaHed above (Fig. 1.5.). SERMs are classes of drugs that 

antagonize the growth-stimulatory properties of estrogen in the breast by binding to the 

estrogen receptors and inhibiting its transcriptional activity. The Ideal SERM would 

have antiestrogenic effects in the breast and endometrium, and have estrogernc effects 

on lipid profiles, the central nervous system, skeleton, vagina and cardiovascular 

system. 

Tamoxifen is one SERM that is currently in use for the treatment of breast 

cancer. It 1S a partial antagonist exhibiting antagonistic properties in the breast and 

estrogenic activity in the uterus and bone. One of the limitations of tamoxifen, other 

than its lack of efficacy in ER-negative tumors, is that it causes an increased risk of 

uterine cancer (127). Additionally, the beneficial actions of endocrine therapy are often 

short-lived and acquired resistant to treatment invariably occurs. The development of 
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SERMS with greater specificity combined with an understanding of resistance will 

benefit the hormonal therapy ofbreast cancer. 

Retinoids in Chemoprevention 

Vitamin A (retinol) and its derivatives are required for several important 

physiological processes, including vision, reproduction, metabolism, differentiation, 

hematopoiesis, bone development and normal embryonic development (128). In animal 

models, vitamin A deficiency has been associated with a higher incidence of cancer 

(129). Much evidence supports the notion that retinoids can prevent cancer by inhibiting 

progression from premalignant to malignant stages (130-132). Retinoids have been 

shown to modulate normal rat mammary epithelial cell proliferation, morphogenesis 

and functional differentiation (133). 

1.4. RETINOIDS 

Retinoids comprise a large group of compounds that have the ability to bind to 

retinoic acid receptors. The most weIl characterized and biologically active retinoids are 

all-trans and 9-cis retinoic acid (ATRA and 9-cis RA respectively) (Fig. 1.6.). 

1.4.1. Biosynthesis and Metabolism of Retinoic Acid 

Vitamin A (retinol) is obtained from the diet, particularly from eggs, milk, butter 

and fish-liver oils. It can also be obtained from plant origins in the provitarnin ~

carotene form. F ollowing digestion and the oxidative cleavage of carotenoids to retinal 
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and reduction of retinal to retinol, the retinol 1S then converted back to retinyl esters for 

storage in the liver (134) (Fig. 1.6.). When needed, liver retinyl esters are cleaved and 

retinol is released to be delivered to other parts of the body (134). In the blood, retinol, 

which is the most abundant circulating retinoid, 1S bound by retinol-binding protein. 

Retinol can cross the cell membrane, where it is converted to retinal by a reversible 

dehydrogenation reaction, involving alcohol dehydrogenase (ADH),short chain 

dehydrogenase (SDR) and Cyt P450 (134). Retinal is then converted to ATRA by a 

non-reversible reaction mediated by retinal dehydrogenases. IsomeIÎzation of ATRA 

into 13-cis-RA and 9-cis-RA can then occur spontaneously or via isomerases (134). 

1.4.2. Retinoid Binding Proteins 

In the ceIl, retinol and retinal are bound by cellular retinol binding protein 

(CRBPI and CRBPII). These shuttle proteins serve to protect the easily oxidized retinol 

from nonspecific dehydrogenases (135). The closely related cellular retinoic acid 

binding proteins (CRABPI and CRABPII) bind RA and sorne metabolites, but not 

retinol or retinal. These cellular retinoid binding proteins prote ct cens against excess 

RA levels and thus function to modulate the concentration of ATRA available within 

the cells (134). In the treatment of cancer by retinoids, decreased sensitivity to RA had 

been attributed in some cases to increased levels of CRABP (136, 137). CRABPs also 

function as shuttle proteins to deliver aH-trans RA to other metabolic enzymes and to 

facilitate retinoid transport lnto the nucleus (138). 
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Figure 1.6. Biosynthesis of retinoic acid 
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1.4.3. Retinoic Acid Receptors - Direct regulation of transcription 

Retinoids act by binding to members ofthe retinoic acid nuclear receptor farnily, 

RAR and RXR, each comprising of isotypes, a, ~ and y, encoded by separate genes. 

Alternative splicing, or alternative use of distinct promoters, results in several isoforms 

differing in the N-terminal region. ATRA and its stereoisomer 9-cis-RA are the natural 

ligands for RARs, whereas RXRs bind only 9-cis RA (139). RAR and RXR bind as 

heterodimers to retinoic acid response elements (RAREs). In the absence of ligand (or 

in the presence of an antagonist), RARlRXR heterodimers bind to corepressors (NcoR 

or SMRT) and recruit histone deacetylases (HDACs), resulting in a condensed 

chromatin, unavailable to the transcription machinery. When ligand binds to the nuclear 

receptor, it undergoes a conformational change that favors the release of corepressors 

and the binding of coactivators, rendering the chromatin more accessible to the 

transcription machinery, thereby activating transcription. 

Retinoic acid receptors recognize response elements containing a minimal half 

site consensus sequence [5'-AGGTCA-3'] that can be configured into a variety of 

structured motifs, including direct repeats and palindromes (140). The classical 

response element for RAR/RXR heterodimers 1S a DR5, where direct repeats of [5'

AGGTCA-3'] are spaced by 5 nucleotides (Fig 1.2). Examples of genes containing this 

classical retinoic acid response element in their promoters include RAR~2 and alcohol 

dehydrogenase 3 (141). Direct repeat response elements spaced by 2 nucleotides (DR2) 

can also be found in the promoter region of retinoid-regulated genes, as 1S the case for 

CRBPI (142). 
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RARlRXR heterodimers can also recognize direct repeat response elements with 

a spacing of l (DRl), although this response element is less efficient than DR2s or 

DR5s (142). In the binding of RARlRXR to a DR1 element, the RAR is in the 5' 

position, with RXR in the 3' position on the response element (142, 143). A DRI 

element is also more promiscuous, allowing the binding of RXR heterodimers of 

COUP-TF and pp AR, in addition to RAR (Fig 1.2). Examples of retinoid-regulated 

. genes that contain response elements with a DR1 motif include CRBPI and CRABPII 

(142, 144). 

An overview of the regulation of transcription involving RXR heterodimers is 

illustrated in Figure 1.2. The dual function of RXR as a homodimer and heterodimer is 

complex. It has been proposed that the relative concentration of each receptor in the celI 

may affect the interaction ofRXR with a particular response element (140). In addition, 

RXR heterodimers are more stable and have a higher affinity for DNA than the RXR 

homodimers (142). The availability of ligands may also influence that interaction of 

RXR with a particular partner. For example, RXR homodimers are favored by high 

concentrations of 9-cis RA ligand. Furthermore, the binding preference of a particular 

RXR heterodimer partner depends upon the nucleotides located at positions l, 2 and 4 

of the core motif, as weIl as the spacer nucleotide (145). 

DifferentiaI display, subtractive hybridization and gene array experiments have 

been useful in identifying retinoid-regulated genes. Although as many as 532 genes 

have been proposed to be RA targets, most of these are believed to be indirectly induced 

by retinoids, via intermediate transcription factors or non-classical association of 

retinoic acid receptors with other proteins (146). Balmer and Blornhoff have compiled 
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published data from numerous researchers and have classified RA-regulated genes 

(146). Of the 532 genes analyzed, they identified 27 genes that are direct targets of RA, 

as mediated by liganded heterodimer of retinoid receptors to known RAREs. Of 

interest, two important subsets of genes emerged. The first includes genes that are 

involved in retinoid handling and metabolism. The second subset consists of genes 

containing homeobox domains, thereby underlining the importance of retinoids in 

development. Increasingly, gene array technologies have been exploited to find novel 

retinoid targetgenes. Since many newly identified genes do not contain recogruzable 

retinoid response elements, their regulation is most likely indirectly mediated by 

retinoids (147). 

1.4.4. Retinoic Acid Receptors - Indirect regulation of transcription 

Like ER, the retinoid receptors can also mediate gene expression in an indirect 

manner, without binding to a cognate RARE. Importantly, retinoids antagonize the 

expression of genes with AP-l enhancer elements in their promoters. Although AP-l 

transrepression mediated by RARs is dependent on ligand, an active AF-2 is not 

required (148). The mechanism for this regulation is not known but may involve 

competition for limited amounts of cofactors, formation of abortive complexes with 

DNA-bound transcription factors, inhibition of phosphorylation of c-Jun by inactivation 

of Jun amino terminal kinase (JNK) signaling pathway, or disruption of Jun-Fos 

heterodimers (130). Cross-talk with AP-l results in retinoid-mediated down-regulation 

of genes involved in proliferation and inflammation. Such genes include 

metalloproteases (stromelysin-l, collagenase, and gelatinase), proto-oncogenes (c-fos 
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and c-myc), growth factors and their reœptors (TGF-~l, EGFR, IL-6 and IL-6R) (141). 

In addition, NF -KB-mediated transcription is also altered by retinoids, although both 

positive and negative regulations have been reported in different œIl types (149, 150). 

In APL cells, synergy has been demonstrated between retinoids and TNF, leading to 

induction ofNF-KB target genes and differentiation (150). 

1.5. RETINOIC ACID RECEPTORS AND CANCER 

Since retinoids are involved in regulation of œIl growth and differentiation, it is 

not surprising that changes in expression or function of retinoid receptors have been 

found in malignant cells. 

1.5.1. Acute Promyelocytic Leukemia 

Perhaps the most extensively studied disease involving a deregulation of retinoic 

acid receptors is acute promyelocytic leukemia (APL). APL is characterized by 

increased promyelocytes that are unable differentiate into granulocytes. In greater than 

95% of affected individuals, this disease is distinguished by a reciprocal translocation 

between a region on chromosome 17 and chromosome 15, resulting in a fusion between 

RARa and PML (140). Of the two resulting fusion gene products, RARa-PML and 

PML-RARa, it is believed that orny PML-RARa contributes to the disease state by 

blocking promyelocytic differentiation (151). This fusion protein contains the DBD and 

LBD of RARa. PML-RARa has a higher affinity for HDACs, which 1S further 

enhanced by oligomerization of the fusion proteins, thus generating a super-repression 

of RARa signaling pathways in APL blasts. Treatment of APL with high doses of all-
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trans RA results in the dissociation of the repressor complex and relieves the HDAC

dependent block of differentiation, resulting in clinical remission (141). 

1.5.2. Aberrant expression of retinoic acid receptor ~ 

As mentioned previously, the RAR~ promoter contains a classical RARE and 

consequently, its expression is increased by RA. In a number of different human 

carcinomas, including breast, lung, head and neck, and prostate, the expression of 

RAR~ is greatly reduced (152-156). Since the 10ss of RAR~ expression is present in 

various malignancies, it has been proposed that 10ss of tms gene is an important event in 

tumorigenesis, and that RA-induced growth suppression is in part mediated by restored 

RAR~ expression (157). In support ofthis hypothesis, there exists a correlation in vivo 

between induction of RAR~ and clinical response to retinoids in patients with oral 

premalignant lesions and patients with renai cell carcinoma (158, 159). Furthermore, it 

has been demonstrated that transfection of RAR~ into RAR~-negative cervical, breast, 

and lung cancer cells increases cell responsiveness to retinoids (156, 160). Although 

this correlation has not yet been established in patients with breast cancer, introduction 

of RAR~ into RA-insensitive breast cancer cell Hnes restores RA responsiveness to 

growth inhibition (161). 

An three RAR subtypes, a,~, and y, are expressed in normal mammary 

epithelial tissue (116). Loss of expression of RAR~ seems to be an early event in breast 

cancer carcinogenesis (154, 155) and it is proposed that RAR~ may be a !umor 

suppressor gene. In 48% of breast cancer specimens, 10ss of heterozygosity was 
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detected at chromosomal region 3p24, a locus that includes the region coding for RARp 

(162). In breast cancer cells, there is a progressive decrease in RARp expression level 

during carcinogenesis, and investigators have demonstrated that RARp is consistently 

down-regulated or lost (154, 155, 163). In addition, the induction of RARp by RA 

appears to correlate with the growth-inhibitory effect of retinoids (164, 165). 

There are 3 isoforms of RARp - Pl, P2, and p4 that differ in the amino terminal 

A-domain resulting from alternative splicmg and usage of alternative promoters (Pl or 

P2). Ofthese, RARp2 is the isoform most important for mediating the growth inhibitory 

effects of RA (157). 

RARp and ER starus 

A clinical study of the retinol, femetinide, found a beneficial effect in breast 

cancer chemoprevention only in premenopausal women, suggesting that there is a 

hormonal component to the retinoid response in vivo (166). (167)Several investigators 

have shown that in ER-positive but not in ER-negative breast cancer celllines, RARp 

dowmegulation can be reversed by RA (164, 168). Although sorne groups have found 

no relation between the decrease in RARp expression in breast cancer development and 

ER status (154), others have shown that expression ofRARp can be upregulated by RA 

in ER+ but not in ER- breast cancer cells (163, 169, 170). When an RARp expression 

vector was introduced into hormone-independent cens, these acquired sensitivity to RA 

(164). Similarly, when RARp antisense or an RARp antagonist was added to hormone

dependent cells, the RA-sensitivity was inhibited (164). 
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Although the mechanism of growth inhibition by RA in breast cancer cens is 

unknown, there 1S evidence for a two-way interactive regulatory pathway between the 

ER and RAR. As such, RA can downregulate ER (171) and can inhibit downstream E2-

induced gene expression (172, 173). However, the mechanism of grovvth inhibition by 

retinoids extends beyond the inhibition of ER-mediated growth-proliferation, since 

retinoids and anti-estrogens exhibit additive effects in chemoprevention of breast cancer 

in animal models (174). 

RAR~ promoter 

The biologicaUy active RAR~2, is under the control of the P2 promoter, 

containing a high affinity RA-responsive element (RARE) (Fig 1.7). This sequence 

contains a direct repeat of the motif [5' -G TTC A C-3'], spaced by 5 nucleotides, that 1S 

recognized by RXR-RARa. heterodimers (175). The expression of RAR~ is believed to 

be regulated by RARa.. This isotype is highly expressed in many cell types and has 

been shown to regulate RAR~ expression upon ligand binding (176). 

Transcription from the natural RAR~2 promoter is also regulated by sequences 

surrounding it. Sequences upstream from the RARE include a cl' l' AMP response 

element (CRE) and TRE-like sequences (for binding of AP-l elements). Both have been 

found to contribute to RA-dependent activation of this promoter (177). In addition, the 

RAR~ promoter contains a series of response elements for other known transcription 

factors. Located 3' to the TATA box is an Sp 1 binding site and an Octabox. More 

recently, 2 AP-l sites, an AP-2 site and a second SpI site have been identified in this 
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promoter (178). Also downstream from the ~RARE 1S the TATA box and the INR. The 

INR 1S a pyrimidine-ri ch region that is located around the transcription start site and is 

believed to affect TFIID recruitment and/or function. In EC cens, in vivo footprinting 

experiments have identified an INR element which 1S occupied in an RA-dependent 

manner and contributes to promoter activity (179). Distinct differences in complexes 

binding to the 5' regulatory region of the RAR~ promoter may account for the ceIl-type 

specificity in the expression ofRAR~ by RA (165). 

CRE TRE RARE 

--------5' 
AP-I AP-2 SpI 

TATA INR 1 

3' 

Octabox 

Figure 1.7. Schematic representation of the RAR~2 promoter (CRE- cyclic AMP 

response element, TRE- TP A response element, INR- initiator-like sequence, RARE

retinoic acid response element, Coup-TF RE- COUP-TF response element) 

Regulation of RARf3 expression 

It has been suggested that the decreased expression of RAR~ in breast cancer 

cens is a consequence of limiting amounts of cofactors available to enable transcription. 
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(169). Other possible mechanisms for the decrease of RARJ3 expression in breast cancer 

cells include availability of RA, RARlRXR expression levels, promoter architecture and 

the presence or levels of orphan receptors (179). For example, studies have shown that 

the orphan receptor COUP-TF induces RARJ3 expression in a RA- and RARa

dependent manner by binding to a DR8 element in the RARJ3 promoter. This acts by 

enhancing the interaction of RARa with CBP and thus activating transcription. (180). 

Conversely, in lung cancer cells, overexpression of the orphan receptor nur77 has been 

found associated with a 10ss of RARJ3 inducibility and RA resistance (181). In lung 

cancer cells, COUP-TF is highly expressed in ATRA-sensitive celllines while nur77 is 

associated with ATRA resistance (129). 

Furthermore, epigenetic changes such as methylation of CpG islands in the 

promoter region and acetylation of chromosomal histones have been shown to alter the 

expression ofRARJ3 (182). As discussed previously, methylation at the promoter results 

in a more repressive chromatin state via recruitment of a Sin3A/HDAC corepressor 

complex. However, the methylation status of the RARJ3 promoter in various cancer cell 

lÏnes has yielded conflicting reports (181, 183-186). 

Antitumor Activity of Retinoids in Breast Cancer CeUs 

The antineoplastic mechanism of retinoids is not weIl understood but there is 

evidence that RARJ3 plays an important roie in the differentiation of many cell types 

(160, 168). Loss of RARJ3 is associated with tumor progression and inducibility of the 

RARJ32 promoter leading to expression of RARJ3 correlates with the growth inhibitory 
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effects of RA (130). In breast cancer cens, companson of breast cancer biopsy 

specimens and non-neoplastic breast tissue indicated a correlation between RARf32 

silencing by methylation of the promoter, with tumor progression (183). 

However, the question remains, what is the role of RARf3 in the demonstrated 

antiturnor activity of RA in breast cancer? One possibility could be the unique ability of 

RARf3 to inhibit AP-l activity and thus inhibit the activity of the oncogenes c-Jun and 

c-Fos on AP-l containing genes (187). In tumor models involving chemical 

carcinogenesis of the skin, retinoids have been shown to block the promotion step by 

inhibiting TP A-induced AP-l activity (188). In lung-tumor derived cell lines, 

transfection of RARf32 leads to induction of several genes, as identified by array 

analysis, whose functions have demonstrated involvement in apoptosis or the host' s 

immune response (189). 

Mitogenic stimulation has been found linked to enhancement of AP-1 activity, 

while growth inhibition by RA is paralleled by decreased AP-1 activity. Cells that are 

unresponsive to RA have an increased AP-l background activity that is not repressed by 

RA (190). Similarly, when the AP-l activity of MCF7 cells was increased by stable 

transfection of cJun, the œil hne became resistant to RA (191). 

Other possible mechanisms to explain the antitumor effects of retinoids include 

induction of TGF-f3, IGFBP-3, and reduced bcl-2 levels. Increased IGFBP-3 generally 

acts to counteract the growth-promoting effects of insulin-like growth factors (IGFs) 

(192). 

Besides these changes, retinoids have also been shown to reduœ the activity of 

aromatase, which catalyzes the rate-limiting step in estrogen biosynthesls (181). 
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Aromatase activity in tumors or surrounding tissue may play a role in promoting tumor 

growth due to the mitogenic effect of estrogen. An approach to breast cancer therapy 

has thus been to reduce estrogen production by aromatase (193). 

The tumor-suppressive function of retinoids has been associated with apoptosis, 

growth arrest and differentiation, and recent studies have even linked retinoids to 

induction of senescence in sorne tumors (194). However, it is not clear to what extent, if 

any, the induced RARp contributes to the response to growth inhibitory effects of RA in 

ER-positive cens, and the precise function ofRARp is still unknown. 

1.6. TRANSCRIPTIONAL CROSS-TALK 

The control of transcription involves an integration of signaIs stemming from 

signal transduction pathways to nuclear transcription factors such as the nuclear 

receptors. The end result of gene activation requires large protein complexes needed to 

rernodel chrornatin and render the prornoter accessible to the pre-initiation complex. 

The cornplexity of transcriptional regulation, including cornrnon co-regulatory proteins 

and a rnyriad of regulatory switches involving phosphorylation and rnethylation, 

provide numerous possibilities of cross-talk between nuclear receptors. 

Examples of cross-talk have already been discussed in other sections of this 

literature review. Clinical studies and experirnents with ceIl lines have both provided 

evidence for a role of ERa in RA-rnediated growth inhibition in breast cancer cells. 

There is evidence that RARa rnay be higher in ERa-positive cell Hnes (163, 195). 

Furthermore, an ERa-negative cell Hne stably transfected with ERa has a restored 

ability to respond to the growth inhibitory effects of RA, as well as increased RARa 
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expression (196). In addition, retinoids can act on estrogen pathways, thereby raising 

the possibility of cross-talk between these two growth-regulating pathways (171, 197, 

198). 
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SPECIFIe AIMS 

Retinoids have had recent clinical success in acute promyelocytic leukemia and 

in the chemoprevention of solid tumors. Although they have not been extensively tested 

clinically in breast cancer, retinoids can inhibit the growth of breast cancer cells in vitro 

and the development of breast cancer in animal models. White there 1S considerable 

evidence that the inhibition of human breast cancer cell growth by retinoic acid is 

modulated by expression of estrogen receptor, the mechanism of retinoid action in these 

cells has yet to be defined. The goal of this project was to explore the interaction 

between the expression of estrogen receptor in human breast cancer cells and their 

response to retinoids. The role of the estrogen receptor in RA response is further 

complicated by the recent discovery of another estrogen receptor, ERf3. As such, it was 

also my objective to characterize the contributions, if any, of ERf3 in retinoid-mediated 

growth arrest. 

For this purpose, the following specifie aims were developed: 

(l) Define the functional domain of ERa required to confer retinoid sensitivity 

to RA-resistant ER-negative breast cancer cells. 

(2) Contrast retinoid-induced transcriptional activation and protein binding to 

retinoid response elements (RAREs) in ER-positive and ER-negative cells. 

(3) Determine whether expression of ERa alters expression or function of 

transcriptional intermediates. 

(4) Study the effects ofERa or ERa-deletion mutants on transcription from the 

RARf3 promoter, a gene regulated by retinoids and potentially involved in 

retinoid-mediated growth inhibition. 
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(5) Generate ER~-positive stable transfectants of the ER-negative breast cancer 

cellline MDA-MB-231 and characterize the growth and transcription effect 

of ER~ on retinoid-mediated pathways. 

The purpose of characterizing the interaction of the signaling pathways between 

ER and retinoids in the suppression of ceIl proliferation is to provide a strategie 

approach to the development of innovative therapies for the treatment or prevention of 

breast cancer. For rational development of such novel therapies, it is important to 

clarify how retinoids exert their effects on breast cancer cells, how their activity is 

regulated by expression of ER, and what determines sensitivity vs. resistance to these 

compounds. 
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PREFACE TO CHAPTER 2 

The chernopreventive properties of retinoids in breast cancer are intirnately 

linked to expression ofERa. However, no previous studies have explored the region of 

ERa required to confer RA sensitivity. In this Chapter, we describe the stable 

transfeetion of ERa-deletion mutants into the parental ER-negative eells MDA-MB-

231, and identify the functional dornains neeessary to restore responsiveness to 

retinoids. We foeus our studies of transcriptional cross-talk on the expression and 

regulation of the RARf32 gene in these cells. This gene is down-regulated in rnany types 

of cancers, including breast carcinorna, and its induction by RA rnay be necessary for 

RA-rnediated growth suppression in sorne œIl types. In this Chapter, we also examine 

whether ERa expression affects the transcriptional activity of other RXR-heterodirners 

and whether the observed crosstalk between ERa and RAR rnight be rnediated by 

sequestration of several coregulators cornrnon to RAR and ER signaling. 
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CHAPTER2 

The N-terminal of the Estrogen Receptor (ERa) Mediates Transcriptional Cross

Talk with the Retinoic Acid Receptor in Human Breast Cancer CeUs 

Journal ofSteroid Biochemistry and Molecular Biology 86:1-14, 2003 
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2.1. ABSTRACT 

Transcriptional cross-talk exists between the estrogen receptor (ERa) and 

retinoic acid receptor (RAR) pathways in human breast cancer cens. We have 

previously shown that re-expression of ERa in ER-negative ceUs stimulates the 

transcriptional and growth inhibitory effects of all-trans-retinoic add (tRA) by a 

mechanism that is independent of the ER-ligands estradiol and tamoxifen. In this study, 

we generated ceU Hnes stably expressmg ERa de!etion mutants to elucidate the 

mechanism whereby ERa modulates RAR transcriptional activity. Using RT-PCR and 

RNase protection assays, we observed that expression of ERa suppresses basal 

expression of the RA-responsive gene RARp2, while allowing it to be strongly induced 

by tRA. Repression of basal RARp2 transcription was confirmed by transient 

expression of the reporter plasmid pRE-TKCAT, containing the RARp2 promoter. In 

the ERa-negative ceUs, on the other hand, transcription was only weakly induced by 

RA. We further determined that this effect of ERa on RARp induction required the N

terminal AF-l containing region, including the DNA-binding domain, but was 

independent of the C-terminal ligand-binding domain. Consistent with these results, the 

ER-agonist estradiol and the AF-2 antagonist 4-hydroxytamoxifen had no significant 

effect on pRARE activity. Conversely, the full ER-antagonist ICI 182,780, which 

blocks ERa AF-l activity, was able to completely relieve repression of basal pRARE 

activity. The effect of ERa is specifie for .RAR-mediated transcription and does not 

occur on promoters containing typical response elements for the vitamin D or thyroid 

hormone receptors. Moreover, the cross-talk between ERa and RAR does not seem to 

be mediated by sequestration of a number of common co-regulators, suggesting a nove! 
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mechanism whereby the N-terminal region of ERa modulates the transcnptional 

activity of RAR. 

2.2. INTRODUCTION 

Nuclear receptors modulate transcriptional activity by binding to DNA and 

recruiting accessory molecules to activate or inhibit transcription. Nuclear receptors 

include the steroid receptors (ER, GR, AR, PR and MR) that bind to specifie promoters 

as homodimers, the non-steroid receptors (RAR, VDR, TR and pp AR) that form 

heterodimers with RXR, and the orphan nuclear receptors, for which the ligands are yet 

unknown. Nuclear receptors share a common basic structure and contain two 

independent transactivation functions (AFs). The N-terminal AF-l domain, in the A/B 

region of the receptor, provides basal activity in the absence of ligand, whereas the C

terminal AF-2 domain, located in region E, is dependent on binding of ligand to the 

receptor. In order to activate transcription via the AF-l and AF-2 domains, the receptor 

also requires binding to a response element in the promoter of specifie genes, via its C

domain (2-4). 

The study of nuclear receptors has mainly focused on the activation or 

repression of transcription via the AF-2 domain. In the presence of ligand, co-activator 

proteins, such as the p160 family members, are known to associate with the nuclear 

receptors. Those proteins recruit other coregulators that ad to acetylate histones, 

thereby opening the chromatin and activating transcription. In the absence of ligand, or 

in the presence of antagonists, nuclear receptors recruit the corepressors SMRT and 

NCoR and histone deacetylases, which inhibit transcription (11, 199,200). 
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The ligand-independent AF-l region of nuclear receptors is less well 

characterized. However, many studies have reported that phosphorylation of the 

receptors in the NB domain modulate their transcriptional activity in absence of ligand 

(7, 201). For example, the estrogen receptor a (ERa) AF-l domain is known to be 

phosphorylated by the MAPK pathway, the phosphatidyl-inositol 3-kinase (PI3-

K)/AKT pathway and cyclin dependent kinases (CDKs), leading to hormone

independent activation of the receptor (8, 86, 202, 203). Moreover, the AF-l domain of 

ERa recruits several coactivator proteins, sorne that bind uniquely to this domain (49, 

204), and others that also bind to the AF-2 region (48, 205). 

In addition, nuclear receptors can regulate transcription without binding to their 

cognate response elements, through the interaction with other transcription factors like 

API and SpI (94, 103, 206). The mechanism of nuclear receptor signaling is thus 

becoming increasingly complex and the role of the nuclear receptors extends far beyond 

that of simple ligand-induced transcriptional activators. 

Retinoids, such as retinoic acid (RA), are derivatives of vitamin A that induce 

differentiation in the treatment of acute promyelocytic leukemia (APL) and cause 

growth inhibition in a variety of other œIl types, including breast cancer cells (171, 

207-209). Several natural and synthetic retinoids can inhibit the development of 

mammary tumors and cause regression of established tumors in rats (210-212). There is 

also clinical evidence that retinoids may be beneficial in breast cancer prevention (166, 

213). Retinoids mediate their effects by binding to the nuclear receptors RAR and RXR, 

which form heterodimers that activate transcription of genes containing retinoic acid 

response elements (RAREs) in their promoter regions (214). 

70 



Cross-talk between the RAR and ERa pathways in human breast cancer cells 

has been suggested by evidence that inhibition of growth by RA in human breast cancer 

cells correlates with expression of ERa. In general, ERa-positive ceUs are growth 

inhibited in response to retinoids, whereas ERa-negative ceUs are usually resistant (171, 

196, 197, 215-217). We have previously demonstrated that re-expression of ERa in an 

ERa-negative human breast cancer cellline modulates RAR signaling (197). We found 

that stable expression of ERa in the ERa-negative human breast cancer cellline MDA

MB-2311ed to increased induction by retinoic acid (RA) of an RARE reporter construct 

and sensitized the ceUs to growth inhibition by RA. This growth inhibitory effect was 

independent of the ER ligands estradiol and tamoxifen, suggesting an original 

mechanism of cross-talk between the RAR and ERu pathways (197, 218). In particular, 

growth inhibition by RA was observed in ERu-positive cells that are refractory to 

tamoxifen, thus suggesting a possibility for combination therapy in certain breast 

cancers (197, 219, 220). 

To further analyze the role of ERu in modulation of RAR transcriptional 

activity, we generated a panel of stably transduced celllines expressing ERu-deletion 

mutants and studied the expression and regulation of the RAR132 gene in these ceUs. 

Expression of RAR132 is regulated in part by the presence of an RARE characterized by 

two direct repeats of the motif GTTCAC, spaced by 5 nucleotides (221). This gene is 

down-regulated in many types of cancers, including breast carcinoma, and its induction 

by RA may be necessary for RA-mediated growth suppression in sorne ceU types (161, 

169, 181,222,223). 
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The effects of the stable transfection of ERa or ERa-deletion mutants on the 

pattern of RARf32 expression were evaluated. We determined that the RARf32 

expression levels were altered when the N-terminal domain ofERa, including the DBD, 

was expressed. We also examined whether ERa expression affected the transcriptional 

activity of other RXR-heterodimers and whether the observed crosstalk between ERa 

and RAR might be mediated by sequestration of several coregulators common to RAR 

and ER signaling. 

2.3. MATERIALS AND METHODS 

Cells. MDA-MB-231 (clone IOA) and the ERa-positive subclone S30 were obtained 

courtesy of Dr. V C Jordan. MCF-7 cells were purchased from the ATCC. The cells 

were maintained in phenol red free a-MEM (Invitrogen) supplemented with 5% 

charcoal-stripped serum. S30 were cultured in the presence of 0.5 Jlg/ml G418 

(GibcoBRL). The 293GPG retroviral packaging cells, derived from human embryonic 

kidney cells (224, 225) expressing viral structural genes under the control of a 

tetracycline-regulated promoter, were routinely maintained in DMEM (Life 

Technologies) supplemented with 5% FBS, 1 Jlg/ml tetracycline (Sigma Chemical Co), 

2 Jlg/ml puromycin (Sigma Chemical Co), and 0.3 Jlg/ml G418 (GibcoBRL). AU cells 

were maintained in 5%C02 at 37 oC in a humidified atmosphere. 

Construction of stable eeU Unes. ERa wild-type (pSG5-HEGO) and deletion mutants 

(pSG5-HEG19, pSG5-HEGII, pKCR2-HE15) were obtained from Sylvie Mader. 

Retroviral vectors were constructed by cloning the above cDNA in the multiple cloning 
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site (MCS) of the murine stem-celI virus retroviral vector (HC2) (226). The HC2 vector 

was designed to coexpress an inserted cDNA upstream of an IRES and the eGFP gene. 

Using tms bicistronic vector, the eGFP serves as a reporter of provirus transfer and 

expression in target ceUs. The HC2 vector that we used for retroviral transfection is a 

modified version of the AP2 retroviral vector (224). While the AP2 vector contains a 5' 

cytomegalovirus promoter element (CMV), the HC2 vector contains the L TR promoter. 

However, after transfection in the 293GPG producer ceUs, the budding viral particles 

carrying the RNA products contain neither the LTR nor CMV at the 5'end. In the 

MDA-MB-231 target celI Hne, after reverse transcription, both the AP2 and HC2 

retroviral vectors give rise to the cloned cDNA of interest upstream of an IRES and 

eGFP, flanked by two L TRs. Once integrated into the genome of the target ceUs, the 

AP2 and HC2 vectors are thus indistinguishable. 

Stable expression in the 293gpg packaging ceUs was acmeved usmg 

lipofectamine cotransfection of the retroviral vector with a zeocin resistant plasmid 

(pJGr) for selection in a ratio of 25:1. Individual colonies were selected using cloning 

rings (approximately 20 for each stable cellline) and were subjected to flow cytometry 

to detect green fluorescence from expression of the eGFP. Positive clones were then 

screened by northem blot using a full length ERa probe for expression of a bicistronic 

ERa-eGFP mRNA product having the expected size (data not shown). This was a 

necessary step prior to generation of the virus, as some of the producer clones exhibited 

rearrangement of the integrated plasmid. Those clones expressing the correct RNA 

products were then selected and viral particles were collected, as described (226), for 

infection of the MDA-MB-231 ERa-negative breast cancer celI Hnes. To achieve 

73 



transduction, MDA-MB-231 target cens in were seeded at 10 000 cells/well in 24 well 

plates and allowed to adhere overnight. Each day, for three consecutive days, 50 /-tL of 

concentrated virus was added to the media. The efficiency of gene transfer for MDA

MB-231 ceHs was subsequently assessed by flow cytometric analysis of eGFP 

expression. Analysis was performed with an Epics XL-MCL device (Coulter/Beckman). 

To achieve a transduction efficiency of 100%, cell sorting was performed on the basis 

of green fluorescence using a F ACStar Sorter (Beckon Dickson) and mixed populations 

of transduced cens were used for aH subsequent experiments. Pooled populations were 

routinely analyzed by flow cytometry for eGFP expression, thus confirming expression 

of the bicistronic RNA and the stable expression of ERa. 

Western Blots. Whole cell extracts were isolated from confluent 150mm plates of 

transduced cells with a lysis buffer containing 50 mM Tris-HCI pH 8, 150 mM NaCl, 

0.02% sodium azide, 1 % NP-40, 0.1 % SDS, 0.5% sodium deoxycholate, and protease 

inhibitors, while nuclear extracts were isolated according as previously described (227). 

Protein lysates (50 /-tg) were separated by 10% SDS polyacrylamide gel electrophoresis 

and transferred to a nitrocellulose membrane (BioRad). The BI ERa Ab from Dr. P. 

Chambon (Institut de Genetique et de Biologie Moleculaire et Cellulaire, 

CNRSIINSRM, France) was utilized for detection of C-terminal deletion mutants and 

the AER311 ERa antibody (Upstate Biotechnology) was used for detection of N

terminal deletion mutants. Membranes were exposed to anti-p-actin antibody (Sigma 

ChemicalCo) to control for loading. Whole ceIl extracts were also isolated from cells 

tr~ated with 10-6 M tRA (Sigma Chemical Co), 10-7 M OHT (kindly provided by Dr. 
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A.E. Wakeling (Zeneca, United Kingdom)), 10-7 M ICI 182,780 (Sigma Chemical Co) 

and 10-7 M estradiol (Sigma Chemical Co) treated for 24 h. Protein lysates (50 !J.g) were 

subjected to gel electrophoresis as above. The membrane was incubated with Aer611-

Ab15 anti-ERa antibody (Neomarkers) and incubated with 2° antibody at a 4000 foid 

dilution prior to analysis by chemiluminescence. 

Growth Cunres. AH ceIl hnes were routinely cultured in a-MEM phenol red-free 

medium (Life Technologies, Inc, Ontario, Canada) supplemented with 5% charcoal 

stripped serum. Growth experiments were performed by culture of 1 x 103 cens per weIl 

in 24 weIl plates. In the treated cells, the above media containing a final concentration 

of 10-5 M tRA (Sigma Chernical Co) was replenished one day after seeding, and 

subsequently on days 3 and 5. Controis for treated cells were treated with identical 

concentrations of vehicle alone. Quadruplicate samples were counted on days 3, 5, and 

7 by hemocytometer and trypan blue cens were excluded from the count. 

Analysis of RAR~ expression. Expression of RAR~ was assessed using RT-PCR and 

RNAse protection assay (RP A). Total RNA was isolated by the guanidine thiocyanate 

method as described (197). cDNA was prepared from 1 !J.g RNA in a reaction 

containing 20 pmoi random hexamer primers, 5mM DTT, 0.5mM dNTPs, 1 U/!J.l RNase 

inhibitor, 10U/!J.1 MMLV reverse transcriptase and First Strand Buffer (Gibco BRL). 

PCR amplification of the RAR~2 cDNA was performed using the following primers; 5'

AGAGTTTGATGGAGTT-3' and 5'- CATTCGGCCTGGGTGAATCCACTG-3', in a 

reaction containing 1 !J.I cDNA, O.2mM dNTPs, 0.2 !J.M of each primer, 8% glycerol, 
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1.5 mM MgCh and 1.25 U AmpliTaq DNA polymerase (Perkin Elmer). The 227 bp 

fragment was amplified by 35 cycles of 94 oC for 30s, 57°C for 30s and 72°C for 2 min., 

followed by a 5 min. extension period. The amplified products were visualized on 2.5 % 

agarose gels containing ethidium bromide. 

RP A was performed as previously described (228). The human RAR~ riboprobe 

containing bases 1545-1721 cloned into pGEM4Z (Promega) and the control GAPDH 

riboprobe were a kind gift from Dr. W.W. Lamph (Ligand Pharmaceuticals, San Diego, 

CA). The probes were linearized with EcoRI and radiolabelled using T7 polymerase and 

e2p]-CTP (Amersham). Hybridization of riboprobes was carried out at 50 oC ovemight, 

and RNAse digestion was performed at 30 oC for l h with ribonuclease Tl. The 

RNAse-resistant fragments were resolved by gel electrophoresis on a 6% urea

polyacrylamide sequencing gel. 

Transient transfections and CAT assays. MCF-7 (4 x 10\ S30 (3 x 105
) and 231-

derived cells (3 x 105
) cens were plated in 6 weIl plates and allowed to adhere ovemight 

in phenol red free a-MEM media supplemented with 5% charcoal-stripped FBS. 

Transfections were performed using Fugene (Boehringer Mannheim) according to the 

manufacturer's guidelines. Briefly, 1 I-lg of ~REtkCAT (a gift from Dr. H. Sucov, 

Institute for Genetic Medicine, University of Southem California School of Medicine, 

Los Angeles, CA) that carnes the sequence 5'-

AGCTTAAGGTTCACCGAAAGTTCACTCGCATAGCTGCT-3' was cotransfected 

with 1 llg ofpCMV~GAL plasmid (Clontech Laboratories) as an internaI control using 

a ratio of 2: 1 Fugene to DNA. After 5 hours, tRA was added to each well at a final 
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concentration of 10-6 M without changing the transfection media. CeUs were harvested 

48 h post-transfection and the p-gal activity was assayed as described (197). The CAT 

activity was measured according to a modified protocol of the organic diffusion method 

(197). For the VDRE experiments, the VDRE-LacZ reporter containing the HSP68 

minimal promoter, a VDR-pSG5 plasmid (both were generous gifts from Dr. J.H. 

White, McGill University, Montreal, Canada), and the TK-CAT reporter (from Dr. H. 

Sucov), for control of transfection efficiency, were transfected in a ratio of 1 :0.2: l. 

CeUs were treated with 10-8 M 1,25-dihydroxyvitamin D3 (Vit D3) and harvested 48 h 

later, as described above. Transfections with a T3RE response element, the pBLTK80 

promoter (a kind gift from Dr. E. Silva, Lady Davis Institute, Montreal, Canada) were 

performed in a similar manner with cotransfection of T3Rpl-pSG5 (also from Dr. E. 

Silva) and the pCMVpGAL plasmid. Cells were then treated with 10-7 M 3,3',5-

Triiodo-L-Thyronine (T3) (Sigma Chemical Co) and harvested as above. 

Studies testing the activity of the ER deletion mutants on an ERE were 

performed by co-transfecting l/-1g ERE(3)-tk-CAT, l/-1g CMV-pgal and l/-1g of the 

receptor. 4 hours later, vehicle or estradiol (1O-7M) was added, and the ceUs were 

harvested after 24 h. For co-transfections with the co-regulatory molecules, 1 /-1g of 

reporter construct (PRE-tk-CAT) was cotransfected with l /-1g of pCMV-pGAL 

vector and increasing amounts (0.01-1 /-1g) of SRC-1-pBKCMV (a kind gift from Dr. 

S.A. Onate, Baylor College of Medicine, Houston, Texas) CBP-pBKCMV, p300-

pBKCMV (both generous gift from Dr. M. Brown, Dana Farber Cancer Institute, 

Harvard Medical School, Boston, Massachusetts). The amount oftransfected cDNAs in 
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the dose-response transfections was kept constant at 3 !-lg by adjusting the concentration 

of the corresponding empty CMV expression vector. 

Chromatin Immunopredptation (ChIP). 106 cells were seeded one day before 

treatment with 1 !-lM RA for one hour. To measure histone acetylation levels, 

formaldehyde-cross-linked and sonicated chromatin was immunoprecipitated ovemight 

with 5 !-lI of an antibody raised against acetylated form of histone H4 N-terminal taU 

(Upstate Biotechnology, Lake Placid, NY) according to the manufacturer's instructions, 

1 !-lI out of 20 !-lI extracted DNA was used for PCR amplification with the FastStart Taq 

DNA Polymerase kit (Roche Molecular Biochemicals, Laval, Quebec, Canada) by 25 

cycles of 94 oC for 30 s,55 oC for 30 s and 72 oC for 2 min. Primers for PCR detection 

of the RARJ32 promoter were: sense 5'-TCC TGG GAG TTG GTG ATG TCA G-3' 

and anti-sense 5'-AAA CCC TGC TCG GAT CGC TC-3'. 

2.4. RE SUL TS 

Retrovirus mediated stable expression of ERa deletion mutants. To extend our 

previous results that expression of ERa in a subclone of the ERa-negative MDA-MB-

231 celI line restores retinoid response, we sought to determine which functional 

domain of the ERa prote in is required to confer retinoid sensitivity. We used retroviral 

technology to obtain stable expression of a series of ERa-deletion mutants in the ERa

negative parental MDA-MB-231 human breast cancer ecU line (Fig 2.1.A). The cDNA 

of wild-type ERa and ERa-deletion mutants were cloned into the bicistronic murine 

stem œIl virus-based retroviral vector (MSCV-HC2). After infection, cens were sorted 
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by F ACS to obtain a polyclonal population of MDA-MB-231 cells that were 100% 

transduced. A shift in fluorescence intensity was evident for aH the transduced celllines 

(Fig 2.1.B). Although transduction efficiencies of 50-80% were acrueved for each of the 

ERa deletion mutants, prior to ceIl sorting, we were unsuceessful in generating MDA

MB-231 cells expressing wild-type ERa. In one attempt, we detected only a truncated 

product by western blot. 8equencing of trus clone revealed that there was a stop codon 

at amino acid 345, and we labeled this clone RE345 (Fig 2.1.A). In aU further attempts 

of generating a wild-type ERa clone, the cells expressed the bicistronic mRNA for 

approximately 2 weeks before reverting to an ER-negative phenotype. Even after cell 

sorting, the eens 10st expression of ERa despite being maintained in estrogen-depleted 

media. We therefore utilized the 830 œIl line (an ERa-positive clone derived from 

MDA-MB-231) as a control for fulliength ERa (229). 

We had no difficulties, however, generating viable œIl lines stably expressing 

HE 15, laeking domains E and F, REG 19 laeking domain AlB and REG Il laeking 

domain C, the DNA-binding domain (Fig 2.l.A). Transduced polyclonal stable cell 

Hnes were tested for their expression of ERa by western blots perforrned on nuclear 

extraets. Using an N-terminal ERa specifie antibody, we were able to deteet a signal at 

approximately 67 kDA for the wild-type ERa in MCF-7 and also confirmed expression 

of HE345, REl5 and REGll at approximately 39, 32 and 59 kDa respeetively (Fig 

2.2.A). Using a C-terrninal ERa specifie antibody, we were able to deteet the presence 

ofHEG19 at approximately 47 kDa, as weIl as HEGll and the wild-type ERa in 830 

and MCF-7 (Fig 2.2.B). As expected, the empty retro viral vector, HC2, did not express 

the estrogen receptor. 
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Growth response of the stable transfedants to RA. As mentioned above, previous 

studies by our lab and others have shown that RA inhibits mainly ERa-positive breast 

cancer cens, whereas ERa-negative cells are usually resistant to retinoids. We 

engineered the stable ceIl lines expressing various ERa-deletion mutants to have a 

system in which to study the interactions between the ERa and RAR pathways. When 

the stable ceIl Unes were initially established, we immediately tested their sensitivity to 

RA. We were unable to detect significant RA-mediated growth inhibition in the cell 

lines stably expressing the ERa N-terminal deletion (HEG 19) and the DBD-deletion 

(HEGll). However, cells expressing the C-terminal deletion mutant HE345 were 

approximately 50% growth-inhibited after 7 days of treatment with 10-5 M tRA (Fig 

2.3.). The growth inhibition was similar to that of the S30 and MCF-7 cell lines 

expressing wild-type ERa. However, after multiple passages, the stable cell lines 

expressing the C-terminal deletions 10st their sensitivity to RA. 

Suppression of RAR132 expression by ERa. We have previously shown that 

responsiveness to RA is restored in S30 cells without a change in RARa expression. 

Since the induction of RAR132 has been associated with response to retinoids in certain 

types of cancer, we assessed the expression ofthis gene in MCF-7, MDA-MB-231 and 

MDA-MB-231 stably expressing full-length ERa (S30) and ERa deletion mutants, 

using an RNase protection assay (RP A). In contrast to RARa, we observed significant 

differences in the level of expression of RAR132. In fact, in sorne of the stable celllines, 

expression of RAR132 was strongly suppressed by ERa in the absence of RA (Fig 
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2.4.A). MCF-7, S30 and MDA-MB-23l expressing C-terminal deletion mutants of ERa 

(HE15, HE345) an expressed significantly lower levels of RAR/32 than parental MDA

MB-231 and the mock-transduced HC2 (p<0.05), as shown by densitometry analysis of 

at least three different RP A experiments. On the other hand, expression of the N

terminal deletion mutant HEG 19 or the DBD-deletion mutant HEG Il did not affect 

expression of RAR/32, indicating that the N-terminal region of ERa, including the 

DBD, 1S necessary for this effect. 

Importantly, expression of RAR/32 was strongly induced in response to RA in 

S30, HE15 and HE345, but only very weakly in the other cells (Fig 2.4.B). Using the 

chromatin immunoprecipitation assay (ChIP), we aiso showed that the decrease in basal 

expression of RARp2 in ER-positive S30 ceUs, compared to MDA-MB-23l, 1S 

associated with a decreased level of promoter acetylation. However, RA induced a rapid 

increase in histone acetylation in S30, but orny a minor increase in the parental ceUs 

(Fig 2.4.C). 

Effect of ERa-deletion mutants on the transcriptional activity of a transiently 

expressed RARE. To further characterize the effect ofERa on RARp2 expression, we 

transiently expressed a reporter driven by the RARE of the RARp2 promoter in the 

stably transduced cell hnes and assessed transcriptional activity in the absence and 

presence of 10-6 M tRA (Fig 2.5.). In agreement with the results above, we found that 

MCF-7, S30, HE15 and HE345 displayed significantly lower basal activity from this 

promoter in the absence of RA than MDA-MB-231, HC2, REG 19 and REG 11 

(p<O.OOl) (Fig 2.5.A). The effect ofERa was due to the pRARE and not any part of the 
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thymidine kinase promoter since we observed no differences in transcriptional activity 

between the different celllines when we transiently transfected the TK-CAT reporter 

alone (data not shown). We aIso transiently transfected wild-type ERa Ïnto MDA-MB-

231 and observed the response on the basal activity of the pRE-tk-CAT to ensure that 

the transcriptional background of the 830 ceIl tine, which was derived by clonaI 

selection and not by retroviral technology, was comparable to that of the mutant stables 

(data not shown). We detected an 8 fold decrease in basal activity from the PRE-tk

CAT in the presence of wild-type ERa, similar to that observed with the ERa-positive 

830 cells. Upon addition of RA, there was a strong induction of transcriptional activity 

in the cens that had a suppressed baseline, and only a very weak induction in the 

parental cells and in HC2, HEG19 and HEGll (Fig 2.5.B). Thus, expression of the N

terminal region of ERa converts RARp2 expression from constitutive to ligand 

inducible. 

The transcriptional effed of ERa is specifie for the pRARE. RAR heterodimerizes 

with RXR and recognizes specific sequences in the promoters of various genes. In 

Figure 2.5 we demonstrated that ERa alters the transcriptional activity from a DR5 

element located in the promoter region of the RARp2 gene. VDR and TR also 

heterodimerize with RXR, but recognize primarily DR3- and DR4-containing 

promoters, respectively (230). To determine if the transcriptional effects of ERa 

expression are specific for RAR-RXR mediated transcription, we studied the activity of 

a typical VDRE and TRE in the different ERa-transduced celllines. Transcription from 

the VDRE-LacZ reporter construct, containing a DR3 response element, was unaffected 
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by the presence ofERa or its deletion mutants (Fig 2.6.A). Likewise, transcription from 

the DR4-containing TRE reporter, pBL TK80, did not significantly differ between ERa

negative and ERa-positive ceU Hnes (Fig 2.6.B). These results indicate that suppression 

of baseline transcription by ERa is specific for the RAR-RXR heterodimer and that 

ERa does not alter the transcriptional activity of other RXR heterodimers. 

Inhibition of ERa. AF -1 activity restores basal activity from the RARp2 promoter. 

Given that the deletion ofthe N-terminal, AF-l containing, but not the C-terminal, AF-2 

containing region of ERa. abolished its regulation of RARp transcription (see Fig 2.4 

and 2.5), we went on to study the effect ofpharmacological inhibition of the AF-l and 

AF-2 activities. 4-hydroxytamoxifen (ORT) has been shown to inhibit the AF-2-

mediated transcriptional activity of ERa. while still allowing activity from the AF-1 

(231-233). In contrast, the pure antagonist ICI 182,780, which binds to the C-terminal 

region of the estrogen receptor, prevents the binding of coactivators, and inhibits both 

the AF-1 and AF-2 activities of ERa. by inducing rapid degradation and decreased 

nuclear localization (234-236). We tested the activity of the pRARE reporter in the 

presence of these antagonists and the agoni st estradiol in MCF-7 and in the stably 

transduced MDA-MB-231 ceIl Hnes (Fig 2.7.A). As expected, ORT, ICI 182,780 and 

estradiol had no effect on the RC2 null-transfected cellline, which behaves like parental 

MDA-MB-231. Similarly, these ligands had no effect on pRARE-activity in REGll, 

which lacks the DNA-binding region, or HE345, which lacks the ligand-binding region. 

Likewise, the elevated basal pRARE activity observed in REG 19 was unaffected by the 

presence ofthese ligands. In the MCF-7 ceU line, expressing wild-type ERa., ORT had 
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a minimal effect on basal transcription from the pRARE. On the other hand, ICI 

182,780 completely released inhibition ofthis RAR-mediated transcription and restored 

baseline activity to the same level as seen in the ERa-negative cellline HC2. Addition 

of estradiol, which activates the ERa AF-2 domain, did not significantly affect the 

pRARE activity in these cells. To verify that a decrease of ERa prote in expression was 

not responsible for the altered pRARE activity caused by ICI 182,780, we assessed the 

level of ERa in MCF-7 treated with estradiol and ICI 182,780 (Fig 2.7.B). As 

previously reported, estradiol and ICI 182,780 both down-regulate expression of 

ERa (237). Although the expression of ERa is similar in the estradiol- and ICI-treated 

cells, only ICI has an effect on pRARE activity, indicating that inhibition of the ERa 

AF-1 activity does indeed block the effect ofERa on RAR-mediated transcription. 

To confirm that the ERa AF-1 domain is active in MDA-MB-231 cens, we 

transiently transfected an ERE-containing reporter construct, ERE(3)-tk-CAT, and 

assessed transcriptional activity in the presence of estradiol, tamoxifen, and ICI 182,780 

(Fig 2.8.). We found that the S30 cell line expressing wild-type ERa displayed 

significant activity in the absence of added ligand, and its activity was further induced 

by the addition of estradiol. The ligand-independent activity in S30 cells may be 

attributed to an active AF-l and AF-2 domain. Transient transfection ofMDA-MB-231 

with the ERa expression vector and the ERE(3)-tk-CAT promoter also resulted in high 

basal activation (data not shown), supporting the notion that the Egand-unoccupied ERa 

is not transcriptionally different in S30 and in the MDA-MB-231 background. The 

HE345- and HE15-stably expressing cell Enes also displayed ligand-independent 

activity, and this was unaltered by estradiol, tamoxifen and ICI 182,780 (Fig 2.8). 
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HEG 19, which lacks the AF -1 domain, showed no activity in the absence of ligand, but 

was strongly induced by E2 and repressed by the antagonists tamoxifen and ICI 

182,780. In agreement with these results, transient transfection of the ERa deletion 

mutants in MDA-MB-231 (data not shown) resulted in similar activity from the 

ERE(3)-tk-CAT as the stable transfectants. Together, these results demonstrate that 

ERa has significant AF -1 activity in MDA-MB-231 cells. 

ERa does not alter the expression of several known receptor cofactors. We 

examined whether the N-terminal domain of ERa may have a squelching effect on 

RAR-mediated transcription by altering the availability of co-activators or co-repressors 

common to the RAR and ERa pathways. We first selected a panel ofp160 co-activators 

(SRC-l, GRIPI and AlBI), co-integrators (p300 and CBP) and co-repressors (NCoR 

and SMRT), and examined their expression levels by Northern blot. The expression of 

these common co-factors was not significantly altered between these celllines (data not 

shown). The only marked difference was the previously reported increase in AIB l 

expression levels in MCF-7 cells (238). However, this was not observed in any of the 

MDA-MB-231-derived ERa-positive ceU Hnes. Thus, expression of ERa did not 

directly affect the levels of any ofthese co-factors. We further investigated whether the 

N-terminal domain ofERa may be titrating co-factors away from the RAR-RXR, since 

those may be present in limiting amounts. Given that SRC-l, CBP and p300 have been 

shown to bind to and activate the AF-l domain of ERa, and are involved in cross-talk 

between other nuclear receptors (205, 239, 240), we chose to study the effect of 

overexpressing these proteins in our cells. We transiently transfected increasing 

85 



amounts of the coactivators into MDA-MB-231, MCF-7 and HE345 cens, in an attempt 

to relieve the ERa-mediated suppression of basal pRARE activity. However, forced 

expression of these proteins did not alter the basal pRARE activity in MCF-7 and 

HE345 (Fig 2.9.). Likewise, transient expression of increasing amounts of the co

repressors SMRT and N-CoR had no significant effect on basal pRARE activity in any 

of the cells (data not shown). 

Since co-regulators are known to regulate transcription at least in part by 

altering histone acetylation, we also assessed the effect of the HDAC inhibitor 

trichostatin A (TSA) on basal pRARE activity. TSA has been shown to facilitate 

transcription on transiently transfected reporters, indicating that transfected reporter 

constructs can be organized in nucleoprotein structures sensitive to histone acetylation 

(241, 242). Furthermore, chromatin deacetylation is a mechanism for repression of 

transcription from the pRARE promoter (243). However, TSA did not cause an increase 

in the activity of the pRARE reporter, nor did it increase the expression of endogenous 

RARp2 in ERa-expressing cens (data not shown). 

2.5. DISCUSSION 

Numerous preclinical studies have shown that retinoids can inhibit proliferation 

of sorne, but not aU, breast cancer cells in vitro (171, 209). In animal models, several 

synthetic retinoids are able to inhibit the development of manimary tumors, and can 

even cause complete regression of estabHshed tumors in rats (210, 211). Since there is 

significant evidence that the response to retinoids in human breast cancer cell Hnes 
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correlates with expression of ERa, we sought to characterÏze the transcriptional cross

talk that exists between the ERa and RAR pathways. 

We generated human breast cancer cell Hnes stably expressing ERa deletion 

mutants by retroviral technology. Retroviral transduction of the ERa-negative cell line 

MDA-MB-231 generated a very high percentage of positive clones with ERa cDNA 

integrated at random sites in the genome, thereby avoiding clonaI artifact. The ERa

deletion mutants HEI5, HE19 and HEll have been previously characterized for their 

localization, binding to estradiol, to EREs and activation of ERE-containing constructs 

(244). We confirmed the expression of an of the ERa deletion mutants by western blot 

using nuclear extracts (Fig 2.2.). Although the expression level of HEG 19 is less than 

that of the other stable mutants, it is comparable to that of ERa in S30 and MCF7. 

Furthermore, we showed that the ERa mutants lacking in N-terminal (HEG 19) and C

terminal (HE15 and HE345) were able to bind an ERE and activate transcription in 

MDA-MB-231 cells (Fig 2.8.). 

While we confirmed expression of the ERa deletion mutants, we were unable to 

generate a stahly transduced cell line expressing wild-type ERa. Stable transfection of 

ERa lnto ER-negative hreast cancer cells has been reported to be difficult (245), and 

ERa transfected cells often do not exhibit a typical response to ligand stimulation (229, 

246). We used the S30 cellline, an ERa-positive clone derived from MDA-MB-231, as 

a positive control for full-length ERa (229). This cell line differs from the ERa-positive 

ceIl line MCF-7 in that it is growth inhibited by estradiol and unaffected by ICI and 

OHT (229). However, we have previously shown that its response to retinoids is similar 
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to that of other ERa-positive cells (197). Furthermore, transient transfection of MDA

MB-23I with wild-type ERa yielded identical results on the ~RE-tk-CAT and ERE(3)

tk-CAT as that observed in the S30 cells, suggesting that the S30 cell line could 

effectively be compared to the mutant stables. 

To elucidate how ERa expression may alter RA signaling, we studied the 

expression and regulation of the RA-inducible gene RAR~2. Induction of RAR~2 

expression has been associated with retinoid response in a variety of cancer cell types 

(222,223,247). Interestingly, we found that the basal expression ofRAR~2 RNA was 

significantIy lower in cens expressing full-length ERa or the C-terminal deletion 

mutants REI5 and HE345 than in the parental cells or cells expressing REG19 and 

REG Il (Fig 2.4.). Likewise, using a ~RARE reporter construct, we found significantly 

decreased basal activity in MCF-7, S30, RE15 and RE345, although this activity was 

strongly induced by the addition of RA. In MDA-MB-23l, RC2, REG19 and REGll, 

baseline ~RARE activity was elevated, but was only weakly induced by RA (Fig 2.5.). 

Thus, the expression ofERa, with or without its C-terminal LBD, causes a 10ss of basal 

RAR~ transcription and expression, but conf ers inducibility by RA. 

Cells expressing the REG 19 and REG Il deletion mutants have the same 

phenotype as the ERa-negative parental cells, confirming that the effect of ERa on 

baseline ~RARE activity is mediated by the N-terminal half of ERa, including the 

DBD. This represents a novel interaction between nuclear receptor families, whereby 

the N-terminal, AF-l containing domain ofERa can function independently of AF-2 to 

alter the transcriptional activity of a different nuclear receptor, RAR, on its response 

element. 
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To investigate the importance of the ERa AF-1 domain in repression of basal 

RARf3 expression, we tested the effects of specifie ER ligands on transcriptional 

activity from the f3RARE. The effect of these ER ligands on f3RARE activity (Fig 

2.7.A) supports an important roie for the AF -1 domain of ERa in mediating cross talk 

between RAR and ERa, since only ICI 182,780 significantly affected activity from the 

f3RARE promoter. Inhibition of the AF-2 activity using tamoxifen did not significantly 

alter f3RARE activity. We confirmed that the effect of ICI 182,780 was not simply 

mediated by a decrease in the ERa expression level, since estradiol similarly down

regulated the receptor and yet had no effect on f3RARE activity (Fig 2.7.B). These data 

suggest that the function of ERa in altering RAR-mediated transcription takes 

precedence over lts expression levels. In addition, it lends support to the notion that 

REG19, although more weakly expressed, can still he effectively compared to the other 

mutant stables. 

Since the activity of the ERa AF-1 domain is generally weak, and exhibits cell 

type specificity (248), we tested whether there 1S constitutive activity from unliganded 

ERa in MDA-MB-23I cells. Transfection of an ERE-containing reporter construct into 

the stahly-transfected MDA-MB-23I cell lines confirmed that the fuH-length ERa as 

weIl as the C-terminal deletion mutants (HE345 and REIS) display constitutive AF-l

driven activity, which may be responsible for regulation of RAR-activity in these cells 

(Fig 2.8.). 

The regulation of RARf3 is not weIl understood. It has been proposed that 

methylation and deacetylation of the RARE promoter can alter the expression of RAR(3 
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(155, 184, 185). However, the methylation sites often are not consistent from one œIl 

line to another, and it has been shown that even when the promoters are methylated in 

the same manner, they can differentially respond to RA (186). It has aiso been proposed 

that different levels of coregulatory factors may affect the efficiency of transcription 

from the ~RARE (186). The ERa AF -1 activity has been shown by several groups to be 

regulated by recruitment of sorne of the same co factors that bind and activate the AF-2 

(48, 205, 239). We reasoned that if ERa attenuates the activity of ligand-free 

RAR/RXR heterodimers by sequestering known co-activators, as suggested by the fact 

that the RAR~ promoter is more highly acetylated in untreated S30 than in MDA-MB-

231, overexpression of these factors would restore basal activity from the ~RARE 

promoter. However, transfection of increasing amounts of SRC-1, CBP or p300 did not 

alter the activity of the ~RARE. This suggests that ERa is not acting by sequestering 

these specific factors, but does not exclude the possibility for the involvement of other 

co-factors. Since repression of RAR~2 by ERa is unaffected by the presence of E2, 

such a factor would have to bind to the N-terminal region of both the unliganded (yet 

transcriptionally active via AF -1) and agomst-bound ERa, as weIl as to RAR. 

Moreover, since treatment of ERa-positive cens with the HDAC inhibitor TSA did not 

increase transcription from the ~RARE, nor did it increase RAR~2 expression (not 

shown), it seems unlikely that the observed repression is due to increased binding of a 

corepressor or HDACs. 

In addition to regulation by co-activators or co-repressors, the ligand

independent activity of nuclear receptors is strongly regulated via cross-talk with other 

signaling pathways, including growth factor and stress-induced pathways (7, 86, 203, 
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249, 250). It is thus possible that enhanced kinase activity, which is a characteristic of 

ERa-negative breast cancer cells (251, 252), may play a role in altering the activity of 

the nuclear receptors. Since it has previously been shown that the transcriptional 

activity of RAR (253, 254) and the N-terminal region of ERa can be modulated by 

phosphorylation (8, 86, 203, 255) it is possible that these receptors may compete as 

substrates for a kinase that positively regulates their basal activity. To explore this 

possibility, we are currently studying if ERa alters the activity of RARIRXR and/or 

transcriptional coregulators by changing their phosphorylation status. Given that ERa 

seems to specifically regulate RARlRXR signaling, while not affecting VDRlRXR or 

TRlRXR, it is likely that this kind ofregulation would affect RAR and not RXR. 

The role of RARp in mediating RA responsiveness to breast cancer cens has 

been the subject of sorne discussion. Regulation of RARp2 by RA has been linked to 

retinoid response in a variety of cancer ceIl types and there is evidence to suggest that 

RARp can act as a tumor suppressor (222, 223, 247). The stable cell Hnes that we 

constructed using various ERa-deletion mutants provided a means to study the 

regulation of RARp2 by ERa and the role of these proteins in confemng sensitivity to 

the growth inhibitory effect of RA. Our data support the hnk between induction of 

RARp2 and growth inhibition by RA (Fig 2.3.). However, after the cens were 

continually passaged, they became resistant to RA-mediated growth inhibition, even 

though they retained their ability to induce RARp2. Only the MCF-7 and S30 cells, 

expressing wild-type ERa, exhibited significant and persistent growth inhibition, as 

previously reported (197). This suggests that induction of RARp2 alone is not enough 

to regulate growth inhibition by retinoids in MDA-MB-231 cells. There are perhaps 
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other are as of crbss-talk between the ERa and RAR in breast cancer cens that require 

the expression ofthe wild-type ERa to mediate growth inhibition by RA. 

In conclusion, we have provided experimental evidence in support of a novel 

interaction between nuclear receptors, whereby the N-terminal region of ERa 

suppresses the baseline activity of RARJRXR-mediated transcription from the RAR!)2 

promoter. This suppression can be overcome by addition of RA, leading to a greater 

induction of RAR!)2. In support of the importance of the ERa pathway in the 

mediating the growth inhibitory effects of RA, a clinical study of the retinoI, 

fenretinide, found a beneficial effect in breast cancer chemoprevention only in 

premenopausal women (167). Further studies need to be undertaken to understand the 

role of ERa in the cross-talk with RAR in order to optimize the design of retinoid-based 

therapies targeted to the prevention or treatment of breast cancer. 
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Figure 2.1. - Retroviral-rnediated expression of ERa-deletion mutants in MDA-MB-

231 ERa-negative breast cancer ceUs. (A) The cDNA ofwild-type ERa (HEGO), ERa

deletion mutants HE15, HE345, HEG19 and HEGll were cloned into the bicistronic 

rnurine stern ceU virus-based retroviral vector (MSCV-HC2). This vector contains a 

packaging signal (\jf), multiple cloning site (MCS), internaI ribosomal entry site (IRES) 

and enhanced green fluorescence protein (eGFP) flanked by two long terminal repeats 

(LTRs). (D) Flow cytornetric analysis of retrovirally transduced MDA-MB-231. 

Subsequent to ceIl sorting, the stably transduced polyclonal ceU populations were 

analyzed by flow cytometry for green fluorescence. The non-transduced MDA-MB-231 

control ceU line is represented by the hatched line in each sample. The solid Hne 

indicates the transduced cell Hne. HC2 represents the retroviral vector expressing eGFP 

only. The percentage of stably transduced cells was calculated according to the selected 

gates shown in each panel. 
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Figure 2.1. Retroviral-mediated expression ofERa-deletion mutants in MDA-MB-231 

ERa-negative breast cancer cens. 
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Figure 2.2. Protein expression of the transduced cens. lmmunoblots were performed 

using 50 JJ.g of nuclear extracts for the (A) ERa-C-terminal deletion mutants using the 
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Figure 2.3. Growth response ofERa.-positive breast cancer cells (S30 and MCF-7), the 

ERa. C-terminal deletion mutant stable transfectant (HE345) and the empty retroviral 

vector (HC2) after continuous exposure to RA. 
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Figure 2.4. Basal RAR~2 expression is suppressed but inducible by RA in cens 

expressing the N-terminal ofERa. (A) RNAse protection analysis, confirming that ERa 

suppresses the basal expression of RAR~. The RNAse-protected band corresponding to 

RAR~ is identified, and GAPDH expression was used as a quantitative loading control. 

Densitometric results of the RNAse protection analysis (n=3) were obtained by 

phosphoimaging analysis of the gels. Data are represented in arbitrary units and the 

value for each sample was normalized for RNA loading by usmg the GAPDH signal. 

Significant differences (P < 0.05) compared to the HC2 negative control are indicated 

with asterisks (*), as determined by ANOVA. (D) RT-PCR analysis ofRAR~2 in cens 

treated with RA (10-6 M) or vehicle for 24 h, showing strong induction of RAR~2 

expression by RA in S30, HE345 and HE15. (C) Chromatin Immunoprecipitation 

analysis show a decreased level of acetylated histone H4 associated with the RAR~ 

promoter in S30 cells, compared to parental MDA-MB-231, but a rapid increase in 

histone acetylation in response to RA. The cells were treated with RA (10-6 M) or 

vehicle for l hr. 
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Figure 2.4. Basal RARfl2 expression is suppressed but inducible by RA in ceUs 

expressing the N-terminal ofERa. 
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Figure 2.5. Expression of ERa increases the fold induction of transcriptional activity 

from the pRARE promoter by suppressing basal activity in the absence of RA. (A) 

Transcriptional activity from the pRE-tk-CAT in the absence of ligand. Results are 

expressed as CAT activity relative to the MDA-MB-231 œIl tine (B) Retinoid-induced 

transcriptional activity in ERa-negative MDA-MB-231, ERa-positive MCF7 and S30, 

and MDA-MB-231 stably transduced to express ERa deletion mutants. Cell were 

transfected with 1 Jlg pRE-tk-CAT and IJlg CMV-pGal expression vector and treated 

with 10-6 M tRA or vehicle. The fold induction for each cell line is indicated in the box 

below. The transcriptional activity 1S shown as the mean +/- SEM of at least three 

independent experiments preformed in triplicate. Statistical significance was calculated 

using ANOV A, comparing each ceIl line to the HC2 negative control and results that 

differ significantly (P < 0.001) are indicates by asterisks (*). 
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vehicle, 1O-7M tamoxifen, 1O-7M ICI 182,780, or 1O-7M estradiol. Transcriptional 

activity is shown as relative CAT activity compared to HC2 and significant 

differences between the vehicle and treated samples (P < 0.05) are indicated by 

asterisks (*). (D) Immunoblot of 50 f.lg ofMDA-MB-231 (negative control) and MCF-

7 whole œIl extracts depicting the effect of 1O-7M estradiol and 1O-7M ICI 182,780 on 

ERa protein expression after 24 hours. cens were aiso immunoblotted for j3-actin as a 

loading control. 
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PREFACE TO CHAPTER 3 

The discovery of a second estrogen receptor in 1996 (ERP), increased the 

complexity of defining the role of ER (now ERa) in breast cancer. Since breast tmnors 

can express both isoforms of the estrogen receptor, there currently exists the potential 

for ER signaling to be mediated by ERa, ERp or both. However, sorne controversy has 

arisen regarding the role of ERp as a good or bad prognostic marker in breast 

tumorigenesis. Given the high homology between ERa and ERp in the DNA-binding 

domain and the ligand binding domain, and the presence of ERp in breast cancer cells, 

it became of interest to study the growth and transcriptional effect of retinoids in ERp

expressing breast cancer ceUs. In this Chapter, we describe how ERP-positive stable 

transfectants were generated and how they respond to RA at the RARp2 promoter. We 

also examine the transcriptional cross-talk between ERp and RAR using an estrogen 

response element (ERE) and the endogenous estradiol-responsive pS2 gene. 
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CHAPTER3 

ERJ3 sensitizes breast cancer cens to retinoic acid and contributes to altered RAR 

beta expression. 

Molecular Cancer Research (submitted) 
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3.1. ABSTRACT 

The ability of retinoids to inhibit breast cancer cell growth correlates with ERa 

status, as demonstrated by the anti-proliferative effects of retinoids in ERa-positive 

breast cancer cells, and their use as chemopreventive agents in pre-menopausal women. 

The discovery of ERp, aiso present in breast cancer cens, has added a new level of 

complexity to this malignancy. To determine the retinoid response in ERp-expressing 

breast cancer cells, we used retroviral transduction of ERp in ER-negative MDA-MB-

231 cells. Western blot and immunofluorescence confirmed expression and nuclear 

localization of ERp, while functionality was demonstrated usmg an ERE-contaïning 

reporter. Significant RA-mediated growth inhibition was observed in the transfected 

ERP-positive cells. Addition of estradiol, tamoxifen or ICI, had no effect on cell growth 

and did not alter RA sensitivity. ERE-mediated transcriptional activity was inhibited by 

retinoids, as shown by decreased expression of the pS2 gene. ERP-positive cells 

exhibited increased AP-l activity in response to estradiol, but this was decreased by 

addition of RA. Although we noted no change in the level of RARa, ERp-expressing 

cells had altered RARp expression, resulting in greater induction of RARp gene 

expression upon RA treatment. These data were similar to that observed in ERa

positive breast cancer cells, and indicate that retinoids are effective in inhibiting breast 

cancer ceIl growth in a sub-population ofbreast cancer expressing exclusively ERp. 
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3.2. INTRODUCTION 

Estrogens are potent mitogens in the mammary gland that are required for 

normal development but are also involved in the progression of mammary carcinoma. 

The action of estrogen is mediated by binding to the estrogen receptor (ER), a ligand

activated transcriptional factor. Although it was initially believed that the action of 

estrogen was mediated by a single estrogen receptor (ERa), it was subsequently 

determined that a second estrogen receptor (ERP) exists (71, 72). The two receptors are 

highly homologous in the DNA-binding domain (region C) and ligand-binding domain 

(region E). However, they greatIy differ in the N-terminal AlB domain and hinge region 

(72). The tissue distribution of ERa and ERp is equally divergent, with ERa being most 

highly expressed in the pituitary, vagina, uterus and breast, and ERp in the ovary, 

prostate, and lung. The presence of ERp in the breast, albeit in lower concentration than 

ERa, has led to deliberation regarding its role in mammary development and 

tumorigenesis (74). About 60-70% of breast epithelial cens express ERp at an stages of 

breast development, while ERa expression varies according to the developmental stage 

of the mammary gland (79). Studies with ERa KO mice have demonstrated that ERp 

does not mediate E2-dependent growth and development of the mammary gland (78). 

Since many breast tumors express ERa alone or in combination with ERp (80), there is 

interest in determining the role of ERp in breast cancer. Sorne groups have found that 

ERp correlates with low biological aggressiveness of breast cancer and can even inhlbit 

proliferation and invasion of breast cancer cens (79, 81). In contrast, others have 

indicated that the ratio of ERa to ERp alters in breast cancer progression, with 

increased expression of ERp in relapsed patients exhibiting tamoxifen-resistance (256). 
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The clinical approaches to controlling hormonally responsive breast cancer have 

primarily focused on ERa and its target genes. In patients with hormonally responsive 

breast cancer, current treatment involves blocking the action of ERa using antiestrogen 

therapies. However, hormonal treatment is limited by the development of resistance to 

tamoxifen and alternative therapies targeting other signaling pathways need therefore be 

explored. 

Retinoids are derivatives of vitamin A that induce differentiation in the 

treatment of acute promyelocytic leukemia (APL) and can cause growth inhibition in a 

variety of other cell types, including breast cancer cells (171, 207-209). Several natural 

and synthetic retinoids can inhibit the development of mammary tumors and cause 

regression of established tumors in rats (210-212). Furthermore, clinical evidence 

supports the benefit of retinoids for breast cancer prevention in pre-menopausal women 

(166,213). 

Retinoids mediate their effects by binding to a group of nuclear receptors (RAR 

and RXR) belonging to the superfamily of nuclear receptors that includes ER. The 

activated receptors are transcription factors that heterodimerize to bind to retinoic acid 

response elements (RAREs) present in the promoter regions of target genes (214). 

Interestingly, the response to retinoids in breast cancer ceIl lines appears to correlate 

with the expression of ERa, suggesting a possible cross-talk between the retinoic acid 

and estrogen receptor pathways (197, 257). We have previously reported that the 

expression of ERa in ERa-negative human breast cancer ceUs modulates RAR 

signaling. We found that stable expression of ERa in the ER-negative human breast 

cancer cell line MDA-MB-231 led to increased activity of an RARE reporter construct 
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and sensitized the cens to growth inhibition by retinoic acid (RA) (197). Since breast 

tumors can express both the isoforms of the estrogen receptor, there exists the potential 

for ER signaling to be mediated by ERa, ERp or both. 

To evaluate the effects of ERp on retinoid-mediated growth inhibition, we 

engineered hER!)-stably-transduced cells from the ERa-negative breast cancer ceIl Hne, 

MDA-MB-231, using retroviral technology. We observed several similarities between 

the stable ER!) expressing cellline and ERa-expressing breast cancer cells with regards 

to the growth and transcriptional response to retinoids. Our results suggest that retinoids 

could be used to target subpopulations of breast cancer cells that express functional 

ER!). 

3.3. MATERIALS AND METHODS 

Cells. MDA-MB-231 (clone 10A) and the ERa-positive subclone (S30) were obtained 

courtesy of Dr. V.C. Jordan. AH celIlines were routinely cultured in a-MEM phenol 

red-free medium (Life Technologies, Inc, Ontario, Canada) supplemented with 5% 

charcoal stripped serum. For the culture of S30 cells, 0.5 Ilgiml G418 (GibcoBRL) was 

added to the above media. AlI cells were maintained in 5% C02 at 37 oC in a humidified 

atmosphere. 

Constru.ction of stable cell lines. The hER!) expression vector (1590 bp) was kindly 

provided by Dr. S. Mader. Retroviral vectors were constructed by cloning the above 

cDNA in the multiple cloning site (MCS) of the murine stem-cell virus retroviral vector 

(HC2). This technique has been previously described in detail (258). Concentrated virus 
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was used to ïnfect MDA-MB-231 cens. Pooled populations of transduced cens were 

routinely analyzed by flow cytometry for eGFP expression, thus confirming expression 

ofthe bicistronic RNA and the stable expression ofER~. 

Western Blots. Whole cell extracts were isolated from confluent 150mm plates of 

transduced ceUs as previously described (258). Whole cell extracts were also isolated 

from cens treated with 10-6 M tRA (Sigma Chemical Co), 10-7 M tamoxifen (kindly 

provided by Dr. A.E. Wakeling (Zeneca, United Kingdom), 10-7 M ICI 182,780 (Sigma 

Chemical Co) and 10-7 M estradiol (Sigma Chemical Co) treated for 24 h. Protein 

lysates (50 Jlg) were separated by 10% SDS polyacrylamide gel electrophoresis and 

transferred to a nitrocellulose membrane (BioRad). Membranes were probed using the 

ER~ Ab (QED Biosciences) and incubated with 2° antibody at a 4000 foid dilution prior 

to analysis by chemiluminescence. Membranes were exposed to anti-~-actin antibody 

(Sigma Chemical Co) to control for loading 

Northern Blots. Expression of RARa and pS2 were analyzed by northern blot as 

previously described (171). Briefly, 20 Jlg of total RNA was isolated 24 h post

treatment with indicated ligands and electrophoresed on a 1 % formaldehyde/agarose gel 

and blotted onto nitrocellulose filter. The filters were hybridized to radiolabeled probes 

of RARa (Pst! fragment) or pS2, washed and autoradiographed. 

Immunofluorescence. Cells were grown on coyer slips until semi-confluent 

monolayers were obtained and then fixed with 4% cold paraformaldehyde in PBS. 

111 



Coverslips were washed with PBS-0.5% Triton X-lOO containing 10% fetal calf serum 

(Gibco) for 5 minutes at room temperature. Incubation with 1:50 anti-ER~ (N-l9 from 

Santa Cruz) diluted in PBS-O.l % Triton X-IOO was performed for 3 hrs in a humid 

chamber. cens were washed extensively with PBS-O.OI % Triton X-lOO and staining 

was performed using Alexa Fluor® 546-conjugated anti-goat secondary antibody 

(Molecular Probes) diluted 1:1000 in PBS-O.Ol% Triton X-lOO for 30 minutes. CeUs 

were washed again and 2 f..tg/ml DAPI (Molecular Probes) solution was added for 5 

minutes to visualize nuclear staining. Coverslips were mounted onto glass slides using 

Immuno-Mount (Shandon Inc.) and ceUs were visualized with an Olympus BX51 

fluorescence microscope. An oil immersion, 100x objective was selected for the 

observations. 

CcU proliferation studies. CeUs were seeded in 24-well plates at a density of 2000 

cells/weIl. In the treated cells, a final concentration of 10-5 M tRA, 10-7 M E2, 10-7 M 

ORT or 10-7 M ICI 182,780 was replenished one day after seeding, and subsequently on 

days 3 and 5. Controls for treated ceUs contained identical concentrations of vehicle 

alone. After 6 days of treatment, cens were fixed in 10% trichloroacetic acid and 

subsequently stained with sulforhodamine B (SRB, Sigma). SRB is an aminoxanthene 

dye that binds to basic amino acid residues and gives an index of culture cell protein 

that 1S linear with ceIl number (259). Bound SRB was solubilized in lOmM unbuffered 

Tris and optical density was measured at 570 nm in a microplate reader for 

quadruplicate samples. 
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Analysis of RARp expression. Expression of RARp was assessed by RT -PCR as 

previously described (258). Briefly, cDNA was prepared from 1 J..!g RNA and PCR 

amplification was performed using RARp2 primers. The 227 bp fragment was 

amplified using 35 cycles with a melting temperature of 57°C and was visualized on a 

2.5 % agarose gel. 

Transient transfections and CAT assays. Cells were plated at 2 x 105 cens/weIl in 6 

well plates and allowed to adhere overnight in phenol red free a-MEM media 

supplemented with 5% charcoal-stripped FBS. Transfections were performed using 

Fugene (Boehringer Mannheim) according to the manufacturer's guidelines. 

Transfections of the pRE-tk-CAT and ERE(3)-tk-CAT have previously been described 

(258). Briefly, 1 J..!g of reporter plasmid was transfected with 1 J..!g of pCMV-j3Gal 

plasmid as an internaI control using a ratio of 2: 1 Fugene (Boehringer Mannheim) to 

DNA. cens were treated with the indicated ligands after 5 hours and harvested 48 ho urs 

post-transfection. For transfection of an AP-l response element, the above methodology 

was followed with the Co1l73-Luc reporter, except that cells were treated with the 

indicated ligands for 24 h. The luciferase assay was performed in accordance with the 

manufacturer's guidelines (Promega) and measured using a Lumat LB-9507 

luminometer (PerkinElmer Instruments, Germany). 12-0-tetra-decanoyl-phorbol-13-

acetate (TP A, 100ng/ml) was used as a positive control. 
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Statistical Analysis. Results from representative experiments are shown as means of 

the number ofreplicates. Statistical analysis was performed using the Student's t-test 

where statistical significance was noted for P<O.05. 

3.4.RESULTS 

Stable expression of ERp. To determine if ERp can alter retinoid-mediated growth 

inhibition and transcription, we generated stable expression of hERp in the ERa

negative parental MDA-MB-231 human breast cancer cell line (Fig 3.I.A). The ERp 

cDNA was inserted upstream of an IRES and the eGFP gene in the He2 retroviral 

vector, thereby allowing us to use flow cytometric analysis to monitor transduction 

efficiency. MDA-MB-231 cells were transduced with either the empty HC2 retroviral 

vector containing only eGFP (Ctrl), or retroviral vector expressing both ERp and eGFP 

(ERP). To achieve the highest transduction efficiency, cell sorting was performed on the 

basis of green fluorescence and a shift in fluorescence intensity was evident for both the 

retrovirus control and ERp-transduced cell Hnes (Fig 3 .1.B). In aIl experiments 

described, both the parental cell line (MDA-MB-231) and the empty retroviral 

transduced cell Hne (Ctd) were utilized as ER-negative controis. However, to avoid 

superfluous data, only the empty retroviral transduced cell hne (Ctd) will be shown 

herein. Transduced polyclonal stable celllines were tested for their expression of ERp 

by western blots performed on whole ceIl extracts. Protein expression of ERp at 

approximately 55 kDA was evident in the transduced cellline (ERP) and, as expected, 

was absent in the cellline expressing only the empty retroviral vector (Ctrl) (Fig 3.l.C). 
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Localization of ERp to the nucleus was further confirmed using immunofluorescence 

(Fig 3.l.D). 

Growth and tnmscriptional response to ERp ligands. Several groups have 

previously shown that re-introducing ERa Ïnto an ERa-negative ceIl line alters the 

proliferative response to the ERa agonist, estradiol (246, 260). In the ERP-stably 

transduced cell line (ERP), treatment with estradiol, tamoxifen, or ICI resulted in no 

significant change in proliferation (Fig 3.2.A). This is in agreement with a previous 

study in wmch the growth rate of ERP-positive breast cancer cells was unaffected by 

estradiol or ICI (79). To validate the functionality of the expressed ERp, we 

investigated the transcriptional activity from a reporter construct containing 3 tandem 

EREs, in the presence of known ERp ligands. We observed an induction of 

transcription in response to estradiol, and complete inhibition of transcription from tms 

reporter in the presence of tamoxifen and ICI in the ERP-positive cens. As expected, 

these ligands had no effect in the cellline expressing only the retroviral vector (Ctd). 

Increased baseline transcription in the ERp cells may be atlributed to residual estrogen 

in media or to ligand-independent receptor activity. These data confirrn the functionality 

of ERp in the stably transduced cell Hne. 

Growth response of the ERp stable transfectant to RA. We compared the growth 

inhibitory effect of RA in ERa-positive (ERa) and ERP-positive cens (ERP). The ERa 

stable cens are an ERa-positive subclone (S30) ofMDA-MB-231 and were not derived 

from retroviral transduction (229). However, both cell hnes were derived from the 
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identical parental cell line, MDA-MD-231. After 6 days of treatment with RA, we 

observed significant growth inhibition only in the cens expressing ERa or ERp (Fig 

3.3.A). To determine if the growth-inhibitory action of RA is altered by ERp ligands, 

we compared the effect of RA in the presence of the ERp agonist (E2) and antagonist 

(ICI). As seen in Figure 3.3.B, 6 days of treatment with RA alone resulted in 

approximately 50% growth reduction for ERp-expressing breast cancer cells, and this 

remained unchanged regardless of the presence of ER agonistic or antagonistic ligand. 

RA alters ERp-mediated gene expression. The expression of ERa-regulated genes 

can be altered by RA (261). To determine if similar transcriptional effects would be 

observed in ERP-positive cells, we studied the expression of pS2, a known ER

responsive gene containing an ERE in its promoter region. In ERP-positive cells, pS2 is 

induced by 24 hours of treatment with estradiol, while RA entirely inhibits the 

expression of this E2-regulated gene (Fig 3.4.A). In addition, on a synthetic promoter 

containing 3 tandem EREs, RA inhibits transcription, and this inhibition is maintained 

even in the presence of estradiol (Fig 3.4.B). These data indicate that ER-mediated 

transcription is inhibited by RA, and that an ER agonist cannot rescue the 

transcriptional inhibitory effect of RA. 

RA decreases estradiol-induced AP-l activity in ERp-positive breast cancer ceUs. 

The growth-inhibitory effect of retinoids in breast cancer cens has often been attributed 

to its inhibitory action on AP-l-mediated transcription. Using a reporter construct from 

the collagenase promoter containing an AP-l response element (ColI73-Luc), we 
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observed increase in AP-l activity upon E2 treatment in the ERj3 stable transfectants, 

while both ORT and ICI treatment did not alter AP-l transcription (Fig 3.5.). These 

results were unexpected since E2 has previously been characterized as an inhibitor of 

ERj3-mediated AP-l activity, and ORT an activator. The Ctrl cellline was unaffected 

by ER ligands or RA (data not shown). When compared to vehicle-treated cells, 

treatment with RA alone did not significantly alter AP-l mediated transcription. 

Rowever, when ERj3 expressing ceUs are co-treated with RA and E2, the AP-l

stimulatory actions of estradiol are blocked by RA. 

ERj3 alters the expression. of RARj32. Since we demonstrated that RA alters ERj3-

mediated gene transcription, we evaluated the effect of ERj3 on RAR-mediated genes. 

Both RARa and RARj32 are retinoid regulated genes that have been shown to be 

important for RA-mediated growth inhibition. While sorne groups have shown that an 

increased level of RARa correlates with RA-mediated growth inhibition, others have 

attributed the inhibition of growth by RA to induction of RARj32. To deterrnine the 

level of these nuclear receptors in our stably transfected ceIl hnes, we assessed the 

expression of RARa and RARj32 by Northern blot and semi-quantitative RT-PCR 

respectively (Fig 3.6.). We noted no significant change in expression level of RARa in 

the Ctrl cellline, the ERa-positive or ERj3-positive stable transfectants, before or after 

RA treatrnent (Fig 3.6.A). Since the induction of RARj32 has been associated with 

response to retinoids in certain types of cancer, we also assessed the expression of this 

gene in our system by semi-quantitative RT-PCR. It is weIl documented that RARj32 1S 

present at much lower levels than RARa in breast cancer ceUs, rendering it difficult to 
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perform a simple northern or western blot. In contrast to RARa, we observed 

significant differences in the level of expression of RARj32. In the ERa or ERj3 stable 

transfectants, expression of RARj32 was suppressed in the absence of RA and, unlike 

the ER-negative cells, RARj32 expression levels were strongly induced in response to 

RA (Fig 3.6.B). 

Effed of ERj3 on the transcription al activity of a transiently expressed RARE. To 

further characterize the effect of ERj3 on RARj32 expression, we transiently expressed a 

reporter driven by the RARE of the RARj32 promoter in the stably transduced celllines 

and assessed transcriptional activity in the absence and presence of 10-6 M tRA (Fig 

3.7.). We observed that cells expressing the ERj3 receptor, as compared to the ER

negative cells, displayed significantly lower basal activity from this promoter in the 

absence of RA (Fig 3.7.B). Transient transfection of only the TK-CAT part of the 

reporter did not differ between the ceIl Hnes, indicating that the effect of ERa or ERj3 

on transcriptional activity was due to the j3RARE and not any part of the thymidine 

kinase promoter (data not shown). We detected an approximately 10-fold decrease in 

basal activity from the j3RE-tk-CAT in the presence ofERa or ERj3 (Fig 3.7.B). Upon 

addition of RA, there was a strong induction of transcriptional activity in the cells that 

had a suppressed baseline, and a weaker induction in the parental cells (Fig 3.7.A). This 

transcriptional effect was only observed on an RARE, since reporter constructs 

containing VDRE, TRE or PPRE were unaffected by the expression of ERa or ERj3 

(data not shown). Thus, expression of ERj3 converts RARj32 expression from 

constitutive to ligand inducible. 
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An active ER~ is required to maintain RAR~2 inducibility. The ligands OHT and 

ICI 182,780 both inhibit the transeriptional aetivity ofER~. We tested the activity of the 

~RARE reporter in the presence of these antagonists, and the agonistie ligand estradiol 

in the ERP-positive cens (Fig 3.8.A). As expeeted, OHT, ICI 182,780 and estradiol had 

no effeet on the Ctd empty retroviral-transfected eeU line. In eeUs stably expressing 

ER~, OHT and ICI 182,780 completely released inhibition of the RAR-mediated 

transcription and restored baseline activity to the same level as seen in the ERa

negative eeU line (Ctd). Addition of estradiol, which activates ER~ via the AF-2 

domain, further deereases ~RARE activity in these cens. Since it is known that these 

ligands can alter the expression levels of ERa, we verified their effects on the 

expression of the stably transduced ER~ cells after 24 hours of treatment. Although 

there were no changes in mRNA expression (data not shown), the protein levels were 

significantly altered in the presence of the various ligands (Fig 3.8.B). As previously 

reported with ERa, estradiol and ICI 182,780 both down-regulate expression of ER~. 

Although the expression of ER~ is similarly down-regulated by both of these ligands, 

oruy the antagonist ICI 182,870 increases the transcriptional activity from the ~RARE. 

These data indicate that inhibition of ER~ transcriptional activity allows transcription 

from the ~RARE. Conversely, activation of ER~ transcription with estradiol inhibits 

~RARE-mediated transcription. 

3.5. DISCUSSION 
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Breast cancer is a hormone-dependent malignancy, with standard therapy 

directed at regulating ERa-mediated signaling. In pre-malignant, as weIl as malignant 

breast lesions, ER expression is significantly increased (262). The discovery of the ER~ 

in both normal and malignant breast tissue· has added a new level of complexity, 

although the expression of ER~ in the breast 1S less abundant than ERa and there is 

controversy regarding its role in breast physiology and tumorigenesis (263). 

Retinoids have demonstrated sorne therapeutic potential for the treatment of 

breast cancer (166. Although they do not target ER directly, there is considerable 

evidence correlating the presence of ER? with RA sensitivity [Rubin, 1994 #1416, 197, 

213,215-217). Importantly, clinical trials using a retinoid derivative have demonstrated 

efficacy in preventing contralateral breast cancer in pre-menopausal women 

exclusively, further suggesting a role for ERa in RA-mediated growth inhibition (167). 

Since ER~ can also be detected in breast cancer cells, we wished to determine its 

prognostic implications in the management of breast cancer with retinoids. For this 

purpose, we engineered ER~-positive breast cancer cells using retroviral transfection of 

the ERa-negative MDA-MB-231 ceIl Hne. Although several ER~ isoforms have been 

identified in human breast cancer tissue and celllines, we used the wild-type ER~ of 

530 aa (80). 

Expression of ER~ was confirmed by western blot and immunofluorescence. 

Functionality of the transduced ER~ was then demonstrated by transient transfection, 

using a synthetic ERE-containing reporter construct, and by estradiol-mediated 

activation of the pS2 gene. Although stable expression of ER~ restored ligand

dependent transcription, the growth properties of the stable celllines were unaffected by 
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the ER~ ligands estradiol, tamoxifen or ICI. These results are in agreement with those 

previously reported in which ER ligands did not alter the proliferation of ER~

expressing stable cell Hnes (79, 264). These data suggest that the estradiol-driven 

neoplastic process of the breast that has been described for ERa may not be pertinent to 

ER~. While ER ligands did not alter the proliferation of ER~-transduced ceUs, we 

observed that retinoids retained their ability to inhibit proliferation in ER~-positive, as 

weIl as ERa- positive breast cancer ceUs, and that cell growth was inhibited regardless 

of co-treatment with ER ligands. 

The mechanism for retinoid-mediated growth inhibition 1S not well understood. 

Retinoids suppress estradiol-mediated proliferation and transcriptional activity, and can 

antagonize the proliferative effects of AP-l (265,266). In the ER~-transduced ceUs, we 

demonstrate that RA can suppress ERE-mediated transcription and represses estradiol

activated endogenous gene expression (PS2). However, repression of ER~ activity al one 

cannot explain the growth inhibitory properties of retinoids since ER ligands do not 

alter the proliferation of ER~-positive breast cancer ceUs. 

Increased AP-l activity generally leads to activation of celI proliferation signaIs 

(267, 268). Sincethe growth inhibitory mechanisms of retinoids have, in part been 

attributed to the antagonism of this activity, we explored the possibility that ER~

expressing ceUs may have altered AP-l activity in response to RA. Several groups have 

demonstrated that, unlike ERa, antiestrogens activate ER~-mediated AP-l activity, 

while E2 is antagonistic (14, 95). In contrast, using a reporter construct from the 

collagenase promoter containing an AP-l response element (Coll73-Luc), we noted that 

E2 increased AP-l activity in these cens. Furthermore, the antiestrogens OHT and ICI 
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did not alter AP-l mediated transcription in our stably transduced ERp cens. These 

results, which contradict those observed in transient transfection of ERp, are in 

accordance with those reported in another ERp stably transfected MDA-MB-231 cell 

Hne in which antiestrogens were shown to be incapable of activating AP-1 response 

elements (264). We also report that addition of RA decreased estradiol-activated AP-l 

activity, but did not significantly alter AP-l-mediated transcription. 

The growth inhibitory action of retinoids has often been attributed ta increased 

expression of RARa and to RARp2 induction (196, 223, 247). We found that the 

expression of RARa was unchanged in response to RA, but that the basal expression of 

RARp2 RNA was significantly lower in cells expressing ERa or ERp than in parental 

ER-negative cells. Induction of RARp2 expression has been associated with retinoid 

response in a variety of cancer cell types and provides another example of the cross talk 

between the ER and RAR mediated pathways in human breast cancer cells (222, 223, 

247). Expression of ERp alone is sufficient ta alter the basal transcriptional properties 

of the RARp2 promoter, as demonstrated by CHIP analysis showing increased 

acetylation at the promoter in absence of any ligand. U sing ER ligands, we determined 

that the function of ERp in altering RAR-mediated transcription takes precedence over 

its expression levels. Although both ICI and E2 decrease ERp protein expression, these 

ligands oppose each other in their action on the RARp promoter. We have previously 

shown that the N-terminal region of ERa, including the DBD, was important for 

mediating transcriptional cross-talk with RAR. Although ERp varies greatly from ERa 

in the N-terminal region, there are sorne similarities. For example, it has been reported 

that bath receptors can bind p300 at the N-terminal in absence of ligand (48). Therefore, 
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it remains a possibility that ERp or ERa interaction with RAR transcription pathway 

may involve squelching for limited known or unknown cofactors. Stable cell lines using 

ERp deletion mutants or ERp variants will provide greater insight into this 

transcriptional interaction. It would be of special interest to determine the effect of 

ERpcx expression on retinoid activity in breast cancer cells. This isoform has been 

detected in human breast cancer, shows preferential dimerization with ERa and has a 

dominant negative effect on ligand-dependent ERa reporter gene transactivation (269). 

The complexity of nuclear receptor signaling is becoming increasingly evident. 

While the ligand-dependent (via AF-2) and independent (via AF-l) functions require 

the DBD for their activity, nuclear receptors can also regulate transcription without 

binding to their cognate response elements. The role of nuclear receptors therefore 

extends far beyond that of simple ligand-induced transcriptional activators. Given the 

promiscuity of coactivators and corepressors with different nuclear receptors, it is not 

surprising that cross-talk exists between the different nuclear receptor familles. 

In conclusion, we provide evidence of nuclear receptor signaling cross-talk 

between ERp and RAR in human breast cancer cells. We demonstrate that RA can 

significantly decrease the growth of ERP-positive breast cancer cells in the presence or 

absence of ER ligands, thereby supporting the use of retinoids for the management of 

ERP-positive breast cancer. 
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Figure 3.1. Retroviral-mediated expression of hERp in MDA-MB-231 ERa-negative 

breast cancer eells. (A) The eDNA of wild-type hERp was cloned into the bicistronie 

murine stem eeU virus-based retroviral veetor. This veetor eontains a paekaging signal 

(\If), multiple cloning site (MCS), internaI ribosomal entry site (IRES) and enhaneed 

green fluorescence protein (eGFP) flanked by two long terminal repeats (L TRs). (B) 

Flow cytometrie analysis of transduced MDA-MB-231 ceUs subsequent to ceU sorting. 

The solid lines represent eGFP expression in the empty vector transduced cell (Ctrl) and 

ERp-transdueed cells (ERP), while the dashed lines represent untransduced MDA-MB-

231 ceUs. (C) ERp protein expression of the transduced cells was analyzed by 

immunoblots using 50 !J.g of cell extracts and the QED anti-ERp antibody. p-actin, 

which was used as a loading control, 1S also shown. (D) Immunostaining of transduced 

ceUs using an ERp antibody (right panels) and visualized by fluorescence microscopy. 

DAPI staining was included to visualize the nucleus (left panels). 
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Figure 3.1. Retroviral-mediated expression of hER~ in MDA-MB-231 ERa-negative 

breast cancer cens. 
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Figure 3.2. Effect of ERp ligands on the growth and transcriptional properties of ERp-

transduced cens. (A) After 6 days of treatment with 10-7 M estradiol (E2), 10-7 M 

tamoxifen (OHT) or 10-7 M ICI 182,780, œIl number was assessed using SRB staining 

as described in Materials and Methods. Data is representative of two separate 

experiments performed in quadruplicate. (B) ER~-transduced cens exhibit ligand-

dependent transcriptional activity from an ERErtk-CAT reporter. Data was normalized 

with pGAL and represents the average of two independent experiments performed in 

triplicate. 
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Figure 3.3. ER~-transduced cells are growth inhibited by retinoic acid. (A) The 

number of viable cens stably expressing either the empty retroviral vector (Ctd), ERa, 

or ER~ was assessed usmg SRB staining as described in Materials and Methods after 6 

days of 10-5 M RA treatment and compared to untreated cells. (B) Retinoic acid-

mediated growth inhibition in ER~-transduced cells is unaltered by the E2 (10-7 M) or 

ICI 182,870 (10-7 M) after 6 days. Data represents an average of at least 3 different 

experiments, performed in triplicate. Statistical significance was calculated using 

Dunnett's test. Results that differ significantly from Ctd (A) or treatment with vehicle 

(B) are indicated with an asterisk (P < 0.05). 
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Figure 3.4. Analysis of gene regulation in ERf3-transduced breast cancer cens. (A) 

Northem blot analysis of RA-induced regulation of pS2 expression. Cells were treated 

with 10-5 M RA, 10-7 M E2 or a combination ofboth ligands for 24 hours. Twenty J!g of 

total cellular RNA was loaded in each lane and the corresponding GAPDH expression is 

aIse represented. (B) RA inhibits transcription from an ERE. cens were co-transfected 

with ERE3-tk-CAT and CMV -f3GAL and treated with the indicated ligands for 48 hours. 
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Figure 3.5. Analysis of AP-1-mediated transcriptional activity in ERI3-transduced breast 

cancer cells. ERI3-transduced cells were transfected with 1 J.!g collagenase promoter 

containing an AP-l response element (ColI73-Luc) and l Ilg CMV-I3GAL expression 

vector and treated with vehicle, 10-7 M estradiol, 10-7 M tamoxifen, 10-7 M ICI 182,780, 

10-6 M RA or 100 ng/ml TP A for 24 h. Transcriptional activity is shown as the mean ± 

S.E.M. of at least two independent experiments performed in triplicate. 
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Figure 3.6. Retinoid receptor expression and regulation by RA in ER-positive cens. (A) 

RAROt northem blot analysis oftwenty J.!g of total cellular RNA isolated after 24 hours 

of 10-5 M RA (or vehicle) treatment The corresponding GAPDH expression is shown to 

control for loading. (B) Basal RARf32 expression is suppressed but inducible by RA in 

ER-expressing cens. RT-PCR analysis ofRARJ32 in cens treated with RA (10-6 M) or 

vehlde for 24 h, using f3-actin to control for variability in cDNA. 
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Figure 3.7. Expression of ERa. or ERf3 increases the fold induction of transcriptional 

activity from the f3RARE promoter by suppressing basal activity in the absence of RA 

(A) Retinoid-induced transcriptional activity in the absence (Ctrl) or presence of ERa. 

or ERf3. cens were transfected with 1 Jlg f3RE-tk-CAT and 1 Jlg CMV-f3GAL 

expression vector and treated with 10-6 M RA or vehicle for 48 h. The fold induction for 

each cell Hne is indicated in the box below. Transcriptional activity is shown as the 

mem ± S.E.M. of at least three independent experiments performed in triplicate. (D) 

Transcriptional activity from the f3RE-tk-CAT in absence of ligand. Results are 

expressed as CAT activity relative to the ER-negative Ctrl ceU line. Statistical 

significance was calculated using Dunnett' s test, comparing each ceIl line to Ctd. 

Results that differ significantly frOID Ctd are indicated with an asterisk (P < 0.05). 
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Figure 3.8. ERJ3 ligands alter transcriptional activity from the J3RE-tk-CAT. (A) 

Baseline transcriptional activity of the J3RE~tk-CAT was evaluated after treating the 

ceUs 1 h post-transfection with vehicle, 10-7 M tamoxifen, 10-7 M ICI 182,780, or 10-7 M 

estradiol. Transcriptional activity is shown as relative CAT ac1ivity compared to Ctd 

and significant differences between the vehicle and treated samples (P < 0.05) are 

indicated with an asterisk. (B) Immunoblot of 50 ~ of whole œlI extracts depicting the 

effect of the ERJ3 ligands mentioned above on ERJ3 protein expression mer 24 h. Cens 

were also immunoblotted for J3-actin as a loading control. 
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CHAPTER4 

GENERAL DISCUSSION 
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Oiscusslon 

This thesis project began 'vith the observation, from our lab and others, that the 

presence of ERu renders human breast cancer ceUs more sensitive to the grovl/th 

inmbitory properties of retinoids. nie clinical relevance of this project was hter 

substantiated by results from clinical trials, indicating that the potential benefit of 

retinoids in preventing contralateral breast cancer occurred primarily in pre-menopausal 

women (166). l began this project with the intent to study the mechanism by which 

growth of ERu-positive human breast cancer ceUs are inhibited by retinoids. My 

objective was to understand the role of BRu in retinoid-mediated growth inhibition, in 

hopes of providing more strategie approaches to the development of therapies for the 

treatment or prevention of breast cancer. 

The first aim of this project was to identify the domain of ERu important for 

conferring sensitivity to retinoids. To realize tms objective, the laborious task of 

generating stable ceU Hnes of ERu-wild type and of several ERu-deletion mutants was 

undertaken. using the parental ER-negative MDA-MB-231 ceU line (described in 

Chapter 2.3), . We reasoned that using a retro viral method to generate stable expression 

of ERu-deletion mutants and ERj) in ER-negative breast cancer ceUs would be 

advantageous over the stable transfection of a single expanded clone. The difficulty in 

generating stable transfection ef ERu into ER-negative breast cancer ceUs is well 

documented (229, 245, 246) and, while 1 confirmed expression of the ERu deletion 

mutants, 1 was unable to ger.erate a stably transduced eeU Hne expressing wild-type 

ERu. 1 therefore obtained the previously characterized S30 eeU Hne, generated by 
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isolation of a single clone stably ex pressing the parental cell line MDA-MB-

231, as a positive control (229). 

One of the major hurdles of this project was the manipulations of the stable ceU 

lines. After a few weeks in culture, some the traœduced cens lost expression of GFP 

and presumably of ERa expression. As such, it was necessary to frequcntly verify GFP 

expression of the transduced ceUs by flow cytometry. In order to study exclusively 

positive eeUs, cultured transduced cells were regularly sorted to obtain maximal 

expression of ERu or of the ERa-deletion mutants. This was an extensive process since 

cells continually required to be expanded and stocks frozen prior to performing 

experiments. In addition, it was often necessary to confirm the expression and 

functionality of the transdueed ERu-deletion mutant. 

Despite these difficulties, the panel of stably-transduced ceU Unes expressing 

various ERa-deletion mutants was utilized to observe the effect of ERu on both RA

mediated growth and RA -mediated gene expression. Although RA has been shown to 

activate several genes involved in growth inhibition, only a few have defmed RAREs 

and are irnrnediate targets of RA (146)]. l ~lected to study the expression and regulation 

of the RA-inducible gene RARp2. Induction of RARJ32 expression has been associated 

with retinoid response in a variety of cancer cclI types (222, 223, 247). Within the 

prornoter region of the RARp2 gene is the pRARE with a DR5 configuration. 

Interestingly, only the breast cancer ceUs expressing ERa exhibit an increase in foid 

induction using a pRARE reporter construct, and sirnilar results are observed with the 

endogenous RARp2 gene. However, the increase in fold activation did not result in 

increased activity when treated with RA, but rather by a significant decrease in baseline 
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activity from the promoter in the absence of any ligand. These results indicate that ERu 

modifies the transcriptional response from the f)RARE in absence of RA, and is 

suggestive of a transcriptionaJ cross-talk between ERu and RAR in human breast cancer 

cells. Interestiugly, the basal expression of RARf32 RNA was significantly lower in 

ceUs expressing full-length ERa ùr in cells expressing only the N-terrninal of ERa 

(including the DBD). In MDA-MB-231 (the parental ER-negative ceU Hne), HC2 

(empty retroviral vector), HEG 19 (N-terminal ERu deletion mutant) and HEG 11 

(lacking the DBD), baseline f3RARE activity was elevated and was only weakly induced 

by RA J therefore concluded that the N-terminal region of ERa results in decreased 

basal RARJ3 expression, but confers its inducibility by RA. 

Interestingly, there exist other genes with similar expression patterns in retinoid 

sensitive breast cancer cells. SOX9, a member of the high mobility group (HMG) box 

gene family of transcription factors, exhibits decreased basal expression but is induced 

by RA in retinoid sensitive celI Hnes. CelI Unes that are unresponsive to RA do not 

induce SOX9 expression, and in ERa-negative ceUs, constitutively high expression of 

this gene has been demonstrated (270). In addition, RA has been shown to induce 

IGFBP-3 mRNA levels in retinoid sensitive breast cancer ceUs (271). In the ERo:.

positive breast cancer ceU line MCF-7, IGFBP-3 Îs not expressed at baseline but is 

induced by treatment with RA (192). In contrast, ERa.-negative, retinoid unresponsive 

breast cancer ceU Hnes exhibit high basal expression of lGFBP-) that is not 

significantly increased by RA (272). Our lab has also discovered that another gene, 

UBE 1 L, is regulated in a similar manner by RA in human breast cancer ceU Hnes (Sonia 

del Rincon et al, unpublished results). However, the regulation of the above genes has 
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not yeI been studied in the stable œil hnes expressing the ERa-deletion mutants. 

induction of target genes. i'rom 10w bascline leveis, may represent a possible 

mechanism of growth inhibition by retinoids. 

When the effect of the ERa-deletion mutants on RA sensitivity was initially 

studied, the cens expressing either wild-type ERa or ERu with the LBD deletion were 

significantly growth inhibited by RA (discussed in Chapter 2). This provided 

preliminary evidence of the significance of the N-terminal region of ERot in mediating 

the growth inhibitory effects of RA. Since the growth inhibition correlated with 

induction of RARf32, we hypothesized that induction of this gene may be important for 

RA-mediated growth inhibition. However, after the ceUs were contînually passaged, 

they became resistant to RA, even though they retained their ability to induce RARf32. 

This data suggests that induction of RARf32 alone is not enough to generate an anti

proliferative response to retinoids in MDA-MB-231 ceUs. In support of Lhis notion, 

recent evidence has surfaced demonstrating that RARf32 induction is not observed in 

several breast cancer ceUs sensitive to retinoids (273). 

The role of RARf3 in mediating RA responsiveness to breast cancer cens has 

been the subject of sorne controversy. Regulation of RARf32 by RA has been linked to 

retinoid response in a variety of cancer celI types and there is evidence to suggest that 

RARf3 can act as a tumor suppressor (222, 223, 247). The stable œIl lines that 1 

constructed using various ERa-deletion mutants provided a means to study the 

regulation of RARf32 by ERa and the role of ERu proteins in conferring sensitivity to 

the growth inhibitory eÏfect of RA. While 1 provide experimental evidence in support of 

a novel interaction between nuclear receptors, whereby the N-terminal region of ERa 
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suppresses the base li ne activity of RARlRXR-mediated transcription from the RAR132 

promo ter, it can also conc\t:ded that induction of RARj32 is Însuftïcient to explain 

the anti-proliferative effects of RA. Other areas of cross-talk between ERa and RAR 

need therefore to be explored. 

The mechanism by which retinoids inhibit growth in breast cancer ceUs is not 

weIl understood. In fact, both anti-proliferative and anti-apoptotic effects have been 

observed in retinoid-treated ceUs (273). Several retinoid-responsive gene products have 

been identified that are central to both the anti-proliferative and anti-apoptotic 

processes, ineluding down-regulation of cyelin Dl, cdk2 and the antiapoptotic protein 

Bcl-2 (273). Retinoids have also been shown to decrease the inhibitor of apoptosis 

family member, survivin (273). As an attempt to identify a mechanism for retinoid 

induced growth inhibition, several groups have suggested that individual factors, such 

as induction of RARj32, inhibition of AP-l and activation of RARa, are key mediators 

of this activity (l64, 187, 274, 275). However, neither the extent of ceIl cycle protein 

regulation, nor AP-l regulation fully predicts the antiproliferative effeet of retinoids, 

suggestîng that growth inhibition requires regulation of a spectrum of RAR-regulated 

gene products (273). 

Although not discussed in the manuscripts included in Chapters 2 and 3 of this 

dissertation, the search for retinoid altered genes involved in RA-mediated sensitivity 

was a complernentary part of this research projeet. Using the Clontech Atlas ™ Human 

Cancer cDNA expression array specifie for 588 cancer-related genes, differentially 

regulated genes in the ERa-positive and retinoid sensitive S30 ceU line were identified. 

Using this technique, 10 genes were selected that were differentiaUy expressed 
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foHowing 24 h RA treatmcnt (Appcndix Figure A.l and Table A.l). However, when 

1 compared the regubtion of these genes in ERa-positive versus ERa-negativc cel! 

lines, no significant differences were noted. Although an in depth analysis of g~ne 

regulation by retinoids was beyond the scope of this thesis project, it would certainly be 

of clinical value ta identify retinoid target genes important for growth inhibition that 

differ in their regulation in the presence of ERa. This experiment was performed early 

in the course of this research project and warrants further investigation using a more 

extensive gene array, and more reproducible celllines. 

The identification of RARf)2 as an RA-regulated gene whose induction was 

increased by expression of ERa, provided our lab with a modei in which to study 

transcriptional cross-talk. To understand how ERa alters RARf) expression, 1 explored 

the hypothesis that ERa may modulate the expression or activity of transcriptional 

intermediates. Although it is not known whether cofaetor levels are clinically related to 

earcinogenesis, it seems likely that changes in the levels or activity of cofactors could 

have profound effeet on target gene expression. Indeed, inereased expression of sorne 

cofactors, notably of AIB-l in breast and prostate cancer, has been reported (238, 276). 

However, 1 did not observe significant differences in gene or protein expression of the 

coactivators p-300, CBP, SRC-l, TIF-2, AIB-l or of the corepessors SMRT and NCoR, 

in ERa-positive versus ERa-negative cells (data not shown). In addition, the possibility 

of squelching by the N-tenninal domain of ERa was discussed in Chapter 2. Several 

nuclear receptors have been shown to modulate each o~hers' activities by squelching, or 

recruiting, common cofactors (277-279). However, transfucting increasing amounts of 

the common cofactors CBP, p-300 and SRC-l did not alter the inhibitory effects of 
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on baseline transcription from the pRARE. These cofactors V,tere seiected based 

upon their demonstrated abiIity to bind both RAR the N-terminal region of ERa (5, 

47, 48) Although my data indicate that squelching of these common cofactors does not 

clarify the mechanism of this transcriptional cross-talk, l cannot exclude the possibility 

that the N-terminal region ofERa squelches other known or novel cofactors. 

The role of the estrogen receptor in RA response is further eomplicated by the 

recent discovery of another estrogen receptor, ERp. ERp can heterodimerize with ERa, 

interact with the same ligands and shares greater than 90% homology with the DNA

binding domain. Since ERp is also present in human breasttumors, l wished to 

determine if ERp positive eeUs would be potential therapeutic targets for retinoids. 1 

reported transeriptional eross-talk with ERIJ and retinoids, and showed that ERp, like 

ERu, exhibits a reduction in expression of RARp leading to a greater induction of 

RARIJ after RA treatment. Using the ERIJ stably transduced ceUs, retinoids inhibit ERIJ

mediated pathways and, like ERa-positive ceUs, exlùbit increased induction of RARp2. 

However, inhibition of E2-mediated transcription is not sufficient to mediate growth 

inhibition by RA since E2 alone did not increase the proliferation rate of the ERp 

positive cens and E2 antagomsts had no effect on the growth of ERp-transduced MDA

MB-231 cells. 

The Future of Retinoids in Breast cancer 

Interestingly, preclinical studies have shown that retinoids can increase the 

activity of ER-antagonists such as tamoxifen, which is widely used in prevention and 

treatment of breast cancer (174, 280). Moreover, a phase lin trial of tRA and tamoxifen 
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observcd some objective responses in patients who had previously progressed on 

tamoxiien alone (218). The mechanism of action of retinoids and traditional ER 

inhibitors such as tamoxifen are already knovvn to be different and th us potentially 

additive or synergistic (281). This encourages further studies of the potential use of 

retinoids as part of novel combi::lation therapies of breast cancer. For rational 

development of such nove! therapies, il is important to clarify how retinoids exert their 

effects on breast cancer ceUs, how their activity is regulated by expression of ER and 

what determines sensitivity vs. resÎstance to these compounds. 

Unfortunately, in the clinic, resistance to retinoids rapidly occurs due to 

pharmacokinetic or cellular mechanisms (282). As an example, studies with Cyt P450 

înhibitors suggest that cytochome P450 induction may be involved in RA resistance by 

increasing the clearance and metabolism of RA (134) In the ceU, resistance to RA has 

been attributed to increased CYP26 or CRABP expression, increased excretion of RA 

by the P-glycoprotein drug-efflux pump, or by point mutations in the ligand-binding 

domain of the RAR receptor (134). 

In addition 10 the drawback of acquired resistance, the toxicity of natural 

derivatives of vitamin A limits their therapeutic use. Synthetic compounds that are 

selective for the different retinoid receptor isotypes have been generated to circumvent 

retinoid toxicities. The generation of specifie retinoids or rexinoids targeted to a 

particular isotype of RARs or RXRs is opening new avenues for cancer therapy and 

chemoprevention. 

The future of retinoids is aimost certainly dependent upon ilieir efficacy in 

combination with oilier chemotherapeutic or chemopreventive therapies. Combination 
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thempy using retinoids and demethylating agents or histone deacetylase inhibitors has 

displayed promising antitumor effects in vitro (283, 284). Aza-CdR and sodium

phenylbutyrate are potent inducers of grow1h arrest, differentiation, or apoptosis of 

transfonned and tumor ecUs in vitro and in vivo (285, 286, 287). Combinations ofthese 

substances with retinoic acid warrant further evaluation in breast cancer models. 

Retinoids have also shown synergy with certain chemotherapeutic agents (288, 289). 

Wang et al have demonstrated that pre-treatment with RA lowers the threshold for œIl 

kiHing by the chemotherapeutic agents Taxol and Adriamycin. As an added example, 

the combination of heregulin and retinoids was more effective in inducing branching 

morphogenesis of breast cancer ceUs cultivated in 3D coUagen gels, than either agent 

alone (290). 

Understanding the cross-talk of nuclear receptor with other signaling 

transduction pathways will no doubt be important to the design of targeted combination 

therapies. In breast cancer ceUs, detennining the mechanism of retinoid induced growth 

inhibition may improve the possibility of developing non-retinoid drugs able to mimic 

the effects of retinoids on signal transduction pathways responsible for the tumor

suppressive effect. Evidently, this strategy requires identifying the downstream gene 

targets regulated by the antiproliferative effect of retinoids (194). 

Conduding Remarks 

Although 1 was unable to uncover the mechanism for RA sensitivity in ER

positive œH, the results presented in tbis thesis have unearthed several important 

observations. First, a novel cross-talk between ERu and RAR, involving the N-terminal 
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regÏon of was reported. This interaction is not observed \vith other members of the 

nuclear receptor fami!y that heterodimerize \Vith RXR. Second, 1 define two models, 

one involving transient transfection of the minimal pRARE promoter, and the other 

involving expression of the endogenous RARp2 gene, to study this interaction. AIso, l 

excIude the possibility of squelching of the common cofactors, p300, SRC-l and CBP, 

by ER. Third, 1 report that transcriptional cross talk exists between ERp and RAR, and 

that RA inhibits activation of ERp-mediated gene activation. Finally, I demonstrate that 

RA can be used to inhibit the growth of ERP-positive breast cancer ceUs. Together, the 

conclusions derived from this research project have contributed to enhanced 

understanding of the effect of retinoids in human breast cancer ceUs. 

144 



ORIGINAL CONTRIBUTIONS TO KNOWLEDGE 

The work presented this doctoral thesis has provided several origînal 

contributions to the existing body of scientific knowledge in the field of nuclear 

receptors. 

In Chapter 2, we show that there exists transcriptional cross-ta!k between the 

ERu and RAR at the RA-responsive element located in the RARp2 promoter. This is 

the first study demonstrating that the N-terminal region of ERu, including tlle DBD, 

alters the transcriptional activity of another nuclear receptor, RAR, in absence of any 

ligand. We further demonstrated that this cross-talk is specifie for RAR since other 

promoters that utilize RXR as a partner (ex. VDR, TR and PPAR) are unaffected by the 

presence of ER. 

In Chapter 3, we investigate the effect of introducing full-length ERp into the 

ER-negative ceU line MDA-MB-231. This is the first report describing the effect of 

retinoids on an ERP-positive breast cancer eeU Hne. We report significant RA-mediated 

growth inhibition in ERP-positive cens, indicating that retinoids are effective in 

inhibiting breast cancer ceIl growth in a sub-population of breast cancer expressing 

exclusively ERp. In addition, our studies demonstrate that ERp ligands do not alter the 

response to retinoids, thereby validating the use of retinoids. regardless of the presence 

of ERr> agonist or antagonist. We further show that RA alters ERp-mediated pathways, 

as shovvn by its inhibitory effects on the expression of the endogenous pS2 gene. 

Our findings demonstrate the presence of cross-talk between ER and RAR and 

underscore the importance of characterizing this cross-talk in order to understand the 

role of ER in sensitizing breast cancer ceUs to retinoids. 
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APPENDIXA 

Table A.I. Genes differentially regulated by treatment with 10-5 M RA for 24 h in S30 

(ERa-positive cens). DifferentiaI gene expression was identified using the Atlas ™ 

Human Cancer cDNA Expresssion Array. 

Array 
Name of Gene Position 

Upregulated genes 1 CDK4 A1d 

2 GRB2 isoform A6c 

3 GRB-IRlGRBIO A6d 

4 cytokeratin 18 (K18) A7b 

5 c-myc binding protein A6i 

6 
TNF receptor 1-associated protein 

Bin 
(TRADD) 

7 TIMP-3 (mitogen-inducible gene 5) E2d 

Downregulated genes 8 AXL tyrosine kinase receptor C5b 

9 CD59 D2d 

10 macrophage migration inhibitory factor F5n 
(MlF) 
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AppendixA 

A 

B 

Figure A.I. DifferentiaI gene expression patterns in an ERa-positive (S30) human 

breast cancer ceIl line treated with (A) vehicle or (B) 10-5 M RA for 24 h. Poly A + 

RNA was isolated from the indicated cell Hnes. 32P-labeled DNA probes were 

generated from each poly A + RNA and hybridized to the Atlas ™ Ruman Cancer 

Array according to the User Manual. Blots were exposed for 7 days. 
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