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Abtract 

Breast cancer is a hormody responsive cancer and h o m m  including estrogen, 

are nquired for breasi cancer growth. The evolution of breast cancer into an estrogen- 

indepndcni growth pknotype is thought to ôe an important step in the progression of breast 

andmdocrinc~rrsistance canœr to hormoneindependare . Understanding the Gictors 

that contribute to the developmt of an estrogen-nonresponsive growth phenotype is of 

major Unportance in terms of breast cancer therapeutics. Resistance to endocrine therapies 

may be due to a number of factors, including los  of estrogen receptor-alpha (ER-a) 

expessbn, but mst ~mom that have Qvebpad resstaace to &rine therapy remain ER- 

a posiiive. The i r~chmhs respoiisik for the development of estrogen-independence in the 

presence of continu4 expression of ER-a are poorly understood. In order to aûdress this, 

a breast cancer cell mode1 of apparent estrogen-independence was developed. An estrogen- 

nonresponsive ce1 Illu, TSPRF, was developed from T5 (ER-a positive and estrogen- 

responsive) hurnan breast cancer ceils by chronrally deplethg the celis of estrogen in long- 

terni cuiture. The T5-PRF ceUs are insensitive to the growth-stimulatory effects of estrogen 

while stiîi retalliing expression of the ER-a. 

The tissue matrix consists of ünkages and interactions of the nuclear mtrix 0, 

cytoskelaon and extraceiiuiar matrix. This system is a dynamic stnicturai and f'unctional 

component of the ceU that maintains and coordinates ceil function and gene expression. The 

ER-a is locaüzcd to the NM and studies suggest that alterations in NM proteins may 

mfhmoc geae exprrssion. Thrat proteins (identiaed as cytokeratim 8,18 and 19) pnsent in 

the N M - m  filiuirm (N'MG) &action were fbund to be regulsted by estrogen in TS 
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Iwmrin bCrpt cancer ceils. However, TS-PRF, estmgen-m>mespoiisive ceh, overexprcssed 

these three proteins compsrod to T5 ceils, and tbese proteins werc no longer rrgulated by 

estrogen in TS-PRF ceiis. Treatmg TS celis with antmtrogens resuhed in a signitrant 

nduction in these prote& while no e&t was seen in TS-PRF cells, supponing the 

conclusion that these three NM-IF proteins are reguiated by estrogen in T 5 h u m  breast 

cancer ceils and may play a role in estmgen action in human brrast cancer cek. 

TS-PRF œk were alPo f o d  to bave significanily b e a d  ligand-independent ER-a 

trair9criptional d v i t y .  In rulliitinn, an ER-a mRNA variant with an b fhu~  deletion of exons 

3 and 4 was detecteâ in TS-PRF, but not TS, humen breast cancer celis. Recombinant 

exprssion of thip ER-a variant in T5 h m  k a s t  cancer ceUs incirased estrogen-dependent 

and - d e p e m k  reporter gene expcesbn, niggesting that the presence of this ER-a mRNA 

va* may contriie to an estrogen-indepenâent growth p b t y p e .  Furthemore. T5-PRF 

human breast cancer ceUs contamcd elevated rnitogen-activated protein kinase (MAPK) 

acthity. The MAPK si@ transduction paihway can be acthited by estrogen in hunian h a s t  

cancer cells aad may be involved in the regdation of ER-a transcriptionai activity through 

both ligand-deperdent and -independent pathways, suggesting tbat i n c d  activity of 

MAPK may contribute to the iigaad-indeperdent activity of the ER-a in TS-PRF cells. 

In conchision, TS-PRF humen breast cancer ceb contain several changes compared 

to perriital T5 ceb, wbich may d coniriikute to an estrogemmaesponsive growth phenotype 

and afl'i'éct the transcriptionai activity/reguiation of the ER*. 
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Signiknce 

Breast cancer, the mst cornmon cancer among womn, is the second leading cause 

of cancer deatb amng ail womn a d  the leaâiag cause of death amng women agd 40-55 

(1,2). A woman's overd lifetime chence of developing breast cancer is one in eight (1). 

Bieara cancer incLknce continues to risc and this year abne in Cansda appmximateiy 19.3 12 

new cases of breast cancer u d l  k diagnosed and the= w i l  be approxniately 5,267 deaths 

due to breast cancer (3) (Figure 1). This is a worldwide heahh problem For exampk, in 

19%, 91 0,000 new breast cancer cases were diagmsd and 376,000 wornen died h m  breast 

cancer worldwide (4). 

Risk Facton 

While ofien controversial, thete are fiictors associated with an increased risk of 

developing breast cancer anâ probably the most accepted risk factor is gender, with mak 

breast cancers accounting for kss than 1% of the overall h a s t  cancer incidence (5). A 

wonian's age is an inportant risk factor, with 7% of tueast cancers occwrhg in women over 

50 years of age (1). Hormone exposun, especially estrogen exposure, is an established risk 

factor and early menarche and late menopause are associated with an increased ri&, while 

surgical menopause (bilateral oopborectorny) is associated with a decnased risk of breast 

cancer incidence (6,7). Whüe stiiî contmversiai, the use of oral contraceptives hes been 

associatecl mth an imcreesed risk of brragf cancer. A ment anaiysis of studies on bonnonai 

contraapive us and breast cancer incidence demnstrated that for c m t  users therc was 



Figurt 1. Breart cancer incidence and mortality rates. Rates are expressed as per 
100,000 Canadian women and are adjusted for age. Data for 1994- 1998 are estimated. 
Source: National Cancer Institute, 1998. 



a siiall h m s e  m risk (reiaîive ri& 1.24) kit bmst cancer risk decreases duhg the 10 years 

after discontinuhg contraceptive use untii the risk becomw the same as those women that 

have never used oral contraceptives (8). The use of bonnone repiacemnt therapy by 

postmempausaî women incteases a wonian's nsk of brrast cancer 293% per year of use (9). 

Adipose tissue is tbc major source of estrogen in the postmcmpausal woman and Urreasd 

weight gain during p o ~ n o p a u s a l  years bas been linked to increasing risl< of breast cancer 

incidmce ( 1  0). Conversely, pmmopausai womn who are overweight have a slightly lower 

risk of bmst cancer incidence, likeiy due to the k t  that premenopausal obesity is associated 

with arnenorrhea, which could lower total estrogen exposure (1 0,ll). Nulliparity and late 

k t  p ~ g l l ~ l l ~ ~  are ~psociated with imeased risk, while an early fint pregnancy is associated 

with a reduceâ risk of h a s t  cancer development, thought to be due to the degree of 

Mkrentiation of the bnast tissue (9,12). The kvel of exposure to steroid homiones during 

the prenatal perbd m y  also influence the risk of breast cancer (1 3). 

Family history plays a sienificant mie m breast canca risk and a woman whose mother 

or sister dewbped breast cancer at an early age is most at risk. Whüe 95% of human breast 

cancers are sporadic, 5% are hereditary and inherited f o m  of breast cancer tend to develop 

at an eark age (309 and 409) (14.1 5). Mutations m specific genes have been identiaed which 

are beüeved to be involved in genetic susceptibility to bteast cancer. The fkst breast cancer 

q b i l i s ,  gaie disoovered was BRCA 1 (breast cancer 1 ) locatsd on chromosome 1 7q2 1 

(16). Appoxbkly one in 200 ~ w m  wiU 8ihait a mutated BRCAl gene and these womn 

will have an 80-90% chance of developing brrast cancer as well as an increascd risk of 

developing overiaa cancer (17). Although the t'unction of BRCAl is not c h ,  there is 



evidence to -est thaî it may ôe involveà in the negative regdation of mammary epithelial 

ce11 gmwth (1 8-19), No mutations in BRCAl have been found in sporadic breast cancers, 

despite an intensive search, leading to questions regardhg its role in the mjority of breast 

cancers (20). 1 t may be that mutations occur in noncoâing regions that were not examined 

or that mutations in some other regdatory protein that affects the level ancilor h t i o n  of 

BRCAl may be more important in these types of breast cancers. A second beast cancer 

susceptibüity gene, BRCA2, has been identified and is localized to chromosome 13q12- 13 

(21). Agah, the function of BRCM in breast cancer development is unclear, but studies 

suggest Uiat it rnay be a protein involved in deoxyribonucleic acid (DNA) repair (22,23). 

While it is not yet known what the normal k t i o n  of either of the proteins, correspondhg 

to tk BRCAI or BRCAZ gens, is or how mutations Ui these genes lead to the development 

of kas t  cancer, researchers have estimated that together BRCAI and BRCA2 rnay account 

for 40050% of all hereditary breast cancers (24). 

Women who have had a prior cancer in one breast have a 2-3 foM greater risk of 

devebping a new breast cancer in the otkr bmst (25,26). Exposure to ionizing radiation has 

also been associated wit h increased risk of brcast cancer develo pment , especially exposure 

in younger women (27). 

Lifestyle factors such as diet. alcohol consumption and exercise, are thought to 

influence breast cancer risk. The incidence of h a s t  cancer is highest among women in 

Caiiada, the United States and Northem Europe and much bwer in Japan and Hong Kong. 

When womn h m  low risk populations migrate to higher risk areas, within two or three 

gniaatiom the brrast cancer incidence rates increase, suggesting the importance of Westyk 



d o r  enviromntal factors in beast cancer risl< (28). The relationship between dietary fat 

and breast cancer risk has been examnbd, with severai studies suggesting m relationship 

(29,30), whiie othas suggest the type of fat intake may influence breast cancer risk (3 1 ,X). 

Alcohol consumption may also be a risk fsctor, but again, the relationship is not clear and 

som snds amsbg alcohol hake and bieast canca ri& suggest no association (33) whik 

othen suggest there is an Uicreased risk associated with alcohol consumption (34,35). 

Although there have been many factors associated with an UH:teaseâ risk for breast 

c m ,  d hommnal and herrditery &tors play a clear role, approximately 75% of women 

with breast cancer have no measmble risk factors (36). demonstrating our leck of 

understanding ngarding the factors involved in the etiology of bteast cancer. 

Trertment 

Breast cancer is viewed as a systemic disease and the msjority of treatments involve 

a whole body approach. Surgical procedures to attempt to rernove the tumour mass are the 

first hm m nisragng thir disease. Adjuvant treatment is frequently given to patients aAei the 

initial q e r y  to remove the tumour m s .  The rnost commonly used adjuvant therapies are 

chemotherapy, irradiation and hormone therapy. Steroid hormone receptor levels are 

determined to aid in treatment choice and the level of estrogen receptor (ER) andfor 

progesterone receptor (PR) is also comiated with prognosis, in that tum>urs with higher 

receptor kvels gmnally hsve a more favourable prognosis (37). Whik endocrine therapies 

such as tirornatase inhibitors (38,39), gonadotropin releasing honnone analogues (40), 

progstiiis (41) and entiprogestins (42,43) cen be successfully used to treat biead cancer, for 

tht purposes of thiP tbcsis I wili diPcuss ody t& antiestrogens m t e m  of endocrine therepies 



ofbreastcancer. 

At the thne of ciinicai detedon approxirrmîely 70% of primary breast cancers contain 

ER kvels quai to or above 10 femtomoks (bl)/milligram (mg) protein and tue thus 

corisideted ER positive (37). Antiestrogen therapy for human breast cancer targets the ER 

and as such generaiiy requires that the breast cancer ceh depend on estrogen for 

p r o k t i o n .  Tamoden (Nolvadex), an antiestrogen, is presently the most popular choice 

of hormonal therapy for ER positive patients. Tamoxifen acts by binding to the ER and in 

certain tissues such as the breast, resdts in blocking the growth stimulatory effects of 

estmgen (44). Tmxifèn is a mnsteroidal partial antiestrogen in that in certain tissues, such 

as the utenis (45), bone (46) and the cardiovascular system (47), it can act as an estrogen 

moiiic. nie e m s  of tamoxifm are cytostatic and therefon use must be prolonged in order 

to e ffectively suppress tumour growth (48). Tamocifen has been usad extensively to treat 

both advanced ôreast cancer and as treatment in early-stage disaise and is successful in 

treating both pre- and pst-menopausa1 women (49-51). Tamoxilén is used as adjuvant 

eeamient ti>lbwing surgery and also as a paiiistive treatmnt in women with advanceci bresst 

cancer (44). Tamxikn is successful in incteasing oveiall and disease-fke survival especially 

in patrntS o m  50 (50,s 1) and the use oftamoxifen also appears to ptevent the development 

of second hrast cancers (50,52). Tamoxikn is genetally weil tolerated with most side-effects 

limited to its antkstrogenic qualitYs (50,s 1). 

More recent research bas teen done to study the potential bene& of using tamoxifien 

as a prophylactic masure m those women who do not premtiy bave clinrally detectable 

breast cancer, but are at high risk for its developiwnt. The fact that tamoxifkn use for the 



treatment of primary h a s t  cancer resulted in a decreased incidence of contralateral breast 

cancer spawned the idea that tamoxifen may be a potential h a s t  cancer preventative agent 

(52). The Breast Cancer Revention Trial recently rekased the exciting data t b t  ternoden 

treatment for 4 years caused a 45% nduction in turnour incidence in wornen who were at 

Licrcased risk for beast cancer development, comparecl to women who were taking placebo 

(53). Whiie tamoxifen offered a significant protective rok in terms of breast cancer 

development, the fact that it is an estrogen agonist in the uterus, and is associated with an 

increased N k  of endomtrial cancer (53). is of concem. Raloxifene is another partial 

antiestmgen that nianitains some of the advantageous estrogenic properties of tamoxifen on 

the bone and cardiovascular system, but has the added advantage that it has no known 

estrogenic efkcts in the utenis or breast. Curredly a trial is underway to evaluate the use of 

raloltifene as a breast cancer chemopreventative agent (54). 

At the time of clinical detection approxinistely 70% of human breast tumours are 

clsssified as ER positive and of these approximately 600h will tespond to endocrine therapy 

(37.55). Therefore, approximately 400/0 of ER positive primary tumours are resistant to 

endocrine thaapy and even of those tumurs that initiauy responâ, the majority will ulthtely 

beoonie resistant. Homne--me is a sign of a more aggressive phase of the disease 

and is obviously a problem in ternis of efikacy of antiestmgen treatment (56,57). Patients 

who devebp turnours resistant to tarnoxifen therapy will ofien respond to a second iine of 

endocrine treatment (58). Other "pure" antiestrogens have been devebped that appaiently 

do not exhiiit ER agonist khaviour (59.60). These pure steroidal antiestrogens, such as 

Inipenal Ckniiçal Industries (ICI) 164,384 and ICI 182.780, can gihibit the p w t h  of bteast 



cancer celis in YibO and in vivo (59,60). C M  evidence supports the use of tbese stemidal 

antiestn>gens and patients bave show a response to ICI t 82,780 after becoming tamoxifèn 

resistant (6 1,62). 

Steroid homm modulate a muhitude of diverse biobgid activitks including, 

developmnt anâ growth, celi differentiation and metabolism, as weU as pathological 

conditions. The abüity of cells and tissues to respond to steroid hormones is due to the 

p.escnce of the correspondmg horxmne receptor. The nuciear nceptor supernunily of ligand- 

depmdent mmaiption fàctors includes not only the receptors for the steroid homiones, but 

receptors For a range of other hormones, vitarnins, and orphan recepton whose ligands have 

not yet been identifieci (63). This superfàmüy is chatacterized by conservation in both 

structure and tùnction among the various receptors (63). The biological eflèct of Ligand 

bmdirg to its cognate receptor is governed by multiple points dong a pthway to ultmistely 

culminate in changes in gene expression. A cornplex interplay amongst d the factors must 

occur, in a ceC and tissue-specific manner, in order to resuh in reguleted expression of 

homne-rrsponsive genes and much reseafch has ben aimed at understanding the muhipk 

events involved in the control of aemid receptor function. 

Stmcture of the crtrogei receptor 

The ER is a member of the stemid/thyroid homione receptor superfamiS (63). The 

ER family is comprised of the classical ER, hereaftet refend to as ERG, and the newly 

diacovereû ER+ (64,65). For th pvpos of this tbesis 1 will discuss only those fatutes that 

are pertinent in t e m  of ER* structure and fuaction. 



The full îength compiementary (c) DNA for ER-a was h t  cloned and sequenced 

âom MCF-7 humen breast m e t  ceh (66-68). The gene was found to spaa over 140 

küobsses (kb) of DNA and contain 8 exons (Figure 2) and 7 intmns encoding a protein of 

approxinrsiteiy 66 Iribdaltons (IdJa) (67,69). The 7 introns of the human (h) ER-a gene are 

extremely large and range in size Born cpproximately 3.5 to greater than 32 kb (69). The 

original cDNA clone (HEO) for E R - a  contained a point mutation in the hormone biiing 

donrilli (glycine at position 400 substituted with valine) (69) pmducing a protein that has a 

decreased atnnity for estradio1 at 2SUC, but not at 4OC (70). 

nie hERa messenger ribonucleic acid @RNA) is approximately 6.2 kb with a 232 

nucleotide long 5'-untranslated region and a 4,305 nuckotide long 3'-untransiated region 

(67,68). niree â i i m t  promoters have been iâentitied m the hERa gene that are responsible 

for geneniting mRNA transcnpts that dEer in the length and sequence of the 5'-untranslated 

region. The prornoter Pl is located upstrearn of the rnRNA cap site (+1) and generates an 

rnRNA with a 5'-untranslated region of 232 k s  (67). PO is located severai kb fùrther 

upstrearn of Pl (approxirnately - 190) and results in a 5'-untranslated region of 178 k s  

(7 1 ). while a third, reStficfed m use to the iiver. is founâ approximately 1 2 kb upstiearn of the 

mRNA cap site (72). In human breast cancer ceb, the P l  prornoter is predominantly used 

with approximstely 1040% of transcripts onginating h m  the PO promoter (73,74). In 

m d  human nrumisry epitheüum the Pl promter appearrd to be exclusively wd, leading 

to ihe suggestion h t  in humsn breast cancer cek, where apparent overexpression of ER+ 

occurs, both promoters, PO and Pl, are used, whereas in normal breast ceUs only PI wodd 



nucleotide 

exons 

ER-a protein 

nucleotide 
233 77 1 lm0 1137 

amino acids 

--.- transat tivation 

ligand binding 

DNA binding 

Figure 2. ER-a mRNA structure and protdn funetionil domains. 
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k hnctional(73). However, other researchers found both promoten w m  used in human 

breast cancer ceU ünes as well as in normal breast tissue (74,75). 

Many studies have revealed distinct functional units of the ER-a encoded by specific 

emns of the g m  (Figure 2). The amino (N)-tenninal doniam is r e f d  to as the AIB domah 

and associated with this region is a constitutive, hormone-independent transcriptional 

activation function ( A M )  (76). The next domain. C, contains the DNA binding domain 

(DBD) (77) which consists of two zinc-andhg motifs that are responsible for biiing to, and 

recognition oE hormone- responsive element s (HREs) in the promo ter reg ions of responsive 

genes (78,79). Using two-dimensional nuc lear rnagnet ic resonance techniques. Sc hwabe and 

coworken have derribed the solution structure of the hER-a DBD (78). The two zinc- 

binding motifs of the DBD fold to form a single structurai unit consisting of two 

perpendicular helices. At the N-terminus of each helix is a loop with a zinc ion held at the 

base by four cystek midues (78). This group has examined the crystal st tucture of the hER- 

a DBD bund to DNA to demonstrate that resiâues found in tk first zinc finger interact with 

bases in the DNA, while residues in both zinc fingers make contacts to phosphates in the 

DNA backbone (79). Domain C also contains a dimerization dornain and residues in the 

second zinc-bmdng motif are mvolved in dimerization (79,80). Domain D is the hinge region 

(77) which contains regions thought to be mvolved in nuclear localization (8 1 ). The hormone 

binding domain (HBD) is located in the E region (77), which also contains a strong reg ion 

involved in receptor dimekation (80) and a second, ligand-âependent. transcriptional 

activation function (AF-2) (76). More recently a third putative tramactivation domain (AF- 

2a) has been identified that encompasses amino acids 282-351 of the h E R a  (82). A 



hommiducible a u c k  iocdidon amdion bas alro been reportcd for the HBD (81) Md 

ii aisD contaiis mgions invohnd m bmdiug to hcat sbock p t t m  (hsp)90 (83). Tht carboxyl 

(C)-tcmid, domain F. has no clear f'unction d whüe it is m t  absolutciy required for 

-rial admty (77). dektion of this do& (amho acids 555-595) m hERs affècts 

the ûamc@bnal respo1~9e to bth estmgen d the antiestrogens hydroxytamoxifen and ICI 

164,384 in some ceiI types (84). 

ER- mRNA and protein regu htion 

The kwl of any perticuiar protein is d e r  cornplex control end is a result of 

transcripon of the cotlwpondhg gar, h l  of cellular miWA, ûansiation of the mRNA into 

protein and staalily of the tmmked protein Levels of cellular mRNA am controlkd by both 

its rates of syrdhcsiP and degredation and rrgubiiion of mRNA stabiiity is an important aspect 

in the control of g m  expression (85). 

Regulation of ER-a kvels hm b e n  show to occur at both transcriptionai and 

posttranscnptiod kvels. In MCF-7 cells estmgen treatnmt has bcm show to muh m a 

down-rcgubition of ER* protein end mRNA expression (86-88). M e r  estrogen trtatmtnt, 

transcription h m  the h E R s  genc e x h i  a markcd transient decrcase, to an ahnost 

Iml afta 2 hours of trcatment, foUomd by an imeatd h l  of  tmmxiption, 

&@te tk fact that mRNA kvcls cemain b w  (86.88). This suggests (bat ihc mschanisms of 

ER* dowmeguhtion may bc due to both darcaseû transcription and posttranscriptional 

mechanisnrs. 

Shdws suggest th the E R a  umy have a direct role in the regdation of  its kvels. 

RekiicbaJ hm show tht bydroxytamoxih h m e f f i  on hERu mRNA kwls abm. 
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but is able to reverse estrogen-induced dom-replat ion (87,88). Studies have also 

demonstrated that the effect of estradiol on hER-a levels is likely not dependent on new 

protein syndksis, as tk protein synthesis inhibitor cyclohexamide did not prevent estrogen- 

nduced suppression of ER-a levels (88). Santagati et al dernonsttated that oligonucleotides 

correspondirig to the 5' end of the W R a  mRNA were abie to interfere with estrogen-induced 

hER-a protein downregulation in MCF-7 cells and the hER-a was able to specificaiiy bind 

to these oligonucleotides in vitro (89). These results suggest a direct role of the receptor in 

regulating its levels, perhaps via autologous downrrgulation of the ER-a gene by 

t ranscript ional repression (89). Conversely. in ER-a negat ive HeLa (human cervical 

carc inorna) cells. ttansient ly expressed hER-a did no t display any negat ive transcript ional 

regulation of a reporter gene containhg an oligonucleotide effective in suppressing ER-a 

ievels, suggesting other mechanimis of regulation rnay be involved (89). More recent work 

k dernortstrated that in MCF-7 cek estrogen decreases the ER* mRN A half-Me (90). This 

effect is dependent on ongoing translation and rnay be mediated by an estrogen-regulated 

nuclease activity associated with ribosomes (90). 

Researchers have also examEwd the mie of other signal transduction pathways on ER- 

a levels and found that 12-0-tetrad~yiphorbOI-l3-~tate (TPA), an activator of protein 

kinase C (PKC), or the calcium ionophore A23 187, resuîted in a decrease in hERs protein 

and mRNA levels in MCF-7 ceUs (91,92). TPA was found to decrease h E R a  mRNA half- 

life, independent of new protein synthesis, but dependent on ongoing RNA synthesis, 

suggesting the requirement for a catalytic RNA species or an RNA-protein complex (92). 



These data suggest that both TPA ad *ihadol my act through simiiar mechanisms to result 

in ER-a down-regdation. 

Researchers have demonsirated that the steroiâai antiest~~gens ICI l64,3 84 and ICI 

182,780 deaease ERu  kvels, iikely due to decreased s tab ' i  of the ER-a protein (93,94). 

More recent research has demonstrateci that estrogen regdation of E R - a  protein 

lewis m y  occur h u g h  a proteasorne-dependent degradation pathway (94a). Additionally, 

estmgen treatment does not always result in down-regdation of ER-a levels. For exampk, 

in T47D humaa breast cawr  cells tbat express low levels of ER*, estrogen treatment has 

been show to resuh in an increase in ER-a mRNA levels (87). 

RNA spliciig 

Splicing of precursor @re)-mRNA is a nuclear process in which the non-coding 

introns are removed fiom the pre-mRNA and the reminhg codmg exonic sequences are 

joined (95). Splicing is catalyzed by the spüceosome, a large complex composed of d 

nuclear ribonucleoprotein particles (snRNPs) and non-siRNP proteins (including serine- 

arginine-rich (SR) proteins) which assemble ont0 the pre-mRNA template in an ordered 

fashion (95,96). What controls and organizes splicing in the nuckus is pooriy understood. It 

has been shown th withn the nucieus spücing fàctors bcaliæ to discrete-domsias (speckles) 

with a n u c h  typically contabhg 20-40 of these speckks (95). It appears that only a 4 

arnount of avaihble spücing fàctors are found associated with active sites of transcription 

suggesting that spking fàctors may be actively recniited to sites of transcription (97). 

Alternative splicing, whereby one or mon exons may be kluded d o r  retnoved 

h m  the naal mRNA &pt, occurs m nUmer0u.s genes and can be regulated in a tissue- 



spefisc nrinrr, but the mechanisms tbat regdate it are unknown (98). The level of spiicing 

factors can Vary in a tissue-specinc menm (99) and Cacms and cowoikers have 

demonstrateâ thet when the leveîs of the antagonistic splicing factors SMfASF (a mmber 

of the SR protein Esmily) and heterogeneous nuclear nbonuckoprotein (hnRNP) Al were 

varied, the alternative splicing pattern of several reporter genes was ahered, demonstmting 

that the infracellular kvels of splicing factors can influence splicing patterns (100). 

SR proteins are bekved to play a role in splice site selection and in splBceosome 

assembly. A region of basic amino acids within the C-terminai serinelarginine rich domain 

(RS-domain) of the SR proteins is n e c m  for targeting SR proteins to nuclear speckles 

(101). RS-domains are phosphorylated and phosphorylstion of the SR proteins has been 

show to alter their sulmuclear-lo&tion (95). Phosphory lation and dephosphory latbn of 

SR proteins as weli as &NP proteins is miportant tùnctiody and is required for formation 

of ti functional spliceosome and completion of the &chg reaction (102). Using rninigene 

coiismrts contaihg CD44 pre-mWA, Konig et ol demonstratecl that exonic RNA eiements 

cm couple signal transduction to alternative splicing . These researchen dernonstrated ce& 

specinc activation of alternative spking and that activation of Ras or PKC signalling 

pathways could also activate altemative splicing of the minigene constructs (103). These 

rrscarcbers hypothcsize that this couphg of signaüing pthways to aitemative splicing mey 

be bow tissue-spccific s p k  patterns occur and more importantîy how spüce pattern may 

be switchcd durùig physiologicd end pathophysiological conditions. The kinases and 

phosphata= that are inportant in vivo for spüchg and &tors involved in its regdation are 

unkmwn. Aitenietive spiking of the hERu gnie bas baa chmonritratrd in aiiiny laboratorics, 



including Dr. L.C. Murphy's, and will be discussed in detail in a later section. 

nie biobgical respoiise to receptor activation is ultimtely a cuhnination of multiple 

effector systems. The ôasai state of ER-a activity is a state in whrh m d e W  activation 

systems, such as iigand, en initiated or present . Ligand-activated transcription wiil depend 

on muitiple paramters, including; nature of ligand (agonisi venus antagonist), ceC. 

promoter- and tissue-type, as mil as the balance of proteins present that can act to infiuence 

receptor actMty. In &hion, ogaad9mdepadent activation of the receptor cm occur through 

nonclassrcil effector pathways. The following section will discuss some of the rnechanisns 

mvolved m deteminkg the activity of the ER-a. W e  an attempt has been d e  to classi& 

tkse, it should be mteû that each can Uifluence overd activity and can overlap to inûuence 

each other. 

Ligand 

Esftogen 

nie nehiral ügand for tk E R a  is estrogen and 17f3-esh'adiol (estradiol) is considenxi 

the mspr estmgen in the femalc (104). Estradio1 bmds tightly to the ER* with an equilibrium 

binding constant (Kd) in the range of 1 0 " ) 1 0 - ' O  M (rnolediitre) (105). As descnaed 

pwiously, studh have localized tbe ligand-bindiag portion of the ER-a to the C-terminus 

of the receptor. The classic mode1 of steroid function was that ligand binding activated the 

receptor, resuhing m translocation to the nucleus, DNA binding and gene activation (1 06). 

More c m  research has demnsttated that ER* (iachiding human) resides in the nucleus 

even in tbe absence of homne (107,108). Experiments m yeast have suggested that 
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estradiol binâing to the h E R a  may a h  mt be a prerquisite for in vivo DNA bindiag at 

h igk  rcoeptor macarnations (log), but in mammRlinn ceils, does nsuh in tight assochion 

of the receptor coiapkx with DNA and nuciear structures, including the nuckar ma& 

(1 10,111). Binding of hormone to the receptor has k e n  shown to alter the confbnnetion of 

the receptor and t h  confomistional change is required for transcriptional activation of the 

ERG (1 12,113). Researchns suggest that the role of ligand may be to overcome the effects 

of iiihibitory fiicton coaipkxed to the ER-a, such as kat shock pmteins, and promote 

interactions of the receptor with coactivaton and the general transcription mschinery 

(1 1 3,114). These interactions and their potential role in ER-a activity wiii be discussed in 

pater detail in a later section. 

Recently, the 3-dm#isioiial seuctrire of the estrogen/hERdBD (amino acids serine 

301-threonine 553) cornpiex has been soIved (1 15). The LBD is folded hto a three-layereâ 

stnrtlire, wmpfised nriinly of antiparakl a-betices (hetices H3-H12). Estrogen was shown 

to bind in a hydrophobie cavity f o d  by several secondary structures (including parts of 

Iu (nahionine 342-leucim 354), H6 (ûyptophan 383-arginine 394), H8 (valint 41 8-kucine 

428), HI 1 (niethionnie 5 17-methionnie 528) end H l 2  (kuck 53Phistiâine 547), and a small 

two-sÉraaded aniiperallel Pshca (kucine 402-ieucine 410)). The b ' i  of hormone occurs 

through specinc hyhgen bonds and complementarity of the bmâing cavity to the non-polar 

estrogen Estmgen binds diegonaNy across the cavity between heiices 1 1,3 and 6. Hydrogen 

bonds f o d  ôetween estrogen and hER2uLBD occur at glutamine 353 (within H3), 

arginhe 394 (withm H6) and histidine 524 (withn Hl 1) and non-polar contacts occur with 

isoieu* 424 (widin H8). glycine 52 1 (withîn H 1 1 ) d ieucim 525 (within H 1 1). Heüx 12 
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iits over this LBD cavity against H3, HS/6 and Hl 1 ,  foming a üd over the cavity, exposing 

the AF-2 function of the ER-a and residues important in its function. The structure of the 

anbuarogen, rabsene, compkxeâ wiih the hER-a/LBD was also solved. Rabdene b i i  

to thc same sites as estiogen but the bulky-side chain of the antiestrogen (Figure 3) disphes 

Hl2 cauPng it to p m t .  out of thc LBD pocket. Additionelly, the bulky side cbain comm>n 

to other steroiâai and non-stemidal antiestrogens (Figure 3) would be expected to result in 

a similar displacement of Hl2 (1 1 S).This is sigaificant, since Hl2  is essential for AF-2 

function and coactivator interactions as wiü be d i s c d  in a proceeding section. These 

researchas also noteci thaî the l y s h  ai position 362 (tbe analogous residw of mouse (m)ER- 

a has been show to be requinxi for estrogen-dependent tramactivation and coactivator 

recniibnait (1 16)) is biried by the rabxi fè~~ inôuced re-orientation of H 12 (1 1 5). This study 

provides a stnrtural begs fbr the antagonistic actions of antiestrogens aad connmis previous 

work dermnstratirig stmctural aiterations of the ER-a complex with estrogen versus 

antiestrogen (1 12,113). 

Antkmpgen 

Antiestrogens are denned according to their abüities to act as either partial agonists 

(Le., nonsteroidd antiestrogens such as tamoxifen) or compkte antagonists (i.e., steroidal 

'pure' antiestrogens such as ICI 164,384) ( 1  17). Both clesses of antiestrogens have in 

cormmi a bulky side-chah (Figure 3) important for their antiestrogenic activity (1 18,119) 

and compete with estradio1 for Mgh-aflEnity binding to the ER-a, leadmg to ceU cycle 

bbckade of brrast cancer ceUs in vitro (59,120,121) and duced breast tuwur growth in 

vivo (49,62). Despite these coinnonalit& the mcchanisms of action of the two ciasses of 



ICI 164,384 

ICI 182,78û 

Figure 3. Scbmatic drawing of ertrogtn, non~emidrl antiatrogtns and 
stemidal intkrtmgtns. The position of the 7 a-substituted position of 
tstradiol is shown. Adapted fiom (1 17,119). 



Tamoxifèn, as d i s c d  earlicr, is the mst wideîy d cLinid antiestrogen. 4-tram- 

Hyâroxytmxifen (hydroxytemoxifén), thought to be the c l h i d y  active metabolite of 

tql~y)xifh, cornpetitively Stbibiis estradjol binding to the hER-a with an affinity 3-fold higher 

than estradiol(121,122). Hydroxytamoxifen inhibits the growth of ER-a positive human 

breast cancer ceils in viîro, causing a reversible bbckade of the cell cycle (120). 

HydmxytamolBfai exhibits some agonist activities, which are dependent on the celî type and 

promoter context (1 23). 

The complex of hydroxytamoxifen b o d  ER-a retains the ability to bind DNA but 

in many cases is unable to fiorm a transcriptiodly active ER-a (80,123). Studies have 

deniotistrated that thc contOmatbn of the E R - a  complexed with hydroxytmoxifen dEets 

h m  thea of estradio1 complexed with hER-a ( 1 12). In vitro assays have demonstrated that 

hydroxytamxifen/hER-&RE complexes migrat e more slow ly than the est rogenlhER- 

a/ERE conpkx (84124). In SiAdition, sndies have demonstratecl that in ce1 contexts where 

the AF-2 activity of the ER-a is not requinxi hydroxytamoxifén can fupction as a partial 

agonist, whereas in AF-2 c e U  and promoter nquving contexts AF-2 activity is blocked and 

hyâroxytam>xifcn fùnctions as an antiestrogen (1 12,123,125). It is thought chat t is the 

inabiby of antkîrogens iike tamrriféri to d u c e  a transcriptionaiîy active confiocmation that 

resutts m the mbWy to a c t i v a t e ~ ~ n  (1 12,113). Indeeâ, as d i s c d  previousiy, the 

ment ehridation of the structure of the rabdene complexed ER-a LBD supports this 

hypotbesis and provides a structural b i s  for the îack of transcription on mtagonistic 
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promoters in that the AF-2 region of the hER-a LBD is sigriificantly ahered in structure 

(1 15). Further, mon nant shdies provide evidence to suggest that the antagonistic e k t s  

of tsn~)xükn mide in its abiiity to remit conpressor proteins to the ER-a complex as will 

be discussed in more detail in a foUowing section. 

nie expression of growth proinoting fistors such as, epidemial growth h t o r  (EGF), 

&orming growth factor alpha (TGFa), and the insulin-like growth fectors (IGF) -1 a d  

-II or growth W o y  &ors such as mmbes of the TGFP M y ,  is thought to play a role 

m the growth of both m d  and canerous breast tissue (1 26). Tamoxifen-inàuced changes 

in the levels of these growth &tors may also be involved in its antiprolifierative effècts. 

Tamoxinn can inhikit th estmgen-induced production of TGFa by human h a s t  cancer ceUs 

(1 27) and tamoxifen treatment can lower TGFa production in somc ER-a positive, but not 

ER-a negat ive, human breast turno urs (1 2 8). IGF- 1 is a rnitogen for human breast cancer 

celis in vitro (126) and cuculating levels of IGF-1 are decreaseâ in breast cancer patients 

during tamoxifeo therapy (1 29). TGFP is growth inhibitory to human h a s t  cancer ceiis in 

cuhure regdkss of ER-a status (130,13 1) and it bas been reporteâ that there are increases 

in senun levels of TGFPZ and increases in TGFP 1 in the stroma of bteast tumour biopsies 

tkom tamoxifen treated ER-a negative anci positive breast cancer patients (1 3 1,132). 

ReseerckR have h y p o t k b d  that TGFB may act in a paracrine khion to aher the growth 

of ER* positive or ER* ncgarive hast  cancer ceils and codd expiain why a miall portion 

(-10%) of ER* -ive petients respod to tamxifèn therapy (44,132,133). Paradoxically, 

overexpression of TGFP 1 in tumur biopsies has been associateci with disease progression 



(134) ad more recently, researchers bave demnstrated tbat antihdies that bbcked TGFP 

signakg, did not block tamoxifen-mediated growth inhibition of MCF-7 aad T47D h u m  

hast cancer cells (1 35), leadmg to questions regardhg the rok of TGFP as a mediator of 

tamoxifen inhibition of breast cancer growth. 

Steroidal antiestro~ens 

The use of tamoxüb m beast camm therapy is limiteci by the eventual development 

of rrsirrtance to tmtmmt (1 36). This ied to the search for novel antiestrogens with enhanced 

antagonist, and bs agonist, action and the devebpment of a series of steroidal antiestrogens, 

such as ICI 164,384 ard ICI 182,780 (59) (Figure 3). The stemidal antiestrogens have 7a- 

alkylaniide siâe~bains that are miportant for their antiestrogenic activity (1 19). The steroidal 

andiesZrogens cocnpete with estmgen for b i i  to the ER-a and resuh in ce1 cycle blockade 

(59,120). ICI 164,384 and ICI 182,780 are appmntiy devoid of agonist activity in vivo 

(59,60,137- 1 39) and N, vin0 (59,60,140). 

The mechaniSm by which these compounds interfere with ER-a activity is unciear. 

The stemidal antiestrogens rapidly d u c e  E R 4  protein levels in cuitunxi ceiis, including 

MCF-7 ce& uterine tissue, and human breast tumours (6 1,93,94,14 1). Experirnents have 

demnstrated that the steroidal antiestrogen-induccd darem in mER-a protein is not due 

to alterations in mRNA kvels, but is a result of increrised turnover of the mER-a protein, 

with tk ha@& reûlrPA h m  approximately 5 hom in tbe presence of estmgen to less t h  

1 hour in the piesence of ICI 164,384 (93). In vitro experimnts have demonstrated that 

these compouids c m  inbiii tbe abiîity of ER* (human and muse) to biad to DNA 

(142,143) but other sRdics hwe iàiled to &monstrate an inhibition of DNA b i  of ER-a 
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fiom various sources, inchidhg human beast cancer ceils, in the prewnce of steroidal 

anhshogens (1 12,114,124,143,144). Arbuckle and coworkers have demonstrated us@ in 

vim translateci rnER-a, tbet tbc pescrw of stemidai ai.ai*aiogen duriag translation mhiited 

-or DNA adi4g a&hy (143). Researchers suggest that the steroidal antiestrogens act 

to pieveut the hmiation of E R a  reccptor dimft but camiot intdre with preformed dimers, 

which may explah the conflicting data on E R a  obtained fiom different sources, includhg 

the use of in vi îm transiated hER-a incubated with ICI 164,384 after, vernis during, 

earr9hition (142-144). Additionai support for this hypothesis cornes from the fàct that in the 

presence of steroidal antiestrogens, DNA binding of mER-a was restored using an ER* 

mibody that restored DNA binding to dimerizat ion-deficient receptor mutants ( 142,143). It 

is thought that the reâuction in the cellular ER-a levels in the presence of steroidal 

antiestrogens is Wrely a resuh of mpaireâ receptor dimriiation which leads to a kss stable 

pmtem (93). A d a i r i l  evidence suggests tbat the steroidal antiestmgens may interfère with 

receptor îùnction by preventing nuclear uptake which was also suggested to Id to an 

increase in ER-a degradation (145). 

Hormone-mpoarive ekmea ts 

The E R 4  b M s  to DNA as a dimr (80) and in most cases gene activation requins 

m n  of the homm receptot coapkx to reguiaîory DNA sequences, generally located 

in the 5'-promoter region of target genes. A cornperison of hormone-responsive ekmcnts 

(HREs) fiom several estmgen-respomive genes has reveokd what is t e d  a 'consensus' 

nucbotide seq- for the estrogen-responsive ekmnt @RE) (Table 1). This 13 base pair 

(ôp) scquence is o q p k d  as a paüldmme with two unequaily conserved hasites separated 
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Table 1. Estmen-res~onsive genes and EREs* 

Gene Species Estrogen-responsive element 

Consensus 5'-GGTCAnnnTGACC-3' 
Vitellogenin Al Xenopus GGTCAnnnTGACC 
Vitellogenin A2 Xenopus GGTCAnnnTGACC 
Vitellogenin B 1 a Xenopus AGTTAnnnTGACC 
Vitellogenin B 1 b Xenopus AGTCAnnnTGACC 
P S ~  Human GGTCAnnnTGGCC 
PR E 1 (-24801-2459) Rabbit GTACAnmTGACC 

E2(-433/-4 19) Rabbit GGTCAnnnCGAIT 
E3(+698/+723) Rabbi t GGTCGnnnTGACT 

Uteroglobin Rabbit GGTCAnnnTGCCC 
Oval bumin Chicken TGACC 

* this table represents examples of estrogen-responsive genes 
and their EREs and is not an exhaustive list. References 
(146,148,150-1 52,154). 



by three non-conserved nucleotides (5'-GGTCAninTGACC-3') (1 46) and functions as an 

enlienoa m a position- and orientation-independent manner (1 47). Most estrogen-regdatecl 

genes do not contain a perfect co~l~ensus ERE, but insteaâ contain one or more EREs that 

are imperkt paündromes in that they diverge h m  the consensus sequence by one or more 

nuclcoti&s, wtiik others m y  contain multiple luaKsite EREs. For example, in the estrogen- 

nsponsive Xenopw vitellogenin B 1 gene, three EREs are locatcd in the promoter region (- 

596/-42) (148). Dektion of the ERE (-55Y-543) is dispensable for hormone-responsive 

reporter gene activity in MCF-7 ceUs, whik the other two (-334/-322 and -314/-302) are 

requireâ for estmgen-mducibility (148). The two imperféct EREs located at position -334 

and -302 have beai show to qmxgiz~ with each 0th and with upsûeam activator ekments, 

or a CO- ERE, m syn&tic promoters (147,149). The chicken ovalbumin gene contains 

withh its promter a siYs of fOur haü+ahbomic mot ifs that act synergisticdy ( 1 50) and 

the g a r  for human pS2 contains a single copy of an imperfcct paîînâromk ERE (1 5 1). The 

PR is induced by estmgen a d  three ERE elements have ôeen identified within the rabbit PR 

gene. Interestingîy, of the three, only one is able to activate a heterobgous gene in 

transfection expriments alone, and this ERE is located at a position (+698/+723) that 

overlaps with the initiation of translation (152). The other two EREs located fùrthet 

upanam, were iiiectiK abne, but wben placeci m tandem werc abk to activate transcription 

(152). It has a b  bcai h n s t r a t e d  in vitm tliet EREs can act syncigistkally with additionel 

copies of EREs (1 49,153) and can act synergistically with HREs of other steroid receptors 

(154) a d  withDNA-bdhg sites fbr othatrtmmîption factors (149). As WU, nonclassicai 

EREs consisthg of Spl-DNA bb&g ehrri*r nmy hmion as estmgen-responsive eiemcnts 



(154a). While in mst cases ER-a is thought to bind DNA as a homodimr (80). it can bind 

as a mnonrer to a hdGpelindromic ERE in vitro (1 55) and can fom heterodimers with the 

recentty identifted ER+ (1 56). 

Generaiiy, it it bekved that in order for ER-a to exert its effects on a target gene, 

direct bmding of tht -or to rrgulatory elements in the promoter region are requireû, but 

studies have demonstf8ted thst the ability of steroid homione receptors to modulate 

transcription does not neccssady require the ceceptors biid DNA. PRc, an N-temiinally 

enincsted hPR i s o h  iackhg the 6rst zinc-@er of the DBD, has no transcriptional activity 

of its own but bas been shown to enhance progestin-induced transcriptionai activity (1 57). 

ER-a can activate transmption h m  AP- 1 (activator protein 1 ) âependent promters through 

a DNA binding-independent pathway (158,159). At these sites the hER-a DBD is not 

requireâ for estrogen-induced transcriptional activation, but direct interaction of ER-a with 

c-jun and c-Bs (AP- 1 ) protePa is the likeiy mbanisrn (1 58,159). More recently, researchers 

have Qnoiistrated t& existence of a DNA response element for the antiestrogen raloxifene, 

an estrogen agonist m borr, m the TGFP3 gene (160). These tesearchers found that removal 

of the DBD of the hER-a did not prevent activation of the TGFf33 gene by raloxifene and 

further demonstrated that an adapter protein is kely requjreâ (160). 

ER* amociated proteins 

The hER-a, as previously d e s c r i i  contaias three domains thought to be involved 

in tmdpti0x.d adwîbn, two of whrh have been studisd m detail. These, AF-1 and AF-2, 

fùnction in a ce&, pmmoter-, and tissue-specinc fsshion and are regions involveci in 

interactions with ER- 8ccessory proteiris (76.77.125). Studies bave demonstrated that AF- 1 

26 



is a ligead-idqmxW, constitutive activation function, while the activity of AF-2 is ü g d  

dependent (1 23,16 1). In sorne situations the wtivity of AF- l or A.-2 predorninate, and in 

0 t h  the ectRities of both AF-1 and AF-2 are quiteû (76,77,12S). In addition, tbe AF-2 

donmin coniains a highly coasmd  a-helix (Heüx 12) that is requgcd for iiganddepedent 

transcriptionai activation (1 62,I 63). As discussed pnviously, the ment ehicidation of the 

structure of the estmgen versus aatiestrogen bound ER* LBD revealed that the region 

essent id for AF-2 function is significantiy displaced in the prescnce of antiestrogen ( 1 1 5). 

'Squekhng' experirnents fbst suggested that AF-containhg regions of hormone 

receptors, Drludi4g the Du, required additional ceîiuîar factors for efocient transcriptional 

activation, ShldKS demomrated that estrogen-depenâent hER-a activation wuld compete 

tnlREnptiorial activation by PR and glucocorticoid receptors (GR) (164). In addition, using 

hERa mutantsT researcbers demon~irated that inhibition of progestin-induced transcription 

could be achieved using the AF fùnction contahg N-tetmiaal AIB or LBD of hER-a ard 

did mt rquire tbe DBD (164). Ideed, sndKs have demnstrated that AF regions of steroid 

bnmm receptors, including the ER-. interaft with a numkr of proteins that are thought 

to reguiate transcriptional activation. 

There have been numemus proteins i d e n t u  that intcract with the ER-a and are 

believeû to be involved in mguleting somc aspect of receptor ~ t i o n .  It b Weiy that many 

more htemcting proteins will be discoverrd bcfore we can fully understand the rok they phy 

in regulating transcription by stmid h o m œ  ceceptors such as ER-a. For the purpose of 

ciarity this section is broken d o m  mto kat-shock proteins, besil hansmption 

factodwactivators, c o r e p t e ~ ~ ~ ~  and o t k  associetd protesis. 
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Htat-skock pmwus 

Thc ER-u can be mvereû h m  esûoge~1,ke ceii cytosols in an inactive multitneiic 

compiex (165,166). This complex contains ER-a associated with a group of prote& that 

may include, heat-shock proteins (hsp 90, hsp70, hsp27) anâ pS9 (1 66-1 68). Hsp90, a 

mlecular chaperone involveâ in the comct folding of newly translateci proteins ( 1 69), is 

ubiquitously expred  and found mainiy in the cytopîasm with low b e l s  in the nuckus 

( 166,170). Ckmical cross-ünkuig of steroid-fm hER-a fiom intact MCF-7 cek has 

dernomcd an 8ssociatiOn of the -or with hsp9û and p59 (168) and bsp90 is thought 

to interact with several regions throughout the ligand binding and DNA-binding domaios of 

K R - a  (83). In vivo studies have show that the interaction between hsp90 and h E R s  

resulted in nuckar localhion of hspW in tbe absence of ligand and a decrease in the level 

of nuclear bsp90 occurred in the presence of estrogen or tamoxifm (1 70). Whiie the precise 

rok of hsp9û is unclear, it is beiieved to maintain steroid hormone receptors inactive in the 

absence of hormone and may enable efficient response to hormone (1 66). ahhough it is mt 

absolutely necessary for hERa hormone-dependent transcriptional activation (1 71). 

Hsp7O has been detected in hER-a complexes isolat4 usiog various biochemical 

techniques (167) but 0 t h  research Iisve not âetected an association of hsp70 with E R - a  

(168) and it is thought that while hsp7O is iikely a component of the nonactivated receptor 

complex, it m y  not d e  drrct contacts with the receptor itself (166). The association of 

hsp70 with hER-a containing compkxes was foumi to be significantly reduced foiiowing 

treatmnt with hydroxytmx8en or m g e n  but not with ICI 182,780 (167). In vitro 

e h p h o m i c  nobiliiy assays uskg r e c o m b ~  hER-a demnstrated tbat bsp70 tnay 
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play a role in hERa DNA interactions (167). whik 0th in vitro studies ushg caif uterine 

ER-a -est it does mt (172). 'Ihes difnrrnrs nmy be due to species- and source-specifie 

diBeremes of the ER- used in these studks. 

A 29 D a  protein bas also been f o u  in association with the ER*, which is ükely 

hsp27 (1 73,174). The function of kp27 in ER-a action is udcnown, but hsp27 levels are 

associated with ER-a expression a d  are low in normal breast tissue and high in estrogen- 

responsive breast tumm (173, suggestiag it may play an important rok in ER-a function. 

While the hction of these proteins is unclear, it is thought that in the absence of 

hormone they may maintain the meptor in a transcriptionally inert state and adâitioaal 

proteins may also exist that are invoived in îigand-fne repression of hER-cc 

(166.1 71). 

B a d l r a n s c ~ #  fllcld-ors 

Receptor bnding to its HRE is, m most cases, a pretequisite for gene regdation, but 

alone it is not sufljicient. Evidence suggests that stemid homione receptors interact with both 

general and sequence-specifk transcription &tors, directly or indktly, to influence 

transcription at the target promoter. In cases wkre the direct interaction of the ER-a with 

the target DNA sequence is mt requinxi (Le., AP-1 and raloxifêne response ekments) it is 

ckar tbmt the requirement for another protein@) Wrely exisis. It bas also been dernonstrateci 

in v i h ~  that the m E R s  can directly contact the basai transcription mrrhiacry and enhance 

tht hmietion of subie pre-initiation cornpiexes at target proamters to incrase transcription 

m a œli-f?ee systern (1 76). Thc LBD of the hER-a bas ken shown to ipteract k vitro mth 



TFIIB, a compoacnt of the basal transcription apparatus (177). TBP (TATA-box b- 

pmtem) has been demonstrateci to interact with both the AF-1 end AF-2 d o d  of hER-a 

in viho (1 78). A specific subpopulation of TFIU> containmg TAF (TBP-essociated factor) 

dO is required by hER-a for in viho transcriptional activation and it was demnstrated tbst 

TAF,30 could interact in vitro with AF-2, but not AF-1, of hER-a (179). The in vitro 

interaction of h E R a  with TFIIB, TAF,30 or TBP has been shown to occur in the presence 

or absence of estrogen ( 1 79,180). 

While the ability of the receptor to regulate transcription may require direct contacts 

with components of the transcription initiation c o r n p h  indirect or direct contacts with 

coactivators or transcription intemwdiary &ton are also important. That cofactors are 

required for steroid hormone receptor transactivation was lVst suggested by 'qwlching' 

e- as d i s c d  (164). Sukqueniiy, a steroid receptor coactivator protein, SRC-1, 

hm been idendified that enbsnces h E R s  tratisciiptiDn in tk prrsence of estrogen (1 8 1). SRC- 

1 was able to reverse the 'sqwlching' between &Ra and hPR in transient transfecthn 

e>rpaiments, conlirmmg it to be a limitng cofactor required for efficient vanssctivation (1 8 1). 

SRC- I binds to the ligand bindinglAF-2 domain of hERa in vitro in the presence of estrogen 

but not in the absence of estrogen or in the prescnce of temoxifn ICI 164,384 or ICI 

182,780 (182). A t ~ n c s ~ e d  hERa lacking amino aciâs 534-595, that is not transcriptionally 

active, does not interact with SRC-1 in vitro ( 182), but the transcriptional activity of a 

transiently expresscd h E R a  containhg point mutations that disnipt AF-2, but not ligand- 

birding, activity was still cnhanced ôy SRC-I in He@ (human hepatoceiiulsr carcinome) 

ceUs îrom a reporta g a r  contaming t k e  m p d c t  EREs, demonstrating that AF-2 activity 

30 



is mt requinxi foi SRC-1 coactivation in vivo in this ceii and promter context (183). 

Transiently exptessed SRC-1 bas a h  been show to enbance the agonist activity of 

hydn,xytam~W on ER-a  expresseci in HepG2 c e h  (1 83). An in vitro interaction of the 

N-terminal of hER-a and SRC-1 has also been demonstratecî and in Rat4 cells the 

constitutive activity of the AF-1 region of the hER-a (amino acids 1-182) could be blocked 

by microinjection of SRC- 1 antibodies (1 84). Additionally, the AF- 1 activity of hER-a 

tmskdy expresd in HeLa cells cm be stimuiateà with SRC- 1 (1 85). Together these data 

suggests that SRC- 1 can functionally mtenict wiih both the N- aml C-teTminal portions of the 

hER-a. 

SRC-I b i i  not oniy stemid homnc receptom, but also TBP and TEIIB, suggesthg 

it may tether nuckar hormone receptors to the basal transcription machinery (186). SRC-1 

has been shown to contain histone acetyitranskrase (HAT) activity (187), linking the 

recruitrnent of coactivators to the chromatin and alterations in chrornatin structure as a 

rnechanism for transcriptional activity. Acetylation of specik iysine residues withm the N- 

terminal tail of histones is thought to mediate aherations in chromatin structure aad the 

acetylation of the histone taüs has been dernoilstrateci to cornlate with transcriptional 

activation (1 88- 190). 

Subsequent studies have demonstrated that SRC-1 belongs to a fàmdy of related 

proteins (SRC-11~160) (191). Treiiscnpnion iribanrdiary family 2 (TIF2) is a mmber of the 

SRC- I famüy, and in transient transfcction anaiyses incrreses estrogen-activated E R - a  

mmdptbaal activity and iataacts in an eritiogendepcnàenâ mamer with the LBD of ER- 

a in vitro and the full length h E R a  in vivo (192). Tk m o w  homobgw of TIF2 (GR- 
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intemting pmtein 1, GRIPl) has bmi hnstrated to h t i o n  as a coactivator for the AF- 1 

region of the hERa transkntly expressed in HeLa ceiis (185). AIBl (ampiifid in breast 

cancer l), another mcmber of the SRC-1 M y ,  was cloned fiom chromosomal regions 

ampanai m som breasî and ovarian cancas and biis bcm shown to be overexpwssed in some 

besst hiwur b p s y  samples relative to m d  brrast tissue and in som ER* positive, mt 

negative, hurnan breast cancer ceii üncs (193). NB1 enhanced estrogen-dependent hER-a 

mpLpciiPliona1 activation and was h w n  to interact in vitro wiîh E R - a  in a liganddependent 

tàshion (193). Interesth&, AlBl is idadicel m sequeme to a protein, ACTR, whkh contains 

acetyhxadmie (AT) actMty, suggesting chat AIBl may be abte to acetylate histones when 

recruited to chromatin (1 93,194). 

ûkr ER* intexacting proteins bave beni identifiad that can likely function es more 

geanal coactivator proteins for a variety of transcription fiutors. For example, Verrier et al 

bave demristrzded t b t  high rmbiüty group p t e m  1 (HMGl) bUds to hER-a in viho (195) 

d thet becubWus expresd h E R a  does mt bind to an ERE in vitro even in the presence 

of eseadiol but âoes bind in the presence of HMGl(195). HMGl was not able to stimulate 

E R - a  transcription in vitro in the presence of estrogen, but the addition of TAF,30 in th 

preseiw of HMGl stimulateci transcription 20-fold in the absmce of estrogen and a funher 

5-fou m the prrsace of m g e n  (195). KMG 1 is a ubiquitously expressed protein klieved 

to play a role in chromath decondensation and transcriptional activation and is a substrate 

for AT activiîy ( 1%- 198). 

CREB biadiag protein (CBP) and p300 (CBP/p3ûû) are related nuckar 

phosphoproteins that can act as a coactivator for the ER*. CBP/p300 b ben  shown to 
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inSm wiih the hERa in an estmg- mam# in vitm (199) aud can ediance both 

esmgen-stimulated and bessl hER-a-dependent transcriptionel activity in transient 

transfection anaiyses (200). CBP/p300 bes AT activity and can acetylate nuclear histones as 

WU as t h  baPel mimcr@bn factors TFIIF and TFIIEP in vibo (201,202). In a recent study, 

Martinez-Balbas et al were able to demonstrate that the AT domain of CBP cm stimulate 

transcription in vivo and tbere was a direct comlation mth the in vitro ability of CBP to 

w k i t e  histones and in vivo traiiscriptional (1 89). CBPfp300 can hteract in viho 

with the SRC-1 relateci protein pICIP and mimuaodepletion studies have demonstrated that 

p/CP is rquired for hERa action in vivo (203). Additiodly, p/CIP can interact with E R - a  

in a ligand-dependent maMer in vitro (203). CBPlp300 can also bhd to SRC- 1 (1 99) and 

both CBP/p3M) and SRC-1 can interact with the histone acetylase PCAF ( p 3 W B P -  

associatexi factor) and m thip way muhipie proteins mih AT activity are kely recniited to the 

chromatin tempiate (1 87,204). 

Additiody, otha putative ER-a coactivator proteins have ban i&ntiEied whose role 

in ER-a fuirtion has mt been c h l y  estaMisW. RIP 140 (receptor-interacting protein l4O), 

intemcts with the mERa LBD in vitro in tk presem* of estrogen, but not the antiestmgens 

tamoxifen, ICI 164,384 and ICI 182,780 (205,206). Mutations in the AF-2 domain that 

aboüsh transcriptional wtivity also prevented or decreaseâ the interaction of iüP140 with 

m E k  m tbe prame of estrogen in vivo (206,207). These data suggest a role for RIP140 

m ER-a ogaad-dcpndait ~ t i o d  activity, but a function for NP140 as a coactivator 

has mt beem ckarly e s t a b W .  In transient transfkction experimnts in niermnaüen ceh  

EUPI40 baP som coPaivator actMiy and can increase mouse anâ humsn ER-a transcription 
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m the presemx of estrogen approxhately 2-4 fold, but incrrasing levels of RIP 140 result in 

repression of receptor activity (1 16206,208). Similsrly, an ER* interafting protein, TIF 1 

has been identified and h w n  to require the AF-2 domain for in vitro esttadiol-dependent 

interaction with the h E R a  (209) aad m trslrpind expression system can interact in vivo with 

E R - a  in the presençe of estrogen (210) but a role as a coactivator protein has not been 

es tabW.  Recently, Brx, a novel170 kDa protein relateci to the Dbl oncogene, has ken 

shown to iriteract with the h E R s  in vitro in the presence and absence of estradio1 and 

requmd the LBD for in vitro interaction (21 1). Overexpression of Brx in Ishikawa 

endometrial cek resuhed in a ligand-dependent increase in transcriptional activity of 

transiently expressed hER-a, suggesthg this protein may also function as an ER-a 

coactivator (21 1). 

Tk ptecise interaction sites on tk ER* with coactivators is unknown As discussed, 

mutations m thc AF-2 region of the receptor LBD impairs the abihy of several coactivators 

to interact with ER-a. Replacement of a lysk at position 366 with alanine in mER-a 

(cottes~oads to iyssr~ 362 m hER-a) reduces AF-2 -ion and the abiüty of SRC-1, TIF1 

and TIF2 to hteract with mER-a, but had no effect on RIP140 binding in vitro (1 16). 

Mutation of d u e s  within the AF-2 (methionine 543, leucine 544, leucine 539) of the E R -  

a prevmted in vitro interaction of m? ( 1 92). Mutation of any one of three midues (lysine 

362, v a k  376 end glutamic acid 542) within the AF-2 of the hER-a have been sbwn to 

abolish transcriptional activity and dniinish in vitro b W g  of GRIPl (212). It has been 

p&ed thet cosctivators binà to a small hydropbobic ciefl fonned by the AF-2 region of 



homne-activated receptor via positbniq of beüx 12 against the scaffoid of heliccs 3,s a d  

6 (2 12). Together with the recently eiucidated structure of estmgen or raloxifene bound 

hERa/LBD, it would appear that speci6c resdues e k  exposeâ or kuKd depending on the 

ligand-induced conformation wül be Unportant in detennining coactivator binding as weU as 

which coactivators (if multiple are present within the ceU) can interact with the receptor. 

Interestlligly, mon recent research has dernonstrated that in viîro individual coactivator 

proteins ideract diffcrently with th LBD of the hERa a d  can compete with each other for 

in vitro interaction (208). This wouki W e s t  tbat in vivo cornpetition between difiierent ER- 

a i n t e  proteins could occur and furthemiore suggests that diffierent intraceiluler levels 

of these proteins could determine E R 4  activity. 

T k  AF-2 Qmain of ER* tecognks a spe& mtg temwl the NR box (203,213) 

that is founâ within the S N -  1 /p 160 W y  of coactivaton (TIF'2IGRIP 1 ; N B  1 IpICIPI 

A m  SRC-1) (193,203,213) and also within proteins such as TIF1 and RIP140 and other 

coactivator proteins such as CBP and p300 (203). Recent d e s  inâicate that two NR box 

motifs of a single SRC-1 are required for interaction with beterodlliwrs of retinoid-X 

recepton (RXRs) and retinoic-acid receptor-a (RAR-a) (2 1 4). Addit ionaiiy, the crystal 

structure of a homodimer of ligand-bouad peroxisome proLifératoi-activated receptor-y 

(PPAR-y) LBD complexed with SRC-I (amho acids 623-710 containing NR box motfi 1 

and 2) reveabd that each NR box motif of SRC-1 bound to one PPAR-y mokcuk of the 

homodam (2 1 5). This may be a general feature of steroid homione receptors and suggests 

that nuckar rrceptor homo or heterodimers have the a b o i  to contact muhipk NR box 

containing pmteins. The Gndings h t  both tbe N- and C-temimal (AF-1 and AF-2) rcgioris 
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of tbe hERa can imaaa at Lest in vitro with ooaaiwPor proteins supports tbis and suggests 

thet muhipie proteins could interact simuhaileous~ with diffixent regions of the ER*. 

AdditioaaUy, research suggests that the AM,  as weil as the AF-2, h t h n  through 

mactivator poteiris. Inierrsiingly, the AF-1 activity of hER-a has been shown to be capabie 

of fùnctioning h u g h  p 160 proteins inchding, SRC- 1, TIF1 anâ GRIP 1 (1 8S,îl6), and it 

was found that AF-1 of h E R s  interacts with a region of GRIPl distinct frorn that of AF-2 

( 1 85). This would suggest that the ER* is capable of multiple contacts with an individual 

coactivator protein as weii as the potcatiai for simultaaeous interactions with more than one 

coactivator. It is ükely through these multiple interactions that a variety of fuactionally 

difFerent receptor complexes can be recruitd in a ligand- anâ ce11-specific manm. 

Conp-CS 

ihe corepressor prote@ N-COR ( n u c h  receptor curepmswr) and SMRT (siknchg 

mcdiator of &id and thyroid receptors), were &st idcniificd as interacting with the thyroid 

homone receptor (TR) and RAR to repress the activity of unügaoded recepton (2 17,218). 

In addition, brnodimtrs of Ti€ or TRIRXR het aodimas Iisve ben shown to be requiied for 

corepessor b k h g  and two receptor C-temini are required Cor corepressor biiing on DNA, 

dcmonsûahg a quirenient for receptor dmwrs for transcriptional repression (2 19). As in 

the case of coactivators, a strong link between chrometin structure and the function of 

corepressor proteins bas been mede. Conpressors have ôeen show O exist m a cornpiex 

containhg the corepressor protein Sin3 and tk histone deacetyîases (HDAC) RPD3 or 

HDACl(220-223). Heirmel et al demonstratcâ that all thce coinpoacnts of the conipkx of 

N-COR, Sm3 and RPD3 are essnitial for transcriptional repression in vivo (220). Thc 



deacetylation of the histone tails is thought to compact the chromstin to repnss gene 

expffssion and recmbmt of deacetylases to the chrnat in by repressor proteins is thought 

to &te their effkcts on gene expression (220,221). 

In vitro h E R a  bas been show to intetact with N-COR and SMRT in a ügaad- 

iadqpndent nrumer (1 83,î24), and m mimunoprecipitates fiom MCF-7 human breast cancer 

ceb, N-COR was h w n  to interact with the hERa strongly in the presence of tamoxifen and 

wealdy m iigand-k conditions (1 84). Microinjecthg antibdies against N-COR and SMRT 

in MCF-7 ceik converted tamoxifen to an agonist but this had no effect on the response to 

estrogen as measuted by transfection of an estrogen-responsive reporter gene (184). 

Conversely, the partial agonist activity of tamoxifen on hER-a has been show to be 

suppmsed by eiikr N-COR or SMRT overexpression (1 83,225). Mon ncmtly, an N-COR 

bndirg prote& SAP30, has been idaitincd whrh is required for N-COR mediated repression 

of tamoxifh bound hER-a (226). Together these âata suggest that the antagonistic activity 

of tamoden may be due to its ability to remit corepressor contahg complexes to the 

transcription cornpiex and the partial agonisrn seen in som cases may be due to decreased 

levels or interaction of antogonist-bound receptor with corepresson. 

In HepG2 ceUs transiently expressed SMRT was also able to decrease basai hER-a 

activity by Wh and in viho ligend-bu@dent interactions between E R - a  and SMRT have 

bcen demrrstrated (183). Interestingly, agents that can activate the ER-a in the absence of 

l i g d  (Le., EGF and PKC activation) wem sbown to decrease the interaction of N-COR with 

hERu m MCF-7 ceh in the presence of tmxi fèn  and tamoxifen was unaôk to inbibit this 

ligd-indepcndent activity ( 1 84). 



The data support a mdel in which the ER-a when bound by antagonist (or perbaps 

in the absence of ligand) interacts with the corepressor cornpiex to effwtively mask the 

transcriptional activation fùnctions. Once the receptor interacts with agonist-ügand (or is 

activateci by Kgad-indepadan pthways) the axepressor interactions are rekveâ, allowing 

interactions with coactivator complexes. More recently, some interesthg data have been 

published to suggest that the nature of the ERE itself can alter the conformation of hER-a 

in vitm (227). Tbis adds amther iayer of complexity to ER-a regulation and f'iirther suggests 

that the promter itseîfmay be able to 'guide' corepressor/coactivator interactions by altering 

the structure of the ER-a, 

ûuher p~sosiiailed pc01eins 

0 t h  researchem have identified protek capable of interacting with the ER-a and 

in some cases effects on ER-a activity have been demoiistrated. Recent studies have 

demotistrated that cych Dl, an important component of the ceU cycle machinery, is capable 

of activatiag endogemus ER-a transcriptionai activity in T47D human breast cancer ceUs in 

the absence and presence of estrogen, as weU as transientîy expcessed h E R s  in HeLa cells 

(228). Additionally, in vitro bmding of cycün Dl to the UF region of the hER-a was 

demonstratecl, supporthg the hypothesis that cyclin D 1 acts through direct physical contacts 

with the ER-a (228). 

The transcription fitctor Spl and hER-a have been show to interact in vitro in a 

iigarxi-im@dent fsshion and enhance Spl -DNA bindhg. Transcriptional enhancement by 

KRU of an Spl andi4g siteantainhg Hsp27 promota constnrt was demonstrated to ôe 



ligand-dependent, but interrstingly, did mt req* the ERs-DNA biadùig domain (229). 

Estmgen receptor-assockted protein 140 (ERAP140) was isohted h m  MCF-7 cek 

as a protein thet b o d  to th LBD of hERa  (1 82) and RAP46 (receptor associateci protein 

46) is a pmtem that intetacts with hER-a in a iigand-inàependeat nnuuwt in vitro (230). No 

clear function for either of these ER-a interacting proteins has ken  identificd. 

A 27 D a  protein, LiISPA, has been identined using a yeast two-hybrid screening 

strategy, that intetects with E R - a  hinge/LBD and was found to enhance the transcription 

of tamoxifen, but not estrogen or ICI 164,384, occupieâ U R - a  (225). 

A 55 kDa protein, thet b i d s  to the ER-a, is chou@ to aid the nuciear transport of 

the ER-a in the goat utenis (231). This protein can also interact with the cytoskektal 

elemnis actin and tuhiin, suggesting a mk of the cytoskeleton in nuckar transport of ER-a 

(23 1). 

Landel and coworkers isolated proteins that interacted with hER-a f?om MCF-7 and 

chirese hanister ovay (CHO) celi extracts (167). In adcîition to the ER-a a~sociateà protein 

hsp70, a protein of 55 D a  was identifiai as a protein dwlMe isomrase and two proteins, 

p48 and p45, were also h ' b e d ,  whose identities are unknown. Whik the flum:tion of these 

proteins is not known, the researchiers did demonsirate that maximum interaction of E R - a  

with an ERE in vitro occurred in the presence of ail fout proteins (1 67). 

It is cker that numn>us proteins that may be able to inieract in vivo with the ER-a 

have been identifid and it is k e l y  that mon ER* interacting proteins w d î  be ideniifid 

befbre we can funy ucdenmd thc rok thcs proteins play in ER- fuaction. Ce& and tissue- 



specific expnssiD11 of  tbes proteins is iikeiy g o 4  to be of significance m undcfttandmg their 

rok as well as the effects o f  ligand on in vivo interaction and fbction of the respective 

proteins. 

Pborpho y ht io i  

Tk ER* Wre other membcrs of the steroid-thyroid bonmot receptor superfamily, 

is a phosphoprotein and seved protein kinases, inchding mitogen-activated protein kinase 

(MAPK), have bcm implicated in E R a  pbspbrylation (232-239). In MCF-7 human h a s t  

cancer cells, the hERa is pbospborylated at 1 18 ad seriœ 167 in response to estradio1 

binding (238,240). In COS4 monkey kidney ceh, hormone-inducd phosphorylation at 

serine 104, serine 106 and serine 1 18, on recombinamly expressed hER-a have been 

iddûed, with linle or no phDsphoryletion at seiinc 167 (239). These Merences in homne- 

induciMe phosphorylation sites detected by di&rent restarch groups are unclear but may be 

due to differences in the celi types and source of  hER-a used in these studies. 

Phosphoryiation is thought to play a rok in regulating many aspects of steroid 

homme rccepor -ion including DNA bindmg and transcriptional activation. In a yeast 

system, hERa mutateû to an ahmh at serirr 167 was 75% les transcriptionaily active than 

wüd-type hERa ad casein kinase iI pbospborylrrteri bERa in vitro at serine 167 to enhance 

DNA bndng (234,236). Mutation of scRw 1 18 to alanDK in hER-a had no effect on in vitro 

DNA biading but did reduce th transcriptionai activity, cornparrd to wüâ-type hER-a. of 

transmily expmcd receptors m COS4 d HeLa ceik but mt m chicken embryo fibobhists 

(241). SndYs ushg mER-a demmtmied that wbüc tmscriptionally dcfèctive receptors 

were pbospboykted, tbc h l  of pbospboryiation was 8(r/r that of wilâ-type receptor (242). 
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In addition, DNA-bidbg dektive mER-a mutants were markedly reduced in the ievel of  

phosphoryhtion (15% that of wüd-type), suggesting that a majority of mER-a 

phosphoryhtion depends on an imeM DNA-binding domah (242). Denton and coworkers 

demonstrated t h  dephosphocylation o f  hER-a eünimated its afnnity for an ERE in vitro 

(243). Therefore the data suggest that a majority of ER-a phosphorylation may be due to 

vanscript ioaally ac t ive/DNA bound reccptor . 
It has a h  been demoastrated tbat serine 118 and tyrosine 537 on hER-a are 

phospboryhed mdepadcntly of esiradiol andng in MCF-7 cek (236,237). Agents that can 

dulate  the phosphoryiation of the ER*, incMing growth &tors, c m  activate the ER-a 

m tk abeew of ligand (244,245). MAPK bas been demonstrateci to phosphorytete hER-a 

on saOw 1 1 8 in viho ami activation of MAPK in vivo via estrogen-inde pendent mechanisms 

(Le., EGF) resuhs in phosphorylation of hERa on serine 1 18 (232,236,246) and can msult 

in t ranscriptional activation of hER-a, requiring pbsphorylat ion of serine 1 1 8 (240,246). 

In vivo, EGF tiss a i s  ban shown to nsuli m phosphorylation o f  hER-a expressed in COS- 1 

cells at serine 167 and eMdmce suggests thst pp90rsk1, a do- component o f  the 

MAPK casde,  phosphoryiptes hERa ai Sem 167 in vitro and in vivo (233). Additiody, 

Src family tyrosine kinases can phosphoryiate recombinant h E R a  in vitro at tyrosine 537 

independent of estrogen (237). Togetkr these data suggest tbat modulation of E R 4  

phosphorylation may be mvolveâ in ligand-independent activation of the ER*. In transient 

trairpâction expaimn*s, mutation of tyrosine 537 to scrM or asparagine in hERa resuhed 

in constitutive tramactivation aad ügd-independent interaction of the mutaat ER-a with 



the coactivator SRC-1, suggesting phosphorylation of this site may k involved in regulating 

response to ligand (247,248). Data also suggest tbat esiradioCiiduced phosphorylation of 

E R - a  on serine only occurs on tyrosine 537-pbosphorylated ER-a specks and tyrosine- 

dephosphorylation of hERa eliminated hER-a-ERE interactions in vitro (249). Studics also 

suggest that phospborylstion of hERa on tyrosine 537 may be important for dkrization of 

the receptor since addition of hER-a antibodies to tyrosine-dephospborylated hER-a 

rest ored ER-a-ERE interactions in vitro (249). Addit ionaUy, Src-pbospbory lat ion of the 

hERa restoced ERE interactions in vitro (249). These data suggest that phospborylation of 

tyrosk 537 on the ER* may be rquired for bbdhg to an ERE and stabhtion of receptor 

dimers, after which phosphoryîation on serine residues can occur. 

It is pnsently unclear if any ditTeremes in phosphorylation of the ER-a exist tbat 

muld acc~unt h r  diaerares in respome to estrogen or antiestrogens. It has been s h o w  that 

the antiestrogens ICI 182,780, ICI 164,384 and hydroxytamoxifen are abk to induce the 

phosphorylation of the hER-a (239,240). Pbsphopeptide patterns of wüd-type hER-a 

trmskted in COS- 1 cells were sanilar in the presence of estrogen, hydroxytamoxifèn or ICI 

164,384 treatment (239), but overd pbosphorylation of hER-a transfected in COS- 1 celle 

was lower in the presence of these antiestmgens compareci to estrogen (241). Joel and 

coworkers deaionstrateci that ICI 182,780 induces an upshift of hER-a on Western bbts 

associated with s e M e  1 18 phosphorylation smiilar to that seen with esttsdiol(240). These 

observations suggest t h t  an nicrrase h overall ER* phosphoryîation does not necesserüy 

cornlete with transcriptional activation and more subtle site-specific difaremes may be 



important. Interesth&, estradio1 treatmnt of MCF-7 ce& resuheâ in dephospbryiation of 

a single 32-P-iaôeUed ER-a phospbopeptide, suggesting that depbsphoryletion of specioc 

sites witbin the ER-a may also be important in regulatirig response to ü g d s  (250). 

Whüe together these data suggest that phosphorytstion may moduiate transcriptional 

activity and DNA biding of ER*, a clear understanding of the fuactional rok for 

phospborykion bas not been e s t a b W .  Estmgen-stimulated, as we l  as ligdiadependent 

reporter gen  actmty, can be reduced by inhihiiing protein kinase activity in rat uterine c e k  

demonstrating the iikely importance of phosphorylation in both ügand-depenâent and - 
independent ER* activation (244). 

Role of homona i i  bmst cancer 

Approximateiy 100 years ago Beatson demnstrated one of the Grst links between 

h o m m  and brea cancer whai k reporteci that excision of the ovaries induced regression 

of breast cancer in two women (25 1). Almost 70 years iater Jensen comlated the ptesence 

of a specinc ER with the response to endocrine therapy (252). While in the past 100 years. 

much knowledge has been gaineû towads understanding steroid hormones, theu receptors 

and their action in normal tissue as weîi as tbeir role in brrast cancer, we stiil do not fully 

understand the rok hormones play in the initiation or progression of humsn breast cancer. 

The k t  that male breast cancer accounts for les than 1% of the total annual incidence of 

h a s t  cancer (5) uncietlies the importance of tbe hormonal milieu as a signifhnt factor in 

breast cancer susçeptibüity. 

As previousiy discussed, steroid honnoncs are implicatcd in the etiobgy of breast 

cancer. Risic factors, that are related to an increaseci tim of homme exposure such as a 



younger age at first maarche and otâer age of mmopause (6,253) and use of h o m d  

replacement therapy in postmenopausal women (9) are associated with an increased risic. 

Growth -01s have aiso been implicated in tumour growth and deveiopment, and estmgen 

is thought to act in part via the production of locally acting growth promting substances 

( 1  26). 

Eitrogen rad bmst cancer 

Estrogens are important rnitogens in ternis of beast cancer ce11 growth both in vivo 

and in vitro (254,255). Furthet, reducing breast exposm to ovarian steroids significantly 

reduces bmst canca risk (6,7). Estmgen appears to play an important role in ternis of breast 

cancer devebpnent and promotion Rodent nrumiary tumour mDdels are often used to study 

the effects of estrogens and antiestrogens on mammary cancers. Hormonedependent tumurs 

can k produced m rodents through the transplantation of bnast cancer ceUs or treatment 

with chernical carcinogens such as N-nitmsomethyluna (NhW) or 7.12-dimthyt- 

baa[a]ankacme (DMBA) (255). In rodent models of chenircilly induced mammary tumours 

estmgen is requiteû for tumour fornietion and tarnoxiîen has been sbown to inhibit the growth 

of tumours in these types of systems (256,257). When human brrast cancer ceh are 

implanted into athymic mice, estrogen alone stimuletes tumour formation and antiestrogens 

can inhibit thc growtb of estmgen-indueal turmras (258,259). These studies demastrate the 

miportance of estmgen in the growth of  mammary cancer. 

In the cihical setting, the response of h a s t  cancer to endocrine therapy is highly 

comlated with the presence of the ER-a, which is overexpresseâ in approximateiy 7û% of 

humsa beest tumurs (37). S o m  of the most compehg eviâence for the rok of estrogm 



m thc dcvebprmnt of brrsst cancer cornes fiom a ment  snidy on the prophylactic e w t s  of 

the antiestrogen tarnoxifén (The Breast Cancer Chemprevention Trial) (53). In this sndy, 

w o m  who did mt abeedy bave beast cancer, but where at a significaat risk for devebping 

h a s t  cancer, were adnmiistered tamoxikn for four years. The incidence of breast cancer in 

the wmen receiving tamoxifm treatment was reduced by approximstely 45% cornparrd to 

womn receivhg p b b o .  S i r e  tam~xikn is thought to act d y  Ma preventing the activity 

of the ER*, this is very strong evidence that estrogen, acting through its receptor, is likely 

responsibie for many humsn breast cancers. 

The avaüability of beaPt cancer ce1 lines as in vitro mdels has greatly facilitateà tbe 

study of breast cancer and an understanding of the hormonal control. Thm are a few 

estrogen-responsive breast cancer ce1 ünes with the MCF-7 ceîl line king the best 

characterized (260). These ceUs express the ER-a and demonstrate an absolute requiremnt 

for estrogen for turnour formation in athymic mice (259). Estrogen is a potent rnitogen foi 

human breast cancer ceits in culture and antiestrogen (including hydroxyiamoxiten and ICI 

164,384) inhiiits estrogen-inâuced ce11 proMeration and expression of estrogen-reguiated 

genes (6 1,254). The discovery that estrogenic contaminants of pheno 1 d, a cornponent of 

ceii culture mediwn, could stimulate the growth of human breast cancer celis in culturr was 

furchcr proof that estrogen abne could stimulate breast cancer cell growth in vitro (261). 

Metabolites of m g e n  have a b  been d c m o m  to have bilogical h t i o n  both 

&pendent on and independent of the ER*. The mtaboiic oxidation of estradio1 can occw 

at severai carbon atorm of the choiesterol bsckboae to produce either estrone, which can k 

co~lverted to 16a-bydtoxyestmne (16a-OH), or the catechol estrogens (2-hydroxyestradiol 



and 4-hydroxyestradioi) (262). 16a-OH can binâ to the hERa and stimulate MCF-7 ce1 

p w t h  in c h  (263). Levels of 16a-hydroxylase, the e n y m  involved in forming 16a- 

OH, are imcacpd in hast  cancer patients (264). Catechol estrogens have also been show 

to and to the E R u  and inmase proiifkration and PR kvels in MCF-7 c e h  m cuhure (265). 

Despite the k t  tbat much of the endocrine treatment of breast cancer is directeci at 

blocking or interferhg with the growth promoting efkts  of estrogen, it is still not M y  

widerstd how estrogen is mvolnd m breast cancer devebpment. As discussed, in vivo and 

in vitro studies bave demnstmted that estrogen is a potent rnitogen for both breast tumours 

and breast cancer ceih in culture. It is the mitogenic efféet of estrogens (acting through the 

ER-a) that is believed to account for the carcbgenicity of estrogen. Ahhough the 

mechaniSm are mt clear, it has been proposed that Urreased proiiferation m a y  resdt in an 

accwnulation of gm*r  daniage or that estmgen stsaibition may prevent the inhibition of cell 

pro Liferation by ovemdhg growth inhiiitory fkctors through increased synthesis of gro wth 

promoting substances (255). Additionaüy, it has been hypothesized that metatmlites of 

estrogen may bind to and damege DNA directly, thereby promoting or oiitiating 

tumourigenesis (262). 

Prottin k i a r m  in bmst  cancer 

Growth h o r s  interact with their t m s m e m ~  receptor tyrosine kiaases resuhing 

in autophosphorylation of the cytoplesniic domains kaâing to the activation of a 

multicornpomùt signaüng cascade that ultimately Ws to the nucleus and affects gene 

eaPscnpion (266) ( F i  4). As âiscusml, tk ER* is thought to k functiody rrguiated 

via phosphorylation and esirogen is thought to act in part by the production of paracrine 
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Figure 4. The MAPK rignalling cucrde. Growth factors (i.e. EGF) activate 
receptor tyrosine kinases, leading to the activation of the MAPK ERKl and ERK2 
and phosphorylation of wbstrates, including nuclear transcription factors such as 
ER*. Additionally, kinases such as PKC and Src c m  activate MAPK. Details of the 
pethway are outlined in the tem. A dashed arrow indicates that the activation may be 
indirect. This figure is not intendsd to imply that growth factor receptors cannot 
activate other signalling cascades diredy or indirectly. 



d o r  autocrine growth regdatory substances msny of which can interact with ceii-surârce 

tyrosine kinese receptors to activate protein Lmese cascades. 

Breast twmurs have been shown to contain ekvated tyrosine kinase activities 

compared to beaign keast tumeurs and normal beest tissues (267,268). Humen breast 

tumow have been shown to contain eievated levels of Src tyrosine kinase activity compared 

to nomial tissue (268) and one study has estinistcd that 700/0 of the ekvated tyrosine kinase 

actMty found m breast cairer may be due to nW:Feased Src-Lüre activity (269). Ekvated kvels 

of MAPK activity and expression have been associateci with the malignant phcwtype and 

have been demonstrated in ôreast tumours cornparad to nomial tissue and benign breast 

conditions (270). MAPKs are serine/threoninc kinases that are intermediates in a signal 

transduction cascade that can be activated by tyrosine kinases such as Src and the EGF 

re!ceptor (EGFR). T k  data suggest that an increase or de-regdation of growth controüing 

signals, such as those contniuted by MAPK, rnay be involveâ in the etiology and 

pathogenesis of breast cancer, as weil as afiècting ER-a activity. 

Mitogen-activiteâ protein Mirses 

Mitogen-activated protein kinases (MAPK or extracellular signal-related kinase 

(ERK)) are a family of protein kinases involved in trarismining signais fiom a variety of 

stimuli h m  the celi membrane to the nucleus. ERKl and ERKS, the first wunmalian MAPK 

i s o h  k h t i h i ,  are highîy bmbgous proteins of 44 kDa and 42 kDa, respectively. Oace 

activated ERKl and ERK2 phosphorylate a variety of prote& incluâing transcription 

factors, to e&ct changes in gene expression, resuiting m ce1 giowth, difkmtiation or 

apoptosis (266). A c a d e  of protein kinases regdate and activate MAPK via 



plmsphorylation on both heunine ad tyrosine residues (266,271). It is hiown thst multipk 

MAPK d e s  exist, but the most widely studied pathway involves activation of MAPKs, 

ERKl and ERK2, via p w t h  factor receptor tyrosine khases such as EGFR (266). 

Tyrosine phosphorytated Wu*l of growth Wor  recqtors interact with SH2 (Src- 

homology 2) domains of adapta proteins such as Grb2 (growth fitctor receptor-bod 

potem 2) (271). GuaiiBic nucleotiâe excbange factors (Le., son of sevedess (SOS)) are next 

mruited to the mmbane wkre they activate Ras by pmmting the association of Ras with 

guanosine S'-triphosphate (GTP) (272). GTP-bound Ras interacts with the serine/threonine 

kinase, Ri& which is activated via ncruitment to the plasma membrane by Ras and upon 

activation is hyperphosphoryiated (266). 

'Ihe next Qwnstmm sipd m the MAPK cascade is MEK (rnitogen-activatecl, ERK- 

activating kinase), a target of activated Riif(271). The MEK isofomis 1 and 2 are ôelieved 

to be highly specük for ERKl and ERKZ and phosphorylate the MAPKs on ihnoninc and 

tyrosine residues (at the sequence thnine-glutamic acid-tyrosine), both of whic h are 

requùed for full activation (273). ERKl and ERK2 recognize and phosphorylate a wide 

range of substrates, includmg transcription &tors and cytoskektal components and are 

located in both the cytoplasm anà the nucleus (266). 

As previously descri- the ER*, is bekveâ to k fwrtionaiiy repuiated via 

phospborylation by several pottein kinases including MAPK. Serine 1 18 of the hER-a ha9 

been shown to be phosphoryiated by MAPK in response to receptor activation by estradio1 

and growth factors, including EGF, and mutation of this site to an alanine residue severely 

dimmished ER- traii4criptional abüity (232,246). 



in several ce1 types, incluâing MCF-7 human breast cancer ceh, estradio1 hes been 

h w n  to rapiâiy increase MAPK act ivity (274-277). That this activation requires the ER-a 

was demonstrateci in cek  via m i e n t  transktion experiments showing an absolute 

requgement îor ER-a for activation and in MCF-7 ceh the addition of the antiestmgen ICI 

182,780 blockeâ estrogeil.mduccd MAPK activation (276). A ment report was able to show 

growth fàctor, but mt estrogen, induced activation of MAPK in MCF-7 ceils (240). The 

âsqmncy between this report and a previous report demonstrating estrogen activation of 

MAPK in MCF-7 ceUs (276) is unclear, but may be due to dHerences in the experimental 

conditions under which activation was assayed between the two papers. Growth arrested 

MCF-7 c e k  cm be stimulated mitogenically by estrogen, also without activation of ERKl 

and 2 (278), again suggesting that estradio1 treatment does not necessarily resuh in the 

activation the MAPKs, ERKl and 2. 

In T47D human breast cancer ceUs progestins can activate the MAPK pathway. 

Traisria tmsfktbn studies demristrated tb t  ptogestirrinduced MAPK activation requmd 

tk ER* aiid tlr antiessogens ICI 182,780 ad hydroxytamoxifkn were capabie of blociung 

progestin induction of MAPK (279). Immunoprecipitation expeimwnts demonstrated an 

association of hER-a with PR and also c-Src (279). Both estradiol and progestin have been 

show to activate c-Src (276,279) and in inunmprecipitates h m  T47D ce& c-Src 

interacteci with hER-a in the presme, ôut mt in the absence, of either estradiol or progestin 

(279). Togethcr these data suggest that c-Src may k an aial  target of estradiol or ER-a 

rneûiated activation of the MAPK pathway. Additionaiîy, the m u r  promoter thapsigargin 

has been ShOwn to activate MAPK through Src stimulation of Raf-1 kinase (280). providhg 
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a fiiri&r link beiweai eltvattd Src-like aaivay m Iirmien hea t  caacer ceh and the activation 

of MAPK which can ieaâ to activation of the ER*. 

Crowth hctorr and their recepton 

The obdlervations tbat growth iàctors such as EGF could c h i c  the effits of estrogen 

led to the idea tbat such signalling systems m y  play a role in ER-a action (126,245). 

Polypeptide growth factors, such as EGF and IGF-1 and -II, are potent mitogens of human 

breast cancer. The fact that estrogens c m  also regdate the expression of the ligands and 

receptors for growth tactors suggests thet they can also act in an autocrine or paracrine 

Gistiion to mdiete estrogen-induccd plifiération As discussed in previous sections, growth 

hctors (such as EGF) can activate the MAPK pathway resulting in the phosphorylation and 

activalion of E h .  The receptor for EGF bebngs to a f b d y  of receptor tyrosine kinases, 

consisting of the e p i d e d  growth ûrtor receptor (EGFRIerbB-1), erbB-2 (HER-llneu), 

erbB-3. and erbB-4 recepton (126,281). A role in breast cancer development has been 

suggesteû for som manbers of this family. For exampl, tk gene for erbB-2 has been show 

to be amplifmi a d o r  overexpressed in 3(r/o of human breast tumours (282-284) and in 

transgenic mice, expression of c-erbB-2 in the memasry glands led to the devebpmnt of 

mammary tumeurs (285). In human h a s t  cancer ce1 ünes, overexpression of erbB-2 has 

been as~ocisted mih ekvated kvels of MAPK actMty (286) and in growth amsted humsn 

beast camer ceii bs, restimiletion of ce1 growth via the addition of kgulin-p2 (a iigand 

for erbB-3 and abB-4) r e q d  tk activation of MAPK (287). Studies have suggested that 

d B - 2  ampHcation or overexpression may be of prognostic vdue in human bnasi cancer. 

Amplification of c-erbB-2 ad erbB-2 protein îevels bave bcai correiated with lymph d e  



involvement, ER-a status, nuclear grade and tumur size, in human kecrsi tumour biop~y 

sarnples (284,288). However, a munt report suggests that erbB-2 expression is not 

ass~ciated wah lps~onse to tsmoxifen tnatmmt or survivai in ER* positive metastatic h a s t  

tumours (289). 

The EGFR is a transmembrane receptor with tyrosine Liasse activity (290). The 

EGFR has been found to be overexpresseâ in som breast carcinonies and the presence of 

EGFR is inverseiy comiateû wah expression of ER-a (291). High b e l s  of EGFR in human 

breast tumours have also ken conelated with failure to respond to antiestrogen treatment 

(292393). The inverse correlation between ERa and EGFR expression can also be seen in 

breast cancer cell liaes (294). A ligand for the EGFR, EGF, is expressed in humsn breast 

tumour biopsy sarnples and some breast cancer ceîi ünes in culture, including MCF-7 

(2952%) and addition of EGF to bnast fanoer ceb m cuiture can decrease growth inhibition 

in response to hydroxytamoxifèn treatnnt (127). EGF bas also k e n  show to be able to 

stimulate MCF-7 tuwur growth in nude mice (297). Interestingly, EGF is abie to activate 

the ER-a in the absence of estmgen and upreguiation of EGFR expression may be a 

mechanism that cari kad to the 105s of estmgendependent growth as wül be discussed in 

mre detail in folbwing sections. TGFa also binds to and activates the EGFR (298) and is 

expressed by a variety of ER-a positive and negative huniaii h a s t  cancer cell lhes  and 

priniery hrnain but tumurs (299). Estmgen cm d u c e  TGFa expression in MCF-7 ceUs 

in cuhae and m MCF-7 tumiurs in nude mice (299) d exogenous TGFa cm incrrase the 

proMecation of MCF-7 ceils m culturr in t h  abseire of estmgen (140). TGFa kveb bave 

been shown to be reduced in tum>urs fiom tamoxifèn treated ER-a positive bmut cancer 
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patients (128) and uimoxifèn and hydroxytamoxikn treatment inhibits the expression of 

TGFa in hearrt canrr cells Si cuhure (127). Tlwse data suggest tbat TGFa expression niey 

be involvcd m esûogen-regulation of h a s t  cancer ce1 gn,wth. Overexpression of TGFa in 

the mawnery gianâs of transgenic inice c m  Lead to accekrated prognssion of  carchmgen- 

induoed tiamurs and bypaproaferation tbat can resuh in mawnary cancers aAer pcegnancy, 

suggesting TGFa may be hvolved in the early stages of tnamwy cancer (300-302). 

Transfation of TGFa into an immortalized mmai hurnan breasi epitheiiaI ceil lise 

(MCFIOA) resulted m transformation in vitro (303) w h k  tmfection in MCF-7 ceb had 

little effect on c e U  p w t h  (3û4), supporthg a rok of TGFa in breast cancer initiation 

nie insulin-üke growth factors, IGF-1 anâ IGF-II, can stimulate the proEretion of 

human h a s t  cancer cells in cuhure (305,306) and exogemus IGF-I has been shown to 

stimulate MCF-7 tumour growth in nude mice (297). IGF-1 and IGF-II mRNAs bave been 

detected m breast tumour biopsy samples and in situ hybridization has demonstrated that it 

is niamty the stromai CO- of beast tissue s p e c h  t h  expresses lGF-1 and IGF-II, 

suggesting a paracrine rok for these growth factors (307,308). Breast cancer ceil liws do 

mt appemdfy express IGFOI(307) and mst, Prluding MCF-7, do mt express IGF-II (308). 

Circuletnig lmlp of IGF-I have km founâ to be d e c d  in breast cancer patients during 

tamoloGai tkrapy (129), suggesthg tbat tamoxifen niay exert some growth inhibitory effects 

by decreasing pmduct ion o f  endogenous IGF- 1 levels. 

The dogniic efkts of IGF-1 aad -II are d i a t e c i  by the type 1 IGF receptor (IGF- 

IR) which posfflss tyrosine kinase activity aad can activate tk Ras-MAPK patbway (309). 

IGF-IR is expressed in almost al1 breast traiour b p s y  v i e s  and k a s t  c811cer ce11 lines 



(309) and several studies have reported ov~xpression of IGF-IR in becisi nmiom 

compared to mnaai brecist tissue (310,311). Resnik et d demonstrated that IGF-IR 

expt.essiOn was 14fold higher m mlignmt hreas& tissue than in nomial breast tissue and IGF- 

IR autophosphorylation and lMese ectivity were also elevated (310). In human bmst 

tumurs the expression of IGF-iR is positively comlated with ER* expmion (3 1 1 )  and 

estrogen increases IGF-IR leveh in MCF-7 ceils (3 12). 

IGF-II cm bind not onfy to the IGF-IR but also the insuiin receptor and IGF-II 

feceptor (IGF-IIR) (28 1 ). The insulin receptor, which cm activate the MAPK pathway, has 

alsobeenshomitobcekvatcdmhuaisnbrrast~moomperrdtomnnsltissue(313)and 

in some human brrast cancer ceU lines compared to a nonmalignant h m  breast epithelial 

ceil IBw (3 14). The role of sgdhg through the IGF-IIR in human breast cancer is unclear 

but there is evidence to suggest it may play e role in breast tumur invasion (3 15). 

Togethu the deta suggest th these growth factors and th& signalling pathways may 

be implicated in brrast cancer growtb and development but nieny questions regarding theu 

d e  m trmiour progression and -or function nmain manswered. Peptide growth &or 

ngnalling pathways can ctosstak with the ER-a aad it bas been demonstrated that growth 

factors can reJuli m ügand-indcpndent activation of the ER* (3 16) and these growth fstor 

qgnaibg pathways bve been implicated in estmgen-independent growth as WU k discussed 

in a later section. 

How a ccil behaws or responds to any periicuîar stimulus is controllcd in an o v d  

sense by a network of si@ detived h m  both sohibk and iasolubk ceîiulat components 



such as p w t h  fàctors, thC extmceIhilar met* the cytoskekton and the nuclcar matrix, to 

efsect chmges in g a r  expesPion This systemof dymmk îinkages end hteractioas is n f d  

to as the tissue ma& system ad consists of Links betwcen tbc n u c k  matrix (NM), the 

cytoskeleton and the extracellular nrithc (ECM), and f o m  a structural and tiurtionai 

co&n h m  tht cell priphery to tk DNA (3 17). The cytoskekton is composed, in part, 

of intemdiate filaments (IFS) end cytokeratins are mmbers of tbe intermediate nlemcnt 

fsmily of proteins (318). Direct connections (via intemediate filaments) betwcen the cell 

penpkry and the NM have been dernonsttated and this nuciear matrix-intediate filament 

(NM-IF) system is ahaed by tumur promoters d m omgene-ttansfonned cells (3 19-32 1). 

Direct evidence of a continuous network corinecting the p b  membrane structure and 

cytoskeleton with the nucieoskekton of eukaryotic cells is provided by data dernonstrating 

that vimentin is aachoreû directiy to the n u c k  lamina via lemin B (322,323). Evidence also 

suggests th the intennediafe filaments (Urluding the lamms and cytokeratins) not only exist 

at the nuckar periphery but are also found as part of the interna1 NM (324-326). 

Architectural aiterations (defincd by NM protegis, and/or interactions with the 

cytoskeleton or ECM) within, or essociated with, the nuckus may influence or control what 

gens or sibscts of g m s  are actMiy transcri'bed. IFS c m  mteract with RNA and DNA (327) 

and cytokeratins cm interact with nuckar DNA (326). In c u l t d  murine rnamuwy 

epitheliai ceb, thc ECM km been show to regulate tissue-specific gene expression (328) and 

modulating the cytoskekton in murine msnmisiy epitheüal ceUs in culture with agents tbat 

disrupt actin and cytokeratm tilemnt networks can aher niilk pmtem synthesis (329,330). 

Reversion of the maiigmnt phenotype using mi- directcd at ECM compoaents of 



human breast cancer ceUs in cuiture bas elso bcm demonstratecl (33 1). Together these data 

dernonstrate that w t  only is the cytoskeleton physiîaUy comiected to, and may even be 

considereâ, an i n t h t e  part of the nuckudNM structure, but tbat the nucleus can respond 

to sigmûs h m  ck anrtural orguhtbn of du cytoskelaon ancl ECM in order to modulste 

gene expression. 

Nuckrr mrtrix 

The NM is a protein and RNA containing network within the nucleus that comprises 

the nuclear pore Lemine, an internai fibogranular RNA anâ protein containing ~ w o r l ,  and 

residual nuchlus (332). The NM exists not only as a structural entity but is thought to play 

an inherent rok in many important nuclear processes including; DNA organization and 

replication, gene transcription and processing, and steroid homione action (333-337). The 

expression of s e v d  NM proteins has been show to be ce& tissue, differentiation, and 

hormonal state specific (338-340). Differences in NM protein expression exist between 

n o d  tissues ad kir cancerous counterparts and more specifically, ditterences bave bmi 

shown between nonnal breast tissue and breast tumour tissue (341,342). Additionally, 

specific NM proteins have been shown to bc associated with ER* statu in human h a s t  

cancer ceU lines and human beast tumurs (343). Several stemid homione receptors, 

hMing thc ER* bave k e n  sbown to b c a k  to ibt NM in steroid target tissue (1 1 1,337). 

Celi-fm binding assays bave confirmsd that this bcalUation of the mER-a is due to the 

pffeacc of specifk acceptor sites in the NM to which stemid-rrceptor compiexes binâ with 

high atbuty and tissue specificity (344). Patterns of NM protein expression are hypothesiacd 

to be 9ivoîveû in changes m gene exprrssDn aiid it is belrvsd tbiit specinc proteins of tht NM 



can influence gene expression (345). How protem changes in the NM could influence gene 

expression is uncleer, but tranncriptioiisUy active gems hm been sbown to be associateci with 

the NM. whereas inactive geœs are not (334). 

Cytorkekton 

The cytoskeieton is composeâ of an interacting network of actin microtubules, 

microtbmmts and IFS (3 1 7). Tbc Es an a &ierogmcous jpup of proteins that cm interact 

âirectly with the nucleus and plasnia mmbrane, providllig a link between the ECM atxî the 

nuckus (317). Fs are eexprrssed in a tissue- and differentiation-specific mamer and the 

cytokeratm IFS are characteristic of epithelial celîs (3 18). ER* positive humen h a s t  cancer 

celh chat are epithelial in origin g e d y  express the cytokeratins 8, 18 anà 19 (3 18). 

The cytokeraths (like other IF proteins) fbrm a cage-like structure around the nuckus 

and a dense nen~oric throughout the cytopiasm (346). Studies have shown that IF prote& 

including cytokeratins, can associate dvectly with membrane phospholipids, notably 

pbosphatidyl-inosiio1-4,5-bisphosphate, and may ùe involved in second rnessenger signaüing 

pathways (3 17,347). Research has also suggested a possible role for IFS in stemid 

biosynthesis. It has ôeen shown in a humen a h d  tumour ceU line thet vimcntin h n t s  

are required for the intraceiiular movement and esterifkation of low density üpoprotein- 

derived choksteml (348). Cytokeratm expression has also been correiated with tumur 

progression and grade, suggesting that cytokeratin expmsion may be imPlved in the nim>ur 

pknotype (349,350). 



q u i d  for cancer growth. As d i s c d  previously, estrogens promote the growth 

of human breast cairer, aad as such, mst tkrapies are aimed at blocking the growth 

promoting efiècts of estrogen. Breast csaars are clessined accorâing to th& requllement for 

proueration as king either honnone-dependent or hormone-independent, bascd ultimetely 

on the response to endocrine 1&rapy of metastatic diseas (351). At the tirne of clinical 

detedon approxhmteiy 700/. of humen h a s t  cancers contain ER*, but only Wh of these 

wiîi respond to endocrine therapy and are thus cfassified as hormone-dependent. Therefore, 

approximately 40% of ER-a positive tumurs are resistant to endocrk thcrapy. Even of 

those tumours that origiaplly respond to endocrine therapy, the majority wiU eventually 

develop resistance to this type of h p y .  

The evohdion of beast cancer h o  an estrogefiindependent growth phenotype marks 

the beginning of a mon aggressive p h  of tk disease and is a major probkm in the efficacy 

of endocrine therapies such as antiestiogens (56,57). Understanding the factors thst 

contnie to the devebpment of a hormone-independent p h t y p e  is of major importance 

in t e m  of breast cancer therapeutics. 

S e v d  bmast cari# cell b m cuhun aiso requUe estrogen for growth. Long-tenn 

culture in estrogen-depkte conditions can nsuh in these ceUs becoming independent of the 

requirement for estmgen for growth. Indeed, the developmrnt of estrogen-nonresponsive 

growth in hunnui breast cancer is thought to be one of the Uiitial steps in the progression to 

hormone-independence (352). Ahhough mmy possibüities elQst for the developmmt of 

endocrine resistance, and muhiple fàctors are iikeiy involved, th mcchanisms are still 

unlrnorm in =me cass hormone-Pdepadare ad resistance can occur due to bss of ER* 



expiession, bit most tumours whrh have devebped resistaace to endocrine thempy remain 

receptor positive (353). Since many endocrine resistant tumours continue to express ER-a, 

defats in the ER* structure and fuaction or activation of the ER* via îiganâ-idependent 

mec* may result m resistance of turnours to endocrine therapy. It is evident h m  the 

peeedng discussions that many factors can influence the activity of the ER-a and thetefore 

there are many areas that codd be perturbed leaâing to homne-independence. Some of 

these have previously been discussed and several of the more pertinent mec hanisnrP will be 

discussed in more detd in the pmceeûing sections. 

Hormone-aoamponsive growtb 

In vitro studies to examine tk e h  of bng-term growth in estmgen-fiee conditions 

became p o s i  fDUowing the discovery that wntminants of pbenol rd ,  a pH indicator used 

m ce1 cuhure medium, were in îàct estrogenic (26 1). This allowed marcbers to study the 

eaffts of estrogendepnvation via the use of ceh cultured in the absence of phenol red and 

smmstnoids (354). Long-tm growth of ER-a positive bnara carrer ceUs (MCF-7, T47D 

and ZR-75-1) in estrogen-ke conditions bas been used to study the development of 

homne-independcnce (3 55-3 63). Long-terni growth in estrogen- &ee condit ions can mult 

m the cek becoming appareatiy unrespoiisive to estrogen in tems of growtb and can in somc 

PIstaaces d in the ceh no longer responding to growth inhîition ôy antiestrogen. Jiang 

and coworkers obtained a cbne of MCF-7 cek (SC), after long-tem culture in estrogen- 

depkte conditions, that was unrrsponsive to both estrogen and the antiestrogens 

hydroxytemoxifen and ICI 164,384 in t e m  of growth (355). 5C ceUs con- wüd-type 

ER-a at levels simiiar to parental ceils but synthesis of PR in response to estrogen was 



reâuced as was estmgen-responsive reporter-gene expression (355). 

Other researchers have sbown tbaî ahhough long-tenn growth in estrogen-&ee 

condiiions can resuh in appenntiy estmgen-indepedent growth, PR synthesis and stemidal 

and nonsteroiâaî antiestrogen inhibition of growth and reportet-gene expression is often 

raeirrd (354,356-358,361). Estmgen-independent, ER-a positive sublk  of MCF-7 ceüs 

have bcen biated both in vim (BSK cd k) and in vivo in the nude muse @düI ceil line) 

through prolonged growth in estrogen-iiee conditions (3 56,357). KatzeneUenbogen et al 

have shown thet whik long-tenn estrogen-deprived MCF-7 cells (BSK-3) no longer 

rwponded to estmgai m(h h m s e û  pioüfération, hydroxytarnoxifen was stili abk to inbibit 

the prooféraiion of these cellf (356). PR exprrsnOn was stiu nsponsive to estrogen in BSK-3 

ce&, demonstrating a dissociation of estmgen-nonresponsive growth and expression of an 

endogenous estmgen-regulated gene (356). Clarke and coworkers demonstrated that both 

the BSK and MiIl sublines were able to form turnours in ovarkctomized nude mice in the 

absence of m g e n  (357). Bninner et al conimued study of the MI11 subline and isolated a 

second line, LCCl, kom a rapidly proLiferating MI11 tum>ur in ovariectomid nude mice 

(364). While the LCC 1 ceils are apparently estrogen-independent in terms of in viho growth 

and display increased metastatic potential compared to the MIIi cells, hydroxytamoxifien is 

stil growth inhiiitory to these cek (364). LCCl ceils contain ER-a ieveis equivaient to 

panmiai ceDs and a high constitutive level of PR that is stil estrogen inducible (364). LCC 1 

ceîk were fiiR&r s h e d  in vitro h r  resistrincc to hydroxytamoxifen to produce the ce1 Lm. 

LCC2 (365). LCC2 cells ntain ER* and PR ievels comparable to the parental ceU üne and 

PR rrnriiir9 esûog~induciWc (365). Hydroxytamlobai is mt p w t h  irihiiitory to the LCC2 



ceUs in vitro or in vivo in nude rnice, but these ceils =tain sensitivity to the stemidal 

antiestrogen ICI 182,780 in vitro (365). The LCCl celis were also sekted for in vitro 

nsktamz to the stemidal antbtmgen ICI 182,780, to germate the LCC9 cell line (366). The 

LCC9 ceils are also rrsistant to in vivo growth inliibition by ICI 182,780 ancl additioDally have 

developed cross-mistance to hydroxytamoxifen NI vitro and in vivo. The level of ER-a in 

LCC9 cells is comparable to the parental ce1 k, but the besal PR levels is ekvated and no 

longer responsive to estrogen treaûnent (366). Whüe this study suggests that resistance to 

steroidal antiestrogen c m  result in a general loss of estrogen-cesponsivencss anà cross- 

nsstance to the mnsteroidal antiestrogen hydmxytamoxifen, other studies demonstrate this 

is not always the case. Severai reports have demonstrated that the in vitro developmnt of 

resPtance to ICI 182,780 or tamoxifen via long-tem growth of MCF-7 c e h  in the presence 

of either antiestmgen did not result in la& of general estrogen-nsponsiveness and the 

resistant lines requùd estrogen for in vivo tumour formation in nude mice (367,368). In 

contrast to the LCC2 and LCC9 antiesttogen-resistant k s ,  both the tamoxifen-resistant 

(MCF-7/TAl@) and the ICI 182,780-resislant (MCF-~/~ 8ZR) lines maintaiaed expression of 

the ER-a but demonstrated a compkte iack of PR eqmssion (367,368). In addition, the 

MCF-~ITAM" line was not cross-resistant to steroidal antiestrogens, nor was the MCF- 

7/ 1 82R line cross-mktant to tamo-mdisted growth-inhiibn (367,368). Therefore, like 

bs of estmgen-responsive growth, antiestrogen-resistant growth does not necessady result 

in a gemal lack of estrogen-responsiveness and again demonstrates a dissociation between 

growth responses and reguiation of gene expression. This is iikeiy a result of the muhiple 

fktors hheû in the devebpnmt of estrogen- a d o r  antiestrogen-mnresponsive growth 



and the coniplexity of tk ngulation of the k t i o n  of the ER-a. 

The effects of long-terni estmgen-depnved growth of T47D and ZR-75- 1 human 

ôreast cairer celis bas alPo btea exanwcd (358.36 1-363). Murphy and coworkers examined 

the effets of long-terni estrogen-fke culturr conâitions on T47D (T47D:Q huniaii breast 

cairer ceb (362,363). T47D:C ceUs m longer express detectabk ER-a protein or rnRNA, 

but stül retain a bw level of PR protein eicpression that was not responsive to estrogen (363). 

A clone of the T47D:C cells (4) was also fouad to be both ER-a aad PR negative (363). 

Estradiol. hy&oxytamoxifen, and ICI 164,384 had no effet on the growth of these cek 

(T47D:C and T47D:C4) kely as a result of kt of ER-a expression (362,363). Another 

group of researchas examid the eBC*s of bng-tenn culture in estrogen-depkte conditions 

on T47D ceb (358). Again, thip resuhed in estrogen-nonresponsive growth in vitro with the 

cells rernaining responsive to growth inhibition to hydroxytamoxifen treatmeat (358). In 

contrast to the previous study, these ceüs had 3-fold higher ER-a levels and hi& basal PR 

levels which, similar to parental ceh, could only be marginaily upregulated with estrogen 

treaament (358). This group also exaniincd the effects of long-terni estrogen-deprivation on 

ZR-75- 1 cells and again dernonstrated that this resuhed in the apparent loss of estrogen- 

nspoirsive growth in vitro but a retention of hydroxytamoxifkn growth inhiibition. This was 

a c c o ~  by a 2-fold increase in ER-a kveis anâ in one clonc (4) PR kvels were simüar 

to parnaal ceiis aiid iniiaincd fully estmgen-inducii, wbk  in another clone (1 1 A) PR ievels 

were elcvaced and less estrogen-mducibk (358). van den Berg and Lynch bave a h  examined 

tk etïsts of bng-term cihogen-àepkte culture condjtions on ZR-75-1 cek and again bave 

demonstrated tb t  this resuhs in apperratly estmgen-aomesponsive in vitro growth (361). 



Whiîe ER-a protein expression was m bnger detectable in t k  ceb ushg ligand-binding 

techniques, tamoxitèn is st9 somwbat p w t h  inhiiory to tbese celis. B a d  PR kveis were 

ekvated above patental estmgen-stimulsted valws in the estrogen-mnresponsive ceUs and 

wcre n, longer estmgen-UduciMe (361). 

Thcst data k n s t r a t e  the compiexity of the acquisition of a hormone-independent 

phaiotype end udemcote the fàct that muhipie mchanisms likeiy exist. In most cases there 

is a dissociation between estrogen-mnrespoasive growth, antiestrogen-resistance and 

regulation of estrogen-responsive g m s .  Wh5 in somc cases los of hormone-responsive 

growth can be attriited to loss of ER* expression, in most cases the ceUs aauied 

expression of ER-a. This would suggest that aiterations in tbe function of the ER-a are 

responsible for the estrogen-nonresponsive growth phenotype seen in these studies. 

Variant ER-a mRNAs 

NanuaPy occuming mutant or variant forms of the ER* have been identincd, as have 

polymorphic f o m  of the ER-a gene. ER-a gene polymorphisms have been detected in 

ptimary anci metastatic bnest tumours (248,369-373) but in most cases wrreiations with 

clinical paramters bave not k e n  found (372). A PvuiI restriction nrigmcnt kngth 

polymorphism (RFLP) was found to correlate with patient age but aot ER-a expression in 

one sndy (369), wtiile anotkr found no cornlation with age or ER-a expression (374) and 

a ihird conelated this RFLP with ER-a expression (375). Garcia and coworkers bave 

identifiai a genetic poiymorphism in the B-coding region of h E R s  mRNA, that cornlates 

with lower kvds of homne-biidmg activity in som ER-a positive bceast tutmus 



fi 

(373,376) and a hi@ iPcidcace of spontaneous abortion in womn with ER-a positive breast 

cancer (377). 

in priniery brcapt cancers nahnally occurMg mutations of the E R a  gene appear to 

be quite rare (105,378) ad point mutations m tbc ER+ gene mur in only approxiaiately 1% 

of priniery breard tumours (370,372). Mutations that aiter the amino acid sequence of ER-a 

have been detected in both primary and metastatic breast cancer (248,370-373,379,380) 

(Table 2). 

There has only been o n  reported case in humans of a gennline mutation in the wild- 

type ER-a. This was a 28 year oki nrile w b  is very taii, with incompiete epiphyseal closure 

and osteoprosis (381). Tbc ER-a in this man was found to contain a point mutation in exon 

2 d i n g  m a stop d o n  that wouid result in a severely tnurated ER-a protein without 

any HBD or DBD, consistent with the fact this individuai had no detectable response to 

. . estrogen admnistretion (3 8 1 ). 

Many laboratories, including h.L.C.  Murphy's, have detected variant ER-a rnRNA 

esnscripts m keast cancer biopsy sampks, h a s t  cancer ceil îines, ad nonnal h a s t  tisme 

(382-386). Currently, t h  main types of aîtered or variant ER-a mRNAs have been 

idaitificd in human h a s t  cancers: exon dekted, truncateâ, and exon duplicated or inserted 

ER-cz-iike transcripts. Altered ER-a mRNA is found, most often, dong with the wüd-type 

ER-a mRNA hanscrip and m som c m  variant triiascrips occur in high abuadance relative 

to normal ER* mRNA in s o n  humini breast cancer biopsy samples (385,387). A brief 

description of some of the difkrcnt types of v h t  ER-a mRNA ttanscripts foîbws and 



Table 2. ER* mutrtbu and polymorpbbm in human b m t  tuwuia 

Nucleotide change Codonfprotein change Exon 

Tl1 1%-C 
A l  290--T 
A1418--G 
C 4 3 9 - G  
T1609--A 
G 140--C 
Tl591--G 
C7O 1 ---T 
Gdel at 1463 
Tdelat 1526 
TT insert at 982 
1271-1318 exon 6 
replaced with 1 148- 
1190 of exon 5 

Leu2%--Pro 
Glu352--Val 
M e W -  Val 
Asi69--Lys 
Tyr537--Asa 
Ser47 --Th 
Lys53 1 ---Glu 
tnuicated at 156 
Asp4 1 1 -Th, üuncated at 4 1 7 
Ser432 truncated at 436 
Met250-ne, huncated at 25 1 

Adapted fiom (379,380) 



figure 5 demnstretes the structure of these traascripts compared to the wild-type ER-a  

mRNA. 

Shgle U O I I  rcrlrtd 

An ER* mRNA varieai kickmg emn 2 (ER&) has been detected in hast  tumeurs, 

n o r d  breast tissue anâ breast cancer ceU Lines (382,388-391). ERd2 would encode a 

truncated 16 kDa protem compdng only tk A/B donian of wüd-typc ER*. Variant ER-a 

mRNA with an inâam dektion of exon 3 (ERd3) has been detected in human breast cancer 

ceU hes, breast turnours and nonnal human breast ceUs (382,387,3910393). The putative 

protein of 61 D a  would be miss& the second zinc hger of the DBD and in vitro 

recornbinantly expressed ERd3 camot bind DNA (391). The ERd4 mRNA contains an 

iifiem dektion of exon 4, wbich codd & a 54kDa protein lacking the hinge region (D) 

aad a portion of the HBD of wiid-type E R s .  The ERd4 protein is unable to bind to DNA 

or hormone in vitro (394). ERd4 mRNA has been detected in nonnal breast tissue, breast 

tumurs and breast cancer celi ünes (382,384,395-398). The exon 5 deleted ER-a mRNA 

(ERd5) could encode a 40 kDa m a t e d  protein, lacking a rnajority of the HBD (399). 

initiaüy ERdS was detected in ER* mgatM/PR positive twiours (399) but bas subsepuently 

been detected in mmial breast tissue as weii as ER-a positive h a s t  tumours and ER* 

positive and negative breast cancer celi lines (382,387,400,40 1). The exon 7-deieted ER-a 

mRNA (ERd7) k tk m s t  abuadaat ER* dekted variant in breast tumours (384,387) and 

has also been detected in mnnal breast tissue aad breast cancer cell ünes (382,384,395). 

ERd7 would encode a huncated protein of appmximately 5 1 kDa, misshg the C-terminai 

portion of th HBD, inchdmg the AF-2 region, end the F domain. This putative potein 
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Figare S. &hematicdirgmm of vrrhat  ER* cDNA corn pared to wild-type ER-a 
(WT-ER-) cDNA. The nurnbering on top of WT-ER- cDNA refm to nucltotidc 
position (67). Numbering below refers to amino acid position (67). Aâapted h m  
(380). 

67 



would be identicai to wüd-type ER-a up to amim a d  456 afker which it would wntain 10 

novel amino acids. 

M d ~ e  uor, clclèttû and dher kltîcd 

ER* mRNA splice variants leckmg two or more exons have also been detected in 

breast hmx>ros, n o d  breast tifSUe and breast cancer ceii LUies (382,384,387-389,395,398). 

ER-a mRNA with an i n h m  deletion of both exons 3 and 4 bas been detected in both nocmai 

breast tissue and brrast tumours (384,387,388). An E R 4  spüce variant lacking both exons 

1 and 7 was iaitielly detected in tamoxifen-resistant MCF-7 human breast cancer celis (389) 

and bas been detected in hurnan beast nmiours (384). This variant mRNA couid resuit in the 

generation of a 39 kDa protein with an infiramc exon 4 deletion and an out of fiam exon 7 

deletion, resuhing in 10 novel arnino acid residues prior to a premature termination of 

translation (389). 

ER* variant trmmipts conîakhg dekions t h  an not entk exom, but Vary in size 

from a single nucleotide to several hundred nuckotides, have also ùeen identifiai 

(370,382,384,402,403) (Table 2 and figure 5). In a tamoxifen-resistant mtastatk human 

breast tumur  an ER-a-like rnRNA whose comsponding cDNA contained a dektion of a 

thymidine residue in exon 6 hes been detected. This single nucleotide dektion would result 

in a fhmeshifl in the HBD gbhg rise to a premam translation termination at amino acid 

437, generating a protein that contains wild-type ER-a sequence up to amino acid 432 

followed by 5 unique amim acids (370). In brecist tumeurs an ER-a spüce varisnt that 

consists of a deletion mthin exon 4 to quences within exon 7 has been identiiieâ (ERd4/7). 

This could potentiaily encode a 34 LDa protein, lacking the majority of the HBD and 

68 



contahbg 32 mique amim acids after wüd-type ER-a sequence e<ding at amino acid 277 

(403). An ER-a variant mRNA trairrcript deleted fiom within exon 3 to within exon 7 

(ERd3/7) has been detected in hunian ôreast tumours. The putative 27 kDa protein would 

lack the hinge region and most of the HBD (384). The expression of ERd317 mRNA was 

found to bc associated with tumurs containing high levels of wild-type ER-a (384). In 

T47D hurnan breast cancer cells, an ER-a variant mRNA containhg an bhme deletion of 

460 beses h m  with e w n  4 to within exon 5 (ERd46) has been identiîied. This could encode 

a putative 49 kDa protein with a 1 53 amim acid deletion fiom the DBD to the Md-HBD 

(402). Thes seme researchers also identified a variant ER-a mRNA transcript in T47D ceUs 

that contained a hm-shift mutation in the HBD that resuhed fiom a dektion of a guanine 

residue at nucleotide 1463. This could lead to the expression of a variant ER-a protein 

tnurated at amino acid 417 in the HBD with 7 unique amui0 acids at the C-tenninus (402). 

~ ~ ~ d d u p l i C a l J 0 1 1 ~  

Aliered ER* tianscrips containhg duplications of one or more exons have also been 

identified in breast tumours. An shed ER-a mRNA with a duplication of exon 6 could 

d e  a 5 1 kDa p t e m  tnincated a h  thc mon 6 repeat laclwig most of the HBD including 

AF-2 (404). An exon 3 and 4 duplrateci ER-a mRNA has aim identifieci in brrast tumuurs 

(404) and an ERu-üke mRNA containing an infiame duplration of exons 6 and 7 has been 

detmed in an estrogen-iniependcat subiine of MCF-7 ceüs (405). 

An altereà ER* mRNA transcript mth an inframe 69 base pair insertion between 

exon 5 ard 6 bas bcen ida*iticd m human brrast tumurs (404). Subsequent studies suggest 



the insertion of this sequence, nomially present in Uiiron 5 of the ER-a gene, nsulted ~ o m  

a point mutation in the ER-a gaw of the hast tuwur, geaerating a s p k  site domr 

sepuence 3' to this 69 bp sequence (406). 

Tmcrrtlons 

The âetection of ER* mRNA variants is prformed prnnerily using plymerase chah 

miction (KR) techrques, but miWy Miirphy and Dotzlaw ideatified, by Northem blotti-, 

several tnmcated ERa mRNA in human brrast cancer biopsy samples expressed at high 

abundencc relative to normal ER-a mRNA in s o n  sarnples (385). Cloning and sequencing 

of one mRNA transcript (cbne 4) reveakd it to contain exons 1 and 2 of wild-type ER-a 

mRNA, aAer whkh it conreined LINE- 1 related sequences (407). The cDNA comsponding 

to this traiscrip wodà encode a 24 kDa protein containmg the A/B ngion and the fnst rinc 

binding motif of the DBD of the wüd-type ER-a folowed by 6 unique arnino acids (407). 

Cbne 4 mRNA has been detected in breast tumours, normal breast tissue and breast cancer 

ceil lines (382,384,385). 

Etplyssion of vahant ER-a proteins 

Resentiy, it is rnLaown if aherdvariant ER-a mRNAs are stabiy tiaiisiated in vivo 

but, wMe stiU contmversial, evidence is ernerging to support t& existence of ER-a v h t  

proteins which could comspond to soue ER* variant rnRNAs in some ceil ünes and tissues 

in vivo (386,40843). In BT-20, ER* negative, human breast cancer ceUs a protein 

ooiisisteat m sbe with thaî to be d c d  by the ERdS mRNA fouid in ihtse ceb, 

bes been detected by Western bbtthg (409). An 80 kDa ER*-Lüre protein hm ôeen detected 



in an estrogen-independent MCF-7 subline that Iüreiy corresponds to an exon 6 anci 7 

dupiicated E R a  mRNA detected in tk same ceUs (405). 

Immunohistochcmical data aîm suggest the existeme of ER* variant proteins. 

Huang and coworkers enammd pninary bmst tumours for E R a  protein expression using 

two ER-a antiboâies recognizing individual epitopes in the N- and C-tennmal eads of the 

wSI-type E R 4  protein (398). Tbe data damnstmted a discordance ôetweetl the ER-a kvels 

measunxi by ihe two anbibodits, suggestiag tk existence of truncated ER*-iike proteins in 

the discordant tumours. ER-a mRNA expression was aîso evaiuated in these tmurs, and 

in cases that hed inconsistent anti'body striiaing, variant ERG mRNAs, ER&-3-7, ERd2-3-4, 

ERd317 and clone 4, w m  elevated (398). Immunobtoc&mical studies of human breast 

turnoun have identified ER-a that are umbk to locate to the nucleus in the ptesence of 

h o m m  (413) and in some ER-a positive tumous, ER* unable to bind to an ERE bas been 

detected (408,411). Desai and coworkers, using an antibody spccific to ERdS protein, 

obtaintd immunohistochemral evidence to suggest that a protein comsponâing to this 

variant ER* pro tein is expresseci in somc h a s t  tumours (4 1 4). 

in somt h m  breast cancer biopsy sampb tnurated DNA-binâing f o m  of ER*- 

like proteins have been detected (41 1) and tniirsacd ER*-iike p t e m  has also been detected 

m ER-a positive/PR œgative bmst tumous tbat bound to an ERE in gel mobiiity shift assays 

(386). Using siteditected monoclonal ER-a antibodies targeted to specific furrtiod 

domains of the ER-, Traish and coworkers have provided evidence to suegest that breast 

tumurs my contain ER-a with defects in specific hct ional  domains (4 15). 
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Unfortiinately the leck of specik ailtibodrs to thc ms~rity of these putative proteins 

and the k t  thet many of them are smiilar in size to heavy chain irnmunoglobulins d e s  

definitive iàentiôcation and absolute proof of the existence of such prote& a difncuh task. 

Nevertheles, whiie stül cona~verd, the data do provide evidenct that variant/ahered f o m  

of the ER-a protein could exist in vivo and in som cases correlate with the presence of 

specific variant ER* mRNA trsnscnpts. 

While the pathophysiobgicai significance of E R 4  variant expression is unclear, 

a h d  expressiDn of some ER-a variant mRNAs has been show to be associated with both 

breast hmiowigeneSiS and breast cancer progression (3 82,3 86,3 89,4 1 6,4 1 7). The expression 

of cbnt 4 relative to wiki-type ER* mRNA was found to be sisaificantly elevateû in breast 

tumur tissue compared to normal bmst tissue (382,4 16). Increased expression of clone 4 

variant ER-a mRNA has been associated with h a s t  tumours with chsracteristics of poor 

prognosis and markers of reduced endocrine sensitivity (4 1 7), suggesting that increased 

expression of som varisnt ER-a mRNAs relative to wild-type ER-a could be involved in 

bteast cancer developmnt andfor progression. ERdS mRNA levels have been found to be 

increased in breast tumour cornpend to w d  brrest t h e  (414) and the expression of 

ERd5 mRNA relative to rmd-type ER-a mRNA bas ken found to be significantly higher in 

some breast tumours compad to nomial tissue (382,400). ERd5 mRNA has also been 

detected m ER* negetinlPR positive hunrm besrit tumours (400) a d  a study suggests that 

ERd5 mRNA m y  be eievated in ERG negative tumours which express PR or the estmgen- 

respoIIsive potein pS2 (41 8). This type of data kd to suggestions that ERdS my be invoived 
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in breast tumw progression, but b w  to undetectabîe kvels of this variant have been 

dem,med wkn conpend to miliipk verieni E R a  transcripts in a range of human breast 

tumours (384), suggestiag that hmased expression of ERdS m y  mt be a generai 

phenomnon. Furthermore, leveis of EMS mRNA have been essociated in tiniours h m  

patients with increased disease-&ee survival, suggesting tbat it my be an mdicator o f  good 

prognosis (414). Leygue and coworkers e x a m i d  ERa mRNA spiice variants in 100 h a s t  

tumours anâ increased expression of ER-a mRNA spke variants ERd2-3-4 and ERd3/7, 

was apsociated with high grade a d  i n c d  wild-type ER* respectiveiy (384). Increased 

ievels of ERd7 mRNA are often found in ER* positivelPR negative breast tumurs (3 86), 

suggesting it my intedm with n o d  ER-a function ERd4 mRNA expression was show 

to be more coiinion in PR positive tumours and was essociated with markers of good 

prognosis (3û4) ad du Iml of ERd3 mRNA cornparrd to wild-type ER* mRNA has been 

shown to be redud  in breast tumour tissue compared with n o d  tissue (393). It is 

presently still uackar what rok altered ER-a variant mRNA expression may play in bceast 

tumour devebprrnt or progression, but the 6nâings thst i n c d  or d e c d  expression 

of E R a  varisnt rnRNAs has been found in ditfennt bmst tumour phenotypes suggests the 

p o t d  for atteraîioir, m the balance of variant mRNA expression to affect wild-type ER-a 

îùnction. 

Sewrsl shdks, ushg traimnd trarrs$ction anelyscg bve show that individuel ERa 

variant proteins, ifexpressed in vivo, may bave the abiüty to interfkre with wiM-type ERa 

activity (386,39l,399,4OS,NN,4l4,4I9). For somc ER-a wimts, c o d b h g  muits have 



been obairrrl (391,420) whkh may be due to ceil- and promoter-specific events previously 

described for various s t n r t u r a y ~ t i o n a i  d o d  of the d - t y p e  ER*. Simiiarly, 

overerqwiession of a singk ER-a variant using stable transktion technology has resuhed in 

difTerent resuits in different Laboratories (41542 1). For example, in a yeast transient 

expiession system, ERd3 variant bad no intrinsic tra~criptioaal activity mr did it &t the 

activity of co-expresseâ wüd-type ER-a (420). This is in contrast to data obZaUied in 

mammalian dis. In HeLa ceh, transiently expressecl ERd3 displayed m intrinsic 

activity but was abk to inhii  the hamaiptional activity of co-expressed wüd- 

type ER-a (391). in additios rildcr conditions in whkh ERdJ protein was unabie to b i  an 

ERE in gel rnobility shül assays, it was abie to inhibit the ability of wild-type ER-a to bind 

an ERE (39 1 ). These studies suggest thst ERd3 is abk to timction in a dominant-negative 

fhshbn to i r r t h  wiih wiki-type ER-a actinty. Stable transfection of ERd3 in MCF-7 ceUs 

d e d  m reduced in vivo invasiveness and anchorage-independent growth, suggesting that 

it is able to suppress the transfod phenotype (393). In yeast ce& and chicken embryo 

fitiroblasts, transiently expressed ERdS displayed ligand-independmt transcriptional activity 

(399,419). StaMc tmmdèdon of an ERdS expression vator into MCF-7 ceiis demonstrated 

iittie e&t m one instance (41 9), whik in another, it resuhed in estmgen-inâependence and 

tarm~tesist8Iy'R (421). Whiîe the re8501-1~ îor the discrepancies between these reports are 

unclear, a shdy ha9 dcmotisrratcd a comlstion btween n d d  estmgen-responsivencss anû 

increased ERdS mRNA expression in stocks of MCF-7 ceils throughout North Arnerica, 

suggesiirig tlra levek of enQgemus ER& my influence hormone-rrsponsiveacss and could 

iathrnce tbe resuhs obtaMd by diffèrent Lboratories ushg Mixent stocks of MCF-7 ceh 
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(422). Codicting &ta have also bsen obtaincd for ERd7, in which it bsd no activity when 

transiently expressed with wikî-type ER* in HeLa celis, (391) but in a yeast transient 

expmsion system was abk to act in a dominent-negative fàshion and inhibit wiid-type ER-a 

activity (386). CeU-specific differences are Wrely to account for the difkrences obtanad in 

these two studies. 

Iniportant in interpreting the data on the individual ER-a variants is the k t  that not 

only are these rnRNAs often expresseci dong with the wüd-type ER-a, but multiple ER-a 

varient mRNA species are often express+d together. Therefore, it is ükely that the combineci 

expression of several ER* mRNA species may play a role, as yet poorly d e W ,  in the 

overall activity of the ER-a in any particulsr cel. 

It has been speculated that some variant ER-a mRNAs could encode proteins 

involved in the developrnent of honnom-independence. Jorâan and coworkers isolateci a 

subclow of MCF-7 human breast cancer cek  (MCF-7:2A) through long-tem growth in 

estrogea-fke ooaditioirp that exhibas appmmtly estmgen-mmsponsive growth (410). These 

ceb express an 80 kDa ERa-like protein detected using Western blotting techniques (4 10). 

Anslysis o f  ER-a mRNA transcrips in the MCF-7:2A œlls revealed the presence of an ER-a 

variant mRNA wah an idhm duplration of exons 6 and 7 (405). This variant mRNA could 

encode a protem of 80 LDa, likely cotlesponding to the 80 kDa protein detected by Western 

blotting, which may be invoM in the evolution of the estrogen-independent growth 

phenotype of these cells (405). Subsequent stuciies on the exon 6 and 7 dupiicated ER-a 

wien QaDiritiatcd it was incapeblt of iigaraî ûut could bind to an ERE in vitro and 

overexpression of this varient in T47D ceüs muhed m mbiiiion of wüd-type ER-a 
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transcriptional activity in ttansient b~sfection analyses (423). S u b b s  of T47D cells bve  

also been bund to contain abrw,cmal ER- mRNA ami it bas àai proposed that heterodimrrs 

of wild-type cmd mutant ER-a proteins codd override th estrogen requiremcnt of the wild- 

type receptors resulcing in an ER-a positive, but estrogen-resistant phenotype (353). In a 

mouse mode1 of hormone-idependence, loss of expression of tk 65 kDa wüd-type ER-a, 

and increased expression of 50 ami 35 kDa ER-a-ke proteins was seen as the tumurs 

propssed nom hormone-dependent to hormone-independent (4 1 2). 

Again, there are conflicting resuits obtaineâ whm researchers have attempteâ to 

examine a role for variant ER-a niRNA in tamoxitèn-resistance. As described, different 

groups have obtained differing resdts alter stably expressing an ERdS transgene in MCF-7 

cells. One group demnstrated littk e W t  of ERd5 over-expression (419) whik, anothcr 

(421) found ERdS overexpnssion resulted m estrogen-independence and tamoxifen- 

resistance. SIrnilatiy, a study found that the levels of ERdS mRNA hanscripts were lower in 

tamoxifen-resistant MCF-7 ce1 lines than in the parent ce1 line (389). while other snidies 

found no dilEmce in ERdS mRNA kvels in tarnoxifèn-resistant MCF-7 sublincs compared 

to wild-type (392) or in tamoxifn-resistant tuunours comptai to prinieiy breast cancers 

(41 8). ûne study brmd no d i î h m !  m lewb of ERd2 m tarnoxifm-mistant MCF-7 sublines 

compared to wüd-type ccUs (392) whüe in another, researchers found tbat ERd2 was 

overexpressed in tarnol0fen-resistant MCF-7 ceils CO@ to parental ceh (389). Once 

~the~mForthediffcrenrrsultsareuncleat,htasmuhipkp~vametersaaeCtwüd- 

type ER* activity, it is Lely tbat multiple paramters can also affcct thc activity of variant 

ER-a prote& ad again the expression of muhipie wisnt ER- mRNA species dong with 
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wild-type ER* is Ueiy to influeme the overall ER-a activity. 

Ligaid-independent activation of the ER* 

Research has demnstrated k t  the ER-a can ôe activated in a iigand-independent 

&&ion (244,Z45,3 16). Tbe aality to activate the ER-a in the absence of ügsnd coulâ confer 

a growth advantage to ER-a positive breast cancer ceb and aid in the development of a 

hormone-indepenâent phnotype. Studies have shown that several growth factors such as 

EGF, TGFa and IGF-1 are able to activate the ER-a in th absence of estrogen 

(244-246,3 16,424). For example, EGF was able to activate hER-a traasientb expressecl in 

HeLa c e k  in the ahsence of estmgen (246,424) and in rat uterine ceh, IGF- 1 was abk to 

activate the endogenous E R 4  in the absence of estrogen (244). Importantly, ICI 164,384 

was able to bbck thip ügend-iadependeni activation of the ER* confinniag that these signais 

do ideod cross-ta& with ihc ER-a (244-246,3 16). Researchers have also demnstrated that 

ligand-independent activation of the rat uterine ER-a by growth factor s i g n a h g  pathways 

can result in increases in intracellular PR levels, an eadogenous estmgen-responsive gene 

(425). 

Agents that can nmdulste phosphoryiation of the ER-a (239,426) have also been 

sbwn to activate the ER-a in the absence of ligand. Activation of protein kinase A (PKA), 

ûy agents that raise inhaceliuiar cyck aden,sine mmphospbate (CAMP) (chokra toxin (CT) 

and i s o b u t y h r r i h y ~  (DMdX) or 8-brom~cAMP), or activation of PKC, via TPA, can 

activate endogenous rat uteriae ER-a, endogenous hER-a in BG-1 (human endomctrjal 

carcirW,m) cek, ad hERa t n d e d y  tm&cteû h o  HeLa ce& m the absence of estrogen 



and the antiestrogen ICI 164,384 can mhibit this response (244,246,3 16,424). Inhibition of 

cAMPdependenS PKA bbcked l ~ - ~  activation of rat u t e h  ER-a ead hERu 

transkteû into HeLa cek by IGF-1 end CAMP (IBMXKT) (244,424) but mt EGF (424), 

suggesting that IGF-1 is acting through a PKAdependent pathway in this system. inhibition 

of PKC inhibiied TPA-induceci hER-a tramactivation in BG- 1 ceb  but did not inhibit tbe 

effects of TGFa, EGF or IGF-1 (3 16) but inhiMion of PKC diâ d u c e  EGF activation of 

hER-a transiently expressai HeLa ceUs by 40-50% (246). This suggests that in sorne ceU 

types EGF may be acting through a PKCdependent pathway that may account for some, but 

not aii, of its effects. Additionaliy, nsearch bas demonstmted that tmtment of HeLa ceüs 

with okadaic acid (an inhibitor of protein phosphatases 1 and 2A) could also activate 

tmskntiy exprrsped hERa m the absnce of ügand and again ICI 164,384 could aboiish this 

r epose  (246), supporting a role for phosphorylation in ügand-ùdependent ER-a activity. 

Activation of PKA (IBMX+CI') or PKC (TPA) resulted in only very weak ügand- 

independeai activation of endogemus E R - a  in MCF-7 human breast cancer ceiis or h E R a  

tmsfècted into CHO ceb, but these agents could s y m g i z e  with estrogen to increase E R a  

mediated transcriptional activation in a ce& anâ promoter-specific nishion (427). 

Addiiionaiiy, EGF did not remit in ügaad-independent activation of KR-a transfected h o  

COS- I ceiis (424). Taken together, the data suggest that the growth factor response (i.e., 

EGF WRUS IGF-1) may be mediateû by diffanr signahg pathways and is Wreiy to influence 

ER-a activity in a ce& and prornoter-specinc msaner. 

Studics ushg muse and human ER-a mutants have demonstrateci that the a b t y  of 



the ER-a to respod to EGF, rrpuirrd the N-temiiaiil AiB doniein of the receptor, but mt 

1& LBD (245,316,424) ad PKC activation ofmERu requited the N-terminal AF-1 domah 

(428). In contrast, CAMP activation of the h E R s  in HeLa ceUs requmd the LBD, but mt  

the N-tenninal M3 domain (424) and when h E R s  is e x p d  in COS4 cells 

phospborylation of E R 4  by [BMXKT with an N-tenninal deleted receptor was maintained 

(239). As d i s c d ,  the hER-a wntains several functioiislly sigaificaat pbosphoryiation 

sites. Severai of these sites (senie 104,106,118, and 167) are found in the N-temiinal region 

of tk hER-a, wtiile a tymsPr 537 is phosphorybiicd m tk C-terminal region of the rnokcule. 

T o g e  this suggests that not only do ditrerent growth fàctor signalllig pathways activate 

ER-a, but the signal t d u c t i o n  pathways aad their targeted phosphorylation sites on the 

E R 4  are Uely to be dEerent. 

EGF results in phosphorylation of serine 118 on the hER4 (232,246), w b h  is 

requireû for band-dependent activation of the receptor (246). EGF activation of hER-a 

transfected into HeLa or SKBr3 (hurnan h a s t  cancer) ceUs was found to be via a MAPK 

pathway a d  MAPK pbosphorylates serine 118 of the ER-a in vino (232,246). These data 

atppon tk hypotbesis tbat EGF-iaduced ER-ci activation may be via a MAPK pathway that 

results in pbosphorylation of serine 118 in the N-temiiiial AIB domain of the ER*. 

Interestingîy, it hPs previously ken shown that transkction of oncogenic v-ras (which 

activates MAPK) DNA ino MCF-7 ceiis can resuh in these ceUs beconhg estrogen- 

independent both in vino and in vivo (429), suggesting chat activation of the Ras-MAPK 

pathway could resuh m both ligand-independent activation of the ER* a d  estrogen- 



independent growth. 

Mutations in the ER-a bave also been idezitincd whkh can resdt in ügd- 

independent transcriptional activity. For example, as discusseâ previously, an ER-a with a 

tyrosine 537 to esperagmC mutation has ôeen detected in one metastatic hinnen breast cancer 

(248). A hER-a coniainnig this mutation dispiayed transcriptional activity in the absence of 

estrogen whm transiently expressed m HeLa or MDA-MB-23 1 (ERG aegative hinwi breast 

cancer) cells (248). Tarnoxifén a d  ICI 1 64,384 were both abk to partially suppress the 

. . 
coiwmitive aaivity of t h  receptor m a promta-depaidem context (248). Researchers have 

also demonstrated that mutation of the tyrosine 537 in the ER-a to an alanine or serine 

d e d  in a receptor with constitutive transcriptional activity when transiently expressed in 

MDA-MB-23 I or CHO celis and hyhxytamoxifen and ICI 164.384 were able to block this 

activity (1 80,247). kmdngiy, tkse t h c s t k s  archasdanonstrated an interaction of the tyrosine 

537 mutant recepton in vitro with the coactivators SRC-1, TIF1 and RIP140, that, in 

contrast to wüd-type hER-a, occumd in the absence, as weU as presence of estmgen 

(1 80,247). Additionally, tamoxifcn was abk to prevent tbis N, vitro interaction (1 80,247). 

As described, this residue is a site of phosphorylation in the hER-a, furthet implicating 

phosphorylation as a mechanism of contml of ER-a activity. Estrogen-independent 

interactions with coactivators, such as SRC- 1, miey expiain the constitutive transcriptional 

activity of the receptor. It would thus appear that nsidues, such as tyrosine 537, may k 

required to &tain the receptor inactive in the absence of estrogen and that an aiteration 

affecthg this region (pabaps by mimkking the effècts of pbosphorylation) cm rrsult in 

mdnmt of aiactivator proteins in the absence of esmgen. in thc absence of estmgen tbe 
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tyrosine 537 to serine mutant hER-a displayed a conformation (as assessed by proteolytic 

digestion) that was siniilar to that seen with wild-type hER-a m t e d  with estrogen (180). 

confinning that receptor conformation is an important deteminant of its ability to intersct 

with coactivators and exhii iigand-independent transcriptional activity. A hER-a mutateâ 

at glutamate 380 to glutamine, has also been show to display Ligand-idependent 

treirrtiptionsl activity when transiently expressed in MDA-MB-23 1 and CHO celis and the 

ability to interact in vitro with SRC- 1 in the absence of ligand (1 80). again supponing an 

important role for C08CfiYBfot mteractions in receptor function. Transient transfection studies 

have also demonstrateci that SRC- 1 can increase the iigand-independent act ivity of hER-a in 

HeLa ceUs induced by increases in CAMP (183), suggesting that an alteration in the 

interaction of the ER-a with a coactivator protein could also result in ligand-independent as 

well as estrogen-independent activation of the ER-. These data suggest that alterations in 

tk ability of tbe ER* to interact with co&vator proteins could be involved in ahereû ER-a 

activity in human breast tumours. Additionally, increased or ahered expression of ER-a 

coactivator proteins may be ùivolved in bteast cancer developmnt and progression. The 

cotxtivator AIBl (a member of the SRC- 1 coactivator famiiy) is a m p W  in breast cancer 

(1 93). Whüe dccrcases m thc ievelp of SRC- 1 protein have ken found in breast tum>w anâ 

brrast taira ce1 linw conperrd to m d  breast tissue, bwer lewls of SRC- 1 protein were 

found in patients that did not respond to tamoxifen trtxtmnt cornparrd to those that did 

(430). 

L m  of ER-a espreasion 

At thc th of cünicaî deteaion one third of tumurs are classified as ER-a riqative 
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m tarm of ligend aadi4g and inrrnm,naEtMiy and rareîy rcspod to mtiestrogen tttatment. 

As discussed previousiy, tbip couki be a c c o d  îor by the pttscnce of ahered ER* protek 

tliat m bnger bind liganà, or contain the epitopcs necessary to be detected by antihdy, but 

there are E R a  ncgetive human bnast tumours that do not express ER* mRNA transcripts 

(43 1,432) and do not apparently contah mutations within, or loss oc the ER- Bene 

(105,372). This would suggest tbat lack of ER-a expression in human breast tumurs is due, 

in many cases, to lack of ER-a gene expression. One mechanism which could bbck or 

p u e n t  the transcription of the E R 4  genc is methyiation of the cytosine-guanine-rich CpG 

islend whkh can result in transcriptional siîencing of genes. Studies examining the 5' region 

of the hERa gene have showun a correlation with mahylation of the CpG islaad and lack of 

ER* expression m ôoth primaty bmst cancers and hunrui breast cancer ce1 ünes (43 1,433). 

Furthemore, Ferguson et al treated two ER- negative humen breast cancer ce1 lines, 

MDA-MB-23 1 and Hs578t. with demethylating agents and demonstrated the re-exprrssion 

of both ER-a mRNA and functional ER-a protein (434). 

A loss of transcription of the ER* gene could a h  be due to a loss or decrease of 

ERa gene specinc transcription factors. A protein, ERF-1 (estmgen receptor fector l), hm 

been cbned h m  MCF-7 ceL t h  binds to tk promoter of the hER-a gene and is absent in 

sonr ER* negatbe breast cancer ceil h s  (435,436) but it is u a c k  if this or other ER* 

gene specific traagaiptional regdatory proteins are specifically involvecl in the lack of ER* 

expression in h u m  ôrcast t\im>urs. 

Apparent bss of ER* expression could also occur via the outgrowth of an ER-a 



qpt ive popdation of ceb. Studies baw demnstrateû that ER-a wgative outgrowth can 

occur and long-term growth in estrogen-ke conditions can also result in ER-a negative 

popdations of celis (362,363). For e v k ,  a9 dcscni, a clone of tbe T47D h u m  breast 

cancer ceU line, C4, daived by long temi culture in estmgni-âee conditions m longer 

expresses ER-a mRNA or protein and is insensitive to growth stimulation by estmgen and 

inhibition by hyboxytamoxifw (362). Adâitionally, studies using T47D ceUs have 

demistrateci that s i n g k  ce1 clones are heterogemus and are composeci of populations of 

ceik tbat are ER* positive and estrogen-responsive, ER-a negative, and ER-a positive and 

estrogar-rrsistant (402). H m  h a s t  tumours are heterogemus and contain populations 

of ERix positive and -ive cells (437), but it is not k w  if popuiatiom of ER-a negative 

WU outgrowth occurs m human tumours in vivo to result in an ER-a negative tumur, or if 

celis previously ER-a positive lose ER-a expression. Johnstoa and coworkers in studying 

tamoxifen-tesistant human breast tumours concluded t b t  whik the developmnt of 

tamoxifcn-mistance was associated mth a lowering in tbe o v d  level of inunirno- 

hisiochnmcally câetected ER-a (89% of tesponders to prinisry tamoxifen treatmnt were ER- 

a positive vernis 61% of tamoxifen-celepseci tumours in the same patients) it was mt 

associated with bss of ER* expression (438) and as previousiy mntioned a significant 

proportion of bomm- human tumours main ER-a expression, suggestiag that 

in many cases it is ihe ab* of the ceUs (or tumeurs) to overcome the requinment of 

estrogen for E R 4  hurtion that my be involved in bonnone-dependence aad estrogen- 

mmsponsivegrowth. 



Timoxiftm ntimdatd gmwth 

Tamxifm inhibits the estrogen-stimuiated gmwth of MCF-7 tumurs in nude mice 

but hg-tam tamoxifkn treatment eventuaUy results in cesud tumur growth (439,440). 

Sefial transplantation of thesc tainoxifên-resistant tumurs mto athymic mice resuîts m 

tumours that can be stimulated with t amoxh  as weli as estrogen (439,440). Simibtiy,  iu 

MCF-7 ceils m cuhr r ,  long-terni growth in tbe presence of hydroxytamoxifii can result in 

p w t h  stimirl#rY1n, rathcr thm inhiVition, in response to hydroxytamoxifcn treatmtnt (441). 

Tamo-stimileted growth is not apsrniated with a loss of ER-a expression (439-44 1) and 

the steroidal antiestrogen ICI l64,3 84 is abk to inhiiit the growth of tamoxifen-stimulateci 

MCF-7 celis in vivo (1 38) and in vitro (44 1). In tamoxifén-stimuiated MCF-7 ceUs in culture 

PR levels were na longer estrogen-responsive but estrogen-mponses to ER*, pS2 and 

. reporter-gene expression were mamtamâ, demonstrathg that loss of estrogen-responsive 

gene expression is not a general phemmenon (441). There is a h  evidence to suggest that 

tam~xifèn-sthuked tumm may &vebp m h m  (442). In breast cancer patients wbose 

naiour has becorne refhctory to tamoxifen mtment, cessation of tarnoxifm tbcrapy can, 

in sorne cases, resuh in tumour regression (443). 

Researchers Iiave suggested that tk sthukbn of tumour growth ôy tamoxifkn might 

be duc to metaûolipm of tamoxikn to estrogenic metabolites (440). As mentioncd previousîy 

h y â r o x y t a m , ~  is the main msinxikn antiestrogenk mtabolite (l22), but tama& can 

ôe me<abolized to produce smal conpouds W bave estrogd properties (1  36.M).  Tb 

E mm of mefabolite E ims been sbown to be a potent estrogen (444) end whüc it ha9 been 

derectcd m somc tarnoxificn-resistant tumurs (449, s e ~ n  h m  tamoxiEcn mateci patients 



did not demnstrate changes in rtabolites or tk i r  pronks even a f k  bng-tenn treatmirt 

(446). Tamxifen-stimulated MCF-7 tumout growth and development has also been show 

to occur in nuâe mice in tk presence of tamoxifen analogues that are not capable of 

conversion to estrogenk compounds (447,448) suggesting that 0 t h  possibüitics for 

tamoxikn-mistance also ex&. 

It has bmi reported t h t  somc tamoxifén-stimulatecl tumours contain 90% less 

intratumoural tamogen levels cornparrd to tamoxifen-inhibiied tumurs (440), suggesting 

that alterations in dnig uptake or efflux may be involved m som cases of antiestrogen 

resistame. In contrast, Wolf and coworkers cornparcd the levels of tamoxifcn in MCF-7 

tumours in athymic Mce that wen stimulated or iahibited by tamoxifen and found similar 

concentrations in the two tumeur types (447). 

Antiestrogen binding sites distinct h m  the ER-a have ken identified and these 

bPding sites appear to be specüic for the triphenylethylene antiestrogens such as tamoxifen 

(449). A clone of MCF-7 ceiis bas been descn'bed that is resistant to tamosen and appears 

to have no detectabk antiestrogen-binding sites (450), whüe mther group have reported 

an antiestrogen-resistant MCF-7 subiine expresses high ievels of antkstmgen binding sites 

(45 1). This group bas suggcsted that excess antiestrogen-binding sites, distinct from the ER- 

a, m y  prwem aiaicstrogen acceshg ER+, kreby  resulting in resiptaace (45 1). Curnntiy, 

it is unckar what mle thcse antiestiogen bindng sites play in tamoxifén-resistant growth. 

Aiterations in tbe agonist/antagonist aEtmty of the ER* in response to amiesuogens 

mey slso be involved m the devebpnmt of tamoxifb nsistancc. D i s c d  in an earkr 

SeCtiDn, t& E R a  bas two weii-stud'itd AF domains Uwolved in the rrsponse to agonist anci 



amagonist ligands. Tamoxifen, whik mst oflen an antagonist to human brrast tum>urs anâ 

bmst cancer ceUs m cuhure, is an agonift in otha tissues and ceii types aad on diffeilent 

promotas wahiD tbe seme ceil. An intcresting study demonstrated tbat stimuhting the PKA 

pathway in MCF-7 cellî by treatment with agents that raised CAMP levels (8-hm-cAMP 

or IBMX+CT). or by transient expression of the catatytic subunits of PKA, markedly 

st imulated the agonistic activity of tamoxifen (452). This effct was found to be promter 

specific and mterestingly, the activity of the pure antiestrogen ICI 164,384 was not &ctd  

by these types of treatments (452). These data suggest that cross-talk between signal 

transduction pathways may be important in both Ligand-dependent E R a  activation (as 

described) and stimileiion oftamoxifén's agonistic actMtYs. More importantly, in HeLa cells, 

ligaad-Mependent activation of h E R s  by elevating CAMP levels could mt be inhibited by 

tamoxifen (183), suggesting that if such signalling pathways are ekvatecî, both ligand- 

iniependeni a d  t a rm-mion  of the ER-a my occur end tamoxifen matment may 

be unable to inhii this type of actjvity. 'Ihc abiîity of hyhxytamoxifen to activate or inhi'bit 

ER- meâiated gene expression couM slso be modulated by the relative expression of 

coactivaton or corepressors as descriid (1 83). hER-a corepnssor proteins have been 

idcniined t h  biid in viîw to the receptor oniy in the presence of tamoxifén, suggesting that 

the antagonistic proprties of tamoxih may be dependent upon rrcruitmnt of such proteins. 

Inierrstmgiy, a ptein L7BPA bas bcen show to bmd to the hER-a only in the presence of 

t a n i ~ h  Md in contrast to coreptessor proteins, this protein is able to e* the agoaist 

actmty of tarnoxifrm wtrn tmsiedy eqmsd m HeLa celis (225). As previously d e s c n i  

altering the tmlance of corepressor and coactivetor proteins can aher the agonist and 



alterations in the kvels of som coactivator proteins bas been described in human bnast 

tumours as discwseâ. This suggests thst aherations in ceiiuler kveh of ER-a interacting 

proteins in human breast tumours, including corepressors, could inauence the bharacter 

of tamoxifen. To date extensive studies have not been perfonned to examine the relative 

levels of the different hERir coactivator and conpressor proteins in hormone-dependent 

versus -nsponsive h m  hast tumours and bcast cancer ceii lines but this type of data will 

no doubt be forthcomiag. 

Mutations within the MR-a codd a b  result in tamoxifen-resistance d o r  

cam~xifkmstimuiated tumur growth. As derahxi varisni forms of hER-a mRNA have been 

identifid that have the potential for biobgical activity of their own or interfere with the 

act ivity of wikî-type hER-a. Whik it is stiiî wlear if these could account for estrogen- 

insensitivity and tamorcifen-resistence in vivo, studies have been @O& to suggest thc 

possialay exists. Montam and coworkers constnicted an hER-a containing a point mutation 

(leucine 540 to glutamine) within the hormone binding domain and demonstrated that it is 

eairscriptiorally activated by the antiestmgens, hyâroxytamoxifèn anà ICI 164,384, but not 

estrogen, wben e x p r e d  in ER-a negative MDA-MB-23 1 bresst cancer ceUs (453). While 

this pertruhir mutation has mt bmi detecteû in human hast  nmiours to date, mutations in 

s i m k  regions have been detected (se Table 2). Interestingiy, Wolf and Joràan isoiated a 

hERa wiih a poht apitation in th U D  (aspertate 35 1 to tyrosine) in a tamoxifebsthuiated 

MCF-7 tumour fiom mice (454) and E R - a  mRNAs with point mutations bave ban 

idcntificd h m  -tic himian ôreast tumous, as descnbed (248.370,37 1). Togahcr the 
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data suggests the potential for a single pomt mutation to mult in tamoxiièn-fcSiStatlce or 

tamoxifen-stimulatecl twaour growth. 

Aherrtionr in imtocriie/pimcrine intemctioar 

As d i s c d  &, hast CBI~CQ celisexprrs~ and sexete avairty of growth &tors 

whose expression can be altercd in rcsponse to estrogen and antkstrogcn treatmcnt. As 

descni ,  Long-temi growth in the aôsence of estrogen resuhs in estrogen-nonresponsive 

growth of T47D and ZR-75- 1 ER* positive human breest cancers cells and PndYs have 

show that this is accompanied by changes in mRNA expression for s e v d  growth factors 

(358,455). In T47D. ER-a positive, estrogen-mnresponsiw subiines, incrrescs in TGFa, 

TGFPl and TGFB2 mRNA were found comperrd to parental ceil l k s  (358,455) and in 

contrast to the pouentai cells whose growth is d e c t e d  by exogenous TGFP, estrogen- 

nonresponsive T47D ceh were shown to bc growth stimulated in vitro in response to 

exogmus TGFP (455). In contrast, estrogen-nonrespoiisive, ER* positive, ZR-75- 1 c e k  

cont8nied decressd kv& of TGFP 1 and TGFa mRNA and TGFP 1 was shown to inhibit the 

growth of both ZR-75- 1 and the estrogen-independent sublines (358). Ther studies again 

demonstrate the rnuhktorisl nature of the development of estrogen-independent giowth 

and underlinc the k t  that s e v d  mcchanisnis may be involved. 

In MCF-7 ceils TGFPl tmtmnt irihiiits DNA synthesis as masurcd by decieases 

m ['Hjhymidk Propration (441). In contrast, in hydroxytanioxifen resistant MCF-7 cells 

(MCF/TOT), ['Hlthymidinc hcorporation was d e c t e d  by TGFP! ûeatmnit (441). 

AdditioaSiiy, in MCFITOT ccb ekated mRNA kvels for the TGFB isofom, p l ,  PZ and 

83, were dctected with comsponding incna~cs in secmed TGFP protein compsnd to the 
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parent MCF-7 ceils (441). As discussed, induction of growth-inhibitory TGFP bas been 

proposeci as a mocbenisn hvolvd in tmmxifen's e&ts on humsn tumour growth and 

owrcomiPg this pocentlil iiibiàitory efkt nmy be an additional mchanism by which ceils can 

becorne rrsiptsnt to tam~xifèn in tains of growtb inhibition. Whik estrogen can increase the 

expression of TGFa h human bmst  amer ccUs and it rnay be involved in mediath the 

mitogenk e8éds of estmgen (299). stable transfection of TGFa, resuhiag in overrxpression 

m MCF-7 celis, did mt resuh m estmgen-independent growth in vitro or in vivo (304). This 

would suggest that at kast abne, increases in TGFa expression may not be resporisibk for 

estrogen-aonresponsive growth of MCF-7 ceh. 

Desp'de the demonstration by several march groups that changes in growth fàctor 

expression can accompany both estmgen-independent and tamoxifen-resistmt growth the 

exact role th growtb m o t  exprrssion play m homnal-independence is still unclear (1 27). 

ï h  progression to homo-- m a mouse mode1 of mariniary cancer has 

bbm demonstrated to be associated with an increase in EGFR lewls. This progression was 

also associated with a decrrase in ER-a levels and EGFR ligands (456). In human bmst 

tumours an inverse relationship between ER-a and EGFR kvels exists anci an increase in 

EGFR niay be assocled with resistence to endocrine matmrnt (292,293). Stable 

ovetexpression of EGFR in estrogen-dependent, ZR-75-1, humsn brrcist cancer ceils 

(ZRRIWlc) bas been h w n  to rrsuh in estrogen-indepadent giowth and hydroxytamxiftn 

rrsÿtence m the pesence of exogenous EGF in one mstaire (457) but mt in another (458). 

Am& p u p  of mearcbas him stably transf'cctcd MCF-7 ceils with the cDNA for EGFR 

and found that the ceih stabiy express bigh kveis of EGFR only in the absence of estmgen 
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and ceh expressing a high level of EGFR displayed an increased ability to grow in vitro in 

the absence of estmgen (459). These results suggest that the di&rences in ~spoasc to 

EGFR overexpression my depend on the ceUular beckgroua& growth conditions under 

whkh the ceb are asayed, or endogenous production of iigands (i.e., EGF and TGFa) for 

the EGFR in the different ce1 types (which were mt examinad in these studies). 

While the above studies have demnstrated that overexpression of a growth fàctor, 

or its receptor, which c m  activate the MAPK cascade can remh in estrogen-indepenâent 

growth in vitro other studks bave demonstrateci that expression of a component of the 

MAPK c d  (Le., Rafor Ras) can alta resuh in estrogen-independent growth in vitro and 

in some cases twniurigenesis in vivo in the absence of estrogen. Transfcctioa and 

overexpression of oncogenic v-ras cDNA into MCF-7 cells can resuh in the ceüs becoming 

estrogen-independent in ternis of growth b t h  in vitro and in vivo (429) and the ceils were 

found to semete ekvated levels of growth factors incluâing TGFa, TGFP and an IGF-I-üke 

protein (460). These researchers also demonstrateci that the ras-transformeci brrast cancer 

cek, or the conditioned mdia h m  these ceüs, were able to partiaily support in vivo tumour 

formation by the nontwnourigenic parental ceUs in the absmce of estrogen, suggesting the 

production of active, ditbible substances by tbe ras-transfonncd ceh (461). interestingly, 

overexpression of a constitutively active Raf-1 kinase in MCF-7 ceL allows for growth of 

the ceiis in the absence of estmgen and is incompatible with growth in the pnsence of 

estrogen (462). Additiody estrogen was found to be dimtly responsible for down- 

regulation of Raf-1 expression (462). These effccts of growth in estmgenantainhg 

conditions are similat to those seen when tesearcbers transkteà EGFR into MCF-7 ceUs 



(Le., dowkngulition of EGFR expression) and suggests that perbeps the continucd growth 

of humen breast cancer cells in estrogen-depkte conditions c m  in some cases a h w  for 

activatiodn<gwsion of previousiy estmgen-downregdated signailhg paîhways. These data 

demonstrate the potentisl importaire of the MAPK pathway in ceU growth mgulation and 

possibiy tumourigenesis and as mntioned previously, MAPK has been sbown to be 

overexpressed in breast turnours compared to n o r d  breast tissue. 

Su peisenritivity to utmgen 

As mntioned, the observation that contaminants of phcnol reà were estrogenk to 

h u m  breast cancer cells m c u b e  led to tbe use of cstrogen-fiee c u b e  conditions to study 

the effects of hg-tem estrogen deprivation. The caveat to these types of studies is the 

remval of endogemus steroid in fetal calf senim, a component of the cell culture d u m .  

Charcoal stripping of fetai calf sem is used, and presumed, to remve di of tbe stemid 

pesnt although d u a l  estn,getls rnay remin (254) or could be contaminants from plastics 

used in cell cuhure flasks (359). Masumara ancl coiieagues have demnstrated that MCF-7 

ceh grown m the absence of estrogen developed supersensitivity to residuel estrogens in the 

charcoal stripped serum (359). These cek appeared estmgen insensitive in that they were 

rnaxudy stimulated by the low kvefs of estrogm present in the cuiture medium. The 

supAeirPitRiiy was dem,mtmted by th k t  tliiit &ses of ICI 164,384 6-fold lower than that 

required for the patent ceils efnciently inhibitecl the growth of these ceh by 50% (359). 

Additiody, these 'supersensitive' ceUs contained 5-fold higher kveis of ER-a then the 

parental MCF-7 ceUs (359) which could also be invoived m the Prrrascd sensitivity thcsc 

ceUs display to estrogen. 



It is likely thet multiple iiiechanisms ait Usvolnd in the development of a hormone- 

indepaident growth phenotype both in cell culture modeis and in vivo. The development of 

estmgen-mnmponsive growth is thought to k one of thc initial stages in tbe development 

of a homne-iiidepadem beast tumur phemtype and signifies a more aggressive stage of 

the disease. Uiifominstely the mechanisms mvolveû in the progression to estrogen- 

independent growth are aot ckar and derstanding the factors that contribute to this 

p h t y p e  are important in tmiis of bnast cancer thpeutics and in an understanling in the 

mechanisms of ER-a k t i o n .  

As discussed, t h  are multiple factors involved in ER-a ectivity and kely  in the 

gawration of hormone-iesistaace and estrogen-nonrespotlsiveness. The goal of this projcct 

was to examine the rnechenisms involved in the generation of hormone-iadependenceeee in a 

human h a s t  cancer cell culture mode1 with the hypothesis that apparent estrogen- 

indepndence in ER-a positive brrast cancer ceUs is associated with altered activity of the 

ER-a, likely via muhipie iiffbsimnis W h  rnsy interfere with m d  ligand-dependent ER- 

a acthity. T47DS (TS) hunisn breast cancer ceUs are ER-a positive and an MCF-7 derived 

cell line that require estrogen for maximuni proWration in culture. An estrogen- 

nomespoirpin s u b ,  TS-PRF, was kloped  through long-terni cuiture of the parental TS 

ceüs m ml-rd fke growth d i u m  containhg chercod-stripped fétaî calfserum. These 

two ceU lines (TS and TS-PRF) were uaed to identify potential mechsnisms mvolveà in the 

gemation of esûogerilmmspoasivc growth in the cornbucd presence of ER-a expression, 

with an empbasis p k e d  on ER-a and factors innmcing as activity. 
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Reapi tr 

Dulbecco's mininial essential medium (DMEM) and phenol reà froe DMEM (PRF- 

DMEM) powder were purchad h m  GLBCO/BRL (Burlington, Ontario). TrypsUi/EDTA, 

pnicüiirrstreptomycin (10,000 units/mL) and L-glutamine (200 mM) were pwchased h m  

GIBCO/BRL (Burhgton, Ontario). Fetal bovine serwn (FBS) was purchased fkom Upstate 

Biotechnology Incorporateci V I )  (Lake Placid. New York) and al1 other ceU culture 

uigrodients were pmhased frorn Flow Laboratories (Mississauga, Ontario). Tissue culture 

Basks were h m  Co* (New York, New York) anâ ceU cuiture dishes were fiom Nunclon 

(Censdian Life Technologies, Biiriington, Ontario). Cholem toxin and hydrocortisone were 

obtaineû h m  S@m Chcmical Co. (St. Louis, Missouri). Hom serum and epidemial growth 

factor were purcbased h m  UBI (Lake Placiâ, New York). Activated charcoal was purchased 

h m  Sigma Chcmical Co. (St. Louis, Missouri) and dex~an T7O fkom Pharmacia (Uppsala, 

S weden). 

ICI 164,384 was a gift fiom Imperia1 Chemicai Industries (ICI), now calkd Zencca 

(Maccleskld, Cheshire). 4-Hydroxytamoxifen, 1 7e-estradiol and dexamethasone were 

obtaineâ h m  Sigma Chernical Co. (St. Louis, Missouri). [3w-Estradiol, ['y]- 

chloramphenico~ [3sS]-methioamC, [a-"S]d.ATP, MO20 and ['Hl-MO20 (Ronqestone, 

[17a-mahyC3H]-(R 5020)) were purcbascd fiom NEN ( L a c h ,  Quebec). [32P]dCTP end 

[y-32P]~TP and were purcbsscd h m  ICN (St. Laurent, Quebec). 

Momcbnai rat anti-ER-a antibody, H226, was a gemous giA h m  h. G. Greene 

(UmveRay of Chicago, Chicago, I l b i s ) .  Anti-rat pcroxidese conjugateû antibody (A-5795) 



was h m  Sigma C M  Co. (St. huis, Missouni. M o m c b d  mus anti-pbospho-MAPK 

a n t i i i i  (91 05s) was h m  New E r @ d  Bhbibs (Beveriy, Massachusetts). Polyclonal rabbit 

anti-ERK1 (C- 16) antibody (SC-93) was h m  Santa Cruz Biotechnobgies, Iac. (Santa Cruz, 

california). Momcbnal mouse anti-ER-a antibdiis (Cbne AER3 14 aad Clone AER308) 

were fiom Neomarkem Inc. (Fmmont, California). Anti-moue perortidase conjugated 

aatibody (1 15-035-071) was purcbesed firom Jackson ImmumResearch Laboratories, Inc. 

(West Gmve, Pennsylvania). Anti-rabbii peroxidase conjugated antiibody (1 72- 10 19) was 

tiom BioRad (Hercules, CaMbmia). Monocbiial mirse anti-lamin antibodies ( 1  19D5-F1 and 

13 lC3) and lsmm strvdsrds were generous gifts iiom Di. Y. Raymond (Montreai, Quebec). 

Enhancd chemilu~scence (ECL) detection kit was purchased fiom Amersham 

International (BucknghamshKe, England). Mobcuiar weight prestained protein markers 

were purc hased h m  Bio Rad (Hercules, Califomia). 

M y e h  basic protein was fiom Life Technologies, Inc (8urhgto11, Ornario). Cyclic 

AMP-depeadent ptein kinase inhibitor peptide (HP-Thr-Th-Tyr-Ala-AspPk-Ile- Ala-Ser- 

Gly-Arp-nir-Giy-Arg-Arg-Asn-Ala-IIe-NHZ) was purchad fiom Bachem (Tonance, 

Caliiomia). PD 98059 (2'-Aaiinr,-3'-mthoxyfîavone) and BES (N,N-bis (2-hyhxyethy1)-2- 

aminoetfiancsylf~ a&) were purchad b m  Caibiochem (La Joüa, California). CAPS (3- 

[CJG bbcxylamino]- 1 -propeacsulîonic acid), ONPG (O-Nitro pheny 1 0-D-galacto-pyranoside), 

Tween 20 @olyoxyethylene-sorbitan mamiaurate), Triton X-100 (octyl phenoxy 

polyethoxyethanol) anâ Nonidet P-40 (NP-40) were purchesed fmm Sigma Ckniral Co. 

(St. Louis, Missouri). EDTA (disodium ethykiibdiamiac tetmwtate disodium sait) and 

sodium thiosulfiite were purchad fiom Fisher Scientific Company (Nepcan, Ontario). 



Kodak XAR tihn wss purcbased h m  Eastman Kodak Compeay (Rochester, New 

York). Hypralm was purchased h m  AmAbem International (Buckhghmhk, England). 

NitroceUulose (NitroPlus, 0.45 micron) paper was purcbessd h m  Micron Separations 

Incorporated (Westbrough Massachusetts). Rabbit reticubcyte lysate in vitro 

transcriptiodtranslation kit (TnT) was purchcd h m  Romega (Uadison, Wisconsin). 

TRItol reagent was purcbased âom Life Technologies, Inc (Burlington, Ontario). Sikagel 

1B thn iayer chromatography shcets were purchasod h m  Mallinckrodt Baker Incorporated 

(Phillipsburg, New Jersey). Whatman P8 1 discs and #1 filter paper were purchase fkom 

Whatrnan Incorporated (Clifton, New Jersey). Ecolite l i qd  scintillation cocktail was 

purchased h m  ICN (Costa M- CaliFornia). Amphoünes were purchescd h m  Phanriacia 

WPP* Sweden). 

Deoxynbnwiease I (DNAse 1) fiom bovine pancreas (2,000 Kunitz unitdvial) and 

phaiykthyIsultony1 br ide  (PMSF) were purchavd h m  Sigma Chemical Co. (St. Louis, 

Miswuri). Aprotinin, le- and 4-[2-amùn,ethyl]bemneSulfonyl Buoride hydrochloride 

(AEBSF) were purchascd h m  Boehringer Maanheim (Indianapolis, Lndiana). Ribonuclease 

inhiiibitor (RNAsin) was purchasxi h m  Romga Corp. (Madison, Wisconsin). Radom 

hexamers and rnoloney murine keukemia Vaus-reverse transcriptase (MMLV-RT) were 

purchescd h m  GIBCO/BRL (Burbgton, Ontario). 

nie ongnel TA clonhg kit was purchased h m  Invitrogen (San Diego, California). 

pûR8 (ER* cDNA), pHEGO (ER4 expression vector) and pSG5 (eulraryotic expression 

vator) were gifh h m  Dr. P. Chambon (Strasbourg, F m ) .  pT7ehER (ER* expression 

-or) was a gill h m  Dr. S. Tsai (Baybr Cokge of Medicine, Houston, Texas). pCH 1 10 



(p-grlectosidase Qcpnssion -or) was pocliand h m  Pliemiecm (Uppsak Sweden). ERE- 

iL-CAT @BL-CAT8+), X e n o p  laevis vitelogenin B 1 estmgen respoasc ekmmt reporter 

gene was obtajneâ h m  Dr. Wahli (Lausanm. Switnlaad). 

CeU Cultun 

All cells were routinely kept in 150 c d  flasks and grown in a 37°C kubator, 

containing a humidified atmosphm of 5% CO,. TS cek, pnviously called T47DS, were 

o @ d y  thought to be a T47D subline, however, DNA fingerprinting anaiySis showed that 

they were an MCF-7 s u b k  (1 05). T5, T47D, HBL 100, and MDA-MB-23 1 hunmin brrapt 

cwcer cellf were routniely CM in DMEM containhg 5% voVvol fetal calfserum (FCS), 

0.3% wt/vol ghrose, 2 mM L-ghdanmr and 100 d m L  pemcillui-streptomycin (5% CM). 

CeUs were passaged at 70-8û?h coduency using Ede's EDTA solution (5.3 mM KCI, 1 17 

rnM NaCl, 26 rnM NaHCO,, 1 mM NaH,PO,, 5.6 rnM D-glucose, 1 mM EDTA). A 

chronicaily-estrogen-depleted TS subline (TS-PRF) was developed by long-term growth of 

these ce& in PRF @hem1 red fm)-DMEM suppkmnted with 5% voVvol twke chercoal 

dextran stripped FCS and 0.3% wt/vol glucose, 2 mM L-glutamine, and 100 units/rnL 

pmifiiiin-sireptomycm (5% CS). TS-PRF ceh were routinely cuhured in 5% CS. MCFlOAl 

human breast epitheüsl ceh (463) were routinely grown in DMEM containing 5% voVvol 

home serum (hs), 0.3% wt/vol glucose, 2 mM L-glutamine end 100 unitd rnL penicilh- 

streptomycin, O. 1 pg/mL cholera toxin, 20 @II& hEGF, 10.4 pg/mL bovine insulin and 1 

pM hydrocortisone (DMEM-special). CeUs were passaged et 70-8Ph coduency ushg 

trypsin/EDTA. Transient transfêctions using T5, TS-PRF and MDA-MB-23 1 ceUs were 

p r f o r d  in 5% CS. TrairPmt transfktions using MCFlOAl cells were pedonacd m PRF- 



DMEM containhg 5% voVvol twice charcoal dextran stripped bs, 0.3% &vol glucose, 2 

mM L-glutamk aod 100 unitdml penicillin-streptomycin (PRF-DMEM-hs) and cells were 

passaged once prior to tmnsfkction in PRF-DMEM containmg 5% voVvol twke cbmod 

de- stripped hs, 0.3% d v o l  glucose, 2 mM L-glutamine, 100 units/mL peniciiiin- 

streptomycin, 0.1 pg cholera toxh, 20 ng/mL KGF, 10.4 pg/mL bovine insulin and 1 pM 

hydrocortisone (PRF-DMEM-special). 

Crowth curvea 

Growth experiments were p e r f o d  by setthg up cells at 1 O' ceW35-mm dish. 

Estrogen growth experiments were p e r f o d  in 5% CS, while antiestrogen growth 

experiments were performcd in 5% CM. Two days later, b s h  meâium was added, whnh 

coata0ied the appropriate concentration of drug to be tested h m  1000 X stock solutions in 

-1. Mer 5 days the ceh were hervested in triplnate using trypsia/EDTA and counteâ 

using an ekctronic ceU counter (Couher Electronics, Burlington, Ontario). Resuhs were 

exprrss+d as proiüèration rate (percentage control) usmg the equation; Doubhg thne PT) 

= 2 b u o g  (Tdïi), where Ti is initiai ce1 nmber, Tn is fimi c d  nmkr and n is the timc 

(days) bctween Ti and Tn. ProMeration rate as a percentage of control was then calculateci 

fiom the equation: Proliferation rate = doubüng tirne (control) X 1 00/doubling the. 

Rceeptor rmys 

PR assays were performed using whoie ceil îiganû biading assays and T5 ceUs were 

passageci twice in 5% CS bcfbre king set up at lxlOd ceW35 mm weU one day prior to 

receptor assays. [3H+RS020 and [3H+R502~ plus 100 fotd molsr excess unlabelkd MO20 

were usd to determint PR total and mnspecific b h h g ,  rcspectively. Thc working stock 



of ['Hl-~5020 was made by drying down tk appropriate volume of ['Hj-RSO2O in ethano1 

under air nitrogen, and then dding tk appropriate v o l m  of biadmg bu&r (PRF-DMEM 

plus 0.3% wt/vol glucose, 2 mM L-glutamime and 100 units/ mL penkillin-streptomycin, 

0.1% wt/vol b o v k  serum iilbnin and 100 nM dexamethasom) to give a onsl concentration 

of 20 nM ['HJ-R.5020. AU were p e r f o d  in the presem of 100 nM dexamethasone 

to prevent binding of MO20 to the glucoconicoid receptor. This solution was stored in the 

dark and kfi ovemight at 4°C. The folîowing morthg an aüquot was counteâ using üquid 

scintillation to detemine the concentration. The excess MO20 solution was d e  by dsing 

d o m  under nitrogen enough unlabelkd MO20 to give a fimi concentration of 1 phd to be 

taken up in the appmpriate volume of the [3H]-R5020 total solution. This solution (excess) 

was lefi at m m  tempemtm (in tk dark) for several bours. For each assay, total and excess 

measurarrnts werc perhnned on tripkate müs and ceiî counts were perfomrd on tripkate 

mils. To @m the assay, tk tlr was aspirated h m  the w e h  and 500 pL of total or 

500 pi, excess solution was added to each of t h  weh, whik anohet three were treated 

with bndng bufièr only (thcse were for counting ceil numbers). The plates were then p k e â  

in a 37T incubetor hr 1 hem; a b  which the p k  were pkced on ice, the binâing solutions 

aspirated and 1 mL of coid wash solution (5% Wvol bovine serum albumin in Isoton) was 

added to each well. This was aspirated h m  the weUs and the wash was repeated. One mL 

of trypsinlEDTA solution was aâded to each well to be used for counthg and d e r  several 

minutes the sohdion wntainiiig the detached ceUs was rrmoved and added to 7 mL of isoton 

h a ~ ~ v i a l T b c ~ l l P ~ n i s e d h i v i c e w i t b  1 mLDMEMand tbipwasalso added to 

the counting visL The solution was m e d  twice using a 21 gauge ncedk and the ceUs 



counted using an e h &  ceil counter (Coulter Elechonics). To the ceh trcatcd mth total 

or exces? RS020 mLtion was addcd 500 pi, of sohibüipation solution (0.5% voUvol Triton-X 

100 in 1 M NaOH) end kft ovemight at room temperature. The mct day a 250 pL aüquot 

of sohibillcd ceh was dded to a counting Mal, mitraüzed with 62.5 pL of 4 N HCI and 5 

mL of îiquid scinsillans (EcoLight) was addcd and the viels counted ushg a Muid scmtillation 

counter. ER- levels were determineâ Pi a snnüer faohion with ['H] 17~-estradiol and 17P- 

estradio1 d in p h  of [wR5020 and R S O  and dcxamtliesoae omitted fiom the binding 

b&r solution. 

Imbtioa of auckar mrttix-in termediate fihment fraction 

CeU pellets (either fie& or stored at -70°C) were tesuspended in TNM bufFer (100 

rnM NaCl 300 mM sucrose, 10 rnM Tris-HCl pH 7.4, 2 mM Mgch, 1% (voVvol) 

thiodiglycol) at 1û"C. PMSF was added h m  a 100 mM stock to a finai concentration of 1 

rnM. This c d  sohition was transfemd to a gless hornogenizer on ice using a pasteur pipette 

and the ceUs were homogenized 5 strokes at room temperature. The ceb were transfèd 

using a pasteur pipette to a large Sorval centrifbge tube anci incubeted on ice for 5 minutes. 

Triton X-100 was d d d  h m  a 25% voVvol stock solution to a final concentration of 0.5%. 

The celis were shred,  3 parscg through a 22 gauge rredk on ice. Sampks were centritiiged 

at 1,000 rpm for 6 minutes at 4OC. The supernatant (cytosol kt ion)  was sawd to a k s h  

tube anâ the pellet was rcsuspended m TNM bu& containhg 1 mM PMSF, homogenized 

7-10 strokes and ceatrifuged at 1,000 rpn fir 6 minutes at 4°C. This was repeated and bcfon 

thefiiislcaibiifugetinasampLoft&micki wasnm~vedaadphced UiZMNaCVS M 

and the o p W  dmity at A, (ahorbance, 260 nanonmes) mea9urrd. Mer the nnel 



centrifugetion, the ruki pellas were nsuspadtd in dgcstion bu& (50 mM NaCl 300 mM 

sucrose, 10 mM Tris-HCl pH 7.4,3 mM MgCb, 1% (voVvol) thiodiglycoi, 0.5% (voVvol) 

Triton X-100) at a concentration of 20 WmL and digested with DNAse 1 (168 UhL)  for 

20 nimutes at m m  taiperenin. Ammonium &te was addd dropwise fiom a 4 M stock, 

to a hi concentration of 0.25 M, and the nuckar matrix was pelletad by centrifiigation at 

5,000 rpn o r  10 minutes at 4OC. Th supernatant (chromstin ikaction = S 1) was saveû to a 

fnsh tube and the pekt was resuspended in digestion b&r and re-extracteci by slowly 

adding NaCl with màoag to a fimi concentration of 2.0 M &om a 4.0 M stock solution. This 

was left on ice for 30 minutes and peileted by centrifugation at 5,000 rpm for 10 minutes at 

4OC. The supernatant (S2) was saved to a fiwh tube and the peM was again re-extractcd 

wit h 2 M NaCl and 1 % (voVvol) 2-mercaptoethanol for 30 minutes on ice. The resuhing 

insoluble NM-iF was isolated by centnfbgation at 5,000 rpm for 10 minutes at 4OC. The 

qmmtant (S3) wss mveû to a fie& tube and tk pekt (NM-IF) containhg nuckar matrix 

proteins and associated intermediate h n t s  (320) was resuspenâed in 8 M urea AU 

samples were stored at -20°C. Protein ievels were assayed using BioRad (Bradford) protein 

assay kit (Mississauga, Ontario). 

Prrprritioi of n u c k r  matris-intermediate Ihmeat mmpkr for ekctron mkroreopy 

hmdately  after isolstion of NM-IF the sampks weie rrsuspnded in 100 mM Hepes 

solution pH 7.4 and glutaraldehyde was added (predilutad with 100 mM Hepes pH 7.4) to 

a final concentration of 2.5% (voVvol). The ssmpks were lefi ovemight at 4°C and the 

following day were p k t e d  by cenrrifugation at 5,000 rpm for 10 minutes at 4°C ancl the 

NM-IF pellet wiis washeû twice with 100 mM H e p  bu&r (pH 7.4) to inactivate th 



giutaraldehyde. The sampks were resuspenâed m increasiiig concentraions of ethanol(30, 

50, 75,95 aaâ 100 %, d e  by diluthg absolute e t b o l  in disrilleci autochved water) by 

incubating the sampks on a mtating bed for approwimately 1 hour at each ethem1 

concentration at room temperature. The sampks were peileted in between successive 

dehydrations at 5,000 rpm et room temperature. The -le was resuspended in 100 PL of 

1ûû% ethan01 hr shipping. Electron micmscopy was perfomwd by Dr. M. Henrcl (Calgary, 

Alberta). 

SDS-PAGE, Cwmurie rtaining and qrintitition 

SubceW âactions werr analyzed d e r  reducing conditions by electmpboresis on 

sodium Qdecyl sutnite- 12 % poiyacrylamide gels (SDS-PAGE) with 4 % stacking gel at 200 

V for 45 minites at room temperature according to the Laemmü method (464). Gels were 

stamcd m 0.05% Coomessie Blue R-250 (BioRad). Quantincation of cytokeratin levels was 

p e r f o d  on Coorriassie Blue striinad gels ushg scanniag densitometry a d  the lemin bands 

were used as loadiig controk. Scans were pedbmied using a ColorClne Scanner (MacIntosh) 

and images and âata analyscd using Image (National Institutes of Health) and Ofoto 2.0 

(LightSoince Computer Images Inc.) software packages. 

Protein pudliution 

NM-IF samples were prepad d satnpks were resuspended in 7 M ma, 20 mM 

Tris-HCl, pH 8. Sampies were chromatogrspkâ on a 1 mL PONS PI (anion-exchange) 

c o h  at a protein comentmtbn of 8 mglcohnm Rotch wcrc elutcd with a linear gradient 

of 0-0.5 M NaCl m 15 mi, and 0.6 mL colkctdfkion.  Fractions were assayed by SDS- 

PAGE aad Coomassie B k  staiaing and sampks containing protem bends of interest wcre 



POOH* 

Twodimeiiioiil ektrophomb 

Firstdimeasion isoelectric focushg was peiformed accordmg to the method of 

O'Fainii (465) and the second&asion (2-D) SDS-PAGE according to the mcthod of 

Doucet (466). Gels weie staineâ ushg the siiver staining tcchnique (467). For the 6rst 

deneasion isoelectrk f'ocusing (IEF) the iEF gel mmmr solution contaimi per 20 mL; 1 lg 

urea, O.3g CHAPS, 100 pL NP-40, 0.25 mL pH 5-7 ampbolines, 0.25 mL pH 6-8 

arnpholines, 0.5 mL pH 3.5-9.5 ampholines and 3 mL of 30 % acrylarnide/O.8% bis- 

acrylamide. The solution was fütered through a 0.45 micron SFCA Per  (Nalgene) kfore 

storing in I mL aliquots at -70°C. The IEF sample solutions containeci per 10 mL; 1 g SDS 

and 0.232 g dithiothreitol and was stored in 1 mL aliquots at -70°C. Samples for IEF were 

in 7 M urea and to JO pL sampk was added 10 pi, iEF sample solution per geL FiUst 

dimuion tube gels were nui for 2 hours at 200 V, 2 hours at 500 V and 16 hours at 800 V 

in a b d i  system composed of 100 mM NaOH cathoiyte solution (upper chamber) and 10 

mM phosphoric acid anolyte solution (lower chamber). 

Tube gels were emded ont0 parafilm bats and overiayed with 1 mi, 1 X sampk 

reduciag b a e r  (5 X contains per 10 mL; 1.5 g SDS, 0.77 g dithiothitol, 5 mL 0.05% 

bromphenol Mire, ad 3.5 mL 1 M Tris-HC1 pH 6.7) and incubated et room temperature for 

30 minutes. The ~ec~nddpnerision (size separation) resolving gel containeci per 80 mL; 29.3 

mL disiiscd WBtet, 27 mL 30 % auylamidd0.3 % bis-acryiamide, 4 mL glycerol, and 16 mL 

5 X resolviag gel Wer (500 mL = 61 g Tris and 19 g & c h )  which was âegassed for 15 

ntadabeforeadding3.2mL lO%SDSanâthaifikncrlbugba 1 micronglesskfîiter 



(Gelman). The stackmg gel containeci per 10 mL; 5.7 mL distilieâ water, 1.3 mL 30 % 

acrylamicW0.3 % IkwxyleriiiQ, 0.5 mi, glycerol and 2 mL 5 X stacking gel bufter (100 mL 

= 4.2 g Tris and 0.74 g EDTA , pH 6.7) W h  was degased hr 15 miautes kforc adding 0.4 

rnL 10 % SDS d then fiàaed tfirough a 1 airron glaps fibn filter (Gelman). Tube gels were 

loaded onto the seconà dimasion slab gel end rua at 300 V for 2.5 hours with an upper 

buffér composed of 60 rnL concentrated nuuiiiig bu&r (1 L = 61 g Tris, 56 g glycine and 5 

g SDS) in 300 mi, distiîied water and a lower bu&r composeci of 400 mL concentrated 

running bder in 4 L distillecl water. 

For 9hp staiiiig, gels were fixed for 30 minutes in 50 % rnethanoVl0 % acetic acid 

with ge& shakPg at room temperature. Gels were then incubated in sensitizer (500 mL = 

34 g sodium acetate, 1 g sodium thiosuîfàte, 150 mL ethano1 anâ 2.5 mL 25 % (voYvol) 

ghnataldchyâe) for 30 minutes at room temperature with gentk shelrllig. Gels were washecî 

3 times with water for 10 minutes each with gentk shaking before incubeting the gels with 

silver solution (500 mL = 50 mL 2.5 % silver nitrate and 200 pL foimsldehyde) for 30 

minutes at room temperature with gentk shaking. The gels were then washed twice with 

water for approximately one minute each before incuhting with developer ( 5 0  mL = 12.5 

g sodium carbonste ami 100 pi, formaidehyde) for 10- 1 5 minutes at mom temperature with 

gnrtk shaking. Thc devebph r e d n  was temimed by i n c u w  the gels in stop solution 

(500 mL = 7.4 g EDTA) for approximately 10 minutes at room temperature with gcntk 

sheking* 

Wertcrn bbtting and immune de#ectkn 

NiM-IF 



b m i n  and ER-a detection 

NM-IF samples were nui on SDS-12 %PAGE with 4 % stackiag gels at 200 V for 

45 minutes at m m  tenpaahirr d e r  rcducing conditions according to the L a e d  rnethod 

(464). G& were epuilibratcd for 30 minutes at m m  temperature in rnodifiod m e r  O (468) 

(5 % (voVvol) 2-mercaploefhBtYl~ 2.3 % (wt/vol) SDS and 62.5 mM Tris-HCl pH 6.8). Gels 

were transferred to Ntroceiluiose using CAPS transfer M e r  (25 mM CAPS pH 10 and 20 

% (voVvol) methanol) for 1 hour at 120 V at 4°C. Nitrocellubse blots were airaned and 

beked at 65T hi 30 minutes. Bbts were blocked ovemight at 4OC in 5 % (wt/vol) skimmed 

miUc in Tris-bUnered saline (TBS, 1 L 5 X stock = 12.1 g Tris, 146.3 g NaCI pH 7.5) 

coniainiiig 0.2 % Tween-20 (TBS-T). Bbts were incubated with primary ant ihdy  (for ER-a 

detection: anti-rat H226 ER-a antihdy; for LaMn detection: anti-mouse 119D5-F1 (lamin 

BI) and 131C3 (lamin AIC) antibodies) at a dilution of 1 @nL m 1 % TBS-T for 1 hour at 

room tenperanire. Blots were washed with TBS-T and then incubated with the appropriate 

peroxkhwxonjugateû seconôary antiibody at a dihnion of 1 in 1ûûû in 1 % TBS-T for 1 hour 

at room temperature. Blots were washed 4 times for 1 5 minutes each in TBS-T. Detection 

was carried out ushg the ECL detection system (Arnersham, Buckinghemshiie, England) 

according to the manu$ctum's instructions. 

ce11 crlrcics 

ER-a detection 

Whole ceIl extracts (dissolveci m 8 M urea) were analysed ushg SDS-IO % PAGE 

with a 4 % stacking gel at 200 V for 45 minutes et room temperature under rrducing 

conditiom accodbg to thc Laemnii mtbod (464). Gels were squilihted for 30 minutes at 



room temperature in ice cou CAPS transfér buffei (10 mM CAPS pH 11,20./r (voVvol) 

methanol) and tfansfèrred to nitroceUulose usmg CAPS transkr buffet for 1 hour at 120 V 

at 4°C. Blots were bbcked for 1 hour at room temperature in 5 % (Wvol) sLimmd 

miknaS-T. Bbts were iicubated wiih e k  ER* s p &  pnilary antibody, H226, (which 

recognizes an epitope encoded in exoo 1R of the wild-type ER*), the ER-a specific 

antibody, AER308 (which recogrks an @ope encoded in exon 4 of the rmd-type ER-a), 

or the ER-a specific antibody AER3 14 (which recognhs an epitope encoded in exon 2 of 

the wikî-type ER*) ovanight in 1 % (wt/vol) skhmd mWïBS-T at 4°C at a concentration 
! 

of 1 : 1000. Bbts were then incubated with the appropriate peroxidase-conjugated secondary 

anti'body (se Materiais) hr 1 hou at m m  temperature in 1 % (wthol) s k h d  mWTBS- 

T at a concentration of 1 : 1000. Bbts were washed 4 times for 15 minutes each in TBS-T and 

detection was carried out using the ECL detection systern (Amersham, Buckinghamdwe, 

England) according to the manufacturerk instnrctions. 

UA PK detection 

Cell extracts were obtained by resuspending ceil pekts in MAPK extraction M e r  

( 100 mM p-glycerophosphate, 1 mM sodium o r t h o v d t e  pH 10 (made to pH 10, then 

boikd rntil sohnDn t u r r ~ ~  clear a d  pH again adjusted to 10), 2 rnM EGTA, 20 mM Tris-HCl 

pH 7.4, 10 pg/mL aprot- 10 pg/mL kupepth, 0.1 mM AEBSF, 1 mM PMSF, 1 rnM 

dithiuthreitoi, 0.2 mM benzamidine) and subjecting cells to 3 cycks of kze-thawing 

foibmd by a 10 minute m m  tempemture centnfiigation at 5,000 rpm. Equivaient amounts 

of protein were rua on SDS-7.5 % PAGE with a 4 % stacking gel et 200 V for 45 minutes 



wae equiliied h r  30 rninutes at room temperature in ice cold CAPS aaiisîrr b&r. Gels 

were tramferrd to nittocelluiose using CAPS transkr W e r  at 120 V for 1 hour at 4"C. 

Bbts were akdrkl and bslrod for 30 Mnutes at 65°C. Blots were blocked ovemight in 5 % 

(wthol) skimmd mWïEhS-T. Bbts were kubated with muse anti-pbospho-MAPK 

antibody for detection of duaüy phosphorylated MAPK (NEB, Beverly, Massachusetts; 

1 : 1000 in 1 % (wthl) slrimmed miWïBS-T) or rabbit anti-ERKl (C-16) for detection of 

total MAPK protein (Santa Cruz Biotechnology; 1 : 1000 in 1 % skmmed mWïBS-T) for 4 

hours at room temperature. Blots were Urubeited with the appropriate seconâary antibody 

(see Mate*) for 1 hou at room temperature, 1: 1000 in 1% skimned miWTBS-T. 

Detection was carrieâ out using the ECL detection system (Amersham, Buc-, 

England) accordhg to the manufktum's instructions. 

PD 98059 treated ER- a detection 

The detecthn of E R a  aAei treating T5 a d  T5-PRF ceUs with the MEK inhiiitor PD 

98059 was canied out as d e s c n i  (240). This method was uned BUtiaüy in attempts to detect 

serbe 1 18 phosphorylation of the rmd-type ER-a and subsquently it was rraliPd that PD 

98059 decnased ERG leveis. This mahod is bascd on the L a e d  mthod using 7 % 16 cm 

X 16 cm acrylarnide gels nui under reducing conditions. TS and TS-PRF cells were grown 

in 5% CS and ceil exmas were obaird by aâdition of 0.25 mL of 2 X SDS-PAGE semple 

buffer (0.12 M Tris-HC1, pH 6.8,4 % SDS, 20 % glyceiol, 0.2 M dithiothreitol0.008 % 

bromophaiol Mue) wsmrd to near Iûû'C directly to plates ami scraping cek into microfuge 

tubes kept on a 95°C heatmg block. CeUs w m  thm incubatecl at 9S°C for 10 minutes kforc 

asssy of potein hLP (BioRad reagent) and quai amounts of protem l o d d  onto gels. Gels 



were nin for 1 .5 boum at 200 V. 

Tnnaknt trrnsf~tionr and CAT u u y r  

TS, TS-PRF and MDA-MB-23 1 celh wexe passaged once m 5 % CS end set up io 100 

mm disbes at 0.5 x 106 ceUs per dish in 5 % CS the day before transfection. MCFlOAl cells 

were passaged onw m PRF-DMEM-spocial and set up in 100 mm diameter dishes at 2 x 1 O6 

cells per dish in PRF-DMEM-special two days before transfection. The folowing day the 

medium was changed to PRF-DMEM-hs and ceUs were transfécted the foliowing day, using 

the &ium phosphate/giycerol shock rnethod (469) ovemight using an equal volume of 2 X 

BBS b&r (50 mM BES, 280 mM NaCl 1.5 mM Na,HPO,, pH 6.95) combined with an 

equal v o b  of DNA solrition (containhg 3.2 pL of 2M CaCI, for every pg of piasmid DNA 

brought to the desired vohune with sterile double distilled water), followed by a 2 Mnute 

glycerol shock (20 % voYvol in PRF-DMEM). CeUs were w a d d  twice with 1 X PBS (1L 

10 X stock = 2 g KC12 g KH,PO,, 80 g NaCl, I 1 g Na#P04, pH 7.1) and given fksh 

medium plus or minus drug of the appropriate concentration or vehick alone. Mer 24 hours 

of treatment the ceUs were hamesteci. The dishes were placed on ice and the medium 

aspuated. The dishes were tben washed twice with 1 X PBS and 1 rnL of TEN (40 mM 

Tris-HCl pH 7.5,l rnM EDTA, 150 rnM NaCl) was added to dishes. The cells were scraped 

iiorn the dishes into a microfiige tube and the dishes r i n d  with 0.5 mL of TEN. The ceUs 

were centrifùged for approximtely 3 minutes at 4OC and 100 pL of O Z M  Tris-HCl pH 8 

was added to the cell ph. Tht cell lysete was obtaiaed by 3 cycles of fieezing and tbawing 

tOUowed by a 5 minute centrifugation at 5,000 rpm at 4°C. The supernatant was saved to a 

fiesh micmfuge tube and sarnples storeci at -20.C for chiotaniphenicol acetyhferase 



(CAT) assay (470). Tramdkthn e & h y  was dctermined by cotranskctioa of pCHl10 (P- 

gaiactosidasc expression vector, Phamacia) and assay of B-gaiactosidase ectivity (471). T5 

and TS-PRF celis were transfected with 5 pg ERE-tk-CAT (148) to detemine ER* 

transcriptional activity, along with 5 pg pCH1 IO. For eltpcriments in which tk activity of 

ERd3-4 was ex- in TS cells, transfrctions were peifonncd using 5 pg ERE-tk-CAT, 

5 pg pCHl10, plus or minus ERd3-4 expression vector (O. 1- I pmol) or vector DNA alone 

(pSG5,l ml) m addaion. vactor DNA was added to al1 traasfection mixes to ensure equal 

amounts of DNA were added to each di&. MDA-MB-23 1 and MCFlOAl ceUs were 

transhted with 5 pg ERE-tk-CAT, 5 pg p a l  IO. pius or mirius 0.5 pmol HEGO (wüd-type 

ER-a expression vector, kintliy p d e d  by Dr. P. Chambon) with increasing amounts of 

ERd3-4 expression vector (0.5-2 p m l )  or vector DNA aiune (pSG5,Z pmol) in addition, 

vector DNA was addeû to ail tmns!Won mimi to ensure equal amounts of DNA were added 

to each dish. Piasmids were isolated using either the standard cesium chloiide gradient 

technique (472) or Qiagen plasrnid isolation kit (Qiagen, Toronto, Canaâa) . 

Long-Raagt ER* RT-PCR 

Total RNA was extractcd usiig the TRhl  negent (GiBCO/BRL, Grand Isiand, New 

York) and reverse transcn'bed (RT) to d e  cDNA for polymerase chah reaction (PCR) 

amplincation. Reverse transcription was carried out using 1 pg of denatured RNA in a final 

volume of 15 pl (382). RNA was reverse transcn'bed ia thc presence of I mM 

deoxyadenosine triphosphate (dATP), 1 mM dwxythymdiae triphosphate ( d m ) ,  1 mM 

deoxygunosine triphosphate (dGTP), 1 mM deoxycyticîimc triphosphate (dCTP), 5 mM 



dithYIttireitol, 1 unit/& ribonuckasc inhibitor (RNAsin), 20 pM ranâom h e m ,  50 mM 

Tris-HCl pH 7.5, 3 rnM MgC12, 75 mM KCl and 5 unitslpL MMLV-RT. Reverse 

transcription was carnad out for 10 minutes at room temperature foilowed by a fUnher 

Uicubation of 1 hour at 37T and was stored at -2WC. Longgrange PCR amplification was 

performed on RT products using a primer pair that comisted of 118U ER-a primci (5'- 

TGCCCTACTACCTGGAGAACG-3: mise; located in wiid-type ER-a exon 1; nucleotides 

61 5-637) and 1/8L ER-a p h r  (5'-GCCTCCCCCGTGATGTAA-3'; antisense; located in 

WU-type ER-a exon 8; nuckotides 1995-1978). The nuckotide positions given correspond 

to the pubLished Mqueaces of the h m  ER-a cDNA (67). PCR amplifications were 

p e r f o d  ushg 1 pi, of reverse transcription product (cDNA) h a nnal volumc of 10 pL in 

ihe prrsare of 20 mM Tris-HCl pH 8.4,2 mM MgC12, 50 mM KCi, 0.2 mM dATP, 0.2 rnM 

ITTP, 0.2 mM dCTP, 0.2 mM dGTP, 1 ng/pL of each p r k r ,  1 unit of Taq DNA 

polymerase (Promega, Madison, Wisconsin) and 10 nM [ a - 3 2 ~ ] d ~ ~ ~  (384). PCR was 

perfbmrd uWg 40 cyclcs (5 minutes at 9@C, 1 minute at WC, 2 minutes at 72T, 1 minute 

at 94°C) on a Themcycler (The Perkin-Elmer Corp., Foster City, Californie) (382). 

PCR products were separated on 3.5% poiyaaylamide gels containhg 7 M urea 

which were run for 3.5 hours at appmhteîy 1600 V. 5 pi, of fonnamide buffer (80 % 

(voVvol) deionized fonnsmide, 1 mM EDTA pH 7.5, O. 1 % (wt/vol) xylene cyanol, O. 1 % 

(Wvol) bromopbaPl blue) was added to each PCR tube, the sampies were boiled and 5 PL 

of the sanpie was loadeâ onto the gel for sepration. After separation, the gel was place on 

Wbînmn#l nhapepr,driedanâexpodtofih(KodskXAR) o~ghttovisualizcPCR 



products. 

Ideititicrtioa of PCR producta 

Bands of interest were cut fiam the dried gel der exposure to nhn, extracted, 

subcbned and sequenced (382). The gel hgment was plpfed in a 1.5 rnL microcentrifiige 

tube to whkh 100 pi, of distiîleâ water was added ad tbis was overlayed with 2 drops of 

minera1 oil. The tube was heated at 100°C for 15 minutes and the eluate was transferred to 

a ckan mictofuge tube (473). 5 pL, of this eluate in a total of 50 pL wes useâ for fùrther 

reampükation under the sune conditions previously descn'bed for long-range RT-PCR with 

the exception that [a-"PIdCTP was omitted from the nnal reaction mixture. The amplificd 

p d u c t  was p& ushg the Wizcud PCR preps kit (Romp Corp., Madison, Wisconsin) 

and subcloned using the TA clonhg vector kit (Invitrogen Corp., San Diego, California) 

according to the mufàcturer's instructions. in bief this procedure involvd ligating a 

portion of the amplifhi end puntied PCR product into the TA cloning kit vector (pCR2.1) 

ovemighi ai 14T (Qation reaction contained: 5 pL, steriie water, 1 pL, 10 X iigatbn buffer, 

2 pL pCR2.1 wctor, 1 pL PCR proâuct ad 1 pL T4 DNA ügase). FoLlowing ligation, 2 

of the rraaion was imubated with ampeûmt becteriai cellp for the purpose of transformation 

(30 minutes on ice hlbweâ by a 30 second heat sbck at 42OC, 2 minutes on ice and 1 hour 

at 37°C). The bacteria were plated onto LB agar containhg 25 @mL ampicillin and 

incubeted ovemight at 37T.  Transfbm cobnrS were slccted and miniprep piasrnid DNA 

isolations were pafomvd ushg standard laboratory techniques (472) for tht purpose of 

squnring. This pmcdure was u d  to suôcbne 3 separate RT-PCR bends h m  3 separate 

RNA isolations anâ 3 colonies fiom each of the TA cbning vector kit citiations were 
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s e q 4  to oodhn the idcatay of the RT-PCR M. Sequencing was p e r f o d  ushg the 

T7 sequencing kit (Pharmacia. Uppsala, Sweden) bescd on the dideoxy (Sanger) chah 

termination method according to manufàcturer's instructions with 5 pg of alkalidenatumi 

plasmid DNA in the presençe of [a-%ld~TP and the appropriate primer. Sequeacing 

reaction products (3 pL) were nui on 6% aaylsmide gels containiqg 7 M urea for 

approh te ly  1.5 hours at 2000 V ushg a BioRad sequencing gel apparatus. Gels were 

transferred to Wbstnmui # I  mer paper, dried for appmximstely 2 hours at 80°C using a 

BioRad gel dryer and exposed to film (Kodak XAR) in order to visualize sequencing reaction 

products. in order to seqwnce the fidl îength of the cDNA clones the foliowing p r h m  were 

used in separate sequencing reactions for each plasad DNA obtained; M 13 forward (5'- 

CTGGCCGTCGT'MTAC-3', mpplied with the TA cloning kit), Ml 3 reverse (5'- 

CAGGAAACAGCTATGAC-3: suppüed with the TA cloning kit), 1 /8L and 1 WU, P 1 L (5'- 

CTGGCTACATCATCTCGGTTCCGCAT-3'; aatisense; located in wiiû-type ER-a exon 6) 

a d  P2U (5'-TCCTGATGATTGGTCTCGTCTGGCGC-3'; sense; located in wüd-type ER-a 

exon 5). 

Conatnctioa of variant ER-a erpresnion vcctor 

'Ihe RT-PCR product comspondiig to t i ~  exon 3/4 delaed ER-a cDNA was cbned 

h o  thc TA cb- vector (descriacd above) (Invitrogen Corp., San Diego, California). Stu 

1 digestion of this p l d  rekased an exon 314 dekted -nt which was used to replace 

the comsponding region of the wild-type E R 4  h m  pOR8 (70), which contains a glycine 

to vaüne point mdation at a m b  acid 400. Stu I sites are in exon 2 and exon 7 of wild-type 

ER-a and the subcloaed 6314 PCR h g m n t  resuited m a correction of thc wiM-type 
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sequence of glyciae at amim acid 400 (in exon 5 in pOR8). T& full kngth EcoR 1 ER* 

fragment h m  HEGO (an expression plesmid containhg wüd-type E R 4  coding region 

c b d  into the eukaryotk expression vector pSGS (70)) was then excised and repiaced with 

the comsponding frcigmnt h m  pOR8 containing the exon 3-4 dekted ER* cDNA. The 

identity of the expression plasmid connaniag t& exon 3-4 deleted ER-a (ERd3-4) was 

confumed by restriction enzyme digestion and sequence analysis using the dideoxy cythod 

and Tl sequencing kit as d e s c n i  above. 

I n  vUIo tnaacription and tmnrhtioo 

In vitro transcription/transIation (TnT) mutions were p e r f o d  using a coupkd 

trariscriptiodtrcuislation system (TnT coupled Ret iculoc yte Lysate System, Promega Corp., 

Madison, Wisconsin). Reactions were p e r f o d  accordhg to the menuf'acturer's instnictions 

with the addiiion of 1 pM ZnCI, to t k  reaction mixture to stabüip the DNA biading domain 

of the wild-type ER-a. 

Ligand binding rsmy uring TOT m e t i o i  productr 

The priacipk of the assay usd to determiru Ligand bkding to in vitro traaslated 

proteins is similar to t h t  descriad for the wble  cell receptor binding assays. Total and 

excess solutions w h m  d e  by drying domi the appropriate concentration of îabelled and 

uniabelled ['Hl 17B-estradiol or ['Hl-tamosn. For estrogen binding assays, ['Hl 17P- 

caradiol was dried under air nitrogen to give a final stock of 40 nM in TEBSA bu& (10 

rnM TrieHCI pH 7.4.1.5 mM EDTA, 0.2 % (wt/vol) BSA). To "total" tubes was added 10 

pL of TnT lysate, 90 pL TE buffrr (10 mM Tris-HCl pH 7.4, 1.5 mM EDTA), 50 pL 

['Hl 1 i~-estradiol solution and 50 pL TE/BSA. To 'exces' tubes was aâdeâ 10 pL TnT 
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m e ,  90 pL TE bu&r, M pL [3H@tmcbl aid 50 pL excess uniabeUcd estradio1 (from a 

stock of 4 phd m TE/BSA). b n p k  were st up in micmfuge tubes and kfi overnight in ice- 

water at 4°C. The foilowiag day 500 pi. of c b a d e x t m  (0.25 granrr w a W  activated 

clnucoal end 0.025 gram dextran T70 in TE buffrr) was added to each tube and kfi for 30 

minutes at 4°C. Sampb were centrifùged for 10 minutes at 4OC and 250 pL of supernatant 

is added to 5 mL üquid scintiiiant for counting using a iiquid scintülation counter. 

Gel abifl amaay 

Gel assays were pedormed ushg 4% acrylamide, 0.5 X TBE gels, run at 200 V 

fbr approxhmtely 40 minutes at 4°C. A double-stranded ERE fkom the vitellogenin BI gene 

(5'-GTCCAAAGTCAGGTCACAGTGACCTGATCAAAGTT-, synthesized at the DNA 

synthesis Lab., Univedy of çalsey) was used as a probe for the gel mobility shift assay. 2 4  

pl of TnT lysate (- 1-2 ng protein) was uxd for each gel SM reaction as weU as 0.5 ng 

labeiied probe. Tbe ERE was end-labelled by incubating 25 ng ERE. 4 pL, 10 X 

polynucleotide kinase (PM) heating bder (0.2 M Tris-HCl, pH 9.5, 10 mM spennidhe 

and 1 mM EDTA) and 35 pL ù.distilled water at 70°C for 10 minutes. The sampk was tben 

coolcd foi 5 minutes on ice before adding 5 pL 10 X bhmt d kinase buffer (0.5 M Tris-HCL 

pH 9.5,O.l M MgCI, 50 mM dithiothreitol and 50 % glycerol), 5 pi, [y-32P]-~TP and 2 pL 

T4 PNK ( I O  unitdpL) aad incubating at 37°C for 30 minutes. Tbe labelhi oiigonwleotide 

was isolated ushg a 0-25 Sephadex Quick Spin Column (Boehringer Mannheim, 

Indianapoüs, Indiana). The appropriete amount of TnT reaction (marked in figure legends) 

was uscd in the gel shift reactions and T7 RNA polymrase kat-kilbd reaction mers to the 

use of a TnT maion seapie in W h  ail the appropriate components are p m p t  but the T7 
I 
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RNA poiymrase enqnm wirs boilcâ for 5 minutes prbr to use. Gel shift reactiom wcn 

composcd of 1 pL labelkd ERE (0.5 ng), TnT reactbn, a d  8 pi, 1 X stock W r  (200 pL 

contains: 50 pi, 5 X stock (50 mM Hepes pH 7.9,Sûû mM NaCi, 5 mM MgCh, 0.5 mM 

U>TA 10 mMdiihiDthrcitol end 50 % giycerol), 5 pg bovine serum albumin, 2.5 % voVvol 

FICOL, aad 25 pg igly dI-dC) end placed on ke for 15 minutes with or without dnig 

tieahmit. Gel ptocol was kadly provideû by Dr. T. Miller (NorthWestem University, 

Chicago, Ibis). 

MAPK a m y  

In vitro MAPK d v i t y  was nicasrirrd ushg myelm besic protein (MBP) as a substrate 

(474). For perforrned in senim-k conditions, cells were piated in 5% CS, and 

the following dey the medium was changed to 5% CS minus senim and changed every day 

for 7 days. To masure basal MAPK activity, T5 ceils were passaged twke in 5% CS and 

both TS and TS-PRF cenP were set up m 5% CS m 100 iini dishes at approximately 0.2 x 1 O6 

ceb and Iiarvesterl m MAPK Mèr 3 dsys later. Ccli e x m m  were oôtained by the previously 

descnbed mthod of three cycks of fieePng and thawing anâ the resuhing supetnatant was 

used for in vitm MAPK assays. R&n miimirrs contained, 6 pL BufEer A (0.5 M Tris-HCI 

pH 7.5, 100 pg bovine sew albumin, 0.1 M MgCu, 8 pL B&r B (37.5 pL BuBr A in 

a 100 pL solution coniaiaiog 20 pM PKI peptide and 125 pM Cahaidezoiium), 6 pL of a 2 

u@mL stock solution of MBP (or water for biank conml tubes), 100 pM ATP end 15 pCi 

[y-"PIATP. The naction was inaiated by ad- 10 pL of ceU lysate in MAPK buffer 

containhg I pg of potcm to eecb tube and tCZICtiDns were ellowed to proceed for 10 minutes 

at 30°C. Reactions were tetaUnafd by spotting 20 pL of thc sample ont0 Whatman P81 
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phosphocellubse paper and wasbmg for 2 hom in pbosphoric acid buffet (200 mM), 

chePgmg wash W r  every 30 minutes. P8 1 paper was placed into a üquid scintillant vial, 5 

mL of îiquid scintillant was added anâ samples were counted using a liquid scintillation 

counter. Reactions that had no addeâ MBP smed as controis for background activity. 



Rtau Its 

1. Identification oleatronen rtnulrted NM-iP ~mteins 

Rationrk 

As d i s c d ,  the nuclear ma* (NM) is thought to phy an important rok in rnany 

n & a r  processes and the ER* has been localizeâ to the NM. Initially, it was of intetest to 

use a ce1 cuhure mode1 to examine NM protein composition in an estrogen-nonresponsive 

versus estrogen-responsive breast cancer celi line. Nom Huzel, a technician in 

Dr.L.C.Murphy's Isboratory, initially developed an estrogen-nomsponsive human breast 

cancer celi lim, T5-PRF. through bng-term growth of TS estmgen-responsive human breast 

amer cellr in the absence of estmgen, This was accompliphcd by culturing ceh in phenoCred 

free DMEM and charcoal-strippad fetal caif senun. This sublin, T5-PRF, was fLn&r 

characterized and CO@ to the parental TS ceiis. 

Rmu lts 

TS human breast cancer ceb are ER* positive and estrogen treatment in cuiture 

resuhs m incrrased prolifération of these ceh. The TS-PRF sublk was derived âom the T5 

aU lirr through growth in Ihe absence of estrogen for at kast 60 passages before enamlling 

the effects of estrogen treatment on the growth of these celis in cuitm. In the absence of 

estrogen, TS-PRF and T5 ceUs have comparabk doubling t k s  (in days) of 1.37 + 0.1 7 

(mean 2  sa^ n=4) and 1.26 2 0.05 (man + sem, n=4) respectively. The aâdition of 10 nM 

estradio1 d e c d  the doubling thne of the TS parentai ceUs to 1 .O5 2 0.07 (mean 2 Sem, 

n=4) days. This is in contrast to the T5-PRF ceb in which the addition of 10 nM estradio1 

icsultcd m a doubliiig tim of 1.43 2 0.14 (mean 2 sem, n=4) days. This is reflected in figure 



6A in which estradio1 t r eamt ,  even at higher doses, haâ Little or no efacl on the growth 

of TS-PRF cdb CO@ to pirental TS ceIk m which esrradiol treatment at ail doses tested 

resdteâ in an krease in proliferation @< 0.0001, ANOVA, compeiing TS to TS-PRF 

estrogen treatments). 

The antiesbogens ICI 164,384 and 4monohydroxytaamxifèn were abk to inhibit the 

growth of both T5 and T5-PRF c e k  ahhough the TS-PRF ceUs appesred Less sensitive to 

growtb inhibition by ICI 164,384 this was not of statistieal signiticance (Figure 6B end C). 

As mentioned, T5 ceUs are ER-a positive and to examine if the Jack of growth 

response to estmgen m the TS-PRF celh was due to bss of ER-a expression, Iiganà-biiing 

techniques were useâ to quantitate the level of ER-a expression. Tbese results are s b w n  in 

Table 3 and demonstrate that T5-PRF ceUs still main expression of the ER-a, aithough at a 

level approxirna!eiy SODA of tbat s+m m the pemital TS ceh. Therefore, the TS-PRF ceU LUU, 

whüe still retahhg E R a  expsion, is estrogenmmesponsive in terms of growth in cuhure, 

powbqg a mode1 in which to study mechanisras hvolved in the acquisition of an esuogen- 

mtirespoirmve growth phenotype, thought to k one of the initial steps in the progression to 

hormone-indepmdence (352). 

It has been previously demonstrated that the ER-a is associated with the NM (344) 

ad pettmrr of NM protein expression have k e n  hypothesized to be involveci in changes in 

gene expression (345). Thereforc it was of interest to examine th pattern of NM proteins 

expressed in both the TS and TS-PRF ceii lines to detemime if Merences diâ ex&. As 

descr i i  in the mahods section, ushg an establishtd protocol I r  NM isolation generateù 



Figure 6. Effkct of atrgci and a i t k t r g e i  o i  prdifention of TS and TS-PRF 
buman b r w t  cancer cella. The effkcts of incnasing concentrations of 1 7~lstradiol 
on cells grown in estrogcndeplete conditions (A) and antiestrogen (ICI 164,384 (B) 
and 4-monohydroxytamoxifen on cells p w n  in estmgen-nplete conâitions (C)) on 
proliferation rate (percentage contiol). Approximately 10' cells were plated in 
duplicate on day -2. ûn àay 0, three dishes wcre counted anâ cclls were treated with 
medium containhg estradio1 or the appropriate antiestrogcn to a fuial concentration 
of O, 1.1 0,100,1000, and 5000 DM. Five âays later cells mrc barvcsted anci mults 
expressed as prolifmtion rate as a perrentagc of coatrol (set Mcthods for formulae). 
Results represent the mean + sem, n = 4 independent expriments. 
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Table 3. ER-a levels in TS and TS-PRF 
human breast cancer tells#. 

- 

Cell line ERsl  fÎno~1 0' cells (& sem) 

independent experiments. 

p<O.OS, Student's t-test 



a potein prof* n W  to as the NM with a~tached IF (320). The IF, as described 

in ck introduction, b m  a cage-ke structure amund the nucleus, but more ment evidence 

suggests tbei IF pmteins, Pichuhg cytokemths, dao e d  within the nuckus, associateci with 

NM structures end DNA (326). The TS ce1 iine, grown in the presence of estiogen, was 

niitially useci to work up the protocol for NM-IF isolation. The isolation of a NM structure 

is achimd afta &estion of the nuclei with DNAse 1 foiiowed by sait extraction to remove 

cliromsisi conponcnis. initiauy, the metbod used for NM-IF preparation stopped at 0.25 M 

aflp~y)nium dphate. However, the TS NM-IF k t i o n  still contaniod significant amounts of 

histone comameiPtion (Figure 7, leir 4). To furiha improve tk purity of the NM-IF fiaction, 

sequential s a h  extractions of the NM-IF preparation were performeâ and resuhed in a 

si@ant reduction in histone contamination (Figure 7, lane 7). Signifjcantly, it was noted 

that t h  proteiris of appoxmiately 4 1,45, end 54 kDa appcared to be enricheci in the linal 

NM-IF fraftion of estrogen-trie8ted TS hwnsn breasc cancer cells (Figure 7, lruw 7). To 

ensure that the NM-IF procedure maintaineci the htegrity of the NM-IF structure, samples 

were sent to Dr. M. Hemel at the University of Calgary for ekctron microscopy. Figure 8 is 

an ekctron micrograph of the NM-IF structure that demonstrates an intact stmctw. It can 

be seen that a nkmcntous network is present tbroughout the NM, the surroundhg pore- 

lamina compkx and the residual nucleoü can also be seen, consistent with results previously 

reported using other ceU types (332). 

Sadics have dcm>med tbat tbc ER-a binds to t& NM m ihe pnseace of b m a c  

and have suggested that the association of the receptor with the NM is Wed to homione 

fùnction (337,475). Western bbaing was performod ushg NM-IF sanipks to c o d m  that 



Figure 7. NM-IF protein profik L TS bumin breaat cancer ce lk  TS 
cells wae grown in the presence of 10 KIM 17~-estradiol for 72 hours. NM- 
IF was isolated as descrikd under Methds. Lane 1. Molecular mess (M,) 
standards (BioRad); Lam 2. cytosol; Lane 3. wholc nuclei; Lane 4. S 1 = 0.25 
M ammonium sulphiue NM-IF pellet; L.nc 5. S2= 2 M NaCl solublhd 
fraction; Lune 6. S3- 2 MNaCVl% 2-mercaptacthano1 solubilized fraction; 
Lanc 7. NM-IF pellet. Suballular fhctions wcre run on SDS-12% 
acryhmide gels and werr stiiaed wiîh Caomsssie Blue to visualim pmtein 
bands. Arrows denote 54,45, and 41 D a  pmtein bands. H=bistones. 



Figure 8. Electron micmscopy of KM-IF prepantiaa. The figure 
represents an elcctron micrograph of a resinless section of an NM-IF 
preparation from T5 humm bmst cancer cells. The components of the NM- 
IF are the residuai nucleolus, pm-lamina cornplex (arrow PL) and the 
interna1 fibrogranular neiwork. This photognph was generoudy taken by 
Dr. M. Henzel, University of Calgary. PL = pordunina. Magnification = 
12000X. 



the ER* of T5 ceb was kkd as9ociaîed with the NM-IF h t b a  Figure 9A demonstrates 

tbet the amjority of the ER* m TS cells, aAa estrogen treatmmt, can be found in the NU-IF 

Baction and is nsistant to sait extraction (compare lane 7 with lants  4, 5, and 6). As a 

negative control, MDA-MB-23 1 (ER* aegative) human breast cancer ce& were also 

examid in a simüer hbion and figue 9B demnstmtes no detectabie ER-a in these ceüs. 

The association of E R 4  with the NM-IF @action was enamind in TS-PRF estrogen- 

mnresponsive cclls (grown routinely in estmgendepiete conditions) and it was demonstrateci 

tbat the ER* was 8ssociated with the NM-IF k t i o n  in these ceUs (Figure 9C). This study 

also confimisd the k t  that the level of ER-a was lower in these cells compared to the 

parental TS celis giown in estmgen-depkte conditions (compare the htensity of the band in 

lane 9 to iane 5, figure 9C). It also appcars that the ER-a h m  both T5 and TS-PRF is kss 

resiPiant to sah-erbraction m thip e r r p e i i n t  (Figure 9C), s k  chcre is apprently more ER-a 

âetectable m the cbromatin fiadons (Figure 9C, b s  4 and 8). This is likely due to the iack 

of estrogen-treatment b c k  isolation of the NM-IF (compare figure 9A, lanes 4-6, estrogen- 

treated T5 cek to figure 9C, Lanes 4 anâ 8, non-estrogen-treated TS and TS-PRF, 

respectively). As weü, the abüity to detect ER* h th cytosol hction (Figure 9A, lane 2 and 

figure 9C, lanes 2) may be due to leakege of nucki during the isoiation procedure. 

Tbe total pattern of NM-IF protein composition, as d e t u  uskg 1 dmwnsional 

SDS-acyleniide gel e h p h o k  and Coomssk blue minhg, was compareci between the 

parent TS cells and TS-PRF human breast cancer ceb. The NM-IF was isolated h m  c e h  

cuîtureû m tk absmce or prrsaicc of esirogen. As descni, TS cells were grown routmely 

in estrogen-repkte conditions, containhg 5% ktal calf scnmi and phcnol-mi containhg 
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1 2  3 4 5 6 7  8 9 

TS TS-PRF 

Figure 9. Awociition of E R a  witb the NM-IF. NM-IF and subceliular fractions 
were isolated as describeâ in Methods. Samples were nui on SDS- 12% aaylamide 
gels undei reducing conditions. W a t m  blotting and immune detection was 
pedormed as described in Methods using the E R a  antibody H226. A. TS cells 
trcated with 10 nM 17pcstradiol for 72h prior to harvesting and NM-IF isolation. 
Laae 1. In vitm üanscribed?ranslatcâ E R a  positive conîml; Lane 2. Cytosol 
fiaction; Lanc 3. Nuclei; Lane 4. SI = 0.25 M ammonium sulphate solubilizcd 
fiaction; Lane 5. S2 = 2 M NaCl solublizsd fraction; Lane 6. S3 = 2 M NaCl and 1% 
2-mercaptoethanol solubilized hction; Lanc 7. NM-LF pellet. B. MDA-MB-23 1 
ER-a negative human bnast cancer cella Lane 1 .  In vitm trenscnWtranslatcd ER- 
a positive wntrol. Lane 2. Cytosol; Laae 3. Nuclei; Lane 4. Chmatin &actions (SI, 
S2, and 53 pooled); Lane 5. NM-[F M o n ;  C. TS and TS-PRF human breast cancer 
cclls p w n  in the absence of estmgen. Lane 1. In vim tr~nscnôed/ûanslated ER* 
positive wntrol; Lane 2. TS cytosol; Lane 3. TS nucki; Lane 4. TS chromath 
tk t ior~  (Sl, S2 and S3 pooled); Lane 5. T5 NM-IF fiaction; Lw 6. TS-PRF 
cytosol; Lane 7. TS-PRFnucki; Lane 8. TS-PW chtomatinfhctions(S1. S2, d S 3  
pooled); Lane 9. TS-PRF NM-IF. Amnu indicates position of wild-type ER-a . Gels 
were loaded bucd on initial cell nmkr  in pellet kfom extraction such that a c h  
lane rcpmcnts 0.5 x 10' ce11 equivalents. Molecular mrss mukcr positions arc 
âcnoted on the le fl (BioRad). 
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&um (5% CM). The NM-IF composition of TS celis grown in this Êashion is show in 

fjgure 10, lenc 1. WhmT5œbgrownmS%CMwmtrcatedwith 1OnM 17~-estradiolfÔr 

72 bus (these coiiditiona w m  useâ to demastrate ER-a association with thc NM-IF) an 

inmase m niensiîy of pn,tcPis of 54.45 and 41 kDa was observai (Figure 10, leiw 2 versus 

lane 1). Whüc increases in the leveis of tbese proteins were oôserved with 24 end 48 hou 

treamnits, a 72 hour ûeatment resulted in consistentiy higber kvels end was tberefore d 

throughout. T5-PRF c e h  were grown routinely in estrogendeplete conditions (medium 

without phenoCd and containing 5% chal-stripped fetai caîfsenun, 5% CS) and have 

ken  gmwn bng-tmn m thwt conditions d are thus chroajcally-estmgen-depkted. TS-PRF 

cells grown uder these conditions contain an elevated kvel of the three afonmentioned 

proteins in the absense of estrogen (Figure 10, îane 3 versus lane 1) and estrogen treatment 

of TS-PRF cek did M e  to atter the levels of these proteins (Figure 10, lane 4 versus iane 3). 

To detemine ifgrowth in estrogen-depkte (5% CS) or -repkte (5% CM) conditioas was 

responsibk fbr the chmges in levels of these NM-IF proteins, T5 ceUs were culturd in acute 

( 1  passage) estrogendeplete conditions. Acute estrogen witbdrawal of T5 parenl ceiis 

d e d  m a sipnncant duction in the Luel of these protein baads which c o u  be increaseâ 

aAer 10 nM 17pcstrsdiol h.esimmi for 72 burs (Figure 10, lanc 5 and lane 6). T5 cek that 

had bcen cultursd m estmgendeplete conditions for 10 passages, referreà to as short-term 

chronic es~rogendepleted celis, were also examuied. These ceUs contained elevated kvels of 

the NM-IF proteins cornpend to acute-estrogendepkte T5 celis (Figure 10, hne 7 versus 

Laoe 5) but the Iml was stiîi reduced compnred to bng-term chronic estro~dephed T5- 

PRF celis ( F M  10, hae 7 versus lane 3). Additionally, in short-terni chnically m g e n -  



Ftgare 10. NM-IF in estmgci-repkteind ertrgcndepkte coiditiona. NM-TT: was 
obtaind as described in Methods. Lane 1. T5 NM-IF (ethanol vehicle); Lane 2. TS NU- 
IF (10 nM estrogen 72 h); Lane 3. TS-PRF NM-IF (abuiol vehicle); Lane 4. TS-PRF 
NM-IF (10 nM estmgen 72 h); Lane 5. acute estrogendcplete TS NM-IF (ethanol 
vehicle); Lane 6. acute estmgendeplete TS NM-IF (10 nM tstrogen 72 h); Lane 7. 
short-tcrm estmgendtplete T5 NM-IF (cthanol vehicle); Lane 8. short-terni esmgen- 
deplete TS NM-IF (1 O nM estmgen 72 h). Subcelldar frirtions were nui on SDS- 12% 
acrylamide gels end staineâ using Coomassie blue to visualin protein bands. 5 ps of 
protein wss l d  per lane. Arrows denote 54, 45 ad 41 kDa bands. h=hom. 
Repmcntative of 3 independent experimcnts. 



depleted TS ceüs, cstrogen treatment still resulted m increaseâ kvels of the 54,45 and 41 

kDa protein bends (Figure 1 O, leae 8 versus Lsnc 7). This suggests that the progression of TS 

ceUs towards an estn,gea-m~ltesporisive growih pbenotype aiey be associated with incrrased 

exlncsgion and bss of estmgen-regukhn of NM-IF protek, specifically 54,45 and 41 kDa 

protesis The k 1  of these three proteins in the NM-IF appears to be reguleted by estrogen 

in the estrogen-responsive parental TS cek, but aot the estmgen-nonresponsive TS-PRF 

ceiis. The NM-IF proteins in the shon-term estrogen-âepleteâ T5 ceh still respond to 

estrogen in t e m  of i n c d  NM-IF abundence, but in the TS-PRF celis, high levels occur 

in the absence of estrogen and estrogen treatment no longer increases the kvel of these 

pro teins. 

The efièct of estmgen on c&s NM-IF proteins was e x m i r d  in more detail using T5 

cells grown in the absence of estrogen for one passage (acute) to d u c e  the level of these 

proteins associated with the NM-IF fraction. The resuhs of a dose-mponse expriment, 72 

hours after estmgen tmtmnt, are show m Figure 1 1 .  This demonstrates that as iittle as 0.1 

nM estrogen remhed in m a x h d y  increased levels of these proteins in the NM-IF of acute 

estmgendepletcd TS ceils. Comparing the abundance of these proteins to the lamios (Figure 

1 I), it can be seen chat the kmllis are the rnost abundant NM-IF proteins in vehick treated 

acute estrogen-depkted conditions, but foUowing cstrogen treatmcnt, the 54,45 and 41 kDa 

bends are much nme a-. Figue 1 1 also dem,ns&ates the app.oxhate percent changes 

in expmssbn of the three NM-IF proteins as a prcentage of contml. To perform this semi- 

q u8ntjt(ition, the Cooniessic B k  stsmcd gels w e ~  scsnned and the mtensity of the combineû 

lamin benâs was uscd as a loading control to comct the intensity of th combineci scanneci 



Figare I l .  Eatrogta dow-mpoor efkcts o i  NM-IF protein levela in ierte 
eatrogtndepkted TS cella. Cells were tnated with 17hstradiol at the 
appropriate concentration or ethanol vehicle for 72 hours. NM-LF was isolatcd as 
described in Methods. Samples were nui on SDS- 12% acrylamide gels and stained 
with Coomassie Blue to visualizc protein bands. 5 pg of protein was loaâcd per lane. 
Arrows show 54,445 aid 4 1 LDa bands. L= lunias. Numbm below 178- estradio1 
cuncentrations reprisent 54, 45 and 41 kD8 protein levels as a pcrccntage of 
contml, mean + sem, n=4. p4I.05, ANOVA. Lamin bPads wm used as a loeding 
control. 



data for the 54,45 and 41 kDa bends (data were o W d  ushg MH Image and Ofoto 2.0 

softwarr peckeses). Once the data were nonaelizcd for bading using the lemins, the resuhs 

were expesscd as percensage of vehicie treateâ wntiol ceh. Data represent the mean + sem 

of four inâepenâent experiments and demonstrate that estrogen treatment resuits in an 

approximately 2-3 fold increase in expression of the 54, 45 and 41 kDa bands (Figure 1 1 

bottom panels, pc0.05, ANOVA). The identifkation of the larnins was pcrfomiad using 

Western bbttbg aiid h n u ~  àeteaion of the NM-IF fiaction in parallel with purificd Lamins 

as staadards (Figure 12). 

As stated TS-PRF chronicdy estrogen-depkted ceb  were grown routincly in the 

absence of estrogen. This is accompüshed by growing the cells in ceil culture medium that 

lacks the pH indicator pheml reâ (which contains estrogenic contarninants) and also by 

growing the ceb  in 5% choal-stripped fetal caifserum to remove endogenous steroids. 

T5 parental cells are p w n  mutinely in mcdiurn that contains phenol red and 5% fetd calf 

senmi The increased kvels of the 54,45 and 41 kDa protellis that is seen in the chronically 

estro@mdepleted T5-PRF celis may be a resuh of the absence of estrogen, or m y  k due 

to some other component of fetai calf smim that is remved during the cbarcoai-stripping 

pnx'es. To examine the efïècts of f d  calf snum on the kvel of the three proteins associated 

with the NM-IF, acute estmgen-dcpkted TS ceiis ad TS-PRF cells were grown in the 

presence of estmgen or 5% k d  calf senun for 72 how. The m u h s  shown in F i g u e  13 

deminstrate t h  estrogen appears to be responsible for the bercascd h l  of these proteins 

in the NM4F b t i o n .  

Thc efnct of antnstiogens on t& expression of ibe 54,45 and 41 LD. proteins was 



lamin NM-IF 

Figure 12. Immune dctectioa of lamin proteiir. NM-IF and 
pded lamins wece nui on SDS-12% acrylamide gels under 
reducing conditions.Westm blotting and immune deteaion 
were perfomeâ as descrikd in Meth&. Rirified lamllis wcre 
nin as positive controls (a generous gift h m  Dr. Y. Raymond 
(Montreai, PQ). Antibodies to la& AIC (119DS-FI) and 
lamin B (131C3), panel A and B rcspectively, w m  also 
generously pmvided by Dr. Y. Raymond. Moleculu mrss 
mark= positions are denoted on the lefi (BioRad). 



Figure 13. Effceb of fctil calf scrum ou NM-IF proteinr. TS cells were 
grown for one passage in the absence of estrogen (acute estrogendepletion) 
and TS-PRF cells were growa routinely in the absence of estrogen. Ceb were 
m t e d  with 10 nM 17~zseadiol or 5% fetai cdf wun (FCS) for 72 hours 
kfore hervesting. NM-IF preparation was as described undet Methods. 
Samples w m  run on SDS-12% acrylamide gels and stained using Coomassie 
Blue to detect protein bands. 10 pg protein was loaded per lane. Molecular 
mass standards are shom (BioRed). The 54.45 end 4 1 D a  bands are denoted 
with arrows. n=2 independent experimcnts. 



next exaniined. Tnati4g T5 ceb, grown in Uw presence of estmgen (5% CM), for 72 hours 

with 100 nM 4-wmhydroxytamxifen (TOT) resuhed in a &ed nduction in the NM-IF 

lewk of thcs protek (Figue 14A). The aiiouats of thest tbne proteins associateû with the 

NM-IF fraction of long-temi chronicaliy estrogen-depleted TS-PRF cells did mt appear to 

be affffted by antiestrogen trtatment (Figute 148). T h y  although antustrogens the 

pliferation of t h e  cek, thc mhiiory etact on the abundance of the th= NM-IF proteins 

seen in the parent TS ceii lint is no Longer observeà. The dosedependence of antiestrogen 

aeatm~lt was exanim#l m T5 ceih grown in estrogen-repkte conditions (5% CM). Similar 

to that obsewed with estrogen dose effécts, the abundance of thse proteins in the NM-IF 

fiaction was sensitive to aiteration by anticstmgen. With as littk as 10 nM ICI or 0.1 nM 

TOT, sisnifiCant reâuctions in the levels of these proteins in the NM-IF were seen (Figure 

ISA, B, p<0.05, ANOV& for both ICI end TOT). Interestingly, in TS parental cells, thcre 

is abo a dissociation in the abüity of the antiestmgens to inhibit ceIl growth and their ability 

to decrease the kvel of the NM-IF proteb. The antiestrogen ICI is a more potent 

antiestrogen than TOT in ternis of growth irihiion (Figure 6B, C) but is les potent than 

TOT in ternis of effècts on NM-IF ptotein kvels (Figure 1 SA, B). 

'Ihe e f b s  of estmgen trrahnmt on the kvel of thcs three proteins in ternis of whok 

ceIl extracts were aiso exammcd. nie data picsentai in Figure 16 demonstrate that even at 

the whole ceU kveî, estmgen treatment P r d  the abundence of these proteins in TS but 

mt T5-PRF cefls suggestjng ttat m g e n  hes an e&t on incnasing the total exprrssion of 

t h e  prote& and the rrsuhs do not mrely refkct an i n c d  association with the NM-IF 

fiaction. 



Figure 14. Effeeta of antientgcir on NM-IF proteinr in TS 
rad TS-PRF humai bmut cairn cella. TS cells were gown in 
estrogen-replete conditions (5% CM) and treated with ethano1 
vehicle, 10 nM 17&estradiol or 100 nM of the antiestrogens ICI 
164,384 (ICI) or 4-monohydroxytamoxifen (TOT) for 72 hours 
prior to harvesting and isolation of NM-IF ktions. TS-PRF cells 
were routincly grown in the absence of estrogen and treated in a 
similar feshion to TS parental cells. NM-IF fktions were nui on 
SDS-12% a e y l d d e  gels ad stained with Coomassie Blue to 
detect protein beads. Anows denote the position of the 54,45 and 
41 kDa NM-IF protein bands. 5 w protein was loaded per lane. n = 
3, independent expcriments. 
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vcbiclt a tnd io l  vtbick a tndio l  -- 
TS TS-PRF' 

F i g ~  10. SLol t  d l  t w 8 c h  of TS and TS-PRF 
bumrn bnrst cancer cella Cells were treated with 
1 7 ~ c ~ o l  or vehicle conml for 72 hours. Cells were 
dissolvbd in 8 M m a  and samples were run on SDS- 
12% acrylamide gels and staintd with Coornassie Blue 
to detect protein bands. Positions of 54.45 and 41 kDa 
bands are maricd with arrows. 10 pg protein was loadad 
per lane. n=2 indepcadem expchents. 



Concomitant with these stuâies, Hehut Dotzkw, a technicien in Dr. L.C.Murphy's 

laboratory, haâ mteà thet the kvel of these proteins was aitered by progestin treatment in tbe 

estrogen-responsive and ER-a positive human breast cancer ceil iine T47D. H. Dotzlaw 

tiDtha chmnritograpbrany enrkhed h r  thcs pteiirs ad isoleteci spots h m  2-dimnsbnal 

(2-D) gels whkh were then sent out for niicrosequencing (WM Keck Foundation, New 

Haven, Cormccticut). This resuheà in the identification of t&se proteins as the cytokeratins 

8 (54 kDa), 18 (45 ma) and 19 (41 kDa). These protein bands were confirmed to be the 

same proteins identiîïed in the NM-IF of TS humsn breast cancer cells after column 

pvififation of thcs p t e h  h m  T5 ceb hbwed by 2-D gel analysis of fractions (apparent 

mkular size and isoeîecûic point comperisons) h m  T47D, T5 and mixing expetiments of 

the two sets of column hctions fiom each cell üm (Figure 1 7). Additionally, whok ce1 

extracts oàanied h m  TS ceils b e k  and after estmgen treatment were also subjected to 2- 

D gel analysis and staincd with Coomessie Blue to demonstrate these spots increased &et 

estrogen treatment (Figure 18). 

To detennine if a correlation existed between E R s  expression and expression of  

cytokeratin (CK) 8, 18 a d  19, total NM-IF composition was conipared between ER-a 

positive and ER-a negative human brrast ce1 h s .  Figure 19 ckarîy shows a mark4 

difference in total NM-IF composition baween ER* positive and negative ceii lines. In 

particulai, a notabk decrease or absence of the CK8,18 aad 19 bands was 0bse~ed in the 

two ER-a acgative brrsst ceU lincs ensmincd. 

In coachisiorr, 1&s data demiistrate an altereû acprrspion and regdation by estmgen 

of NM-IF associated cytokeraths 8,18 anâ 19 in esmgen-miaesponsive TS-PRF human 
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f ~ c t k i r  A. TS colmm M o n .  B. ~ 4 7 ~  column fraction. C. T5 and 
T47D mix. 15 pg protein was 1 d  pcr gel. Gels mre silver stawd to 
visuaih p t e i n  bands. Column purification, 2-D electrophomis and 
silm staining wm pCnomcd as describad under Methods. Position of 
moleculirr mrps markas (BioRaû) is showa. Positions of the cytokerah 
bahds are rnafked. 



basic acidic 

Figurc 18. ~ d i m e u i o i a l  gel eitctroplomb of TS whole cell 
extrcieîs. 2-D gel d y s i s  was perfomied as describecl in Methods. A. 
TS cells w m  p w n  in the absence of estrogen for 72 bouts and ails 
were harvtsteâ and lysed in 8 M urea. B. T5 œiis wen treated with 10 
nM 1 'I~-estiridiol for 72 hours before harvesting ceiis and lyshg in 8 M 
urca. 30 pg protein l d c d  pa gel. Gels were steined with Coornassie 
Blue to visuah protein bands. n = 3 independent txpcriments. 
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E R a  poritive ER-a iregitivc 

Figure 19. ER-a pmitive vmur ER* negrthe NM-IF 
protein compoiitkn. N'-IF  composition was compared 
behmcn E R a  negative and ER- positive human bmst  ce11 
lines. Cclls were grown in esmgai-rcplcte conditions (5% 
CM) and NM-IF isolated as descrikd in Methods. Samples 
wen nin on SDS-12% acrylamide gels and were stained with 
Coom'wie Blue to visdia protein bands. 23 1= MDA-MB- 
23 1; ERG negative human bmst cancer ce11 lk. HBL100; 
ER* negative breast cpithelial ceIl line. h w s  denote the 54 
(CK8). 45 (CK 1 8) and 4 1 (CK 19) kDa bands. CK, cytokcratin. 
L= lamins. 5 pg protein loadeâ per lam. n = 2, indcptndent 



breast amer cek. Homwr, ahhough anthsûogens inhibit the p r o b t i o n  of TS-PRF ceh, 

they do wt decrease the levels of the cytokeratins 8, 18 and 19 in the NM-IF as they do in 

the parental T5 cell iine, suggesting that both estrogen anâ antiestrogen sensitivity in t e m  

of regulating NM-IF levels of these prote& have been lost in TS-PRF cells. 

n. Variant ER* ex~remioo ia mtroncm-nonna~~o~ive TSIPRF bumra bmr t  cancer 

The previous sndies haci demonstrated that TS-PRF ceUs were no bnger responsive 

to estrogen in terms of growth in culture and appear to have lost responsiveness to a set of 

proteins that are regulated by estrogen and antiestmgen in the parental TS human breast 

auicer celis. It was rrasoncd that ihc activity of the ER-a in TS-PRF ceiis may k ahed  and 

if so a possi i  m e c m  may be ahnstioirs of ERG smicnire and/or funet ion S tudies were 

ongohg m Dr. L.C.Murphy's laboratory to identify vatiant ER-a mRNA transcripts in breast 

nmiours and thaeîbre a techroque estabüshed by Dr.E.Leygue in out labontory was used to 

compare expression of variant ER-a mRNA transcripts between T5 and TS-PRF breast 

cancer ceh. 

Rcsu lta 

To invcstigate fWthcr the mclienism(s) responsible for thc estmgen- 

nonrrsponsMness of TS-PRF ceb, ER* transcriptional activity was examined by transient 

transCrction assays using an estmgen-nsponsive reporter gent Figure 20 demonsttatcs a 

typical chloramphcnicol acetyhransfirase (CAT) assay. CeUs wcre transktcd with the 



Figure 20. Cblonmpbcnicol acctyltnirferiw (CAT) i ruy .  A typical 
chloramphcuicai acdyltmm&erase assay (CAT) assay is shown. E2 = 10 nM 17p 
esbadiol; ICI = 1 pM ICI 164,384. Transfections and CAT assays were paformed as 
describecl in Methods. Acctylated and unecetylated spots arc laklled. Spots arc cut 
out by overlaying a transparency sheet over the autoiadiognim and markhg whert the 
spots arc in relation to the ongin. The trruispnrency is then placed over the thin layer 
chromntngnphy sbeet (TLC) and spots cut out and counted using liquid scintillation 
counting techniques. Lsults ae calculatcd by expressing acctylated counts as a 
pacmtage of total (acctylated and nona~aylated) counts and expcriments arc 
c o m b i i  to generate histographical repmcntations of the data 



estmgen-respomive reporter gene, ERE-tk-CAT (148), and the B-galaEtosidsse expression 

vector pCH1 IO (Phemiacia) to control fOr transktion efnciency. Mer transktion, ceU 

exerrts were prepeRd and the P-galactosiâase activity in the sampies was measured. The P- 

gslactosidss actinty was ustd to equaiize the volumc of elttrect used for the CAT assey. If 

the reporter promoter (an ERE in this case) is active it will resuh in the production of the 

chloramphenicol acetyltraasferase enzyme (not mrmaîîy produced in memmslian cek) and 

the aaym activity can be measured by the acetylation of ['4C]chloramphenicoi, resulting in 

a change m mobility on thin-layer chromatography sheets (TLC). These sheets are exposed 

to film and the nsuhing spots can be visuaüzed (Figure 20). To quantitate an assay, a 

wnspeierry fibn is overlayed on the autoradiogram ad marked, this is then placed over the 

T'LC sbeet ad tk spots can be cut out d the dioactivity counted using liquid scintillation 

techniques. The resuhs are calcuiated as a percentage of acetylated versus total (acetyhted 

and nomcaylateù) spots (mark4 on Figure 20) and cm then be expressecl as a fold incrrase 

or decnasc over conirol (basai, aibitrarüy set at 1 .O). The histogram in figure 2 1 A shows the 

fold difference in CAT activity between the TS and TS-PRF human breast cancer cell h. 

As expected, estrogen treatment increases CAT activity in T5 and to a lesset extent in TS- 

PRF ceh, whik the antkstrogen ICI 164,384 W i t s  the estrogen-inâuced transcriptional 

activity of the ERG in both ce11 lines. In the absence of added estrogen there is a low tmsaî 

ER-a d v i @  m the parental TS ceb, however m the estmgen-noarrsponsive TS-PRF ceüs, 

the beaai ER* aaMty was 3.6 2 0.5 (mean 2 sm, a.7) fild higher than tbat seen in T5 ceUs 

w.05). Consistent with the increascd besal CAT activity in TS-PRF ceUs being mediated 

by ER-a, treating tek under basai conditions with ICI 164,384 abne almost compkteiy 



TS TS-PRF 

TS-PRF' 

Figure 21. E R a  tranacriptknil rctivity. A. TS and TS-PRF cells were transfected 
and CAT assays pcrformed as descrikd in Meth&. Results are expmsed as fold 
CAT activity compared to T5 W (arbiûarily set et 1.0). Cells were p w n  in 
estrogendeplete conditions (5% CS) and treated with vehicle alone (basal), 10 nM 
1 i&eseadiol (E2) or 10 RM E2 plus 1 pM ICI 164,384 (Ki) for 24 hours. *p<O.OS, 
Student's t-test (compareci to T5 basal). Resuits represent mean + sem, n=7 
independent expcMnents. B. TS-PRF cells were transfected and C M  assays 
performed as d d b e d  in Methods. Cells mre m t e d  with ICI 364,384 alone undcr 
basai (estmgendeplete) conditions. Results reprsmt percentage CAT activity with 
TS-PRF basal seî as îW/o, n=2. 



aboüshsd the increased basai transcriptionai activity (Figure 2 18). 

As discussed in the Introduction, PR expression is a nierker of ER-a actinty, 

tbmfore PR h I s  were exsmiaed to detennine if the iirrease in basal ER-a activity in T5- 

PRF ceiis was re&cted in an eaxîogenous estmgen-responsive gene. Under lmsai (i.e. no 

adQd estrogen) conditiom th TS-PRF ceB bave liimiifiraalv higher PR kvels (-3 fold) t h  

ihe parent TS ceh passaged twice in 5% CS (as d e W  m Methods) before receptor assays 

(464 + 12 h V l 0 6  ceîis, a=4 versus 148 + 28 ~ V 1 0 6  cella n=3, mean 2 sem, see figure 

22). 

Since there was an oôsewed increased basai ER-a activity fiom both an estrogen- 

responsive reporta gene and an endogenous esmgen-responsive gene (PR) in TS-PRF ceils 

despite a d e d  kvel of endogemus ER-a as detertnined by ligand-binding anaiyses and 

Western blotting, it waî reasoned that the inthsic activity of wüd-type ER-a in these ceb 

was increased or som ER-Wte activity existed that was not detectabk by ligand binding 

experimnts. Alterations in the structure or prrsence of variant f o m  of the ER-a mth 

ügand-ndepenQnt xtivity wuld be one mchsniPm for the obsmd resuhs. Long-range ER- 

a reverse aaiiscription-po- chin reaction (RT-PCR) d y s i s  was peiformed on total 

RNA isolated h m  TS anâ TS-PRF ceUs to examllr the pattern of deleted variant ER* 

mRNA exprrssion. RT-PCR analysis was p e r f o d  ushg a primcr pair specific for exom 1 

and 8 of the wild-type himien ERa queme, albwhg Qtection of any variant ER* mRNA 

specks containing both exons 1 and 8 of *-type ER-a sequence. Figure 23A shows the 

PCR products obainod anci the presence of a 928 base pair (bp) baad whose relative 

expression is markeûiy m C d  in TS-PRF estrogen-independent cells. To connmi the 
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TS-PRF 

Figure 22. Progesterone receptor Ievcls. PR levels were determined by whole ceIl 
binding as described in Methods. TS and T5-PRF cells were grown in estrogen- 
deplete conditions (basal, 5% CS). PR levels are expnssed as fmol ~ R l l  O' cells and 
results represent mean + sem, n=3 independent experimmts, = p<0.000 1 basal 
TS-PRF PR levd s versus basal T 5 PR ltvcl s, Studentt s t-test . 



WT-ER 1381 bp + 

D7-ER 1197 bp + 

DQER 1045 bp -, 

D 3 4 E R  928 bp + 

B 

TGA 
4 
1 /8L 

Figure 23. Long-nage ER-a RT-PCR. A. Total RNA was extracted âom TS and 
TS-PRF human bmwt cancer cells, reverse traasciibed and PCR amplified using 
1 /8U and 1 /8L ERG primers as described in Methods. Labelleci PCR products wen 
separated on 3.5% acry lamide-urea gels and visualized using autoradiography. WT- 
ER = wild-type ER*, D7-ER = exon 7 deleted ER*, D4-ER = exon 4 deleted ER-a 
and D3-4-ER = exon 3 and 4 deleteâ ERG, ôased on size cornpend to labelled 
markers. The 928bp ptoduct was excised h m  a gel and subcloned (in ttiplicate) and 
t h e  colonies h m  eacb independent subcloning w m  sequenced to confirm the 
identity of ci34 cDNA. B. Structure of WT-ER* cDNA and primer set used to 
ampli@ and detect PCR products. 



identity of this variant, th cDNA corresponâing to tk 928 bp tmnâ was subcbncd and 

sequenceà, as d e s c n i  unàer Methods. The nucleotiâe seqwirc of the cDNA was found 

to repesiit a vaiirit ER-a mRNA coma9iiiig a dektion of both cxons 3 and 4 (Figure 24A). 

'The exon 3 ad 4 d e k d  ER-a (ERd3-4) is in âam and is predicted to encode a protein of 

443 amino acid midues with a preâicted mokcuiar mass of 49 kDa (analyred using 

MacVector sofhme program). This putative ER-a-Wte protem would be missing the second 

z k  fmger of tk E R u  DNA aadmg donmin, tbe hmge region and part of the @and bindîng 

domain (Figure 24B). 

To addnss tbe poteniial Cunction of t h  variant ER*, eukaryotic expression vectors 

contain@ the ERd34 cDNA were constnicted (as descriii under Methods) and show to 

express a protein of the expected size (Figure 25A) using in vih0 transcriptiodtransiation 

techniques. Western blming and immune detection were performeâ on the in viho 

dtrairsbtion proâucts generated m the absence of radiokbel. The ERd.3-4 protein 

was mginaed by the ER* antibody H226 that recognizes an epitope encodeà in exon 1/2 

(AB region) of wüd-type ER- (Figue 25B, lsncs 1 and 2). Ushg an antiaody (AER308) 

that rccogiiacs an epitope iocated in exon 4 of the wild-type ER-a, the band comsponâing 

to th ERd34 is mt sar, wbilc wild-type ER* is stil detected (Figure 25B, ianes 3 and 4). 

Li@-- siiiiysis was also pcrformed on in viho trsasleted ERd3-4 and WU- 

type ER* (HEGO) using ['H] 1 'le-estraâiol or [3Hltamoxif~n as descri'btd under Mabods. 

Figure 26 demonstrates tbat under conditions in which wüd-type ER* cm biid to both 

estrogen and 8slaitsCn,gen ERd3-4 displays linle or m a b o i  to specincally bind eakr ligand. 



G A T C  

M G  TGA 

Missing amino acids 2 15->366 o f  WT-ER* 

Figure 24. Scqueace rmd struehrcof eson 3 and 4 dekteà ER-a. A. Sequence of 
the exon 2 5  juriction. The 928 bp RT-PCR proâuct was subcloned and sequenced as 
described in Methods. Seqwncing mictions were nui on 6% acrylamide gels and 
exposeci to film to visualize reaction products. B. Structure of the ERd3-4 cornperrd 
to wild-type ER*. The ERd34 mRNA would encode a protein of 49 kDa that wouM 
be rnissing the second zinc fmger of the E R a  DNA bhding domain, the b g e  kgion 
and a portion of the Ligand binding domain. 



Figure 25. In viho tranwriptioi/traialr~ioi r i d  Western blofflng of ERd3-4 
protein. A. Expression vectors containhg wild-type ER* (lane 1) and ERd3-4 
cloncd into pSGS (lane 2) werc subjectcd to in vi tw baascription/üanslation 
rractions in the pmcnfe of [U~]-methioch. Reaction pducts  wete nm on an 
SDS-IO?% acrylarnide gel. dned and cxposcd ta fih ovemigbt. B. In vim 
ttaascription/translation products (1 wild-type (WTbER-a anci 5 pi, ERd3-4) 
mre nin on an SDS-lW acrylamiàe gel anâ Wtsiem biottbg pcrformcd as 
descrikd in Methods. Lanes 1 a d  2 m m  visuaiizeû ushg the ER- antibody 
H226 (epitopc located in wild-type ER-a exon 10) and liacs 3 rid 4 ushg ER-a 
mtibody 308 (epitope located in wild-type Wu exon 4). 



ERd3-4 NO DNA 

HEGO ERd3-4 No DNA 

Figure 26. Ligand biidiig of in vlho tniwribcdhnirbtcd wild-type ER-a and 
ERd3-J protein. In vitro transcription/translation teactions and ligand bincüng anaîysis 
were perfonned as descnbed in Methoâs. A. Binding of THJ 1 îhstradiol. Histogiam 
represents mean + sem, n=3 independent experiments. Results are expresseci as ho1 
['Hl1 ~P-WWOJ specifically bound per 10 pi, of Ni vim transcriptiodtranslation 
reaction (TnT). B. Binding of ['Hltamoxifen. Results are expmssed as ho1 
['Hltamoxifen specificaily bound per 10 pi, of in vitm TnT naction, n= 1. 



'Ibe ERd3-4 protein wuld alpo be niissmg tbe second zinc hger of the DNA bedmg 

dornain and as such would mt be expected to bind to DNA. Under conditions in which in 

vitro trmscribed/ttanslated wüâ-type ER-a bwd to an oügonucleotide coatainmg the 

vitebgenin B1 ERE as detemird by gel mobiüty shift assays, ERd3-4 did not dernoristrate 

any specific DNA buding in the absence of ligand (Figure 27A). To examine if ligand could 

affect the DNA binding ability of ERd3-4 or if heterodimers between wild-type ER* ancl 

ERd3-4 couid be de&cteû furikr exprhmts wre perfonned. Again, ERd3-4 alone did not 

demonstrate an ability to bind to the vitellogenin B1 ERE in the absence of ligand (Figure 

27B, Irise 3 vasus leae 2). AdQd to this reaction aiid thst of tbe wüà-type ER-a, was in vitro 

transcription/ttanslation Mx obtaMd in the presence of heat kilkd T7 RNA polyrneme to 

prevent transcripion. This was an additional control to ensure that components of the rabbit 

reticulocyte lysate reaction mix or plasmid DNA did aot affect DNA F i .  When equal 

am~unts of wüd-type ER-a and ERd3-4 were used in the absence of estradiol no di&rences 

in shifted bands could be oôserved (Figure 27B, lane 4 compared to lane 2). Adâitionally, 

equal m u a t s  of wild-type ER- and ERd3-4 were incubated in the presence of estrogen or 

the antiestiogens ICI 164,384 or 4-monohydmxytamoxifèn (Figure 27B, l a s  5,6 end 7). 

Again, m Iiiiditind bends could be detected to suggest the presence of wild-type ER-a and 

ERd3-4 heterodimers under these experhental conditions. The reduction in the anmunt of 

ERE bouad to rmd-type ER-a in figure 27B, laiws S,6 and 7 compareci to lanes 2 a d  4 is 

likely due to the fact that etbanol vehick mis mt kluded m the reaction mixtures used in 

lanes 2 and 4. 

To exsni8ie i î t k  ERd3-4 protein could be e x p m d  ex vivo, trsiiskctions into ER-a 
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Free probe 

Figure 27. Gel mobiiity rbifk rury. In vitm transcription/translation reactions 
were perfonned as describcd in Methods and incubated with a  PI labelled 
vitellogenin B1 ERE 35bp oligonucleotide. A. Gel shift assay pcnomed using in 
vim transcribedntarislated proteins (2p.L) in the absence of estrogen. Lane 1. Free 
probe; Lane 2. W - 4 ;  Lane 3. wild-type ( WT) ER*. B. Gel shi fi assay perfonned 
using in vitro tceilseribed/translaicd proteins. Lane 1.  Free probe; Lane 2. WT-ER- 
ar protein plus ERd3-4 d o n  in preaence of heat kilkd T7; Lane 3. ERd3-4 
protein plus WT-ER rraction in prrsmce of heat killed T7; Lane 4. WT-ER* and 
ER&-4; Lane 5. WT-ER- d ERd3-4 in the presence of 10 nM ll~.estradiol; 
Lane 6. WT-ERa and ERd3.4 in the pmsence of I pM ICI 164,384; LBM 7. WT- 
ER-a and ERd3-4 plus l e  4-rnomhyhxytamoxifen. 2 pL of in vi tm 
trrtnsctiption(translation reaction were used in each instance. = EWERE cornplex. 



negative MCFlOAl human breast epitbelisl ceiis w m  p e d o d .  MCFlOAl ceUs were 

transfècted with expression vectors for wild-type ER*, ERd3-4 or vector @SGS) DNA 

alone. Cells were harvested and extracts uaed for Western blotthg aad immuiw detection 

demomtrated that ER&-4 could be expresseci ex viw as detected by tk ER-a antabody 

H226 (Figure 28). 

kspde  th observatioirr hi ihk variemi protem appeared incapable of binding ligand 

or DNA it was stiu of interest to e h  potentu efkcts on wild-type ER- transcriptional 

activity s k e  the transient transfection experiment hed demonstmted it could be expnssed 

ex vivo. To this enâ, traasknt transfer:tions ushg the ER-a negative breast ce1 iiœs, MDA- 

MD-23 1 and MCF lOAl were c d  out. Under conditions in which transiently transfected 

wild-type ER-a was vanscriptionally active and abk to induce CAT activity in a ligand- 

dependent fâshion, the ERd3-4 did not demonstrate any transcriptional activity on its own 

(Figure 29A ami B). This is unükeiy to be due to low kvels of expression of this vaiisgene, 

since d e r  transfection of 5 pg of ERd3-4 expression vector (approximately 1.5 pmol) into 

MCFlOAl c e h  a protein correspondhg in size to tbe expected ERd3-4 protein was 

detectabk (Figure 28, iam 3). To determine if ERd3-4 d wüd-type ER-a couià intetact to 

idhmce tmmcr#bn of an estmgen-responsive reporter g m ,  cotransktions of wild-type 

E R a  and ERd3-4 into MDA-MB-231 and MCFlOAl E R 4  ntgative brrss< ceil üncs were 

carried out (Figw 29A and B). HEGû mfeeted  aione showed the expected estmgen- 

dependent activity (MDA-MD-231, 7.7 2 3.8 a d  MCFlOAl 7.3 2 4.2, man 2 sem, fold 

imcss over bd), w h k  ERd3-4, as menth&, had no transcriptionai activity aione in the 

pnsrw of estrogen. Howevcr, whcn increasing amuns of ERd3-4 w m  traiisfkcted with 
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Figure 28. Ex vivo erpmrba of ERd3-4 pmtcin. MCFlOAl ER-a negative 
human b m t  epithelial cells were transfected with the appropriate expression 
vector, cells were lysed in 8M urea, and 10 pg protein run on an SDS-1û% 
acrylamide gel. Cells were transferred to nitnicellulose and Western blotting 
perfomed using E R 4  antibody H226. Lane 1 .  Control cells tranfected with 5 pg of 
vector (pSG5) DNA alone; Lane 2. Cells transfmted with 5 pg HEGO (WT-ER*) 
expression vector, Lane 3. Cells tmsfectd 6th 5 pg ERà3-4 expression vector, 
Lane 4. In vitro transcribed/trarisîated WT-ER-a ( 1  pi,); Lane 5. In vihio 
transcri bed/translated ERd3-4 (2 PL). n=2, independent ex periments. 



Figure 29. Activity oCERd34 in ER* aegaîive humia brcut cclb. A. MDA-MB- 
23 1 human breast cancer alls wen transfected with 5 pg EBFAc-CAT, 1 pg WH1 10, 
OSpmol HEGO + 0.5-2pmd ERd34 + vector DNA to giw a totai of 17 pg DNA/dish. 
Cells were treateâ with 10 nM 17-01 (E2) fa 24 h or vehiclc done as conml 
(basal). Results are e x p r c d  as fdd CAT retivity compered CO b d  HEGO activity 
ribiüady set as 1. Histopms rrprrsait mean + sem, n+7. +**e=p<0.0001, 
ANOVA, results cornparcd to d i d  treated HEGû dont. B. MCF lOA 1 human 
breast epitbdid cdls wae siimiluily tnnsfccted. Hismgmms repnseat mean + sem, 
n=4. %=p<O.05, ANOVA, m i l t  canp8red to estndid tnated HEOO Jonc. 



a constant anmunt of HEGO, ERd3-4 significantiy incteased estrogcn-dcpmdent activity of 

wiiâ-type ER-a . Wben e q d  am~unts of ERd3-4 ad wild-type HEGO were trariskted h o  

MDA-MB-23 1 irnd MCFlOAl ceiis a signincant increase in the estmgendependent activity 

was seen cornparrd to HEGO estrogendependent activity (17.9 + 10.5 and 12.7 2 5.5 

nspectively, mean fold increase over HEGO basai t sem, p4.0001 and @.OS). The 

bwereû estmgendependent activity of HEûû at a higher dose of ERd3-4 (2 pmol) may be 

due to 'squekhRg< e&cts, pehap due to the abûity of ERd3-4 to SeQuester proteins required 

for transcriptiod activity of wild-type ER-a. There is a signincaat interexperimcntal 

varietion W e e n  traiisfe*ioirî which rrsyhs m a Large stanâard emr of the mm, but withlli 

each e>rperiment it can be seen in Table 4 tb t  t h e  i .  a consistent increase in transcriptional 

activity with the addition of ERd3-4. lncreasing amounts of cotransfècted ERd3-4 was 

associated with increases in basai transcription in both MDA-MB-23 1 and MCF 1 OAl ceh 

(Figure 29A and B) but this did mt rrach a level of statistical signikance. 

Since the ERd3-4 was originally detected in the estrogen-nonresponsive T5 subiine. 

TS-PRF, it was of inserest to examine tbe effects of introduciag this variant ERd3-4 into the 

puentai estrogen-responsive TS ce&. Transient transfections of ERd3-4 into TS ceUs were 

performed as descnbed under Methods. When ER* transcriptional activity in TS cek was 

measured m the presence of ERd3-4, statistkdy signincant increases in both bssal and 

estrogerrdependent CAT activity were scen (Figure 30). Transîktion of 1 pmol of ERd3-4 

mto TS ceUs caused a signifiant increase in CAT activity both in the presence of estrogen 

(39.3 2 1 1 . 1  fold incrcase over basai in the ptesence of ERd3-4 versus 23.8 2 3.2 fold 

increase over besal in the absence of ER&-4, mcen I scm, p4.05)  and m the absence of 



TaMe 4. Fdd CAT activity in breut cdl i  

L MDA-ME231 b m t  cancer & 
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pmol E R â M  

Figure JO. Activity of  E W  in TS buman breut cancer cellr. CeJls were grown 
in PRF-DMEM (estrqpndeplete conditions) as described in Methods and 
t n n s f d  with 5 pg ERE-tic4 AT expression vecta, 5 pg pCHl10 along with the 
appropriate mount of ERd34 expression vector or vector DNA done. Cells wcre 
treatd with vehicle (bd) or 10 RM 17-d (E2) for 24h, huvested and CAT 
assays perf'ormed as dcscribd in Methods. R d e  rcpracnt mean 5 sem, n=3-5, 
* % =  0.0001, ANOVA, mult compued to basd ERE-tkCAT activity, *rpQ).05 
ANOVA, remît compued to estradid trertd ERE-tkXAT activity. 



added estrogen (4.7 2 1.6 fold increase over besal (m ERd34), mcan 2 sem, p4.000 1), 

despite tk k t  this protein apparently does mi bind DNA or ü g d .  Table 5 üsts the fou 

c b s i i g e c u m i l s t i v e d a i a f i r D I t h e ~ n a P e l y s e s b T 5  hurrianbrrastcairerceh. 

The statistical analyses for the transfection data were perfonncd by M. Cheang, 

University of Manitoba, Biostatisticai Consuhg Unit ushg ANOVA. 

Tht quedon as to what role any particular variant E R s  mRNA may play in vivo is 

most kely dependmt on tbc expression of the comspondiag protein. Wbüe it is still unclear 

if ER-a variant naturally o c c ~  m R N h  are stably translated in vivo, there bas been 

evidma (âiscussed in the Introduction) to suggest that variant ER- proteins could exist in 

vivo. It was thetefore an obvious step to attempt to demonstrate the existence of a protein 

that codd cocrespond to the ERd3-4 mRNA in TS-PRF ce&. UnfOriuaately detection of ER- 

a variant proteins is dificuit due to a kick of the appropriate tools (Le., specific antibodies). 

Fur<hemiore, E R a  variant proteins such as ERd3-4 are of a similar size to immunoglobulin 

heavy chah prote& whrh cm immper detcction of these proteins using irnrnunoprecipitation 

and Western blonhg immune detection techniques (380). Additionally, it can be seen by 

examining figure 9, tbat there is a stmng 50 kDa immunoreactive band detected in both TS 

a d  TS-PRF ceU îines, Ihou$ht to conskit of a poteolytic product of the ER-a as weU as non- 

specinc interactions, that has bampered the abdity to denaitively identify a band that could 

correspond to ERd3-4 proteh To attempt to circumwnt this probkm, 2-D gels were used 

with the bpe  tbt speration ùy botb size a d  isioeiectric point would aid in the identification. 

It was a h  rrasoncd tbat ushg an antibody that would ncognizt both rmd-type ER-a ad 

ERd3-4 (muse AER314, N e o ~  Sants Cna, Caliiornia) and one that recognizsd rmd- 
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Tabk 5. T5 transf~cted with ERd3-4 cumulative data 
- - 

Fold cumulative data (mean + sem) 
vec tor alone ERd3-4 (pmol) 



type ER-a and mt EM3-4, (mouse AER308, Neomarkers, Santa Cnu,  California) 

diitinctions could be mede. Unfortunatgly, despite e x h a i v e  annrpts, no ckar cut data were 

obtakd thst couki suppoit the existeme of a potein sps i f idy  expressed in TS-PRF humen 

breast cancer ah that comspoded to that ptedicted for the ERd3-4 mRNA. 

In conclusion, TS-PRF humsn breast caacer cek have increased besal E R a  activity 

and contain a variant ER-a rnRNA, ERd3-4, that when expressed in both ER-a negative 

human breasî c d  ILies aad parental ER-a positive T5 hunisn ôreast cancer cells can increase 

both basal aad estrogen-dependent ER-a transcriptional activity. W e  it is unckar if this 

variant mRNA is stably translated in TS-PRF ceh, the data support the hypothesis that 

expmsion of this protein couid be involved in the ahereâ ER* activity seen in the T5-PRF 

cells. 

ffI. MAPK activity in TS rad TS-PRF bumrn brerat cancer celb. 

ht ioaak  

The mitogen-activated protein kinase (MAPK) signai transduction pathway, as 

discussed in the Introduction, phys an essential rok in ceil cyck progression and can be 

aetivated by many gro wth fktor/mitogen pathways including estmgen. MAPK activity has 

been shown to ôe elcmed in prinriry breast cancer cornpareci to benign bmst  tissue and has 

alno bem show to bt overexprrssed in metastatic ceUs within W h  nodes of bcast cancer 

peamts (270). MAPK baa alsa been inqlicated m iigand-Didependent activation of the ER*. 

Serine 1 18 of tbe ER-a bas been sbown to be pbospborylated by MAPK in respoase to 

receptor activation by growth fhtors ami mutation of this site severely dirninishsd ER* 
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transcriptiod abüity (232,246). Since TS-PRF ce& contain an ekvated basal ER- 

haancriptiod activity despite tk faet they contain 50.h les E R a  thaa parental TS ceh, it 

was of herest to acaiimie tbc p o s s i i  tbat an aiteration in a pathway that may ôe mvolveâ 

in Ligand-independmt activation of the ER-a (Le., MAPK) could be ahered m TS-PRF 

compareâ to TS human brrast cancer ceiis. 

Reauîta 

The initiai sndies were p e i f o d  ushg an in vitro MAPK aîsay that was routinely 

useci in Dr. G. Arthur's iabratory (University of Manitoba). C. Richard, a student in Dr. G. 

Arthur's laboratory, was kind enough to demonstrate and provide the protocol which was 

used m th& LabDratory a d  is descnbcd d e r  Methods. This in vitro assay mcasures MAPK 

af tMty  m ceU exûacts, obtained in the presence of inhibitors of other protein kinases, using 

myelin basic protein es a substrate to amsure its phosphoryiation in the presence of [y- 

'?]ATP. The initial e x p e k n t s  demonstrating an ekvated ER-a traascriptionai activity in 

T5-PRF œllî were paformed undn bapal (Le., estrogeadeplete) culture conditions with c e h  

grown in 5% CS, therefon, in vitro MAPK activity was initially exaMned under these 

conditions. In vitro MAPK activity was signiscantly higher in TS-PRF cek compared to 

parental TS ceUs (Figure 3 1 ). MAPK activity was 2.6 2 0.3 (mean 2 sem, n=3) fold higher 

(@.OS) than the activity assayed in parental TS cells. MAPK (ERKI and ERK2 isofornis) 

are pbsphorylated on both tyrosine and threonine nsidues and the phospboryîation at these 

two Stcs redis m the activation of MAPK (266,476). To d e t e  if the increaseâ MAPK 

activity in TS-PRF ceUs was d e c t e d  in an hrease in the total anmunt of MAPK protein, 

a d o t  an irrnasC m thc d v e  MAPK pool. W*aan bbnpiB on ce1 extracts was p e r f o d .  



TS-PRF 

Fiyre31. In *ibo baad MAPKntivity. T5 and TS-PRF cclls were p w n  in 
estrogendeplete conditions and ucûacts for measunment of in vim MAPK 
activity were obtrined as describeci in Methods. Myelin basic pmtein was usai 
as a substrate to measure kinase activity and the assay w u  ailowed to p r d  
for 10 minutes at 30%. Histograms rcpresait fold differcncc in MAPK activity 
a f k  arbitrady expressing the activity of TS parent cells as 1 .O. TS-PRF cells 
have a 2.6 + 0.3 fold incnue in kinase activity, n=3. *p<O.OS, Student's t-test. 



Usiig an 8xtiaody thet r c ~ o g n b  total M A X  protein it was seen tbat both TS and TS-PRF 

ceUs express large amounts of both the ERKl and ERKZ isofom of MAPK (Figure 32B, 

iancs 1 and 3). Using an antibody thet specifically recogxhes only the duaUy-phospborylated 

active fôrm of ERKl and ERK2 it was demonstrated tbat TS-PRF cells containeû eievated 

k i s  of active MAPK protein compareci to T5 ceh in estmgen-deplete conditions (Figure 

32A, Lanes 1 ead 3). PD 98059 is a specifk inhibitor of MAPK activity due to its specinc 

inhiation of MAPK kinase ( a h  rekrred to as MEK) (477). Treating both ceii k s  with 50 

pM PD 98059 for 1 hout resdted m a markeû inhiaiion of thc dually-phosphorylated MAPK 

(Figure 3 2 4  Iiurs 2 and 4) with linle or m ethct on total MAPK pmtein levels (Figure 32B, 

lsnes 2 and 4), supporthg the conclusion that TS-PRF cells have elevated levels of activated 

MAPK. 

Serum-starvation of cek m culture is often used as a means to d u c e  active MAPK. 

U a d a  conditiom m which TS and T5-PRF cells wete s e m  starved for 7 days, TS-PRF cek 

stiii niallitained elevated levels of in viho MAPK activity (Figure 33). The b e l  of in vitro 

MAPK activity in TS-PRF ceiis was 1.5 + 0.2 fold (mean 5 Sem, n=3) fold higher than TS 

pennal cek Q~0.001). Total MAPK protein kvels were simiiar between the two ceil üns 

(Figure 34B, lenes 1 and 3) bit aaivated MAPK protem ievels were much higher in TS-PRF 

ceb (Figure 344 lsncs 1 a d  3). As expe*ed, ueatiiig TS-PRF ceUs with 50 pM PD 98059 

for 1 hour d e r  senun-free conditions decreased the kvel of active MAPK detected by 

Western bbtthg ( F i  3 4 4  lanc 4) with littk e&ct on total MAPK protein be l s  (Figure 

34B. laae 4). These data suggest that TS-PRF ceiis contain ekvated and perbaps 

constitutiveiy active MAPK actmty comperrd to TS cells. 



Figure 32. Wcrtern blot of MAPK protein levcb under 
baaal coaditiocis. A. 30 pg of protein fiom whole ce11 
extracts were run on SDS-7.5% acry lamide gels. Western 
bloning and immune detection was perfonned as 
descrikd in Methods. lmmune detection was using an 
anti-phospho-MAPK antibody (NEB). B. 5 pg of protein 
h m  whole ce11 extracts were run on SDS-7.5% 
acrylarnide gels. Western bloning and immune detection 
were pedormed as describeci in Methods. Immune 
detection was using an anti-ERK 1 antibody (Santa Cm). 
PD = MEK inhibitor PD 98059,50 pM for 1 hour. ERKl 
and ERK2 bands are denoted by m w s .  



TS-PRF 

Figure 33. In vibo no remai MAPK ictivity. TS and TSIRF alls wcre set up in 
estmgendeplcte conditions in the pnsence of5% ch&-strippd f d  calf senim. 
The following &y the medium was changecl to no senun medium and changed each 
&y for 7 days. Cells wcre hirvestd and ceIl extwts for in vitm MAPK usay 
obtained as d d b e d  in Mtthods. Myelin basic protein was uscd as a subatrate and 
the assay was J l d  to procced for 10 minutes at 30%. Histoeguns rcptesent fdd 
d i f fmna in MAPK rctvity &er setting the activity of TS parent cdls to 1 .O. TS- 
PRF cells have a 1.5 + 0.2 fdd increase in kinase activity, n=3, **p<0.001, Studmt's 
t-test. 



Figure 34. Western blot of MAPK protein kvcb roder no 
scrum coaditioia A. 30 pg of protein h m  whole ceIl exeacts 
were run on an SDS-7.5% acrylamidt gel. Western blotting and 
immune detection were performed as descrikd in Methods. 
Immune detection w u  using an anti-phospho-MAPK antibody 
(NEB). B. 5 pg of protein firom whole ce11 extracts were nm on 
an SDS-7.5% acrylamide gel. Westem blottiag and immune 
detection were performed as describecl in Methods. Immune 
detection was ushg an anti-ERKI antibody (Santa Cruz). PD = 
MEK inhibitor PD 98059, 50 pM for 1 hou. ERKl and ERKZ 
bands are denoted by m w s .  



To fur(hec examine the rok ekvated MAPK activity mi@ play in terms of the 

ekvated basal (i.e., estrogen-independent) E R u  tmscriptiod activity in TS-PRF celis, 

transLnt traasfectioas were cacried out. It was previousiy shown that 50 ph4 PD 98059 for 

1 hour was sufncient to reduce the kvels of duaîiy-pbsphorylated MAPK under basai 

conditions (Figure 34A), but since the transient transfkction e>qwrrments required 

approximately 24 bur treatments, conâitions were âetennined d e r  which PD 98059 was 

able to nianiain b w  kvelp of duaUy-pbospborylated MAPK over this time period. Figure 35 

dmionstmtes tbat adquate i n h i i n  could k achieveû by treating ceiis initially with 50 pM 

PD 98059 foiiowed 2 hours iater by aa additional 50 pM treatrmnt with the ceh king 

harvested 20 hours later, resuhing in an 86% inhibition of dualiy-phosphorylated MAPK. 

When T5-PRF ceüs were transfècted with an estmgen-responsive CAT reporter gene and 

tff(ifeû with PD 98059 there was a significant reûuctDn of 44.2% 5 8.1 (man 2 sen p<O.OS, 

n=3) m the besal ER* transcriptional activity seen (Figure 36). Interestingiy there was also 

a agnificani and equiva%nt reduction in the estrogen-induceù transcriptional activity of 46.3% 

+ 12.4. (mean 2 sem, pqO.05, n=3) by PD 98059, suggesting a role for MAPK activation in - 

bath estrogen-indepmdent and -depnded traiiscriptional activation. The effect of PD 98059 

on the tmnscriptiod activity of ER-a in T5 ceiis was also exammd (Figure 37). A 

sienificant reduction in the estrogen-inducd ER* transcriptional activity of 69.1% 2 2.0, 

(mean 5 sem, ~ 4 . 0 5 ,  ~ 3 )  by PD 98059 was seen, again suggesthg a mk for MAPK in 

estroge~induced ER-a activity. Additionaiiy, evidence was obtamed to suggest tbat the 

inhiibn of active MAPK protein via PD 98059 d s  in a decrease in the kvel of E R 4  

potein (Figure 38). Whni TS ead TS-PRF ceUs were grown in estrogcndeplete conditions 
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Figure 3s. Western blot aoalyrb of MAPK protein leveb ifter 
PD 98059 treitmtnt. TS-PRF cells were grown in estrogen- 
deplete conditions and extracts prepaicd and W m m  blotting 
perfomied as descri bed in Methods. Lme 1. Basal MAPK protein 
levels. Lane 2. 50 pM PD 98059 treatment 24 hours. L i n t  3.50 
pM PD 98059 treatment for 2 hours, followed by a second 50 pM 
'hit'. CeUs were harvested after aa additional 22 hom. A. 30 pg of 
whole ce11 extract was M on an SDS-7.5% PAGE. Immune 
detection was perfomied using an anti-phospho1MAPK antibody 
NB). B. 5 pg of whole ce11 extract was nui on an SDS-7.5% 
PAGE. Immune detection was p e f i o d  using an rimi-ERKl 
antibody (Santa Cm). Positions of ERKl and EFüC2 are denoted 
by arrows. 



Figure M. TSPRF ER* tranwriptkarl activity in the pnwnce of PD 
9aOS9. Transient truisfdons wae pafonnd u describai in Methods. TS- 
PRF cells wcre grown in estrogendeplete conditions with vehicle aime (basal) 
or 10 nM 17p-tradiol for 22 h w s  in the absence or pmence of 50 PD 
98059 (PD). PD matment w u  given at the time of estrogen treamcnt and two 
hwrs later a second 50 piU PD aitrncnt was given. Cells wae huvested ifter 
22 hairs and CAT assays pafomed as describai in Mahods. Redts ut 
expressai as fdd CAT activity wmpucd to bPsal TS-PRF cdls. Histolp~s 
tepment mean 2 rem, r 3 .  'b, comparai to basal without PD, *e, comparecl to 
cstrogen treatment without PD, piO.05, StudenYs t-test. 



Figurc 37. TS ER- tmoacriptiond icoivity in cbe praence OC PD 9ûûS9. 
Transient transfections w a e  performed as described in Methods. TS cet 1s wen 
grown in esüogcndeplete conditions with vehicle aiw (basai) or 10 nM 178- 
estradid for 22 hairs in the absence or prcscnce of 50 phd PD 98059 (PD). PD 
treatment w u  $va at the time of estrogen treatmeit and two hours later a 
second 50 piVI PD treatment was given. Cdls wen harvested rfter 22 houm and 
CAT assays pafomed as desaibed in Methods. Results are expresscd as fdd 
CAT activity cornparcd to basal TS cells. Histog~is represent mean f sem. 
n=3. *e, comparai to estrogen tnitment without PD, pcO.05, Student's t-test. 
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Figure 38. Effcct of MEK ia bibitor PD 98059 on ER-a kvelr in 
TS and TS-PRF celb. Ce11 extracts were obtained and Western 
blotting performed as descnbed under Methods. Immune detection 
was performed using the ER-a antibody H226. +ve= In vitro 
transcribed/mlated wild-type ER-a protein. Cells were treated 
with 50 phd PD 98059 for 1 hour or 22 h before harvesting. 22 h 
treatment = 2 hour 50 pM treatment and &er 2 h cells are given a 
second 50 pikf dose and then lefi for an additionai 20 h before 
harvesting . h= hour; - = control cells harvest at the time both the 1 h 
and 22 h PD htated plates were harvested. n=2, independent 
experiments. 



a d  treated with 50 )iM PD 98059 for I bour or 22 bours (2h plus second treatment for 2Oh 

as described) there is a marked reduction in the ievel of immunoreactive E R 4  (Figure 38, 

compare intensity of bsnd at - (22h control) to 22 PD bend) m both TS anâ T5-PRF ceUs der 

22 hours of treatment . 

In conclusion, T5-PRF huniaa bteast cancer cells contain elevated MAPK activity. 

Inhibition of MAPK activity resuhs in a significant decrease in both basai and estrogen- 

dependeat ER* transcriptional activity in these ceUs and a si@cant decrease in estrogen- 

depenknt traasciiptioiial actMly m TS parnital celis. In addition, mhibition of MAPK activity 

is rissociated wiih a reduction m immunoreactive ER-a protein levels in both T5 and TS-PRF 

cells. The increased activity and expression of MAPK may contribute to the estrogen 
* 

mnresponsive growth phenotype and ligand-independent activity of ER-a in TS-PRF ceüs. 



Dlacmsaioa 

I. Eatmen muhted NM-IF amteira 

'Ibesc shdics rrsuhed m tht idatification of three NM-IF proteins, cytokeratin (CK) 

8,18 and 19 in TS human bieapt cancer ceh tbat are reguiated by estrogen. The abundance 

of these proteins in the NM-IF hction is dramatiçally reduccd upon acute withârawal of 

estiogen h m  thc ceIl culture mDdium, ami re-addition of estrogen results in i n c d  levels 

of these proteins in the NM-IF. The nduced levels of  these three NM-IF prote& in the 

absaice of homne reflect the requirrment of estrogen for upregulated expression of these 

NM-IF proteins (Le., they are estrogen-responsive proteins, or that the association of these 

proteins with the NM increases upon estrogen treatment). The k t  that the antiestrogens 4- 

monohydroxytamoxiti:~~ and ICI 164,384 dom-regulate the kvels of these tbiee NM-IF 

proteins in T5 ce& is consistent with the effect being niediated via the ER-. 

Chronic esimgerrdepletion of TS cek resulted in the devebpment of a ce1 line, TS- 

PRF, that has overcome the requirement of estrogen for growth in culture, whüe remaining 

ER-a positive. Although loss of the ER- can acconrpany and/or explain hormone- 

Edepndeace, l o s  of E R s  does not aiways occur in the hormone-independent phemtype. 

Katzenelienbogen and coiieagues have demnstrated levels of ER-a comparabie to parent 

MCF-7 cell lirus, or pater ERa expession, m homiorn-independent MCF-7 =Us obtained 

through prolo@ growth m estrogen-depîete conditions (87,356). Clarke and coworkm 

isolated a se& of homœ-independent MCF-7 subhs  that stiü maintamed . . ER* 

expression et kvels compailsbie to, or greater tban, the parent ceU lm (357). In the T5 and 

TS-PRF IfY)Clel, conîhucd expression of ER-a ahwed the study of errpression of esmgen- 



responsive genes, der conditions comparable in bth tk parent and hormone- 

nonresponsive ce11 lines. Despite the depletion of estrogen in the ceii cuiture medium, the 

NM-IF t'raction h m  TS-PRF ceUs has ekvated levels of ail thme prote&, CK8, 18 end 19. 

Whik in the parental T5 ceIl lin addition of estrogen to the ceU culture medium nsuhs in 

heased levels of thc threc NM-IF proteins, in the T5-PRF celis, the addition of estrogen at 

an equivsknt dose does not inmase the levels of these NM-IF proteins. How these ceb 

coukî express elevated kveîs of these estrogen rcguîateâ proteins in the absence of estrogen 

remains to be detemiined, but perhaps the ce& are able to activate the ER-a through 

pathways o t k  than ctapsical estr0gedER-a Unetactions as the iater studies suggest. Recent 

research has demonstrated that the ER-a cari be activated in a ligand-independent M o n  

(244,245) and perhaps the abüity to activate tbe E R 4  in th absence of estrogen would 

confèr a growth advantage to the cells anci aid in the devebpmnt of a hormone-independent 

phenotype. Furthemore, the data suggea that as the îength of timc in estrogen-deplete 

conditions is increased, there is a concomitant increase in the levels of CK8, 18 and 19 

associateâ with the NM-IF. 

The devebpmnt of hormone-independence and endocrine resistance in human 

breast cancer is a muhifktorial process and ideed there are many exampks where the 

development of esirogen-independent growth and antiestmgen resistance are dissociabîe 

events in breast caricet ceU lm modek (354,356,361,364). Simüariy, this stdy hunâ that 

the devebpmit of estmgen-indepedent growth in a breast ~ 8 1 1 ~ ~  ceil lm mode4 through 

long temi growth in estmgendepkted medium, was not associated with antiestrogen 

nsismœ. A b u g b  a - g e n s  inhi i  the growth of TS-PRF celis, they do not decrease 



the ieveh of CK8.18 ad 19 m the NM-F as t k y  Q in the parental TS c e k  mggesting that 

both estmgenhnticstiogen seasitivîty, m ternis of regulating thc NMIF kvels of thes 

proteins, hm bmi bst in this d ünc. 

That cytokeratins are estrogen rrguîated in TS ceUs is consistent with pnvious 

studns. In MCF-7 ceUs in c b ,  estrogen d tamoxifm treatment both resuheâ in an 

apparent krease m cytokeratins detected by iamiunofluorescence (478). Studies in rat 

vaginal epitheüm have also d e w m t e d  estrogen-induced increases in cytokeratin 

expression (479). More recentîy, pmliminary data suggest that estmgen regdates CK19 

expression at the mRNA kvel(480). Consistent with these studics, in T5 tek, estrogen- 

inàuced increases in cytokeratin expression were obse~eâ at the whok ceil kvel. This 

suggnas tbat the estrogen-idweù imesse at the NM-IF level is due to increased expression, 

as weU as perhaps an increased association of these proteins witb the NM-IF tiaction. 

The ER* mgative ce1 k s ,  MDA-MEB-231 and HBLl O0 are estrogebmmsponsive 

ceil k s  and have very low be l s  of CK8, 18 and 19 in th& NM-IF, suggesthg that 

significant expression of these cytokeratins my be associated with an ER-a positive 

phenotype. Indeed, more recent studies have identüjeâ CK 8, 18 and 19 as diflterentially 

exprrsa#l gnrs m ERa positive MCF-7 and T47D humn brrarrt cancer ceii lsws versus the 

ER* negative MDA-MB-23 1 and HBLl O0 bumsn breast ceU üncs (48 1,482). 

The relationship bttween tumour giowth and cytokmtin expression has been 

exemiacd. with some shdics sugge- a cornkition between specik cytokcratin expression 

aid tumour progression and devebpmnit (349,483). Cbanges in the kvels and subset of 

cytokeratin expression bave ôeen found with increasing tumour grade (350,484). Stuûies 



haw daianstmtcd mcrrased expression of CK18 and 19 m a set of malignent, wmpared to 

benign, h m  beast tumurs (350) and signiacant cornletions with CM9 with kteased 

breast tumour sioc and increascâ CK8 expression in aode positive versus node negative 

humen txeast cancers (485). Evidence also suggests that estrogen-independence in bcest 

cancer ceUs is essociated with changes in expression of a set of estrogen-regdateci gencs 

(364). van Agthoven and coworkers have show t h t  in an estrogen-independent ZR-75-1 

Inmrui k a s t  cancer cell One cbangts in ceiî morphology occur abng with increases in total 

ceiîular lmk ofCK 8,18 and 19 (457,486). These studks suggest that cytokeratias may be 

a biomerker for tumur stage ad perbaps chaages in cytokeratin expression are associated 

with an ahend tumour phemtype in breast cancer. 

Our knowledge of the k t i o n  of the NM-iF proteins is stiU very limited. The 

tindings in this study that cytokeratins associated with the nuckar metrix are n&ted by 

estrogen m human ôreast cancer ceUs suggests that these structurai proteins may be Unportant 

to estrogen action. Subsequent studies p e r f o d  in Dr. J. Davie's Laboratory have further 

demtistrated that CK 8,18 and 19 are associated with nuckar DNA and that estrogen and 

ICI 164,384 regulate the level of association in T5 but not TS-PRF ceUs (326). Together 

these studks suggest that an aiteration in the kvel and changes in regdation of NM- 

mciated proteins m y  result in nuclcar architectural changes tbat could reflect ahemtions 

in gene exp&n associated with a hormone-independent pbenotype. 

II. Variant ER-a er~nsr io r  in atmen-nonm~onaive TSIPRF bumri bmst cancer 

celh 



Numn>us studies, as d i s c d  in the Introduction, bave identinad variant ER* 

mRNAs m both mnmi and ncoplscic breast tissue and ce11 LMs. Wbüe stiil a contromsial 

topic, evidence is emrging to support the existence of ER-a variant proteins, which could 

correspond to some ER-a variant *As, in mme ce1 lines and tissues in vivo. However, 

the petbophysbbgical sigaificance of ER- variant expression is unckar. Ahereâ expression 

of some ER-a variant -As was found associated with both breast tumoutigenesis and 

breast cancer progression (382,386,4 16-4 18). Several studies, using transient tramfection 

analyses, have sbown that iadividusl ER-a variant proteins cm have both positive and 

mg&e efkts on wild-type ER-a activity (386,39 l,399,405,409,4 1 O,4 l4,4 19). Coaflrting 

resuits for some ER-a variants have ken obtaineâ (391,420) which may be due to ceii and 

piornota specifk events previously idmtincd for various stnicturaühtionai domains of the 

wild-type ER-a (76,125). Sidarly, overexpression of a single ER-a variant using stabk 

transfection technology has given di&rent resuhs in ciiffernit labonitories (419,421). 

Monover. direct correlation of any single ER-a variant with clinnal tamoxjfèn resistance or 

tamoltifcn mistance of breast cancer ceUs in culture has not ken forthcomllig. Since most 

of these comparisons have baen perford using individual ER-a variants and do not take 

into account the entire spectnun of ER-a variants relative to each other, the conclusions 

remah contmversiel However, when the dative pattern of expression of ER* deieted 

variant mRNA was investigated in TS-PRF comparecl to parental T5 cells, there was a 

siBnificsd cüfkcme in tk rchibive expsion of a previously descrii exon 3 end 4 deleted 

ERa variam mRNA (384,387,388). Ahhough the question of whahrr this ER* variant is 



a cause of estrogen-independence or m d y  an effkct of the sekction p o a s ~  for estrogen- 

ndepsdence is mt exmki ,  the data, ushg transient transfkction amlyses tend to support 

a possibie functional role of the putative exon 3 anâ 4 delaed ER-a protein e d e d  by the 

variant mRNA in the phemtype oôserved in T5-PRF breast cancer c+Us. It was show that 

TS-PRF cells bave Qgdbmtly Orrrased ligand-inàependent (basal) ER-a actinty (dected 

in ERE-tk-CAT activity and adogemus PR and CK levels). nie ERd3-4 was able to confcr 

increased ügd-idependent (basai) and estrogen-responsive transcriptionai activity when 

expressed in paatal T5 ceUs ad increascd estmgen-responsive transcriptionai activity when 

coexpressed with wild-type ER-a in ER-a negative human hast ce1 iines. ï h e  

dcmonsûated effect of ERd3-4 to increase HEGû (wüd-type ER-) vansctiptiod activity 

in the ER-a negative celi lines suggests a putative fiim:tional mie for this variant ER*. 

Aîthough sudi date suggest t h  the ERd3-4 variant can modulate the traoscriptiod activity 

of wild-type E R a ,  the relevance of the expression kwls of each protein achieved in the 

reconst ituted transient expression system to the enâogenous levels of ER* and ERd3-4 

variant expression in TS-PRF is unclear. Furthermore, âifkrences in background of 

trairscnpt ional coact ivators d conpressors between naturally ER-a positive and negative 

oeil ks (129, as mîi as the pmsence of o t k  aeturally occurring ER-a variants in natuFelly 

ER-a positive ce1 lines are ali iikely to Unpect on the tllial outcomc of ER* diatecl  

tmsdptbnal actmty and uncierk the &rences seen between the tnnskntiy manipulatecl 

cells and the mturaUy o c c ~  TS-PRF p h t y p e .  Monover, expression of ER-p W o r  

t s  variants iasy inthmm estmgen action. Both TS end T5-PRF ceUs express b w  kvels of 



ER+ mRNA determineû by reverse transcription polymnast chain reactbn anaiysis ((345) 

H. Dotzlaw, unpubüsbed), however, the fuirtional sienififance of the kvels remains 

u n b m  Nonetbeless, there was a signiîkant e f k t  on ER-a ligaad-usdependent 

transcription in TS ceh at kvels of CO-trarisfected ERd3-4 that iikely would mt be higher 

than the endogenous ER-a in these ceh, but the extrapolation of these data to the reiative 

expression of wüd-type ER-a and ERd3-4 variant in TS-PRF cells is presently unlmown as 

1 was unebk to provide proof of the existence of a protein corresponding to the ERd3-4 

mRNA ex viw in k s e  cek. It is of significaire that an effkct of ERd3-4 variant couid be 

ieproduced in tht parental TS cells, which would contain a more representative background 

of ER-a accessory proteins (Le., coactivators d o r  corepressors) as well as other variant 

bms of ER- which would aii contribute to the tinsl ER mediated biological response. As 

weU, the deta do not exclude the possibihty tbat otber alterations have o c c u d  in TS-PRF 

cells which in combination with an ahereâ ER-a variant, my contriite to the estrogen- 

independent phenotype of TS-PRF ceiis. 

It has previousiy been showun that breast cancer c e b  can adapt to low ievels of 

estrogen by enhancmg their sensitivity to estrogen (359). Estmgen-deprivation of MCF-7 

hurnan brcast cancer ceUs d e d  m estmgen fiypersensitivity a d  niairimal growth was 

achieveâ with an estmgen concentration 4-5 orders of nisgnitude lower tbn rmd-type ceh. 

These research  also f o u  tbat the concentration of ICI neeâed to inbibi the growth of 

these ce& was appmximately 6 orders of nregnitude iower t h  WU-type ceiis, supporthg 

the hypothesis in this d e i ,  tbat beased  sensitivity to ER iig& hed occumd. Whilc 

supRcasitivity to estroeen iu TS-PRF cells cannot k entirely nikâ out, the data on growth 
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respoase demonstrate that wbüe TS-PRF ceb are sensitive to growth mhiiition by ICI 

164,3&), m coatrast to the data of Mas~irira and coworkers, TS-PRF ceUs are kss sensitive 

than the parental TS ceils (Le., ID, 100 nM and 5 for T5 and TS-PRF, rrspectively), 

suggesting tbat in this mode1 other mchsnisms an keiy mvolved. 

These data do mt address the rnechanism by which ERd3-4 eahances ER* 

tmsaiptonsl activity, but severai pospialitws exist. The ER* contains at ieast two separate 

regions tfiet are ribquired for optimal transcriptional activation (76,125). The amb-terminai 

region contains promotet and cd-type specific ligand-hiependent ttanscriptioaal activity 

(AF-1), whik a second, AF-2, is located in the ligand-binding carboxyl-temiinus of the 

receptor. ERd3-4 containing an intact AF-2 or AF-1 domain could inteden with, or 

sequester, an ER-a npressor protein resuhing in i n c d  ER-a transcriptional activity in 

the absnce of iigad (171). This variant may also retain th a b i i  to interact 4 t h  other ER- 

a regdatory proteais such as coactivators or components of the basal transcription 

mackry. Whüe ERd3-4 would be misshg lysine 362 which bas been demonstrated to be 

important for SRC-1 recniitment (1  16), an in vitro interaction of the N-terminal of hER-a 

and SRC-1 bs ban derrY,nsüateû (184) aad thc AF-1 activity of hERa transiently expresseci 

m HeLa cells can bc stimukcd wîth SRC- 1 (1 85). This suggests that SRC-1 caa fimctionelly 

iiieract with bth t& N- and Cotanmial portions of the h E R s  and given the k t  that ER& 

4 contains an intact AF-1 domah, may stiil retain the abdity to interect with couctivator 

potek Additio*, nscar~h h o  bas demnstrated that both the AF-I anâ AF-2 domains 

of tbe hER-a can hteract wiih ïBP in vitro (178). 

The crystal structure of the ER-a honmne b h h g  domain has reantly bc«i 
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eluciâated (1 15). Bes+d on this structure, tbe W - 4  protem would contain niany of the 

regions essaitisl hi trairssctivation, inchxiing the predominsnt heh 12 (encompassing amino 

acids 539-547). However, since ERd3-4 alone his no trariscriptiod activity (at lcaot on a 

classicai ERE regulated promotet) the structure must be sufnckntiy ahereà to prevent 

activiCy, or AF-2 can only be activaîeû m a ligead-dcpndait m ~ m ,  but ERd3-4 carmot bhd 

ügand. Hek 12 m AF-2 is belYved to be the main region Uivolved in coactivator recniitmcnt 

and it may be possible that ERd34 could enbance recniitment of coactivators to the basal 

trenscription cornplex and this enhances ER-a activity. 

ER-a also contains two domeias invoiveâ in diinerization (79,80). A weak 

cbmhîtbn bterhe nterface pesent m in D N A A - i  domain and a strong interfixe is located 

in the C-terminal ügand-bmding domain (487). ER&-4 containing an intact C-terminai 

dimerbation domah, may form haerodimers with rmd-type ER* that have ahered 

tmmiptbnal nguletoiy properties through difkring pro tein- protein interactions. Although 

the results of the gel mobiiity SM assays did wt detect any such interactions, the use of 

rabbit retjcubcyte lysades, niay bave pnchdcd an additionai protein(s) that if present in vivo, 

m y  fecüitate an interaction between E R a  anà ERd3-4. 

Using a transient expression system, it was found that ERd3-4 caused inmascd 

ligand-independent wiid-type ER-a activity and also enbanced the ligand-itiduced E R 4  

transcriptiod activity, despite the k t  that on its own this variant is not transcriptionaüy 

active on a classrsl ERE pomter, nor does it bmd üganâ in vitro to any signincent degree. 

Studies have demonstrateci that the abihy of stemid honaoae rcceptors to d u l a t e  

tmmmiphn Qes mt acccssarily require tbat the meptors bind DNA. PRc, an N-temimelly 



mcated PR isofomi, lacking the nst mit-hga of tbe DNA-andhg do- bas m 

transcriptional activity of its own but has been sbown to enbance pmgestin-mduced 

transcriptional activity (157). An ER-a variant bclung ewn 5 that bas ao transcriptional 

activity on its own has been shown to enhance both basai and esmgendependent 

transcriptionai stivity wben coexpnd with mld-type ER-a (488). The DNA-biadhg 

do& of the E R a  does mt appear to k neccssery for raioxifem activation of the TGFP3 

gene (160) and ER* cm activate transcription h m  AP-1 dependent promoters through a 

DNA-binding-independent pathway (159). Spl aad ER-a dYeçtiy intetaft to cabance 

estmgebindurcd h'aisectivation of the Spldepeadent Hsp27 gene promoter and the DNA- 

b b h g  domain of thc ER-a is aot reqW (229). ER-a stimulation of the h u m ~  RARirl 

ptomter bas been damastrateci to occu independcntiy of the abÿity of the ER* to bind to 

DNA (489) and estrogen regdation of the bmin creatinc Linase prornoter by the ER-a is 

thought to occur via a mechanhm chat likely does not require direct DNA bDding (490). 

The prrsare of aitemative bms of E R a  cap& of interacting with mld-type ER* 

to increase iigand-independent activity could also confcr a potential growth advantage to 

breast cancer c&. A tecent shdy bas show that comtitutively active, ügaad-inâepcndent 

ER* mutanis indcrgo coriîo-d chmges aad interactions with coactivators tbat mimic 

chmges in ER* tlist arc muaiîy tcgukiod by îigamî (180). Rccentiy, rcsearcbers have shom 

that thyroid homione mptor-P2 (TR42) is a ligand-independent activator of the gene 

e n d h g  thyrotropbrekasing hormone and bave mappcd a region in the N-terminus of the 

reccpor rrspoilpibk îw this activity (491). T&st mearcbers suggest that the mchenism of 



@dindeperdent activation invoives àirect interaction of the TR+2 amiao terminus with 

either transcriptional cofactors or the besal transcription machincry itseK 

An kreased relative expression of variant E R 4  proteins containiag intact AF 

domains, couid resuü in increased interactions with the ER* andlot other proteins uivolved 

in ER-a transcriptional activity. This could be a potential mechanisrn for estrogen- 

independent growth as~ociated with the presence of one or mon variant ER-a species and 

could explain the incrrascd ER-a activity scen with the ERd3-4. 

In. MAPK activitv in TS and TS-PRF buman breaat cancer celk 

Elevated leveis of active MAPK were f o d  in the T5-PRF estrogen non-nsponsive 

breast cancer ceil line coaperrd to the penatal estrogen rrsponsive T5 hast  cancer ceil Line. 

The T5-PRF ce11 k, as d e S c n i  alPo contains ekvated kvels of estrogen-indepenâent ER- 

a transcriptional activity. The ER-a, like oiher members of the steroid homione receptor 

su*, h a phosphoprotein. The h t i o n  of phosphorylation is not ckar, but it has been 

suggested to play a rok in many aspects of receptor ectivity, including DNA biad9ig and 

mmaiptional activation In MCF-7 human k t  cancer celis, the E R 4  is phosphorylated 

on serine4 18, seMc- 154 and serine- 167 in msponse to estrsdiol bincûng (238,240,250). It 

has also been demnstrated that serbe-1 18 and tyrosine437 on ER-a are pbospho ylated 

independently of estradid binding in MCF-7 cek (23 7,250). The activation of the MAPK 

pathway h u g h  an estmgen-idependent mchanism (i.e., EGF stimulation) can rcsult in 

transcriptional activation of the ER*. and phosphoryiatioa of the ER-a on seriœ- 1 18 is 

required for this activity (232,24,246). 



Estmgais are b w n  niitogens îbr ûrcast amer ab, but bdw estrogen promotes cell 

prolifération is Unkllown. The MAPK signal transduction pathway plays an essentiel role in 

ce1 cycle progression and can be activated by meriy growth ~tor/mitogenk pathways 

hddbg estrogen. In sevcral ce1 types, hckdiiig MCF-7 himan breast cancer celis, estradio1 

bas been sbown to rapidly incrwse MAPK activity (276). That this activation requires ER- 

was demonstrated m ceiis via transient traasfection experimnts showhg an absolute 

re~Uirement of E R a  for acthtba aad the aâdition of t& antiestmgen ICI 182,780 blocked 

estrogen-induction of MAPK activation in MCF-7 ceh  (276). A ment report was able to 

show growth &or, but m t  estrogen-Muced, activation of MAPK in MCF-7 cells (240). 

The discrrpency between this report a d  a previous report dernonstrating estrogen activation 

of MAPK m MCF-7 cek (276) is unciear, but may be due to diflêrences in the expehntal 

conditions d e r  which activation was assayed between the two papers, as Miglioccio and 

coworkas (276) used cells grown m estrogerrdepiete conditions hr one week, versus the use 

of serum-stand cells by Joel and coworkers (240). 

Peptide growth haor s@&g pethways can ctoss~talk with the ER*. Indeed, it has 

been demonstrated that growth &tors such as EGF can result in ügand-independent 

activation of ER* (246). Sevaal studics have demonstrated that ovetexpression of a growth 

factor, or its receptor, whkh can activate the MAPK cascaàe, or a component of the MAPK 

pcahway (e.g., Raf or Ras) can resuh in estrogen-indepenâent growth in ceUs in cuhure and 

m some cass tumowjgeLlCSiS in vivo in the absnre of estrogen For example, overexptession 

of a colistitutively active Raf kinase in MCF-7 ceh alkws for growth in tbe absence of 

m g e n  (462) and MCF-7 cells stably transféctd mth the ras oncogme werc abie to forrn 



tumows in vNo m ibe absence of estrogen (429). Tbese data demonstrate the miportarice of 

the MAPK pathway in ceU growth nguktion and Uely tumourigeds. 

What role elevated MAPK activity might play in the estmgen-independent growth 

phetmtype of TS-PRF ceUs is not clear. It is likely tbst ekvated MAPK activity resultiiig in 

Iigend-indepndmi activation ofth E R a  may 8UOw maKimel proLiferation in the absence of 

estrogen. The transfcction experirnts using the MEK inhiior PD 98059 suggest that the 

M A K  advity  nisy play a rok m the ekvated basal E R a  activity seen in these ceUs, but rnay 

mt accouni for ail the increased basal activity. At a concentration of 50 pM, PD 98059 cm 

alrnost compktety abohh the level of active dudy phosphorylated MAPK protein (an 

approxllnately 85% decrease), wbereas a sirnilar concentration resuhed in slightly kss than 

50% duction in basal ER-a transcriptional activity. This suggests that other mcchanisms, 

abng with elevated MAPK, may contribute to the ügand-independent ER-a transcriptionai 

activity. Indeed, the TS-PRF cek contain the ER-a variant ERû3-4 which may also 

contnite to the increased tmsai ER-a activity. It is also Wrely tbat the residual dually 

phosphorylated MAPIC protein rrmaiaing. even der treating ce& with PD 98059, is 

su85cina to contribute to the basal ER* activity. 

These stuâies also demastrate an inhibition of estmgen-dependent ER-a 

transcriptional acciniy aiter treating ceUs mth PD 98059. This was of a similer xnagnitude as 

the eact on W îmmdptbn (approlMletely Sû?!), support& the hypothesis that MAPK 

pleys an important rok in both ligaad-dependent and -independent ER- transcriptional 

activity. 

This metuch DLpo suggests tbat tk mhibïion of M A .  b u g h  PD 98059 mtment 

1 86 



is associated with a rrduction in immuaottactive ER-a protein kvels. The msctiani9m 

invohred in this is not known. It is iikeiy tbat a duction, or prevention of phosphorylation 

of ER* on serine4 18 via MAPK may cause i n c d  turnover of the protein. Links 

between protein pbosphorylation and protem turnover have been made. For exampie, 

rescarcbers bave demonstrateci that phosphoryiation of the transcription nictor c-.in by the 

MAPK c-jun N-tanioial kinase (JNK), i n c r d  the half-Mé of c-Jun (492). The d e c d  

ER* traiiscriptional activity &a PD 98059 ûeatment may not be relatecl to the decreased 

E R a  protem ievel as estrogen, as discussed in the Introduction, ofien can downregulate its 

own nceptor levels, despite the k t  that estrogen treatmot resuhs in incceased ER-a 

transcriptional activity. 

Elevated levels of MAPK activity and expression have been associated with the 

mdgnant phemtype and have been shown in h a s t  tumeurs CO+ with n o d  tissue 

and b e q p  breast conditiom (270). Breast tum,urs abo have been shown to contain ekvated 

tyrosine kinase activities compared with benign breast tumours and normal breast tissues 

(267). These data suggest that an iiaease or dmgulation of growth controlling si@, such 

as those contnited by MAPK, may k involved in the etiobgy and pathogenesis of hast  

cancer. During the course of breast cancer progression, tumours become hormonc- 

nsdepadcrri and rehctory to erdocrk therapies directed at blocking the activity of ER*. 

The developmm of estmgen-indeperdent growth is kiieved to be an initial step in the 

progression to a hormone-independent phemtype, and esmgai-inâependent growth is a 

cheractaiPtic of a mre bnast cancer ce1 phemtype. The data show support the 

hypothesis th eievated kvels of MAPK activity are associated with incrrascd ü g d -  



independent activity of the ER-. Ekvated MAPK activity mey be one raecbanism of 

mgen-independent growth. 

Conclurioas 

The research that contriaites to this thesis support the hypothesis that the 

developmnt of an estrogen-independent growth phemtype in h u m  breast cancer c e k  is 

b l y  a muhifiictoriai process. It is ckar thai m TS-PRF estrogen-nonresponsive h u m  breast 

cancer ceh, there are severai changes that have bem detected tbat can ail likely contribute 

to an estrogen-ao~llie~poasive growth phenotype (see Tabk 6). Studies have demonstrateci 

the importance of cellular architecture contributed by the tissue matrix system to gene 

expression and that pemirbetions m this system can aiter gaie expression (328,330,493). This 

celhilsr firamework serves not only as a structurai a*ity but is likeiy intimately connected with 

al cellular processes hluding gene expression a d  signal transduction. 

W e  these studies suggest an important Lmk between NM-IF proteins, gene 

expression, signal traduction ancl the response of a cell to hormone treatment, it remak 

unciear w h t  the initiating k to r  is. As a ceIl progresses h m  a hormone-responsive to a non- 

responîivc grovnh phenotype it is unckar if a single initiating event conwon to al1 ceUs, or 

ifa muhitude of events in a singîe ce4 or multipk but singk events occur over a whok ce1 

popdation, resuhs in hormone-independent growth. In cases where the ce& m longer 

express ER* it is easin to v isuak  how this singk event can msuh in homaciadeperdmt 

growth. in thc case whae the ceii continues to express thc ER-a a d  n w y  ER* asaociatcd 

changes are present it b m s  less clear as to w h t  the initiating fsctor niay be. 



Table 6. Cornparison of TS and TS-PRF' buman bmst 
cancer cell lines. 

- - 

Cell line 
T5 TS-PRF 

Estrogen 
4-monohydmsytamorifen* 
ICI 164484* 

Basal rcce~tor level 

Cytokeratin level 
Basal 
Estmgen 
ICI 164,384 

Basal ER-a transcri~tiod act iv ik  - 

MAPK activity + 
-- - 

* refers to antagonist activity on cells grown in estmgen-replete conditions. 



It is coaceiMMe tbat derrgulsted splicing could occur during hm*>ur progression. 

Recent reservch hm demonstrated tbat splring factors are phospborylated and 

phospborylation piays an important mie in s p k  fàctor locaüzation ami activity (95,102). As 

weii, Konig et al have demonstrated activation of si@ transduction pathways can 

activate/Mlue~:e alternative spiking (103). Using mhigene constructs containhg CD44 

variant exon 5 (vS), tbese watcbers founâ tbat the inclusion of v5 occurred with the 

activaaion of PKC (via TPA) or c o m n  of active ras m a T-iymphonis cell line that was 

shom to norrnalty exchide vS. It may be t h t  an increase in a signal aaasduction pathway 

such as Ras or PKC tbat can activate MAPK could initiate a series of cbanges involvhg ER- 

a variant expression through affecting spücing patterns. Whk it is not b w n  if TS-PRF 

ceils contain ekvated Ras or PKC activity, it is of note that shidies have demonstrateci that 

approximteiy 70% of huumn ôreast tumurs O- Ras protein (494) and, as d i s c d  

in the Introduction, numetous sndKs have impkated protein kinase signaihg pathways in 

the developmnt and progression of brrast cancer. 

An mcrrasC m MAPK d v @  oouki alPo aacCt the tissue matrix system by incrcasing 

c y t o k d  acprcs9ion. Data have demonstrated that activation of Res and or Raf kreases 

CK 18 expression (495). As weU, cytokeratins are phospbproteins and protein kiiiascs 

hcluding MAPK have k e n  imphted in cytokeratin phosphorylation (496,497). Whüc the 

function of phosphorylation of the cytokeratins is unckar, experimental dDte support a role 

in orgmbtbn and so8ibitay of the cytokeratins, as weii as rrguhing kir interactions with 

0th pteins (497-499). Of- is tk k t  t h t  phosphoryhtion of CK 18 is essential for 

its interaction with 14-3-3 proteins (498), which bave also becn shown to dirrctîy mtaact 



with Raf; ad are thought to be requireû h r  Dr as (500,501). TogethCr these data furtha 

support a linlr b e e a  dereguisted MAPK activity and changes to tbc tissue me& system. 

TS-PRF œUs ovcracprrss cytokaatmP wnpered to pnrental T5 ceUs and appear to bave Eost 

both cihogen and antiestrogen regdation of expressma This is in coneast to tbe duction 

of tk îigsnd-independent (basal) activity of the ER-a measund in the transient transfection 

analyses by ICI 164,384 treatnient in TS-PRF ceUs. It my k ihet increased activity of a 

pthway a r h  as MAPK can lead to increases iu cytokeratin expression and 'short circuit' the 

neeâ fot ERu nOuQtiDn accouiltilg fbr Dr îack of effect of ICI 164,384 on tbe cytokeratin 

levels in TS-PRF cells. 

Figuir 39 descn'bes a mode1 which serves to demnstrate how the changes identined 

in TS-PRF ce& may be involved in the developmnt of an estrogen-nonresponsive growth 

phenotype. It c m  be envisioncd that a change that resuhs in the ceîi no longer requiring 

estmgen tDr growth (Le., expression of a dominant-positive variant ER-a protein) c m  resuh 

in an increase in estrogen-regulated processes (Le., MAPK activation, CK end PR 

exprrssOn). Akmatkiy, a âequkeâ and increased MAPK activity may muft m not only 

incnased ER-a activity d Yrrrascd cytokeratin expression, but niey also ieaà to ahereà 

spiking patterns o f  the ER*. It is possible that any oat of these chaqges would CO& 

additionel growth advantages to keast cancer celis and lead to furt&r changes in gene 

expression that codâ uhimately remit m estrogen-inlependent growth. 



Figure 39. A. Estrogcn-dependent humaa brcrst cancer cdlr. Ligand binding 
resul ts in release of repressor proteins from the ER*, phosphorylation of the receptor 
and interaction wi t h NM, chromatin/ERE and coactivator/accessory proteins. B. 
Estmgen-independent humin brcaat cancer cdh. Elevated MAPK activity cmld 
result in altered variant E R a  expression a d o r  increased phosphorylation of the ER-a 
in the absence of ligand. Vanant E R a  containing intact AF functions may sequester an 
E R a  repnssor protein($) and/or interact w i l  the wild-type ER-. Increased 
expression of NM-IF proteins may increase acceptor sites or promote increased 
interaction of ER-a with NM. Ligand-independent activation of the ER- could 
fûrther increase MAPK activity and result in an increaseddeiegulated expression of 
nomall y estrogen-regulated genes. A= accessorylacceptor protein, v = variant, NM = 
nuclear matrix, ER = estrogen nceptor, OF = gmwth factor. 
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