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~ t ,  the tml-iscrlrtl,)l-i of gel-icb that ,Ire reg111,it- 
ed 1.) a classical ERE, like the natural 
estroi.cn h<>rm,)l~e l ' ip-e~tra~l io l  [El (Flg. 
lri)], tnmosifei~ ,i.cti\.ates the trai~scr~ytlon of 
gei~es that are ui-icler tllc control of 211 AP1 
elenlellt (9). 

A t  the enil ( ~ t  1995, a \cei)ncl EK (ERP) 
\\-,i cli)neci fro111 a rat prostate cDN.4 llhrary 
( I$ ) ,  ailel, s ~ ~ ~ s e q ~ ~ e i ~ t l ~ ,  the hlunan (1 1)  ai1~1 
mollse (1 2 )  homolog.; n.ere c1i)necl. T h e  f l r t  
lilentiflecl ER has Iiccn rennmc~l ERcr i 1P). 
Tlie exitellee of ti\-o ERs presents al~otllcr 
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The transactivation properties of the two estrogen receptors; ERa and ERP. were ex- 
amined with different ligands in the context of an estrogen response element and an API 
element. ERa and ERP were shown to signal in opposite ways when complexed with the 
natural hormone estradiol from an API site: with ERa, 17P-estradiol activa'ied tran- 
scription, whereas with ERP, 17p-estradiol inhibited transcription. Moreover, the an- 
tiestrogens tamoxifen, raloxifene, and Imperial Chemical Industries 164384 were potent 
transcriptional activators with ERP at an APT site. Thus, the two ERs signal in different 
ways depending on ligand and response element. This suggests that ERa and ERP may 
play different roles in gene regulation. 

A1-iticitrogcnj are tl~eral?cutic acel i t  icor the 
treatinelit anLl pocslble prevention ot breaht 
cai1ci.r. Tamoslte11 (Fig. 1.4) i\ an a~~tlcbtro- 
?ell that 15 used 111 I.rcast cancer che111nt11er- 
apr anLl 1s I ?e l l e~~e~ l  to f~~ilcticln ah a11 ,311titu- 
mor agent 1?y in1libitlng the actlon of the 
estroeei~ recelxor (ER) In 1-reasr tljsue ( 1  ). 
Parailos~call~.  ta111os1fel-i appears i ;~nct lu l~  
ai an  eirri)gei-i-like 11q~1ili1 111 uterine tlzb~le, 
a11J tllli riciue-sPeclfii ehtr~jgei~lc effect mar. 
e l p l x i ~  the ~ncrea,.;ed rlsk of uterine cancer 
that i, ohserved ii~1t11 pr<>li)npeLi t,imoxiten 
rherapv (-?I. The relateL{ I~en:oth~ophenz an- 
alog raloxlfene (Fig. 1A) ha< I~een  re~t>rteil  ti) 
retain the antiestrugen yroyertles of t,~mou- 

carcllovasc~~lar tibslli. (3-7).  Onc  eslil;il-iatli>l-i 
for tliece tlss~~e-apeclfls actions of antle.;tro- 
gem i> r l i ~ t  tllc l iganLl-l~~~~~-ic1 ER ma\- hay-e 
iiliierent trcii1sactlY7atlt,n ~ r ~ > l ~ e r r ~ e ~ r h c 1 1  
I ~ o u i ~ d  to different typec oi  DN.A cr~l~allcer 
elementb. Thc cla,sical eatr~>gel-i re,poilse ele- 
mel-it (ERE) 1s ci>i~~yosril  of ti1.o ~i~\yerreiI hex- 
a11uclet)tiiie repear,, ancl lig;l~~il-~oun;l ER 
1~111ii> tu the ERE ai n ~ ~ ) I I I ~ I J I I I I ~ S  ( F I ~ .  1A). 
The ER a1.u meillate\ ge11c triinacrlprii)n fro111 
an AP1 el~hancer elemc~-it t h ~ t  require. 11ganJ 
mil the XP1 t r anc r~ l> t io i~  Lietor.; FL>, a i d  j ~ u i  
tor t ran~cr lpt~onnl  acrivat~on ( F I ~  1 B) (8). In 
trai~~clcti\.atii)n expe~.~illellr~,  tdnlox~ten illhil3- 

. . 
pC1ncl i ~ f  five ER 1lganLls n1t11 the uce oi' a 
reporter cene ~111der the contri>l of ~ l t l e r  ,,' 1 a 
clas-ical ERE or a11 -\PI elcment ( 1 3 ) .  Our 
results shoiv t l ~ a t  ERa  2nd ERP rcsl.onL1 
,I~fferel-itl\- to certam 11g~i11~1.; ;lt an  .4131 ele- 
ment. TI-ie.;c re~ul ts  \ u~gcz t  il~ttercl-it rcgl~la- 
tory f1111ctlons fc>r tlic t\i-o ER \l~btyyes. 

\%re examinee1 the tranzactlvatlol-i proper- 
tles c>I- ERa (14) aliJ ERP (1;) at  a claslcal 
ERE 111 respcnise tt> thc a t rogc l~s  El anil JI- 
etliylstilbeztrol (L3ES) ,111d the alitlchtrogi.1-i 
InlperiLil Ch i . l~ i l c~~ l  Il~iiustrle, (ICI) 104184, 
tamc>xikl-i, anLl ra1i)siklic (1 6). W e  coiii l~~ct- 
eii tl-ic>e cxycrimenrz 1.1- trai-istcctiliq lleLa 
cells iv~tli eitller ,111 ERa or ERP exliresslon 
pla~m1,l ali>nq ivith a reporter plasmid tiiat 
calltail-ie,l a lucl&rasc gc11e ul-iilcr the tmli- 
icrlptiol-ial ci>l-itrol of an  ERE (1 7). Botll ERa 
( 1  (3) ,111t1 ERP ( F I ~ .  2 )  \lloivecl tlie hame tralis- 
act11 ~ t l o n  yrofllei n-lth thc p ~ n c l  of 11gxiiis. 
E, ailil DES stimulati.il ll~clfcrase l?l.ocll~cti~)n 
12-fol~l over ICI 161384, raloxlirne. tamos- 
I&II, ;anJ the cor~trol (110 lllanLl acl,leil). The  
ant~estroyrel~s hloclteLl El atimulatli>n 111 llganil 
c ~ x ~ ~ y e t i r ~ i > n  esper111le1-its (18).  

\Ye next esam~ne,l rl1e 1lganJ-11-iduceil 
t r a ~ ~ s ~ c t t ~ ~  bel-ia\;lor ot ERa nni1 ERP at 
an  A P l  site. W ~ t h  ERa. ;all fi\-e l~ganclz ztim- 
ulatcii luiiterase transcriptii~n, incluiling the 
antiestrogens ICl 164384, tamolik~-i ,  ,ulJ 
raloxltcne (Fly. 3). This stimulatlun \\-a> de- 
penilent on tranfcctc,l ER, as cells trans- 

iten in breast tissue ancl to sho~r. minimal 
e\tn)gcn ettccts 111 the 1lrcruc; 111 aiidltion. ~t A Fig. 1. (A) St~.~tctures of ER gands .  

has potcnt~all\- l~encfic~al estrogen-like effects Tlie estrogens EL and DES arid t,ie 

in n i > n r e ~ r o d ~ ~ c t i ~ - e  tlss11e such AS hone and -'u-=:,rok 
antiestfogens tamoxifen (Tam), 

L 40 l, I , ,~~~,n~u,t ;e faoxfene l ial) ,  and C 164384 (Cl) , "  
Tam Pal lCl are shown, BLI butyl, Me, nietiiyl. 
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fected with only the reporter plasmid showed 
no induction of reporter transcription (18). 
Of the five ligands, raloxifene induced tran- 
scription the least, showing twofold induction 
compared with the sixfold inductions typical- 
ly seen with E2 and tamoxifen. The ralox- 
ifene-induced transactivation was dose-de- 
pendent with a concentration value required 
for one-half maximal activation (EC5O) of 
about 1 nM (18). In addition, raloxifene re- 
duced the activation caused by E2 in a dose- 
dependent manner to the amount observed 
with raloxifene alone (18), demonstrating 
that raloxifene induction is weaker than in- 
duction by E2 and that raloxifene-induced 
transactivation results from binding to ERa. If 
E, is classified as a full activator of ERa at an 

Fig. 2. ERp action at an ERE. HeLa cells were 
transfected with an ERE-regulated luciferase re- 
porter plasmid and an expression vector for rat 
ERp (15). Transfected cells were treated with the 
five ligands (E,, 0.1 pM; DES, 1 pM; Ral, 1 pM; 
Tam, 5 pM; and ICI, 1 pM) or an ethyl alcohol 
(EtOH) vehicle (control) (1 7). Error bars show de- 
viations between wells from a single representa- 
tive transfection. 

Fig. 3. ERa action at an APl element. HeLa cells 
were transfected with an AP1 reporter plasmid 
and an ERa (14) expression plasmid and treated 
with the five ligands (1 7). Ligand concentrations 
were &, 0.1 pM; DES, 1 pM; Ral, 1 pM; Tam, 5 
pM; and ICI, 1 pM. 

AP1 element (ERa-AP1 ), then raloxifene 
functions as a partial activ-.tor and tamoxifen 
functions as a full activator. 

In contrast to the results seen with ERa- 
APl, we observed a difference in the ligand 
activation profile of ERP at an AP1 element 
(ERP-APl). In cells transfected with ERP, 
treatment with the estrogens E2 and DES did 
not increase luciferase transcription over the 
control (no ligand added), whereas treatment 
with the antiestrogens ICI 164384, raloxifene, 
and tamoxifen increased luciferase transcrip- 
tion (Fig. 4A). This transcription activation 
required transfected ERP, as cells that were 
transfected with only the reporter plasmid did 
not show transcriptional activation by the 
antiestrogens (18). The transcriptional acti- 
vation caused by raloxifene was dosedepen- 
dent with an EC5, value of about 50 nM (Fig. 
4B). In ligand competition experiments, both 
E, and DES were able to block the raloxifene 

induction, and both estrogen ligands were 
able to reduce raloxifene induction to the 
basal level of transcription in a dosedepen- 
dent manner with concentration values re- 
quired for one-half maximal inhibition of 1 to 
10 nM (Fig. 4C). In a different ligand com- 
petition experiment, the inhibitory effect on 
transcription resulting from E2 treatment 
could be overcome by higher concentrations 
of raloxifene in a dosedependent manner 
(Fig. 4D). Thus, it appears that the pharma- 
cology of ER ligands is reversed at an APl 
element with ERP: with ERP-AP1, the an- 
tiestrogens act as transcription activators, and 
the estrogens act as transcription inhibitors. 

We next asked whether the action of ERP- 
APl could be observed in cell lines derived 
from estrogen target tissues such as the uterus 
and breast. We performed transactivation as- 
says for ERP-AP1 in Ishikawa cells (a human 
uterine cell line) (Fig. 5A) and in MCF7 (Fig. 

- 
u 2 g G n 9~ r 9 T R $ I + - - + + -  ~~9 g W d T 9 T  

t 8 C + 
0" log [Ral (M)] E2 - + - + - - log 2 [Ral (M)] 

DES - - + - + - log 
Fig. 4. (A) ERP act~on at an APT response ele- [inhibltor 

ment. HeLa cells were transfected w~th  an AP1 (M)1 

reporter plasmid and a rat ERP expression plasmid (75). Transfected cells were treated with the 
following ligand concentrations: E,, 0.1 pM; DES, 1 pM: Ral. 1 pM: Tam, 5 pM; and ICI, 1 pM (7 7). 
(B) Dose response of raloxifene induction with ERP at an APl element. HeLa cells transfected as 
described for (A) were treated with the indicated range of raloxifene concentrations. (C) Competitive 
inhibition of raloxifene induction by E, and DES. HeLa cells were transfected as described for (A) and 
treated with ligands. The left panel shows transactivation induction by raloxifene (1 pM), the lack of 
induction by E, (0.1 pMl and DES (1 pM), and the ability of E, (0.1 pM) and DES (1 pM) to inhibit 
competitively raloxifene (1 pM) induction to the amount observed with the control (no ligand added). 
The right panel shows the dose dependence of inhibition of raloxifene (1 pM) induction by DES (solid 
line) and E, (dashed line). (D) Raloxifene overriding E, inhibition. HeLa cells were transfected as 
described for (A) and treated with ligands. The left panel shows the transcription induction resulting 
from the vehicle control (EtOH). Ral (1 0 pM) plus E2 (1 0 nM), and E, (1 0 nM) alone. The right panel 
shows the dose dependence of raloxifene induction in the presence of E, (1 0 nM). 

Fig. 5. (A) Ligand-de- 
pendent ERp action at 
an AP1 element in Ish- 
ikawa cells. lshikawa 
cells were transfected 
with an AP1 -regulated 
luciferase reporter plas- 
mid and an ERp expres- 
sion ~lasmid (191. Trans- 
fecteb cells dere treated ",: W O Z C O ~ ~ ~ ~  5; - "2" WN~l : u p  ~g~~ + V ) E  W w ~ z  : n : p - + g +  E G ~ ~ v ) ~  
with one or two ligands z + G  - a + s  3 + s  
as indicated (E,, 0.1 pM; '=3 

LT 
= - a  

IT 
3 

DES. 1 uM: Ral. 1 uM: 
u  

 am; 5 IIM; &d CI, i p ~ )  or an EtOH vehicle (control) (1 7). (B) Ligand-dependent ERp action at an AP1 
element in MCR cells. MCR cells were treated and analyzed as described for (A). (C) Ligand- 
dependent ERp action at an AP1 element in MDA453 cells. MDA453 cells were treated and analyzed as 
described for (A). 
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i B )  and MDA4i3 (Fig. i C )  human breast 
cancer cells (19).  In each of these cell lines, 
the ligands acted the same as they did in the 
HeLa cells; the three antiestrogens activated 
and the estrogens inhibited ERP-dependent 
transcription from an AP1 site (Fig. 5).  No 
induction n.as seen with cells that were not 
transfected with the ERP expression plasmid, 
indicating that the antiestrogen induction re- 
quired ERP (1 8).  Antiestrogen induction in 
the breast cell lines was higher than that 
observed in HeLa cells. Transfected MCF7 
cells treated with raloxifene gave a 20- to 
80-fold transactivation response over the con- 
trol (no ligand added). In addition, raloxifene 
and ICI 164384 induced transcription Inore 
than tamoxifen in the breast cell lines (Fig. 5, 
B and C). MCFi cells do not appear to con- 
tain high concentrations of endogenous ERP 
nlRNA (2G); however, our results suggest that 
the adLlitiona1 transactivation lnachinery re- 
quired for ERP-API f~unction is present in 
these cells. With t ~ v o  of these target tissue cell 
lines, E, treatnlent reduced the alnount of 
transcription to less than that seen with the 
control (no ligand added). In MDA453 (Fig. 
5C)  and Ishikawa cells (Fig, 5A),  E, treat- 
ment resulted in a consistent 40 to 75% re- 
duction of reporter transcription levels com- 
pared with the control. This effect Lvas also 
observed in liganJ colllpetition experilnents 
(Fig. 5 ,  A anJ  C); E, and DES blocked ralos- 
ifene inLluction anJ  reduced the anlount of 
transcription to less than that seen for the 
control. Thus, when ERP is bound by the 
estrogen hor~none Ez or the synthetic estro- 
gen DES, it may f~unction as a negative regu- 
lator of genes controlled by an ER-dependent 
AP1 element. 

The  ER is the only known member of the 
steroidal subfamily of nuclear receptors that 
has different subtypes (21, 22). Nuclear recep- 
tors that respond to nonsteroidal hor~nones 
that have ~lifferent kno\\rn subtypes include 
the thyroid receptor ( T R a  and TRP) ,  the 
retinoic acid receptor (RARa,  M R P ,  and 
RARy), and the retinoid X receptor (RXRa, 
RXRP, and RXRy) (23). O L I ~  results  lemon- 
strate that two nuclear receptor subtypes can 
respond in opposite regulatory modes to the 
natural hor~none from the same DNA re- 
sponse element. Moreover, the ligand-in- 
duced responses with ERP at an AP1 site 
provide an exanlple of negative transcription- 
al regulation by the natural horlnone and 
strong positive regulation by synthetic anties- 
trogens (24). 

If signaling from ER-depen~lent AP1 ele- 
ments occurs in estrogen target tissues, our 
finding that ERa and ERP respond differently 
to ligands at AP1 sites reveals a potential 
control rnechanisrn for transcription'al regula- 
tion of estroge11-responsive genes a n ~ l  adds a 
layer of conlplexity in analy~ing the pharma- 
cology of antiestrogen therapeutics. The  role 

of E2 complexed to ERP would be to turn off Suface issue culture pates to a densty of not rnore 

[he transcriptioll of these whereas [he t i ian2 2 10-'em? Cells were grown n stere ftered 
Dulbecco s mod~f~ed Eagle s-F-12 Coon's I\./lod~f~ed 

antiestrogens raloxifene, talllo~ifell, and ICI Med~um 1S1qma Cell Culture) vdlth 15 mM Hepes, L- 

164184 co~uld overide this blocka~le and acti- gutamne (6435 g~ te r ) ,  NaHCO, (I 335 g~ te r ) .  1 o"% 

vate ~ l ~ ~ ~ ~ ,  it lllay be help- Seru-Max 4 fan ron-supplemented, formula-fed new- 
" .  . , born calf serum from a lot tested for o w  estroaenc 
till to search tor genes in estrogell target Cis- act~v~ty, Sgma Cell Culture), gentamycn 10 05 mg!ml), 
sues that are transcriptionallv regulated bv streptomycn SO,, 1100 mg~ml), and p e n c n  'G"  (100 

ERP at an AP1 site a i ~ d  to cllaracterize the 
phenotype of cells in ~vhich these genes are 
activated. 
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13 The ERE- and APl -driven uc~ferase reporter plas- 
mids [(ERE-Luc GL450) and Lcoll73, respectvely. 
and it-e ERR expresson pasmid (pSG5-HEO) vdere 
used as prevously descrbed 19). Tt-e rat ERp ex- 
presson vector bas been previously descrbed (70). 
The fulengtt-  t-ulnan ERp cDNA, whch was soa t -  
ed frorn an ovarian cDNA 'brary and found to be 
Identical to it-e prev~ously reported pari~al cDNA 
clone (1 I ) ,  was cloned n to  the pCMV5 eukaryotc 
expresson vector (E. Enmark et a/., unpubst-ed 
data) and the resutng ERP expression vector was 
used for these experments Western bot tng of rat 
mammary gland and prostate nuclear extracts 
probed witt- polyclona ant~bod~es raised against 
ERp gand-bindng domain (LBD) and preadsorbed 
on a colurnn of ERa LBD-coupled Sept-arose 
showed that in both breast and prostate n~rclear 
extracts tbe major band recognzed by the antbody 
has tbe same mobi ty  as fulllengtii baccuovirus- 
expressed ERp Tt-s Indicates it-at our ERP expres- 
slon vector encodes the major soform of ERP In 
tbese t~ssues IT.  Rylander. M. P. Hu~kko, J -A. 
Gustafsson, unpubst-ed data). 

14. Tile data presented n tbs  paper vdere obtaned w~tih 
the HE0 ERa varant. HE0 shows reduced tra:isac- 
tlvatlon response from the unganded receptor com- 
pared w~ th  tbe wd- type ERn, resulting In clearer 
gand-induced transact~vation data. Each experi- 
ment w~tt- ERn was also ct-ecked w~ th  the wd- type 
ERR (HEGO), and the general g a n d  nducton trends 
were found to be the same as those obtaned w~ th  
HEO. Tt-e only d~fference was it-at the gand-in- 
duced transact~vatlon responses were lower w~tb  
HEGO than with the control (no g a n d  added). 

15. Transact~vat~on exper~ments were performed with 
bott- rat and buman ERp, and den t~ca  trends n 
g a n d  behav~or were seen w~ tb  both ERps n HeLa 
cells. 

16. Raoxfene was syntheszed accordng to the pub- 
lisped procedure 13). Structure and purlty were verl- 
fled by 'H nuclear magnetc resonance (NMR). 13C 
NMR, ultraviolet spectroscopy, t t -nayer  chroma- 
tography, and hgh-resouton mass spectrometry. 

17. Cells were grown in Nunc (Hoskilde. Denmark) Delta 

U'ml), siikawa cells were grown n a medum contan- 
n g  100 nM tamox~fen, and MCF7 cells were grown n a 
medum conta nng 10 nM estrad~ol For the transfecton 
assays, cells vdere suspended n 0 5 m of eectropora- 
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was centr~fuged n a mcrofuge for 2 m n  0 1 m of tt-e 
supernatant was combned vditii 0.3 m of the ucferase 
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