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Differential Ligand Activation of Estrogen
Receptors ERx and ERf3 at AP1 Sites
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The transactivation properties of the two estrogen receptors, ERa and ERpB, were ex-
amined with different ligands in the context of an estrogen response element and an AP1
element. ERx and ERB were shown to signal in opposite ways when complexed with the
natural hormone estradiol from an AP1 site: with ERa, 17B-estradiol activated tran-
scription, whereas with ERB, 17B-estradiol inhibited transcription. Moreover, the an-
tiestrogens tamoxifen, raloxifene, and Imperial Chemical Industries 164384 were potent
transcriptional activators with ERB at an AP1 site. Thus, the two ERs signal in different
ways depending on ligand and response element. This suggests that ERx and ERB may

play different roles in gene regulation.

Antiestrogens are therapeutic agents for the
treatment and possible prevention of breast
cancer. Tamoxifen (Fig. 1A) is an antiestro-
gen that is used in breast cancer chemother-
apy and is believed to function as an antitu-
mor agent by inhibiting the action of the
estrogen receptor (ER) in breast tissue (1).
Paradoxically, tamoxifen appears to function
as an estrogen-like ligand in uterine tissue,
and this tissue-specific estrogenic effect may
explain the increased risk of uterine cancer
that is observed with prolonged tamoxifen
therapy (2). The related benzothiophene an-
alog raloxifene (Fig. 1A) has been reported to
retain the antiestrogen properties of tamox-
ifen in breast tissue and to show minimal
estrogen effects in the uterus; in addition, it
has potentially beneficial estrogen-like effects
in nonreproductive tissue such as bone and
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cardiovascular tissue (3-7). One explanation
for these tissue-specific actions of antiestro-
gens is that the ligand-bound ER may have
different transactivation properties when
bound to different types of DNA enhancer
elements. The classical estrogen response ele-
ment (ERE) is composed of two inverted hex-
anucleotide repeats, and ligand-bound ER
binds to the ERE as a homodimer (Fig. 1B).
The ER also mediates gene transcription from
an API enhancer element that requires ligand
and the AP1 transcription factors Fos and Jun
for transcriptional activation (Fig. 1B) (8). In
transactivation experiments, tamoxifen inhib-

its the transcription of genes that are regulat-
ed by a classical ERE, but like the natural
esttogen hormone 17B-estradiol [E, (Fig.
1A)], tamoxifen activates the transcription of
genes that are under the control of an AP1
element (9).

At the end of 1995, a second ER (ERR)
was cloned from a rat prostate cDNA library
(10), and, subsequently, the human (11) and
mouse (12) homologs were cloned. The first
identified ER has been renamed ERa (10).
The existence of two ERs presents another
potential source of tissue-specific estrogen
regulation. Here we compared the transacti-
vation properties of ERa and ERB with a
panel of five ER ligands with the use of a
reporter gene under the control of either a
classical ERE or an AP1 element (13). Our
results show that ERa and ERB respond
differently to certain ligands at an AP1 ele-
ment. These results suggest different regula-
tory functions for the two ER subtypes.

We examined the transactivation proper-
ties of ERa (14) and ERB (15) at a classical
ERE in response to the estrogens E, and di-
ethylstilbestrol (DES) and the antiestrogens
Imperial Chemical Industries (ICI) 164384,
tamoxifen, and raloxifene (16). We conduct-
ed these experiments by transfecting HelLa
cells with either an ERa or ERB expression
plasmid along with a reporter plasmid that
contained a luciferase gene under the tran-
scriptional control of an ERE (17). Both ERa
(18) and ERB (Fig. 2) showed the same trans-
activation profiles with the panel of ligands.
E, and DES stimulated luciferase production
10-fold over ICI 164384, raloxifene, tamox-
ifen, and the control (no ligand added). The
antiestrogens blocked E, stimulation in ligand
competition experiments (18).

We next examined the ligand-induced
transactivation behavior of ERa and ERB at
an AP1 site. With ERa, all five ligands stim-
ulated luciferase transcription, including the
antiestrogens ICI 164384, tamoxifen, and
raloxifene (Fig. 3). This stimulation was de-
pendent on transfected ER, as cells trans-

A Fig. 1. (A) Structures of ER ligands.
P 0 oH The estrogens E, and DES and the
¥ 0 C < \° ©5i§ antiestrogens tamoxifen  (Tam),
O o O < e . -, (CH)coNmBuMe  raloxifene (Ral), and ICI 164384 (ICI)
Tam Ral ICl are shown. Bu, butyl; Me, methyl.
o oH (B) Models of ER action at a classi-
@é:b C cal ERE and an ER-dependent AP1
HO HO O response element. The filled circles
E DES represent the ligand bound to the
B ER. The AP1 proteins Jun and Fos
(EBED " are labeled J and F, respectively.
[ ERE ] [ ER-regulated gene ERE
Cet>
Y
. o —
[ APt ] [ ER-regulatedgene | AP1
element
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fected with only the reporter plasmid showed
no induction of reporter transcription (I8).
Of the five ligands, raloxifene induced tran-
scription the least, showing twofold induction
compared with the sixfold inductions typical-
ly seen with E, and tamoxifen. The ralox-
ifene-induced transactivation was dose-de-
pendent with a concentration value required
for one-half maximal activation (ECsy) of
about 1 nM (18). In addition, raloxifene re-
duced the activation caused by E, in a dose-
dependent manner to the amount observed
with raloxifene alone (I8), demonstrating
that raloxifene induction is weaker than in-
duction by E, and that raloxifene-induced
transactivation results from binding to ERa. If
E, is classified as a full activator of ERa at an
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Fig. 2. ERB action at an ERE. Hela cells were
transfected with an ERE-regulated luciferase re-
porter plasmid and an expression vector for rat
ERB (75). Transfected cells were treated with the
five ligands (E,, 0.1 wM; DES, 1 uM; Ral, 1 puM;
Tam, 5 pM; and ICI, 1 wM) or an ethyl alcohol
(EtOH) vehicle (control) (77). Error bars show de-
viations between wells from a single representa-
tive transfection.
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Fig. 3. ERa action at an AP1 element. Hela cells
were transfected with an AP1 reporter plasmid
and an ERa (74) expression plasmid and treated
with the five ligands (77). Ligand concentrations
were E,, 0.1 pM; DES, 1 uM; Ral, 1 uM; Tam, 5
pM; and ICI, 1 puM.
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APl element (ERa-APl), then raloxifene
functions as a partial activator and tamoxifen
functions as a full activator.

In contrast to the results seen with ERa-
AP1, we observed a difference in the ligand
activation profile of ERB at an AP1 element
(ERB-AP1). In cells transfected with ERp,
treatment with the estrogens E, 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 ERB, 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 dose-depen-
dent with an ECs, 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 dose-depen-
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 E, treatment
could be overcome by higher concentrations
of raloxifene in a dose-dependent manner
(Fig. 4D). Thus, it appears that the pharma-
cology of ER ligands is reversed at an AP1
element with ERB: with ERB-AP1, the an-
tiestrogens act as transcription activators, and
the estrogens act as transcription inhibitors.
We next asked whether the action of ER3-
AP1 could be observed in cell lines derived
from estrogen target tissues such as the uterus
and breast. We performed transactivation as-
says for ERB-AP1 in Ishikawa cells (a human
uterine cell line) (Fig. 5A) and in MCF7 (Fig.
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Fig. 4. (A) ERB action at an AP1 response ele-
ment. Hela cells were transfected with an AP1
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reporter plasmid and a rat ERB expression plasmid (75). Transfected cells were treated with the
following ligand concentrations: E,, 0.1 wM; DES, 1 uM; Ral, 1 wM; Tam, 5 uM; and ICI, 1 uM (77).
(B) Dose response of raloxifene induction with ERB at an AP1 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 wM), the lack of
induction by E, (0.1 uM) and DES (1 nM), and the ability of E, (0.1 wM) and DES (1 nM) to inhibit
competitively raloxifene (1 wM) induction to the amount observed with the control (no ligand added).
The right panel shows the dose dependence of inhibition of raloxifene (1 wM) induction by DES (solid
line) and E, (dashed line). (D) Raloxifene overriding E, inhibition. HelLa 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 (10 M) plus E, (10 nM), and E, (10 nM) alone. The right panel
shows the dose dependence of raloxifene induction in the presence of E, (10 nM).

Fig. 5. (A) Ligand-de- 120
pendent ERB action at
an AP1 element in Ish-
ikawa cells. Ishikawa
cells were transfected
with an AP1-regulated
luciferase reporter plas-
mid and an ERB expres-
sion plasmid (79). Trans- 0-
fected cells were treated w
with one or two ligands
asindicated (E,, 0.1 uM;

DES, 1 pM; Ral, 1 pM;

Tam, 5 pM; and ICI, 1 wM) or an EtOH vehicle (control) (77). (B) Ligand-dependent ERP action at an AP1
element in MCF7 cells. MCF7 cells were treated and analyzed as described for (A). (C) Ligand-
dependent ERB action at an AP1 element in MDA453 cells. MDA453 cells were treated and analyzed as
described for (A).
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5B) and MDA453 (Fig. 5C) 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 ERB-dependent
transcription from an API site (Fig. 5). No
induction was seen with cells that were not
transfected with the ERB expression plasmid,
indicating that the antiestrogen induction re-
quired ERB (18). 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 more
than tamoxifen in the breast cell lines (Fig. 5,
B and C). MCF7 cells do not appear to con-
tain high concentrations of endogenous ER3
mRNA (20); however, our results suggest that
the additional transactivation machinery re-
quired for ERB-API1 function is present in
these cells. With two of these target tissue cell
lines, E, treatment reduced the amount 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 was also
observed in ligand competition experiments
(Fig. 5, A and C); E, and DES blocked ralox-
ifene induction and reduced the amount of
transcription to less than that seen for the
control. Thus, when ERB is bound by the
estrogen hormone E, or the synthetic estro-
gen DES, it may function 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 hormones
that have different known subtypes include
the thyroid receptor (TRa and TRB), the
retinoic acid receptor (RARa, RARB, and
RARY), and the retinoid X receptor (RXRa,
RXRB, and RXRy) (23). Our results demon-
strate that two nuclear receptor subtypes can
respond in opposite regulatory modes to the
natural hormone from the same DNA re-
sponse element. Moreover, the ligand-in-
duced responses with ERB at an API site
provide an example of negative transcription-
al regulation by the natural hormone and
strong positive regulation by synthetic anties-
trogens (24).

If signaling from ER-dependent AP1 ele-
ments occurs in estrogen target tissues, our
finding that ERa and ERB respond differently
to ligands at AP1 sites reveals a potential
control mechanism for transcriptional regula-
tion of estrogen-responsive genes and adds a
layer of complexity in analyzing the pharma-
cology of antiestrogen therapeutics. The role

1510

of E, complexed to ERB would be to turn off
the transcription of these genes, whereas the
antiestrogens raloxifene, tamoxifen, and ICI
164384 could overide this blockade and acti-
vate gene transcription. Thus, it may be help-
ful to search for genes in estrogen target tis-
sues that are transcriptionally regulated by
ERB at an API site and to characterize the
phenotype of cells in which these genes are
activated.

REFERENCES AND NOTES

-

. D. J. Grainger and J. C. Metcalfe, Nature Med. 2,
381 (1996).

. R. P. Kedar et al., Lancet 343, 1318 (1994).

. C.D. Jones et al., J. Med. Chem. 27, 1057 (1984).

. L. J. Black et al., J. Clin. Invest. 93, 63 (1994).

. M. Sato, M. K. Rippy, H. U. Bryant, FASEB J. 10, 905
(1996).

. N. N. Yang et al., Endocrinology 137, 2075 (1996).

. N. N. Yang, M. Venugopalan, S. Hardikar, A. Glase-
brook, Science 273, 1222 (1996).

8. Y. Umayahara et al., J. Biol. Chem. 269, 16433
(1994); M.-P. Gaub, M. Bellard, I. Sheuer, P. Cham-
bon, P. Sassone-Corsi, Cell 63, 1267 (1990); A.
Weisz and R. Rosales, Nucleic Acids Res. 18, 5097
(1990).

. P.Webb, G. N. Lopez, R. M. Uht, P. J. Kushner, Mol.
Endocrinol. 9, 443 (1995).

10. G. G. J. M. Kuiper, E. Enmark, M. Pelto-Huikko, S.
Nilsson, J.-A. Gustafsson, Proc. Natl. Acad. Sci.
U.S.A. 93, 5925 (1996).

11. S. Mosselman, J. Polman, R. Dijkema, FEBS Lett.
392, 49 (1996).

12. G. B. Tremblay et al., Mol. Endocrinol. 11, 353
(1997).

18. The ERE- and AP1-driven luciferase reporter plas-
mids [(EREIl-Luc GL450) and Acoll73, respectively]
and the ERa expression plasmid (pSG5-HEO) were
used as previously described (9). The rat ERB ex-
pression vector has been previously described (70).
The full-length human ERB cDNA, which was isolat-
ed from an ovarian cDNA library and found to be
identical to the previously reported partial cDNA
clone (717), was cloned into the pCMV5 eukaryotic
expression vector (E. Enmark et al., unpublished
data), and the resulting ERB expression vector was
used for these experiments. Western blotting of rat
mammary gland and prostate nuclear extracts
probed with polyclonal antibodies raised against
ERB ligand-binding domain (LBD) and preadsorbed
on a column of ERa LBD-coupled Sepharose
showed that in both breast and prostate nuclear
extracts the major band recognized by the antibody
has the same mobility as full-length bacculovirus-
expressed ERB. This indicates that our ERB expres-
sion vector encodes the major isoform of ERB in
these tissues (T. Rylander, M. P. Huikko, J.-A.
Gustafsson, unpublished data).

14. The data presented in this paper were obtained with
the HEO ERa variant. HEO shows reduced transac-
tivation response from the unliganded receptor com-
pared with the wild-type ERe, resulting in clearer
ligand-induced transactivation data. Each experi-
ment with ERa was also checked with the wild-type
ERa (HEGO), and the general ligand induction trends
were found to be the same as those obtained with
HEO. The only difference was that the ligand-in-
duced transactivation responses were lower with
HEGO than with the control (no ligand added).

15. Transactivation experiments were performed with
both rat and human ERB, and identical trends in
ligand behavior were seen with both ERBs in HelLa
cells.

16. Raloxifene was synthesized according to the pub-
lished procedure (3). Structure and purity were veri-
fied by "H nuclear magnetic resonance (NMR), '3C
NMR, ultraviolet spectroscopy, thin-layer chroma-
tography, and high-resolution mass spectrometry.

17. Cells were grown in Nunc (Roskilde, Denmark) Delta

g~ wN

~N o

©

18.
. The human ERB was used for transactivation exper-

20.

21,
22.

23.

24.

25.

Surface tissue culture plates to a density of not more
than 2 X 10%cm?. Cells were grown in sterile filtered
Dulbecco’s modified Eagle’s—F-12 Coon’s Modified
Medium (Sigma Cell Culture) with 15 mM Hepes, L-
glutamine (0.438 g/liter), NaHCO, (1.338 g/liter), 10%
Seru-Max 4 (an iron-supplemented, formula-fed new-
born calf serum, from a lot tested for low estrogenic
activity; Sigma Cell Culture); gentamycin (0.05 mg/ml),
streptomycin SO, (100 mg/ml), and peniciliin “G” (100
U/ml). Ishikawa cells were grown in @ medium contain-
ing 100 nM tamoxifen, and MCF7 cells were grown in a
medium containing 10 nM estradiol. For the transfection
assays, cells were suspended in 0.5 ml of electropora-
tion buffer in 0.4-cm gap electroporation cuvettes (Bio-
Rad) at 10° to 2 X 10° cells per cuvette. The electropo-
ration buffer was prepared as a solution of 500 ml of
phosphate-buffered saline (PBS), 5 ml of 10% glucose,
and 50 pl of Biobrene. Five micrograms of reporter
plasmid and 5 pg of ER expression plasmid were add-
ed, and the cuvette was agitated to facilitate mixing of
the solution and homogeneous cell distribution in the
cuvette. Cells were then immediately transfected by
electroporation with a Bio-Rad GenePulser electropo-
ration apparatus at an electric potential of 0.25 kV and a
capacitance of 960 wF. We added 1 ml of growth me-
dium (described above) to the electroporation cuvettes.
The transfected cells for one experiment were pooled
and carefully resuspended in the growth medium at a
density of 8 X 10* to 1.6 X 10° cells/ml. After a homo-
geneous cell distribution was obtained by thorough mix-
ing, cells were plated on Nunc six-well dishes at 2 ml per
well. After 2 hours of incubation at 37°C, hormones
were added, and the medium was mixed by gentle
swirling. Cells were then incubated in the presence of
hormone for 40 to 48 hours. The growth medium was
removed from the wells, the cells were washed with
Mg?*- and Ca?*-free PBS, and then they were lysed
chemically [with 0.2 ml of 100 mM potassium phos-
phate buffer (pH 7.5) containing 0.2% Triton X-100 and
1 mM dithiothreitol (DT T)]. The plates were then frozen
to —80°C, thawed, and scraped with a rubber police-
man to loosen and break up cell fragments. The lysate
was centrifuged in a microfuge for 2 min, 0.1 ml of the
supernatant was combined with 0.3 ml of the Iuciferase
assay solution, and the chemiluminescence was mea-
sured immediately for a period of 10 s. The luciferase
assay solution consists of 25 nM glycylglycine, 15 mM
MgSO,, 4 mM EGTA, and 15 mM potassium phos-
phate at pH 7.8, with the addition of DTT to a final
concentration of 1 mM, adenosine triphosphate to a
final concentration of 2 mM, and luciferin (Analytical Lu-
minescence Laboratories) to a final concentration of
200 uM shortly before commencement of the assay.
Luminescence measurements were performed on a
Monolight 1500 (Analytical Luminescence Laborato-
ries). The relative light units reported have been adjusted
to a scale of 100 for uniformity.

K. Paech et al., unpublished data.

iments in Ishikawa, MDA453, and MCF7 cells.

G. G. J. M. Kuiper et al., Endocrinology 138, 863
(1997); K. Grandien et al., unpublished data.

D. J. Mangelsdorf et al., Cell 83, 835 (1996).

J. A. Katzenellenbogen and B. S. Katzenellenbogen,
Chem. Biol. 3, 529 (1996).

D. J. Mangelsdorf and R. M. Evans, Cell 83, 841
(1996).

The genes for transforming growth factor (7) and
quinone reductase [M. M. Montano and B. S. Kat-
zenellenbogan, Proc. Natl. Acad. Sci. U.S.A. 94,
2581 (1997)] are ER-regulated genes controlled by
promoters containing nonclassical EREs that are ac-
tivated by antiestrogens; however, the action of ERB
at either of these promoters has not been reported.
The action of ERa on the quinone reductase gene
shows a similar ligand profile to that of ERB at an AP1
site; antiestrogens are transcription activators, and
E, is a transcription inhibitor.

Supported by grants from NIH (GM 5067210 T.S.S.),
the Swedish Cancer Society (J.-A.G.), and the U.S.
Army and University of California Breast Cancer Re-
search Programs (P.J.K.). We thank K. Yamamoto
and R. Weatherman for helpful discussions.

1 May 1997; accepted 21 July 1997

SCIENCE e VOL. 277 « 5 SEPTEMBER 1997 » www.sciencemag.org



EXTENDED PDF FORMAT
SPONSORED BY

Sample-Size Antibodies
Now Available

RDsvstems
» Learn More = st

www.rndsystems.com

Differential Ligand Activation of Estrogen Receptors ERa and ER[ at
AP1 Sites

Kolja Paech et al.

Science 277, 1508 (1997);

AVAAAS DOI: 10.1126/science.277.5331.1508

This copy is for your personal, non-commercial use only.

If you wish to distribute this article to others, you can order high-quality copies for your
colleagues, clients, or customers by clicking here.

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of April 9, 2016 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
/content/277/5331/1508.full.html

This article cites 19 articles, 6 of which can be accessed free:
/content/277/5331/1508.full. html#ref-list-1

This article has been cited by 100 articles hosted by HighWire Press; see:
/content/277/5331/1508.full.html#related-urls

This article appears in the following subject collections:
Molecular Biology
[cgi/collection/molec_biol

Downloaded from on April 9, 2016

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
1997 by the American Association for the Advancement of Science; all rights reserved. The title Science is a
registered trademark of AAAS.



http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/1801384015/Top1/AAAS/PDF-Bio-Techne.com-WEBOE-W-007499/RNDsytems.raw/1?x
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl

