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Estrogen receptor 3 (ERB) is a novel steroid recep-
tor that is expressed in rat prostate and ovary. We
have cloned the mouse homolog of ERB and
mapped the gene, designated Estrb, to the central
region of chromosome 12. The cDNA encodes a
protein of 485 amino acids that shares, respec-
tively, 97% and 60% identity with the DNA- and
ligand-binding domains of mouse (m) ERa. Mouse
ERp binds to an inverted repeat spaced by three
nucleotides in a gel mobility shift assay and trans-
activates promoters containing synthetic or natu-
ral estrogen response elements in an estradiol (E,)-
dependent manner. Scatchard analysis indicates
that mERp has slightly lower affinity for E, [disso-
ciation constant (K;) = 0.5 nmM] when compared
with mER«a (K, = 0.2 nwv). Antiestrogens, including
4-hydroxytamoxifen (OHT), ICI 182,780, and a novel
compound, EM-800, inhibit E,-dependent transac-
tivation efficiently. However, while OHT displays
partial agonistic activity with ER«a on a basal pro-
moter linked to estrogen response elements in
Cos-1 cells, this effect is not observed with mERp.
Cotransfection of mERB and H-Ras"'? causes en-
hanced activation in the presence of E,. Mutagen-
esis of a serine residue (position 60), located within
a mitogen-activated protein kinase consensus
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phosphorylation site abolishes the stimulatory ef-
fect of Ras, suggesting that the activity of mER is
also regulated by the mitogen-activated protein
kinase pathway. Surprisingly, the coactivator
SRC-1 up-regulates mERp transactivation both in
the absence and presence of E,, and in vitro inter-
action between SRC-1 and the ERp ligand-binding
domain is enhanced by E,. Moreover, the ligand-
independent stimulatory effect of SRC-1 on ERf
transcriptional activity is abolished by ICI 182,780,
but not by OHT. Our results demonstrate that while
ERpB shares many of the functional characteristics
of ERa, the molecular mechanisms regulating the
transcriptional activity of mERB may be distinct
from those of ERa. (Molecular Endocrinology 11:
353-365, 1997)

INTRODUCTION

Estrogens regulate female reproductive functions
through a nuclear receptor that belongs to a super-
family of ligand-activated transcription factors that in-
cludes receptors for steroids, thyroid hormone, retin-
oids, prostanoids, and vitamin D (1, 2). Like other
members of the superfamily, the estrogen receptor
(ER) has a modular structure consisting of distinct
functional domains (3). The DNA-binding domain
(DBD) enables the receptor to bind to its cognate
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target site consisting of an inverted repeat of two
half-sites with the consensus motif AGGTCA (or
closely related sequences) spaced by 3 bp and re-
ferred to as an estrogen response element (ERE). The
ligand-binding domain (LBD) also harbors a nuclear
localization signal as well as sequences necessary for
dimerization and transcriptional activation (AF-2). A
second activation function, AF-1, is present in the
amino-terminal domain of the receptor. Although tran-
scriptional activation is mediated through both AF-1
and AF-2, only activation by AF-2 requires hormone
binding (4, 5). Studies using the estrogen antagonists
4-hydroxytamoxifen (OHT) and ICI 164,384 indicated
that although both compounds blocked estrogen ef-
fects, their mode of action differed: the mixed agonist/
antagonist OHT inhibited only AF-2 function while the
pure antiestrogen ICl 164,384 inhibited activation by
both AF-1 and AF-2 (6).

Additional signals that modulate nuclear receptor
function have been described and commonly in-
volve phosphorylation. Steroid receptors, including
the progesterone and glucocorticoid receptors,
have an increased state of phosphorylation upon
ligand binding (7). Similar results have been de-
scribed for ER where treatment of cells with peptide
growth factors or agents that alter cellular cAMP
levels result in up-regulation of the receptor coupled
with an increase in its phosphorylation state (8, 9).
These reports, as well as subsequent studies (10),
demonstrated that antiestrogens also caused an in-
crease in receptor phosphorylation albeit to a lesser
extent than estradiol (E,), even though they inhibited
transactivation. Deletion mapping and mutagenesis
of human ER revealed that phosphorylation at
Ser''® was required for full activity of AF-1 (10).
Furthermore, this residue was shown to be a direct
substrate for mitogen-activated protein (MAP) ki-
nase, providing an in vivo link between estrogen
action and the Ras-MAP kinase signaling cascade
(11, 12). These results have begun to shed light on
the molecular events responsible for regulation and
proliferation of different cell types by ER in response
to estrogens and growth factors.

Transactivation by nuclear receptors has recently
been shown to be modulated by a growing family of
coregulators (13). These include corepressors such as
N-CoR and silencing mediator for retinoid and thyroid
hormone receptors (SMRT) (14-16), which participate
in the ligand-independent silencing functions of TR
and retinoic acid receptor, and several coactivators:
TRIP1/SUG-1 (17, 18), ERAP-140 (19), RIP-140 and
RIP-160 (20, 21), TIF1 (22), and the related TIF2 (23),
GRIP1 (24), SRC-1, and ERAP-160 (19, 25, 26). The
LBD of ER was demonstrated to specifically interact
with many of these coactivators, including steroid
receptor coactivator-1 (SRC-1), ERAP-160, and RIP-
140, and the strength of interaction was increased by
E, but not by the antiestrogens OHT and ICI 164,384
(20, 25, 27). The significance of these coactivators in
nuclear receptor function is underscored by recent
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results demonstrating that SRC-related proteins inter-
act with the nuclear integrators, CBP and p300, to
augment nuclear receptor transactivation in mamma-
lian cells (26, 28, 29). The activation domain of CBP
can interact with TFIIB (30), thus providing evidence
for a link between nuclear receptors and the basal
transcription machinery. This growing network of in-
teracting factors has increased our understanding of
how steroids such as E, are able to alter the expres-
sion of specific genes at the molecular level.

Although human and mouse ER cDNAs were cloned
several years ago (31, 32), RT-PCR of rat prostate
mRNA has revealed the presence of a second ER,
referred to as ERB (33). This novel receptor was found
to bind E, with relatively high affinity and to be capable
of activating transcription of a reporter gene in the
presence of this ligand. In situ hybridization of rat
tissues indicated that ERB is expressed in female an-
imals in primary, secondary, and mature follicles as
well as granulosa cells in the ovary and in the prostate
of male rat. As an initial step toward elucidating the
physiological role of this second ER and understand-
ing its functional relationship with ER«, we report the
cloning of the murine homolog of ERB. We show that
mERPB is able to bind to an ERE in electrophoretic
mobility shift assays as well as to transactivate, in an
E,-dependent manner, promoters containing either
synthetic or natural EREs in Cos-1 and Hela cells. In
addition, E,-induced mER}B activity is inhibited by sev-
eral antiestrogens that have been previously shown to
be selective for ERa. We also demonstrate that SRC-1
interacts in vitro with the mERB LBD in a ligand-de-
pendent manner. However, SRC-1 modulates mERS
transcriptional activity in intact cells both in the pres-
ence and absence of ligand. Finally, we show that the
E,-induced transcriptional activity of mERpB is en-
hanced by cotransfection with Ras. The functional dif-
ferences observed between the two ER isoforms are
discussed.

RESULTS
The Mouse ER cDNA

The mERB cDNA contains an open reading frame of
1455 nucleotides encoding a protein of 485 amino
acids (Fig. 1). Alignment of mERB with mERa
indicates that the receptors share 97% and 60%
amino acid similarity in the DBD and the LBD, re-
spectively (Fig. 2). The AF-2 core sequences in each
receptor are virtually identical; however, no signifi-
cant regions of homology could be detected be-
tween the two amino-terminal domains, a region of
the protein that contains the AF-1 in ERa. Two po-
tential MAP kinase phosphorylation sites (Ser®® and
Ser®4) are present in the amino-terminal region of
the mERB.
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tcgaggtcgacATGACATTCTACAGTCCTGCTGTGATGAACTACAGTGTTCCCAGCAGCACCGGTAACCTGGAAGETGEGCCTGTTCGCCAGACTGCAAG
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M T F Y S PAVMNTYSVPSSTOGNTILET GG GT?PT VT RIOQTA S 30
101  CCCAAATGTGCTATGGCCAACTTCTGGACACCTCTCTCCTTTAGCCACCCACTGCCAATCATCGCTTCTCTATGCAGAACCTCAAAAGAGTCCTTGGTGT
P NV L WZPTSGHTILSPILATHT CO OSS SULILYA ATETPOQTE KTSTPUWC 63
——
201  GAAGCAAGATCACTAGAACACACCTTGCCTGTAAACAGAGAGACCCTGAAGAGGAAGCTTGGCGCGAGCGGTTGTGCCAGCCCTGTTACTAGTCCAAGCG
EARSULEUHTILZPVDN RETTLZE KR RZEKTLTG GG SGCA AST PVTSTZ?PS 96
———
301  CCAAGAGGGATGCTCACTTCTGCGCCGTCTGCAGTGATTATGCATCTGGGTATCATTACGETGTCTGGTCCTGTGARGGATGTAAGGCCTTTTTTAAAAG
A K RDAHTFCAVCSDVYA ASGYHTYGEGVWSESCETGT CTE KA ATFTFZEKTR 130
401  AAGCATTCAAGGACATAATGACTATATCTGTCCAGCCACGAATCAGTGTACCATAGACAAGAACCGGCGTAAAAGCTGCCAGGCCTGCCGACTTCGCAAG
S I Q G HNDYTICPATN QG CTTIDZERKINTZ RRTEKTST COATC CT ERTLTR REK 163
501  TGTTACGAAGTAGGAATGGTCAAGTGTGGATCCAGGAGAGAAAGGTGTGGGTACCGAATAGTACGAAGACAGAGAAGTGCCAGCGAGCAGGTGCATTGCC
C YEVGMVEKCGSR®RET RTCG GY®RTIVZ RIRI QT RSA ASTET QT VTHC 196
601  TGAACAAAGCCAAGAGAACCAGTGGGCACACACCCCGGGTGAAGGAGCTACTGCTGAACTCTCTGAGTCCCGAGCAGCTGGTGCTCACCCTGCTGGAAGC
L NKAXKRTSGHTZPRVYVZI KETLTZELTILNSTILSZPET G QTLU VTELTTLTULE A 230
701  TGAGCCACCCAATGTGCTAGTGAGCCGTCCCAGCATGCCCTTCACCGAGGCCTCCATGATGATGTCCCTCACGAAGCTGGCTGACAAGGAACTGGTGCAC
E P P NVLV SRPSMZPTFTEA ASMMUESTILTIZ RXKTLATDTEKTETLV H 263
801  ATGATTGGCTGGGCCAAGAAAATCCCTGGCTTTGTGGAGCTCAGCCTGTTGGACCAAGTCCECCTCTTGGARAGCTGCTGGATGGAGGTGCTGATGGTEG
M I GWAZ KZ KTI®PGTFVETLSTZLTZLDJ VURILTILETST CTWMETYVTLMYV 296
901  GGCTGATGTGGCGCTCCATCGACCACCCCGGCAAGCTCATCTTTGCTCCAGACCTCGTTCTGGACAGCGATGAGGGGAAGTGCGTGGAAGGGATTCTGGA
G L M WR S IDHZPGE KTLTITFA APZDTILTVYVTLDTZRUDETG GT KT CVET S GTITLE 330
1001  AATCTTTGGCATGCTCCTGGCGACGACGGCACGGTTCCGTGAGTTAAAACTGCAGCACAAAGAATATCTGTGTGTGAAGGCCATGATTCTCCTCAACTCC
I F 6MULLATTA ARTPFRETLTEKTULG HZ KTETYTULC CVI KA AMTITELTLN S 363
1101  AGTATGTACCCCTTGGCTACCGCAAGCCAGGAAGCAGAGAGTAGCCGGAAGCTGACACACCTATTGAACGCAGTGACAGATGCCCTGGTCTGGGTGATTT
S MY PLATA AST QEA ATESS ST RTIEKTILTUHTLILNA AUYVYTTUDA ATLVYWUV I 396
1201  CGAAGAGTGGAATCTCTTCCCAGCAGCAGTCAGTCCGTCTGGCCAACCTCCTGATGCTTCTTTCTCATGTCAGGCACATCAGTAACAAGGGCATGGAACA
S K s G I S S$Q0QQQQSsSVRLANTELTLMTLTULSUHYVE RUETISTNTIEKTGHME H 430
1301  TCTGCTCAGCATGAAGTGCAAAAATGTGGTCCCGGTGTACGACCTGCTGCTCGAGATCCTGAATGCTCACACGCTTCGAGGGTACAAGTCCTCAATCTCG
L L SMXCKNVVYVZPVYDILTZLILEUMTLIENA AIHTTLI RTGTYTZ KT SSTI S 463
1401  GGGTCTGAGTGCTGCTCGACAGAGGACAGTAAGAGCAAAGAGGGCTCCCAGAACCTCCAGTCACAGTGACGGCCAGGCTGGAGGCGGATGATTACAATGA
G S ECCSTETDSTZ KT STZ KETG GSUOQNTLQ s @ * 485
1501  TGGTCAGAAGTGGGACATGTACCCTAGCATCGTGGGCCTCACCTTAGGGCTGACTTGGTCACGTACCCCTTACCCACGTTGCGCTTCCCAGGAGTCAGGG
1601  TGGTTGGGTTGTGGTGTCCCCTGTACCAGGACTTACTGCTGAATGCTGAGTTCTAACTTGTATAACCTTAGAAGGCTCTCGTTGTACTTTCCATCTCTTT
1701  GCCCACTTGGAAAACATCTTAAGAGTTCTGGAATGAAAAGGTCAAAGTCTGACTTGGAAGGATTGGCCTTGGACAGGAAAAGGAAAGTGACGCGATACAC
1801  CGTCTATAAGAAATGGACTGTAGAACGGTGTGGTCATCAAATCGACCTTTGAATGGTGTCTTCTAGACCACTTGATTGTAGGACTGAAAACCACATTGAC
1901  AATCAACTCGTTTCGCATTCCTACCTCACAGGCCTGTGAGGACTCATGACGTGTAATGGGTTATTGTATCAAAGACCAAGAAGATAATGGTCAAGCTTGG
2001  ATGTGACCTTGTTCCTCCTCCTAGATCCTCTTTCTTCCTGCTTGGCTTACATAACTAGATTATTCGGTCTGTCTGAATGTGGTCACTGTCACAGATTAAG
2101 ATTTAAATATCTTTTTAATGTTGAAAAAAAAAAAARARAARAAAGCYYCCYC
Fig. 1. Nucleotide Sequence of Murine ERB

Amino acid numbers are indicated on the left. The potential MAP kinase phosphorylation sites are underlined. GenBank

accession number of the mERp sequence is U81451.

Chromosomal Localization

The mouse chromosomal location of ERB (Estrb) was
determined by interspecific backcross analysis using
progeny derived from matings of [(C57BL/6J X Mus
spretus)F1 X C57BL/6J] mice. This interspecific back-
cross mapping panel has been typed for more than
2200 loci that are well distributed among all the auto-
somes as well as the X chromosome (34). C57BL/6J X
M. spretus DNAs were digested with several enzymes
and analyzed by Southern blot hybridization for infor-

mative restriction fragment length polymorphisms
(RFLPs) using a mouse cDNA ERp probe (positions
816-1361). The 8.4- and 5.1-kb EcoRIl M. spretus
RFLPs (see Materials and Methods) were used to
follow the segregation of the Estrb locus in back-
cross mice. The mapping results indicated that Es-
trb is located in the central region of mouse chro-
mosome 12 linked to Sos2, Spnb1, and Fos.
Although 165 mice were analyzed for every marker
and are shown in the segregation analysis (Fig. 3),
up to 184 mice were typed for some pairs of mark-

220z 1snbny oz uo 3senb Aq L01L¥SG22/€SE/E/ | L/O1o1E/pPUSW/WOD dNO"djWapeDE//:SdRY WOy papeojumod



MOL ENDO - 1997
356

B 104 CAVCSDYASGYHYGVWSCEGCKAFFKRSIQGHNDYICPATNQCTIDKNRR

[111] HI\|HIJHIIIHI\I\HIIIIIHI LELLLEEELTLL

o 191 CAVCNDYASGYHYGVWS HNDYMCPATNQCTIDKNRR

B 154 KSCQACRLRKCYEVGMVKCGSRRERCGYRIV-fRRQRSASEQVHCLNKAK

CVLLRLEET LI =] ] e ] e o] ] ] ] |

o 241 KSCQACRLRKCYEVGMMKGGIRKDRRGGRMLKHKRQRDDLEGR— --NEMG

B 202 RTSGHTPRVKELLLN---=~—--—=—-—-- SLSPEQLVLTLLEAEPPNVLVS

o 288 A- SGDMRAANLWPSPLVIKHTKKNSPALSLTADQMVSALLDAEPPMIYSE

B 239 R-PSMPFTEASMMMSLTKLADKELVHMIGWAKKIPGFVELSLLDQVRLLE

AR A N R R e YA

o 337 YDPSRPFSEASMMGLLTNLADRELVHMINWAKRVPGFGDLNLHDQVHLLE

B 288 SCWMEVLMVGLMWRSIDHPGKLIFAPDLVLDRDEGKCVEGILEIFGMLLA

Ay AR N R R R RN R A

o 387 CAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLA

B 338 TTARFRELKLQHKEYLCVKAMILLNSSMY PLA TASQEAESSRKLTHLL

o 437 TSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDH IHRVL

B 386 NAVTDALVWVISKSGISSQQQSVRT NLLMLLSHVRHISNKGMEHLLSMK

R e N A R N R R

o 486 DKITDTT THT MA'R‘A(“T TLQQOHRRLAQLLL TT HIRHMSNKGMEHLYNMK

B 436 KNVVPVYDLLLEMLNAHTLRGYKSSISGSECCSTEDSKSKEGSQNLQSQ*

LOVEE =TT =] |

a 536 K.NVVPLYDLLLEMLDAHRLH.APASRMGVPPEEPSQTQLATTSSTSAHSL

Fig. 2. Amino Acid Sequence Comparison between Murine
ERB with ERa

The alignment begins with the first Cys residue of the
respective DBDs. Identities are indicated with vertical bars,
biochemically similar residues by vertical dots, and gaps by
dashed lines. The stop codon in ERB is indicated by an
asterisk. The AF-2 domain is underlined.

ers. Each locus was analyzed in pairwise combina-
tions for recombination frequencies using the addi-
tional data. The ratios of the total number of mice
exhibiting recombinant chromosomes to the total
number of mice analyzed for each pair of loci and
the most likely gene order are: centromere - Sos2 -
7/184 - Spnb1 - 0/181 - Estrb 7/173 - Fos. The
recombination frequencies [expressed as genetic
distances in centiMorgans (cM) = the sg] are - Sos2
- 3.8 = 1.4 - [Spnb1, Estrb] - 4.1 = 1.5 - Fos. No
recombinants were detected between Spnb1 and
Estrb in 181 animals typed in common, suggesting
that the two loci are within 1.7 cM of each other
(upper 95% confidence limit).

The mERB Gene Expresses Several Transcripts

A Northern analysis was performed to determine the
size of the message encoding mERR using the 550-bp
PCR fragment that spans the LBD of mERB as a
probe. As shown in Fig. 4, mouse ovary expressed at
least four predominant transcripts of approximately
3.5, 4.6, 7.2, and 9.5 kb and a weaker message of
about 4.9 kb. In contrast, only one transcript could be
detected in ovary mRNA when probed with the mER«
cDNA. Analysis of total RNA from several other mouse
tissues including liver, heart, kidney, skeletal muscle,
thymus, spleen, and brain were all negative for pres-
ence of the ERp transcripts indicating that expression
of ERB was below the level of detection by Northern
blotting in these tissues (data not shown).
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Fig. 3. Chromosomal Localization of the ERB Gene

The ERB gene, Estrb, maps to the central region of mouse
chromosome 12. Estrb was placed on mouse chromosome
12 by interspecific backcross analysis. The segregation pat-
terns of Estrb and flanking genes in 165 backcross animals
that were typed for all the loci are shown at the top of the
figure. For individual pairs of loci, more than 165 animals were
typed (see text). Each column represents the chromosome
identified in the backcross progeny that was inherited from
the (C57BL/6J X M. spretus) F, parent. The shaded boxes
represent the presence of C57BL/6J allele, and open boxes
represent the presence of a M. spretus allele. The number of
offspring inheriting each type of chromosome is listed at the
bottom of each column. A partial chromosome 12 linkage
map showing the location of Estrb in relation to linked genes
is shown at the bottom of the figure. Recombination dis-
tances between loci in centimorgans are shown to the left of
the chromosome, and the positions of loci in human chro-
mosomes, where known, are shown to the right. References
for the human map positions of loci cited in this study can be
obtained from GDB (Genome Data Base), a computerized
database of human linkage information maintained by The
William H. Welch Medical Library of The Johns Hopkins Uni-
versity (Baltimore, MD).

A\Y

Mouse ERp Binds to an ERE

The homology between the DBDs of mERa and B
indicated that the receptors most likely bind to the
same type of response element, namely an inverted
repeat spaced by three nucleotides (IR-3). We tested
this by conducting electrophoretic mobility shift as-
says (EMSA) with both mouse receptors. Figure 5
demonstrates that both ER isoforms produced in vitro
by rabbit reticulocyte lysates were able to bind spe-
cifically to a vitellogenin A2 (vitA2)-ERE (35) probe. It
was noted that the mERB did not bind as strongly to
the element as mERa (compare lanes 2-5 with lanes
7-10) even though both receptors were present at

220z 1snBny 0z U0 189nB AQ L014S/Z/ESE/E/ L L/BIOIME/PUSW/WOD"ANO"OILISPEDE//:SAY WOy PAPEOIUMOC



Mouse Estrogen Receptor

mERB  mERu

288 —

188 —

Fig. 4. Northern Blot Analysis of ERB mRNA

Five micrograms of mouse ovary poly-A*™ RNA were
probed with a 550-bp cDNA fragment encoding the mERB
LBD and a full-length mER«a cDNA. The blot was hybridized
with the mERB cDNA fragment, stripped, and subsequently
probed with the mER« cDNA. Exposure was carried out for
the same length of time in each case. The position of 18S and
28S rRNAs are indicated on the left.

roughly the same level in the crude lysates as shown
by [3®*S]methionine-labeled proteins (data not shown).
In addition, both receptors were able to bind to the
pS2-ERE (36) but less efficiently than to the vitA2-ERE
(data not shown), which can most likely be accounted
for by the fact that the pS2-ERE contains an imperfect
consensus sequence in the second half-site.

Addition of E, to the binding reactions did not have
an effect on binding under the conditions used (Fig. 5,
lanes 3 and 8) nor was there any effect on binding
upon addition of specific antagonists such as OHT
(lanes 4 and 9) and ICI 182,780 (lanes 5 and 10),
although the migration rate of the protein/DNA com-
plexes were differentially altered by each ligand. How-
ever, as previously observed with ERa (37), a severe
decrease in binding by ERB was observed when the
preincubation step was conducted at room tempera-
ture, 37 C, or for shorter periods of time. The formation
of the ERB/DNA complexes could be partially restored
in the presence of E, at these temperatures (data not
shown).

Transcriptional Activity of mERB on Synthetic
and Natural Promoters

To test whether the vitA2-ERE could mediate mERB
transcriptional activity, we linked one copy of the ERE

357
mERp mERo
RAL Comp. Comp.
Ez S S ol R
OHT - - -+ - = . — S
ICI - - ] 2 g 5 3 q. .

1 2 3 4 5 6 7 8 9 10 11

Fig. 5. Binding of mERB and mER« to an ERE

Each receptor produced by rabbit reticulocyte lysates
(RRL) was incubated at room temperature with approximately
0.1 ng of labeled vitA2-ERE in the absence (lanes 2 and 7)
and presence of 100 nM E, (lanes 3 and 8), 100 nm OHT (lanes
4 and 9), and 100 nm ICI 182,780 (lanes 5 and 10). Unpro-
grammed RRL was used as a negative control (lane 1) and
specificity was determined in the presence of 100X unla-
beled vitA2-ERE (compare lanes 6 and 11).

to either a basal promoter containing a TATA box
(BLuc) or to the more complex viral thymidine kinase
promoter (TKLuc) driving the expression of the lu-
ciferase reporter gene for transactivation studies. In
Cos-1 cells, mERB induced a 5- to 10-fold response
on all the ERE-containing reporters tested when 10
nm E, was added to the medium (Fig. 6A). mER«
produced a slightly larger fold induction of the ERE-
containing reporters when studied under the same
transfection conditions (Fig. 6B). In addition, E,-
dependent transcriptional activity of mERB was also
observed in Hela cells (Fig. 6C), suggesting a cell
type- independent effect. It is noteworthy that, as
already observed in Cos-1 cells, the levels of E,-
induced activation in HelLa cells were somewhat
higher when mERa was used as compared with
mERB (Fig. 6D), although it is not known whether
similar levels of ER proteins were present in these
transient transfections.

We next investigated whether mERB could mod-
ulate the transcriptional activity of an ERE-contain-
ing promoter in its natural context. The pS2 pro-
moter has been shown to respond to hER« (36). As
shown in Fig. 6E, mERB was able to transactivate
the pS2 promoter in Hela cells with a 6-fold induc-
tion when E, was added. In addition, OHT and IClI
182,780 efficiently blocked the E,-induced effect of
mERB on pS2. This interaction is mediated through
the ERE since its deletion abolished the response to
E, (Fig. 6E).
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Fig. 6. E,-Dependent Transcriptional Activities of mMERp vs.
mER«

A, Cos-1 cells were transfected with 2 pug of the various
reporter plasmids carrying either one copy of the vitA2-ERE
(ERE-BLuc and ERE-TKLuc) or vector only (BLuc and TKLuc),
along with 1 ug pCMX-mERB. Cells were treated with or
without 10 nm E, for 12 h before being assayed for luciferase
activity. B, Transfection conditions were as in panel A, except
that a pCMX-mERa expression vector was used. C and D,
Transfection conditions were as in panels A and B, respec-
tively, except that HelLa cells were used. E, mERP transacti-
vates the pS2 promoter. Hel a cells were transfected with 500
ng pCMX-mERB and 1 ng pS2Luc (pS2) or pS2AERELuc
(PS2AERE) reporter plasmids and incubated with or without
10 nm E, in the presence or absence of 100 nm of the
indicated antagonists, 4-hydroxytamoxifen (OHT) and IClI
182,780 (ICl).

Ligand Binding

To ascertain whether there was a dose dependency of
E, for mERB and mER«, we tested the activity of both
receptors in the presence of increasing E, concentra-
tions using the vitA2-ERE-TKLuc reporter in Cos-1
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cells. Comparison of the dose-response curves of
Fig. 7A shows a shift of approximately 4-fold of E,
concentration required to achieve half of the maxi-
mal level of induction between the two receptors.
These results suggested that mERB may have lower
affinity for E, than measured for mERa. To verify if
the difference in E, responsiveness was due to a
difference in ligand binding, we performed a binding
analysis on both mERB and mERa. [*H[E, was used
to conduct binding studies with mERB, and results
were plotted by the method of Scatchard. As shown
in Fig. 7B, this analysis yielded an average dissoci-
ation constant (K,) of 0.5 nm for E, when performed
on receptor prepared from rabbit reticulocyte ly-
sates. This value is comparable to that obtained for
the rat ERB, which was reported to be 0.6 nm (33).
We obtained an average K, of 0.2 nm for mER« (Fig.
7C), which is well within the range of previously
published determinations for the cloned human re-
ceptor (38). Therefore, this slightly reduced affinity
of mERp for E, may provide an explanation for the
shift in E, responsiveness indicated by the dose-
response curves (Fig. 7A).

Estrogen Antagonists Block the E,-Dependent
Activity of mERp

Estrogen antagonists such as OHT and ICI 164,384
are known to interact with hERa by blocking its
transcriptional activity. More precisely, OHT is a
mixed agonist-antagonist and blocks the activity of
AF-2 but not of AF-1, whereas IC|I 164,384 and
182,780 are pure antagonists that block both AF-1
and AF-2 activities (Refs. 6 and 39 and see below).
We tested the effects of OHT and ICI 182,780 along
with other antagonist compounds on mERS trans-
activation, and the results are shown in Fig. 8. All
antagonists tested, including OHT, ICI 182,780, hy-
droxy-toremifen, raloxifene, and EM-652 (the active
derivative of the novel nonsteroidal antiestrogen
EM-800), effectively inhibited E, activity (Fig. 8A). In
contrast to its stimulatory effect on mER«, OHT did
not display an agonistic activity on mERB when
tested with a vitA2-ERE-BLuc reporter in either
Cos-1 (Fig. 8B) and HelLa cells (data not shown).

We further evaluated the specificity and potency of
OHT and ICI 182,780 on both ER isoforms. Increasing
concentrations of ICl 182,780 and OHT led to a com-
plete inhibition of the E,-induced mERp activity in
Cos-1 cells (Fig. 8C). Furthermore, when added at 10
nm and above, ICI 182,780 and OHT lowered mERS
activity even below its basal level (compared with un-
treated in Fig. 8C). We observed a similar dose re-
sponse for OHT and ICI 182,780 using either receptor
(Fig. 8, D and E). However, for OHT, there was an
apparent shift in the dose response toward the lower
concentrations for mERB as compared with mER«
(Fig. 8D).
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A, Cos-1 cells were transfected with 500 ng mERB (open circles) or mER« (closed circles) expression vectors and 1 ug
vitA2-ERE-TKLuc and then incubated for 12 h with increasing concentrations of E, as indicated. B, Specific binding of
[2,4,6,7-2H]-17 B-estradiol ([*H]E,) to mERB was determined using receptors generated from rabbit reticulocyte lysates as
described in Materials and Methods. Binding was determined over a concentration range of 0.01-3 nm [®H]E, in the absence or
presence of a 200-fold excess of unlabeled E,. The saturation plot is shown in the inset, and results were plotted by the method
of Scatchard. Each point was determined in triplicate in each experiment, and the above results are representative of at least two
separate experiments. C, Specific binding to mER« using the conditions described in panel B.

Ras Enhances E,-Induced Transcriptional Activity
of mERp

Phosphorylation of serine residues, in particular
Ser''®, has been shown to be necessary for maximal
activity of AF-1 in the hERa and to mediate the effect
of the Ras-Raf-1-mitogen-activated protein kinase
(MAPK) kinase and MAPK pathway on the transcrip-
tional activity of the ER (10-12, 40, 41). In an attempt
to investigate the effect of the activation of this path-
way on mERS activity, we used H-Ras"'?, a dominant
active form of H-Ras, in transactivation studies. As
shown in Fig. 9A, H-Ras"'? acted to further increase
by a factor of 3 the E,-induced activation of mERp
using the vitA2-ERE-TKLuc reporter in Cos-1 cells. ICI
182,780, but not OHT, completely abolished the E,-
dependent induction of mERS (Fig. 9A) and mER« (Fig.
9B) by Ras, suggesting that the effect of Ras on mERB
activity is mediated by a putative AF-1 present in the
amino-terminal domain. These results also show that
ICl 182,780 suppresses transactivation mediated by
both AF-1 and AF-2.

Two potential serines at positions 60 and 94 in the
mERB amino-terminal domain matched the consen-
sus MAPK phosphorylation site (42) (Fig. 9C). To
determine whether one or both serine residues were
involved in the Ras-mediated induction, we mutated
Ser®® to Ala (S60A) and Ser®* to Ala (S94A) in mERp
and used both mutants in transactivation studies.
Figure 9D shows that H-ras had no inducing effect
on the S60A mutant in the presence of E, while the
S94A mutant retained its responsiveness to H-ras as
compared with the wild type mERB (Fig. 9A). This
suggests that Ser®® in mERR is a potential target for

phosphorylation by the Ras-Raf-1-MAPK kinase-
MAPK pathway.

SRC-1 Interacts with and Augments
Transcriptional Activity of mERS

The contribution of the AF-2 domain to mERP activity
was investigated by examining the effect of the coac-
tivator SRC-1, which has been shown to interact with
a number of nuclear receptors including hERa (25, 43).
Glutathione-S-transferase (GST) fusion proteins were
generated with both the mERB and mER« LBDs (Fig.
10A) and tested in a GST-pull down experiment (Fig.
10B). GST-mERBEF and GST-mERaDEF were ex-
pressed in Escherichia coli, purified with GST-Sepha-
rose, and incubated with [*®*S]methionine-labeled
SRC-1. As shown in Fig. 10B, the LBD of mERR inter-
acted weakly with SRC-1 in the absence of E, (lane 3),
whereas addition of E, caused an increase in interac-
tion between the two proteins (lane 4). As expected,
estrogen antagonists that affect the AF-2 of ER,
namely OHT (lane 5) and ICI 182,780 (lane 6), do not
promote a ligand-dependent SRC-1 interaction. The
E,-dependent interaction with SRC-1 was also effi-
ciently blocked in the presence of 10-fold higher con-
centration of the various antagonists (data not shown).
Protein-protein interactions between SRC-1 and the
mER« LBD paralleled those observed with mERp (see
Fig. 10B, lanes 8-12).

The contribution of SRC-1 on mER activity was
analyzed in vivo by transfection studies. When SRC-1
was cotransfected with mERB and vitA2-ERE-TKLuc
in Cos-1 cells, a 2- to 3-fold induction over that of E,
alone was observed (Fig. 10C). A similar response was
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Fig. 8. Effect of Antagonists on mERB-Mediated Transacti-
vation

A, Cos-1 cells cotransfected with pPCMX-mERp and vitA2-
ERE-TKLuc plasmids were incubated for 12 h in the presence
or absence of 10 nm E, or 100 nm of the indicated antago-
nists: 4-hydroxitamoxifen (OHT), ICI 182,780 (ICl), hydroxy-
toremifen (OH-tor), raloxifen (RLX), and EM652. Results are
expressed as fold response over the mER basal level in the
absence of E,; this value was set arbitrarily to 1. B, Cos-1
cells cotransfected with pPCMX-mERB or pCMX-mERea and
ERE-BLuc plasmids were incubated for 12 h in the presence
or absence of 100 nm OHT. C, Dose response of OHT and ICI
in the presence of 10 nm E, on mERB activity with the ERE-
TKLuc in Cos-1 cells. The maximal induction by E, alone was
arbitrarily set at 100%. The untreated mERp basal level is
also shown. Compounds within a panel are differentiated by
open squares (OHT) and circles (ICl). D, Comparative panel of
the dose responses to OHT in the presence of 10 nm E,
between mERB (open squares) and mER« (filled squares).
Results are expressed as in panel B. E, Comparative panel of
the dose responses to ICI in the presence of 10 nm E, be-
tween mERP (open circles) and mER« (filled circles).

also seen with mER« in the presence of E, (Fig. 10C).
However, SRC-1 alone efficiently increased the basal
level of transcriptional activity by mERp, suggesting a
ligand-independent effect of SRC-1 on mERB (Fig.
10C). The basal transcriptional level of mER«a was not
affected by the addition of SRC-1. We also studied the
effect of SRC-1 on the pS2 promoter in Hela cells and
found a similar ligand-independent activation of mERB
by SRC-1 as well as a potentiation of the E,-induced
activity (Fig. 10D). These results suggest that SRC-1
does not act on mERp in a promoter- and cell-specific
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Fig. 9. Effects of H-Ras on E,-Induced mERp Transcrip-
tional Activity

A, Cos-1 cells were cotransfected with 1 ug ERE-TKLuc,
500 ng pCMX-mER@, and with or without H-Ras"'? expres-
sion plasmid. The cells were then grown in the presence or
absence of 10 nm E, or 100 nm of the indicated antagonists,
4-hydroxytamoxifen (OHT), and ICI 182,780 (ICl). B, Similar to
panel A except that mMERa was used. C, Potential MAP kinase
phosphorylation sites in the mouse ERa and 8. D, Mutation of
Ser®° abolishes the stimulatory effect of H-Ras¥'? on E,-
induced mERB transcriptional activity. Transfection condi-
tions were as in panel A, except that mERB mutants were
used as indicated.

manner. Furthermore, ICl 182,780, but not OHT, was
able to abrogate the ligand-independent effect of
SRC-1 on mER transcriptional activity (Fig. 10, C and
D).

DISCUSSION

The physiological actions of E, are mediated through
a member of the steroid hormone receptor family,
ERa, which, for many years, has remained the only
nuclear receptor known to have E, as a ligand. Re-
cently, it has been shown that a second receptor, ERp,
is also able to respond to this hormone. ERB was
cloned by degenerative PCR from rat prostate (33) and
more recently from human testes (44), but its physio-
logical role remains to be elucidated. As a first step
toward investigating the role of ERpB in development
and homeostasis, we report the cloning of the murine
homolog. The availability of the murine cDNA provides
us with the means to characterize this receptor utiliz-
ing both biochemical and genetic methodologies and
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Fig. 10. SRC-1 Interacts with mERB and Induces Its Tran-
scriptional Activity

A, Structure of the GST fusion proteins used in the analy-
sis. B, GST pull-down experiments. The purified fusion pro-
teins were incubated with labeled SRC-1 in the absence
(lanes 3 and 9) or presence of 10 nm E, (lanes 4 and 10), 10
nm each of OHT (lanes 5 and 11) and ICI 182,780 (ICl) (lanes
6 and 12). The input lane represents 10% of the total amount
of labeled SRC-1 used in each binding reaction. An equiva-
lent amount of protein extract was used in the samples con-
taining only GST (lanes 2 and 9). C, Cos-1 cells were cotrans-
fected with mERB and vitA2-ERE-TKLuc in the presence or
absence of 1 ug CMX-SRC-1. Cells were incubated with or
without 10 nm E, or 100 nm antagonists as indicated. Sepa-
rate experiments were also done with mER« as shown. D,
Similar to panel A except that pS2Luc was used as the
reporter and Hela cells were transfected.

will allow us to study its relationship, if any, with ER«a
in normal reproductive physiology.

We first used a fragment of the LBD of the mouse
ERB cDNA to establish the localization of the gene to
chromosome 12. We have compared our interspecific
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map of chromosome 12 with a composite mouse link-
age map location of many uncloned mouse mutations
(provided from Mouse Genome Database, computer-
ized database maintained at The Jackson Laboratory,
Bar Harbor, ME). Estrb mapped in a region of the
composite map that lacks mouse mutations with a
phenotype that might be expected for an alteration in
this locus (data not shown). The central region of
mouse chromosome 12 shares a region of homology
with human chromosome 14q, suggesting that Estrb
will reside on 14q as well.

The mERB cDNA was used in a Northern analysis on
murine ovary mRNA that revealed that the mERB gene
generates several transcripts as compared with a sin-
gle message for mER« in this tissue. Partial cDNAs
obtained from an ovary library all contained a 3'-un-
translated region (UTR) of 657 bp followed by a polyA™
tail, suggesting that the different transcripts seen in
the Northern analysis may differ at their 5'-ends or in
the coding region. Although we were unable to detect
any messages in the total RNA from other mouse
tissues, the hERB homolog appears to be expressed in
mRNA isolated from testes, spleen, and thymus in
addition to ovary (44).

The two mouse ER isoforms are closely related to
each other in their LBD and DBD, indicating that these
receptors may regulate common gene networks and
respond to similar ligands. Using EMSA, a ligand-
binding assay, and transient transfection experiments,
we showed that mERp has slightly lower affinities than
mERa for ERE and E, binding in vitro, but that mERp
can transactivate reporter genes driven by synthetic
and natural E,-responsive promoters in vivo as effi-
ciently as mER« in both Cos-1 and Hela cells. How-
ever, the two ERs display no sequence homology in
their amino-terminal domains, suggesting that each
receptor may possess distinct transactivation func-
tions. We made use of the differential mode of action
of the estrogen antagonists OHT and ICI 182,780 and
activation of receptor activity by the Ras-Raf-1-MAPK
pathway to demonstrate functional similarities and dif-
ferences between mERB and mER«. We first showed
that, when assayed in Cos-1 cells with an E,-respon-
sive reporter gene driven by a basal promoter, OHT
does not display an agonistic activity with ERB. It has
recently been shown that a specific region of the
mERa AF-1 is required for OHT agonism (45): the
absence of a corresponding domain in mERB may
explain the present observation. We demonstrated
that mERB, as previously shown for ERa (11, 12), can
be activated by the Ras-Raf-1-MAPKK-MAPK path-
way. We have identified a serine residue in mERR that
could be the target of phosphorylation upon cotrans-
fection with Ras. This was demonstrated by the fact
that a mutation at Ser®® in the amino terminus of MERp
eliminates the effect seen with Ras. Although another
serine residue at position 94 also matches the MAP
kinase consensus, mutation at this position has no
effect on Ras-mediated activation. Moreover, align-
ment of the mouse, rat, and human amino acid se-
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quences in this region indicates that Ser®® is con-
served in all species whereas Ser® is replaced by a
glycine in the human ERB. Finally, we showed that the
induction of the E,-dependent activation of mERB by
Ras can be abolished by ICI 182,780, but not OHT, an
observation that provides further evidence of the in-
volvement of an AF-1-like domain in regulating mERB
functions.

Antiestrogens play an important role in the treat-
ment of breast cancer. We therefore monitored the
efficacy of a series of antiestrogens previously shown
to be selective for ERa on mERB and found that all
compounds tested, including OHT, ICI 182,780, hy-
droxy-toremifen, raloxifen, and the novel nonsteroidal
antiestrogen EM-800, inhibited E,-dependent activa-
tion by mERB. We showed that OHT is also AF-2
selective on mER, and that ICI 182,780 inhibits both
activation functions, displays no estrogenic activity,
and thus can be considered as a pure antagonist of
mERB activity. However, in dose-response studies,
OHT proved to be a more potent inhibitor of mERB
than of mER«. In addition, we show that the mode of
action of ICI 182,780, as previously observed for ICI
164,384, involves the inhibition of both AF-1 and AF-2
activity of ERa.

A growing network of coactivators that interact with
ERa has now been cloned. These include RIP140 (20),
TIF2 (28), and SRC-1 (25). However, only SRC-1 has
been shown to up-regulate ER-stimulated transcrip-
tion (25, 43). mERpB transcriptional activity could also
be stimulated by SRC-1 in a ligand-dependent manner
in cotransfection assays as well as in vitro where we
observed a very strong ligand-dependent interaction
with a GST-mERP LBD fusion protein. Surprisingly, we
also observed ligand-independent SRC-1 enhance-
ment of mERp transcriptional activity. These results
suggest that SRC-1 may interact with a region, other
than the AF-2, of the mERP protein. Mclnerney et al.
(43) have shown that constructs expressing the ABCD
(no LBD) and EF (LBD only) domains of hERa sepa-
rately are able to transactivate in the presence of E,,
and that SRC-1 can enhance the level of activation
under these conditions. These results led them to sug-
gest that SRC-1 may act as an adapter to promote
AF-1 and AF-2 receptor activities and are in agree-
ment with our suggestion that SRC-1 may interact with
several regions of nuclear receptor proteins.

The identification of a second ER in mammals is very
exciting, and these and previous studies have only
begun to define the putative role that it plays in the
mediation of estrogen action. Clearly, further studies
into the mechanism of action of ERB are required if we
are to understand how it functions in vivo. The results
we present in this paper indicate that ERB and « may
have both redundant and distinct functions, as exem-
plified by the manner with which they respond to OHT,
Ras, and SRC-1, and suggest that ERB plays an
unique role in the physiological actions of natural
estrogens.

Vol 11 No. 3

MATERIALS AND METHODS

Cloning of the Mouse ER3 cDNA

A combination of PCR and cDNA library screening was used
to obtain the full-length cDNA encoding the murine ERpB. All
oligonucleotides used in this study were synthesized at the
Sheldon Biotechnology Center, McGill University. Total RNA
was prepared from several mouse ovaries and used to isolate
poly-A* RNA over two oligo-dT columns (Pharmacia, Pisca-
taway, NJ). An initial 550-bp fragment was amplified from 100
ng poly-A™ RNA using degenerate primers specific for the rat
ERB LBD (383). The 5'- and 3'-sequence of these primers
spanned amino acids 269-277 (KKIPGVE) and 443-450
(YDLLLEML, noncoding strand), respectively. The reaction
was carried out for 40 cycles using Pfu polymerase (Strat-
agene, La Jolla, CA) at an annealing temperature of 54 C and
for an extension time of 1 min. The PCR product was sepa-
rated on low melt agarose (Life Technologies, Gaithersburg,
MD) and subcloned into pBluescriptKSIl (Stratagene). The
sequence was determined on both strands using the T3 and
T7 primers and found to encode an open reading frame that
was highly homologous to the rat ERB. This 550-bp fragment
served as a probe to screen a mouse ovary cDNA library
constructed using the Superscript cDNA Synthesis System
(Life Technologies). Three strong positives were plaque pu-
rified, subcloned into pBluescriptkSIl, and sequenced on
both strands. Each of these clones started in the LBD and
ended with a poly-A tail. A PCR primer was designed based
on the sequence of the 3'-UTR of the partial mouse ERp
cDNA and used to synthesize first-strand cDNA from mouse
ovary poly-A™ RNA. The cDNA served as a template in a PCR
reaction using a primer that spans the first 21 bases of the
5’-UTR of rat ERB ending with the putative initiator codon and
a second specific mouse ERB 3'-UTR primer. This reaction
yielded a single product of 2.1 kb that was subcloned into
pBluescriptKSlIl directionally using Sall and EcoRl sites that
were designed in the 5’- and 3'-PCR primers, respectively,
and sequenced on both strands. Sequencing was conducted
at the sequencing facility at the Sheldon Biotechnology Cen-
ter, McGill University.

Chromosomal Localization of the ER3 Gene

Interspecific backcross progeny were generated by mating
(C57BL/6J X M. spretus) F1 females and C57BL/6J males as
described (34). A total of 205 N, mice were used to map the
Estrb locus (see text for details). DNA isolation, restriction
enzyme digestion, agarose gel electrophoresis, Southern blot
transfer, and hybridization were performed essentially as de-
scribed (46). All blots were prepared with Hybond N* nylon
membrane (Amersham). The probe, a 550-bp Hindlll/EcoRI
fragment of the mouse cDNA, was labeled with [32P]-a-dCTP
using a random-primed labeling kit (Stratagene); washing
was done to a final stringency of 0.8 SSCP, 0.1% SDS, at
65 C. Fragments of 13.5 and 5.5 kb were detected in EcoRI-
digested C57BL/6J DNA, and fragments of 8.4 and 5.1 kb
were detected in EcoRI-digested M. spretus DNA. The pres-
ence or absence of the 8.4- and 5.1-kb EcoRI M. spretus-
specific fragments, which cosegregated, was followed in the
backcross mice.

A description of the probes and RFLPs for the loci linked to
Estrb including Sos2, Spnb1, and Fos has been reported
previously (47). Recombination distances were calculated as
described (48) using the computer program SPRETUS MAD-
NESS. Gene order was determined by minimizing the number
of recombination events required to explain the allele distri-
bution patterns.
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Northern Analysis

Five micrograms of mouse ovary poly-A* RNA were electro-
phoresed on a 1% formaldehyde-agarose gel and blotted
onto Hybond-N". The entire mouse ERa cDNA (49) and the
550-bp PCR product encoding mERB were radiolabeled with
[®2P]-a-dCTP (Amersham, Arlington Heights, IL) by random
priming (Pharmacia). Prehybridization was carried out for 4 h
in 50% formamide, 5XSSPE, 5% Denhardt’s solution, 1%
glycine, and 100 pg/ml denatured salmon sperm DNA at 42
C. Hybridization was conducted overnight at the same tem-
perature in 50% formamide, 5X SSPE, 1X Denhardt’s solu-
tion, 10% dextran sulfate, 0.3% SDS, 100 ug/ml denatured
salmon sperm DNA, and 2 X 10° cpm/ml denatured probe.
The membrane was washed to high stringency (0.1 SSC,
0.1% SDS at 65 C for 30 min) and exposed to X-OMAT AR
film (Kodak) overnight at —85 C. The positions of the 18S and
28S rRNAs were determined by the electrophoresis of total
mouse ovary RNA on the same gel.

Plasmids

The expression vector pCMX-mERa was constructed by li-
gating a 1.9-kb Nael-EcoRl fragment of mER« (49) into the
appropriate sites of the eukaryotic expression vector, pPCMX
(50). pCMX-mERB was constructed in a similar fashion by
subcloning the 2.1-kb Sall-EcoRl fragment described above
into pCMX. Fusion proteins were generated between the
mERB and mER« LBDs and GST by subcloning fragments of
the mouse cDNAs into the pGEX-2T expression vector (Phar-
macia). Briefly, a unique Pvull site located at position 678 and
an EcoRl site in the vector were used to excise the LBD
(domains E and F) from the full-length mERB cDNA. The
fragment was then subcloned into the Smal site of pGEX to
produce pGST-mERBEF. For mERe, the hinge region and the
LBD (domains D, E, and F) were amplified from the full length
mERa cDNA using PCR and subcloned directionally into the
BamHI and the blunted EcoRl sites of the pGEX vector
(PGST-mERaDEF) (see Fig. 9A). Both constructs were veri-
fied to be in-frame with GST by sequencing. vitA2-ERE-BLuc
and vitA2-ERE-TKLuc were constructed by ligating the vitA2-
ERE oligonucleotide (see below for sequence) into Sall-
BamHI-digested TKLuc vector. pS2-ERELuc contains the
~1050-bp pS2 promoter (36) preceding the luciferase re-
porter of pGL3 (Promega, Madison, WI). The pS2AERELuc, in
which the ERE was replaced by sequences encoding EcoRlI-
EcoRV sites, was generated by PCR mutagenesis using the
ExSite kit from Stratagene as described by the manufacturer.
The serine to alanine mutants at positions 60 and 94 of mERB
were also generated by PCR mutagenesis. The oligonucleo-
tides used were: S60A, 5'-CTCTATGCAGAACCTCAAAAG-
GCTCCTTGGTGTGAAGC-3'; S94A, 5'-GGTTGTGCCAGC-
CCTGTTACTGCTCCAAGCGCCAAGAGG-3'. The H-Ras''?
expression plasmid was a generous gift from Dr. Morag Park,
McGill University.

Chemicals

E, was obtained from Sigma Chemical Co. (St. Louis, MO).
EM-800, EM-652, ICI-182780, and OH-toremifene were syn-
thesized in the medicinal chemistry division of the Laboratory
of Molecular Endocrinology, CHUL Research Center, Qué-
bec, Canada. OHT was kindly provided by Dr. D. Salin-
Drouin, Besins-Iscovesco, Paris, France.

EMSA

mERB and mER« proteins were synthesized by in vitro tran-
scription-translation using rabbit reticulocyte lysates (Pro-
mega) and pCMX-mERB and pCMX-mERg, respectively, as
templates. Typically 5 ul of programmed lysate were used in
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each binding reaction. DNA-binding reactions were carried
out in binding buffer (5 mm Tris, pH 8.0, 40 mm KCI, 6%
glycerol, 1 mm dithiothreitol, 0.05% Nonidet P-40), 2 ug of
poly(deoxyinosinic-deoxycytidylic)acid, 0.1 ug of denatured
salmon sperm DNA, and 10 pg of BSA with 0.1 ng probe that
was labeled by end-filling with Klenow in the presence of
[®2P]-a-dCTP. Preincubations containing ligand and/or cold
competitor as indicated were conducted on ice for 30 min,
after which the probe was added and allowed to bind for 30
min at room temperature. The entire reaction (20 ul) was
loaded onto a 4% polyacrylamide gel and electrophoresed at
150 V at room temperature. Gels were dried and exposed
overnight at —85 C. The following oligonucleotides and their
compliments were used as probes and competitors:
VitA2-ERE, 5'-TCGACAAAGTCAGGTCACAG-TGACCTGAT-
CAAG-3’ (51); pS2-ERE, 5" TCGACCCTGCAAGGTCACGGT-
GGCCA-CCCCGTG-3’ (36); IR3, 5'-TCGACGTGTAGGTCA-
CAGTGACCTCTTCA-3'.

Scatchard Analysis

Ligand binding studies were conducted essentially as previ-
ously described (52) with the following modifications. mERf
and mERa were produced using rabbit reticulocyte lysates,
diluted 12-fold in TEG buffer (10 mm Tris, pH 7.5, 1.5 mm
EDTA, 10% glycerol) and kept on ice until use. One hundred
microliters of this dilution were used in each binding reaction
at 4 C overnight containing [2,4,6,7-2H]17 B-estradiol concen-
trations ranging from 0.01-3 nm. Nonspecific binding was
assessed by including 200-fold excess E, in a parallel set of
samples. Unbound steroids were removed with dextran-
coated charcoal and counts per min were determined by
liquid scintillation counting.

Cell Culture, DNA Transfection, and Luciferase Assay

For transfection, Cos-1 and Hela cells were seeded in six-
well plates in phenol red-free DMEM (GIBCO BRL, Gaithers-
burg, MD) supplemented with 10% charcoal dextran-treated
FBS, and 100 pg/ml penicillin and 100 pg/ml streptomycin.
At 50-60% confluency, cells were transfected with 1-2 ug of
reporter plasmid, 0.5-1 ug receptor expression vector, 1 ug
CMX-Bgal or RSV-Bgal, and 6-7.5 ug pBluescriptKSlI, using
the calcium phosphate/DNA precipitation method (53). After
8-16 h, cells were washed and typically 10 nm E, or 100 nm
antiestrogens, unless otherwise stated, were added to the
growth medium for 16 h. For luciferase assay, cells were
lysed in potassium phosphate buffer containing 1% Triton
X-100, and light emission was detected using a luminometer
after addition of luciferin. Values are expressed as arbitrary
light units normalized to the B-galactosidase activity of each
sample.

In Vitro Protein-Protein Interactions

Fusion proteins were expressed in E. coli DH5« as follows. An
overnight culture was diluted 10-fold in 500 ml prewarmed LB
containing 100 ng/ml ampicillin and incubated for 1 h at 37 C.
Isopropyl-B-D-thiogalactopyranoside was added to a final
concentration of 1 mm to induce expression, and the culture
was allowed to grow for a further 3 h. Cells were cooled on ice
for 10 min and centrifuged at 2500 X g for 20 min. The pellet
was resuspended in 12 ml ice-cold PBS and sonicated. After
the addition of one tenth volume of 10% triton, the extract
was centrifuged at 12,000 X g for 20 min at 4 C. Clarified
extracts were aliquoted in 1-ml samples and frozen at —85 C.

The 3.3-kb SRC-1 cDNA encoding the predicted 1061
amino acid open reading frame as originally cloned (25) was
digested with Xbal and Sall, blunt ended with Klenow, ligated
into pCMX, and labeled with [**S]methionine (Amersham) in
vitro using rabbit reticulocyte lysates as described above.
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Approximately 300 ug of total protein from extracts contain-
ing the GST fusion proteins were loaded onto glutathione-
Sepharose 4B (Pharmacia) for 30 min at 4 C with gentle
agitation. After a short centrifugation, the beads were resus-
pended in 150 ul IPAB buffer (20) containing 10 nm ligand or
antagonists and 4 ul of labeled SRC-1 crude lysate and
allowed to bind for 90 min at 4 C. Beads were washed twice
in the presence of IPAB and twice with IPAB without BSA,
dried briefly, and resuspended in 30 nl loading buffer. Bound
proteins were analyzed by SDS-PAGE. The gel was treated
with Amplify (Amersham), dried, and exposed at —85 C.
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