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We report here the identification and characterization of a novel nuclear receptor coactivator, ERAP140.
ERAP140 was isolated in a screen for ERa-interacting proteins using the ERa ligand binding domain as a
probe. The ERAP140 protein shares no sequence and has little structural homology with other nuclear receptor
cofactors. However, homologues of ERAP140 have been identified in mouse, Drosophila, and Caenorhabditis
elegans. The expression of ERAP140 is cell and tissue type specific and is most abundant in the brain, where
its expression is restricted to neurons. In addition to interacting with ERe, ERAP140 also binds ER(3, TRp,
PPARYy, and RARa. ERAP140 interacts with ERa via a noncanonical interaction motif. The ERa-ERAP140
association can be competed by coactivator NR boxes, indicating ERAP140 binds ER« on a surface similar to
that of other coactivators. ERAP140 can enhance the transcriptional activities of nuclear receptors with which
it interacts. In vivo, ERAP140 is recruited by estrogen-bound ERa to the promoter region of endogenous ERa
target genes. Furthermore, the E,-induced recruitment of ERAP140 to the promoter follows a cyclic pattern
similar to that of other coactivators. Our results suggest that ERAP140 represents a distinct class of nuclear

receptor coactivators that mediates receptor signaling in specific target tissues.

Estrogen plays a central role in the control of sexual behav-
ior and reproductive functions, embryonic and fetal develop-
ment, and cardiovascular and neuronal physiology (2, 36). Es-
trogenic effects have been linked to the pathophysiology of a
variety of human diseases, including breast and endometrial
cancers, cardiovascular disease, and osteoporosis (2, 23). The
diverse biological effects of estrogens are mediated by two
estrogen receptors, ERa and ERB, which are members of the
nuclear receptor superfamily (33). Functional domains of ER
contain a central DNA binding domain (DBD) and a carboxyl-
terminal ligand binding domain (LBD). Transcriptional acti-
vation by ER is mediated by two separate activation functions
(AFs): AF-1 in the N terminus, which is regulated by growth
factors through the MAP kinase pathway, and AF-2 in the
LBD, which is essential in mediating ligand-dependent trans-
activation. Upon ligand binding, ERs form homodimers and
bind specific consensus DNA sequences located in the pro-
moter regions, known as ER response elements (EREs). ERs
then interact with other transcription factors to ultimately reg-
ulate transcription of target genes.

In the past few years, research interests have been directed
towards understanding the basis of the pleiotropic effects of
estrogen and, in particular, how ER cooperates with its co-
regulatory factors to carry out these effects. In addition to
binding directly to its response elements, ER can interact with
components of the basal transcription machinery. By targeting
the basal transcription factors, ER facilitates the formation of
a stable preinitiation complex, thus increasing the transcription
initiation rate of RNA synthesis (25, 26). Further, ER can
modulate the chromatin state by associating with different
classes of coregulatory factors that have either a coactivator or
corepressor function. To date, more than 20 coactivators or
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coactivator complexes have been implicated in potentiating
transcriptional activation by nuclear receptors. In general,
these coactivators can be divided into five families: (i) the p160
family of proteins, including SRC-1/NCoA-1 (21, 39), TIF2/
mGRIP1/NCoA-2 (24, 47), and p/CIP/ACTR/AIB1/RAC3 (1,
10, 32, 46); (ii) the non-pl60 members, including ARA,,
RIP140, TIF1, and Trip/SUGL (8, 31, 49, 52); (iii) the cointe-
grators CBP/p300 and its associating protein p/CAF (9, 51);
(iv) the distinct DRIP/TRAP/ARC complex, which serves as a
direct bridge with general transcription complexes (18, 35, 40);
and (v) the ATP-binding regulators, such as hBrm and BRG-1
(28, 34).

A critical aspect of gene activation by these coactivators
involves chromatin remodeling. Members of the p160 family,
as well as the CBP/p300 and p/CAF proteins, possess intrinsic
histone acetyltransferase activity (37, 43) and therefore en-
hance gene activation by modifying chromatin organization. In
addition to having histones as substrates, CBP/p300 acetylation
has been directly linked with transcriptional activation. Studies
by Chen et al. demonstrate that upon ligand binding, ER«a
recruits the p160 coactivator AIB1/ACTR, as well as CBP/
p300, to the target gene. CBP/p300 subsequently acetylates the
lysine residues in AIB1/ACTR, which leads to the disruption of
coactivator-receptor binding. This in turn results in dissocia-
tion of the coactivator complex from the receptor and the
target gene promoter. Such transient association of p160 co-
activators and CBP/p300 with the promoter is consistent with
the rapid attenuation of target gene expression upon hormone
stimulation (11). The effects of acetylation are complemented
by structural alteration of chromatin, which is accomplished by
distinct ATP-dependent chromatin-remodeling complexes, in-
cluding the SWI/SNF and the ISWI-based families (29). The
mammalian homologues of yeast SWI2/SNF2, hBrm and
BRG-1, have been demonstrated to interact with several nu-
clear receptors and enhance transcriptional activation by ERa
and retinoic acid receptor (RAR) (12). Given the abundance
of coactivators, a present research focus is to determine the
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sequential events of receptor-coactivator interactions following
ligand stimulation. We have proposed a dynamic model of a
cyclic assembly of ERa transcription complexes upon estradiol
treatment and provided evidence for functional differences
among coactivators in ERa-mediated transcription (41). Our
results support a general model of receptor activation: ligand
binding first recruits chromatin remodeling complexes to facil-
itate basal transcription machinery assembly, CBP acetylation
leads to release of the p160 coactivator along with the receptor,
and finally, CBP dissociates, and the cycle is repeated.

Specific ligand binding could also determine the biological
activity of the receptor by influencing selective recruitment of
the coactivator complexes. Structural and mutational analyses
have indicated that binding of agonists to ERa induces a con-
formational change involving the repositioning of helix 12 in
the most C-terminal of the LBDs, which creates a contact
surface for coactivator interaction. The coactivators interact
with agonist-bound ERa through multiple LXXLL signature
motifs (L denotes a leucine, and X denotes any amino acid),
also known as NR boxes (16, 22, 46). In contrast, ERa LBD
bound by its antagonists, such as tamoxifen and raloxifene,
adopts a configuration in which the positioning of helix 12
mimics intramolecular interaction with the AF-2 surface and
occludes the coactivator association (7, 42).

We report here the identification of a novel protein,
ERAP140, that associates with ERa in an agonist- but not
antagonist-dependent manner. Interaction of ERAP140 with
ERa is mediated through a motif located in the central region
of the protein. In addition to binding ERa, ERAP140 exhibits
binding specificity to a variety of nuclear receptors in response
to their cognate ligands. ERAP140 enhances transactivation by
these receptors on their response elements in vitro and pos-
sesses transcriptional activity when tethered to DNA. Using
the chromatin immunoprecipitation (ChIP) assay, we are able
to demonstrate that ERAP140 is recruited to ERa target gene
promoters following estradiol treatment in a dynamic fashion,
similar to other coactivators. The ERAP140 protein does not
have any sequence or structural similarity to previously iden-
tified nuclear receptor coactivators; however, ERAP140 homo-
logues have been found in both vertebrates and invertebrates,
including human, mouse, Drosophila, and Caenorhabditis el-
egans. Moreover, unlike most reported cofactors, ERAP140
exhibits both cell- and tissue-specific expression. Thus,
ERAP140 may represent a distinct class of receptor coactiva-
tors.

MATERIALS AND METHODS

cDNA library screening. The glutathione S-transferase (GST)-ER LBD pro-
tein was labeled with [y-*>P]JATP and used to screen a Agtll Akata Burkitt’s
lymphoma cell cDNA expression library following a standard far-Western pro-
tocol (27). The filters were screened with ER LBD probes that had been prein-
cubated with estradiol. Plaques expressing induced LBD-bound proteins were
isolated and replated. In the secondary screen, the filter was cut in half, and the
halves were probed in parallel in the presence or absence of estradiol. Plaques
from the secondary plates that exhibited estradiol-dependent LBD binding were
picked, replated for isolation, and purified, and the cDNA inserts were recov-
ered.

Plasmids and antibodies. The full-length ERAP140 was cloned in the expres-
sion vector pcDNA3.1(+) (Clonetech). Various GST fusions were constructed
by PCR using primers containing BarnHI at the 5’ end and Xhol at the 3’ end;
the PCR fragments were inserted into BamHI-Xhol sites of pGEX-4T-1 (Phar-
macia Biotech). GAL4 DBD-ERAP140 was constructed by PCR amplifying
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full-length ERAP140 using primers containing Nhel sites at both ends and
ligating it into Nhel-digested and dephosphorylated GAL4 DBD (kindly pro-
vided by William Sellers, Dana-Farber Cancer Institute). To make the T7-tagged
constructs, ERAP140 was cloned into BamHI-Xhol sites of the pcDNA3.1/T7
vector (kindly provided by William Sellers); the two mutant constructs of
ERAP140 were made following the site-directed mutagenesis protocol (Strat-
agene), using the wild-type ERAP140 as a template. The anti-ERAP140 poly-
clonal antibody was raised in rabbit against a GST-\7 fusion protein. The AIB1
polyclonal antibody was developed against GST-AIB1 (amino acids 695 to 933).
The T7 tag monoclonal antibody was purchased from Novagen, aERa was
purchased from Neomarkers, and oPol IT was purchased from BabCo.

Cell lines and culture conditions. The MCF-7, MDA231, BT20, ECC1, Ish-
ikawa, HeLa, U20S, and HepG2 cells were cultured in Dulbecco’s modified
Eagle medium (Cellgro) supplemented with 10% fetal calf serum (Cellgro),
L-glutamine (GIBCO BRL), and penicillin-streptomycin (GIBCO BRL) at 37°C
in a 5% CO, humidified chamber. LnCaP cells were cultured in RPMI medium
with supplements.

Northern and Western analyses. For Northern analysis, total RNA was iso-
lated using the TRIzol reagent (GIBCO BRL), electrophoresed on a 1% form-
aldehyde agarose gel, and transferred onto Zeta probe membranes (Bio-Rad).
The membranes were hybridized with a 3°P-labeled ERAP140 probe, and signals
were detected by autoradiography. For Western analysis, nuclear extracts were
prepared by the method described by Dignam et al. (15). Proteins were resolved
on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a nitrocellulose membrane (Fisher Scientific); proteins that re-
acted with the antibodies were detected using SuperSignal chemiluminescent
substrate (Pierce).

In situ hybridization. Nonradioactive in situ hybridization was performed as
previously described (6). Digoxigenin (DIG)-labeled sense and antisense ribo-
nucleotide probes were generated from pBS/SK*-ERAP140 containing 427
bases from a mouse-expressed sequence tag sequence. Frozen sections (10 pm
thick) were cut in a cryostat and captured on Superfrost plus microscope slides
(Fisher Scientific). Alternatively, paraffin sections were deparaffinized and
treated with proteinase K (0.05% in 0.1 M TBS containing 2 mM CaCl,) for 20
min at 37°C. Both types of sections were then fixed, acetylated, and hybridized at
68°C over 3 nights with the probe (approximate concentration, 100 ng/ml). The
sections were rinsed several times in 100 mM Tris-150 mM NaCl-20 mM EDTA
(pH 9.5) and coverslipped with glycerol gelatin (Sigma). Hybridized probe was
visualized using alkaline phosphatase-conjugated anti-DIG Fab fragments
(Roche) and 5-bromo-4-chloro-3-indolyl-phosphate-Nitro Blue Tetrazolium
substrate (Kierkegard and Perry Laboratories).

In vitro GST binding assay. Immobilized GST fusion proteins were preincu-
bated at 4°C for 1 h with or without ligand in the binding buffer (20 mM
HEPES-KOH [pH 7.9], 180 mM KCl, 0.2 mM EDTA, 0.05% NP-40, 0.5 mM
phenylmethylsulfonyl fluoride, 1 mM dithiothreitol) containing 1 mg of bovine
serum albumin/ml. The fusion proteins were then incubated with 200,000 cpm of
33S-labeled in vitro-translated proteins (TNT Coupled Reticulocyte Lysate Sys-
tem; Promega) in the binding buffer at 4°C for 1 h in the presence or absence of
ligand. The Sepharose beads were then washed three times with the same
binding buffer, resuspended in 20 pl of 2X SDS sample buffer, and boiled, and
the eluted proteins were analyzed by electrophoresis.

Transient transfection. HepG2 cells were seeded at 40,000 per well in six-well
plates and grown under estrogen-free conditions overnight before transfection.
The cells were transfected with 100 ng of pCMX-BGal, 100 ng of receptors, 100
ng of DNA response elements, and with or without 100 ng of pcDNA3.1-
ERAP140 (see Results); salmon sperm DNA was used to make up the DNA
quantity. The transfections were carried out using PolyFect (Qiagen) according
to the manufacturer’s protocol. At 20 h posttransfection, the cells were treated
with specific ligands or vehicle (ethanol) and were harvested after 24 h of
incubation. The cells were lysed in reporter lysis buffer (Promega) and assayed
for luciferase and B-galactosidase activities. Similar transfection studies were
conducted in Cos-1 cells cotransfected with GAL4 DBD, the GAL4 DBD-
ERAP140 fusion gene, and the (GAL4 X 5)SV40-Luc reporter.

ChIP. MCF-7 cells were plated on 10-cm-diameter culture dishes and trans-
fected with pcDNA3.1/T7-ERAP140 wild type or mutants by the method de-
scribed above; the cells were cultured under estrogen-free conditions. On the
third day posttransfection, the cells were treated with 100 nM 17 B-estradiol (E,)
for various periods as indicated below. Following treatment, ChIP was per-
formed as previously described (41). The PCR primers used were as follows: pS2
sense, 5'-GGCCATCTCTCACTATGAATCACTTCTGC-3', and pS2 antisense,
5'-GGCAGGCTCTGTTTGCTTAAAGAGCG-3'.

Nucleotide sequence accession number. The GenBank accession number for
the full-length ERAP140 cDNA sequence is AF493978.
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RESULTS

Cloning of a novel ER-associated protein, ERAP140. The
estrogen dependence of the ERa AF-2 activation and the
elucidation of ligand-induced conformational changes in the C
terminus of ERa suggest that these ligand-specific structures
may be regulatory. Supporting this concept, studies to find
proteins that interact with the LBD of ER or other nuclear
receptors in the presence of agonistic ligands, but not antago-
nists, have led to the identification of a spectrum of putative
coactivators. Given the essential role of LBD in mediating
hormone-dependent ERa interactions with other cellular fac-
tors, we used a [y->?P]ATP-labeled GST-ERa LBD fusion
protein as a probe in a far-Western protocol to screen for novel
ER-associated factors from a lymphoma cell line (Akata)
cDNA expression library. The filters were hybridized with LBD
probes that had been preincubated with E,. Positive clones
were selected based on binding of the **P-labeled LBD probe,
subsequently isolated, and sequenced. One positive clone, \7,
contained a 1.4-kb sequence including a continuous open read-
ing frame. This partial cDNA was further used as a probe for
the complete cDNA sequence. As a result, two overlapping
cDNAs of 3.3 and 4.5 kb were isolated. A contiguous sequence
comprising 5.5 kb tailed by a polyadenylate track and contain-
ing an open reading frame of ~3 kb was obtained. The cDNA
encodes a protein of 942 amino acids with a predicted molec-
ular mass of ~110 kDa. One of the ¢cDNAs contains two
inserted sequences that encode 38 and 11 amino acids in
frame, which represent splice variants (Fig. 1A). When the
full-length ¢cDNA sequence was inserted into an expression
vector and examined by in vitro translation, a band migrating
with an apparent mass of 140 kDa was observed. The signifi-
cantly higher mass than predicted may be due to aberrant
electrophoretic mobility imparted by the highly charged amino
acid content (40%) of the protein sequence.

To verify that the cloned cDNA encodes a protein that
interacts with ERa in vivo, we incubated MCF-7 whole-cell
extracts with GST-ER LBD in the absence or presence of
estradiol, and the bound proteins were eluted and analyzed by
Western assay with a polyclonal antibody raised against the A7
fragment. As a result, the antibody detected a protein of 140
kDa which complexed with GST-ER LBD in the presence of
estradiol but not in the absence of ligand (Fig. 2A). This
suggests that the isolated clone encodes a protein that specif-
ically binds to liganded ERa; thus, we named it ERAP140 for
ER-associated protein of 140 kDa. We further investigated
whether the association between ERAP140 and ER LBD re-
quires the LBD/AF-2 domain. As demonstrated in a GST
pull-down assay, the N7 fragment of ERAP140 failed to inter-
act with ERa with its AF-2 domain deleted (ERa AAF-2) in
the presence of estradiol (Fig. 2B), indicating that ERAP140-
ERa interaction is dependent on a correct and active confor-
mation of the liganded ERa.

Computerized structural analysis revealed little about the
function of ERAP140, other than a bipartite nuclear localiza-
tion signal located at the extreme N terminus and several
putative phosphorylation sites. The ERAP140 protein shares
no sequence and little structural homology with other nuclear
receptor cofactors, it is distinct from another cofactor with
similar mass, RIP140. The protein has a region with abundant

MoL. CELL. BIOL.

basic residues in its N terminus, an acidic central area, and a
small cysteine- and histidine-rich region in the C terminus (Fig.
1B). A search of the human genome sequence indicates that
ERAP140 is localized on chromosome 6 q22.33, spanning a
region of approximately 150 kb and consisting of 15 exons (Fig.
1C). A search in the GenBank database identified several
ERAP140 homologues in a variety of species (Fig. 1D). The
Drosophila homologue, L82, is involved in Drosophila develop-
ment in response to the insect steroid hormone ecdysone (44).
The mouse C7 protein is encoded by a gene that is up-regu-
lated upon cell attachment to extracellular matrix proteins
(17). Sequence alignment indicates that there are three do-
mains within ERAP140 that display the highest identities to its
homologues, two of which are located in the N terminus and
the third in the C terminus. In addition to mouse, Drosophila,
and C. elegans, domain III is also conserved in yeast and in a
human oxidation resistance gene, hOXR1, indicating that a
novel functional motif might be present in this domain.

ERAP140 expression is cell and tissue type specific. To
establish the ERAP140 expression pattern, we first examined
its mRNA expression in different tumor cell lines by Northern
blotting analysis. Total RNAs were isolated from tumor cells,
blotted, and hybridized with an ERAP140-specific probe. The
ERAP140 transcript had a size of approximately 5.5 kb and
was detected in all tumor lines examined. The highest expres-
sion was found in an ER-negative breast cancer cell line,
MDAZ231; relatively high expression was also observed in an
ER-positive breast cancer cell line, MCF-7, and in the cervical
carcinoma HeLa cells (Fig. 3A). We next investigated whether
ERAP140 expression was regulated by estradiol. Cells were
grown under hormone-free conditions for 3 days and then
treated with or without a saturating level of E, for 6 h, and
total RNA was collected and analyzed by Northern blotting.
Consistent with Fig. 3A, the basal level of ERAP140 mRNA
expression varied among different tumor lines; moreover,
ERAP140 expression was not affected by treatment with E,
(Fig. 3B). We also examined the expression profile of
ERAP140 in human and mouse tissues. Northern analysis of a
panel of 12 human tissues demonstrated that ERAP140
mRNA expression was not detected in bone marrow or thyroid
gland tissue and was detected at low levels in mammary gland,
ovary, uterus, prostate, stomach, bladder, spinal cord, and pan-
creas tissue (Fig. 3C). Expression of ERAP140 was most abun-
dant in the brain, indicating that ERAP140 may have specific
functions in that organ.

To determine the expression pattern of ERAP140 in mouse
tissues, we obtained a mouse-expressed sequence tag sequence
that has 89% identity to the human ERAP140 and corresponds
to nucleotides 2679 to 3153 in the human gene. This mouse
fragment was used as a probe in the Northern analysis of
mouse tissues. In addition to the abundant expression in the
brain, high expression of mouse ERAP140 was also observed
in the kidney. Its expression was not detected in liver, intes-
tines, or muscle and was detected at very low levels in mam-
mary gland, lungs, and testis (data not shown). The tissue-
specific expression of the mouse ERAP140 was further
investigated in detail by in situ hybridization assays. In mouse
brain, the expression of ERAP140 mRNA was exclusively
found in neurons: it was detected in neurons of the cerebral
cortex, thalamus, hypothalamus, hippocampus, cerebellum,
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FIG. 1. Identification of a novel ER-associated protein, ERAP140. (A) Amino acid sequence of ERAP140. Full-length ERAP140 cDNA
encodes a protein of 942 amino acids with an approximate mass of 140 kDa. The bipartite nuclear localization signal located in the extreme N
terminus is indicated by the box. Two inserted sequences (underlined) likely represent splice variants. (B) Schematic diagram of the ERAP140
protein structure. Regions rich in basic, acidic, or cysteine and histidine residues are labeled, and the positions of two splice variants are indicated
(A). NLS, nuclear localization signal. (C) ERAP140 genomic DNA consists of 15 exons and spans 150 kb; its coding region is represented by the
solid boxes, and the noncoding region is represented by the stippled boxes. The asterisks indicate the locations of splice variants. (D) ERAP140
has sequence homology with proteins identified in various species, ranging from human to yeast. The three most conserved domains in ERAP140
are shown, and the percentage of identity in each protein relative to ERAP140 is indicated above the homologous domain.

striatum, and choroid plexus (Fig. 4A to I and data not shown).
In situ hybridization in the kidney exhibits significant expres-
sion of ERAP140 mRNA in the cortex but not in the medulla
(Fig. 4K and L). These results suggest that ERAP140 mRNA
is specifically expressed in distinct brain and kidney regions
and, even more, in particular cell types.

In addition to mRNA, the levels of ERAP140 were also
examined in a group of tumor cells. In accordance with the
Northern analysis results, ERAP140 protein was expressed at
different levels among tumor lines and was highest in
MDAZ231, MCF-7, and HeLa cells (Fig. 3D). The only excep-
tion was the breast cancer cells, BT20, which had a low level of
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FIG. 2. ERAP140 interacts with ERa LBD in the presence of es-
tradiol in vivo, and the interaction requires the ERa LBD/AF-2 do-
main. (A) Whole-cell extracts were prepared from MCF-7 cells and
incubated with GST-ER LBD in the absence (—) or presence (+) of 1
wM E,. The bound proteins were eluted, electrophoresed on SDS-
PAGE, transferred to a nitrocellulose membrane, and analyzed by
Western assay with a polyclonal antibody raised against the N7 region
of ERAP140 (amino acids 181 to 637). GST alone was included as a
negative control, and 25 pg of MCF-7 whole-cell extracts was included
in the gel as a positive control. (B) GST-\7 fusion protein was incu-
bated with [**S]methionine-labeled in vitro-translated ERa or ERa
AAF-2 in the absence (—) or presence of 1 pM E,. Twenty percent of
the receptor used in the binding reaction is shown as input. The bound
protein was eluted, resolved on SDS-PAGE, and visualized by auto-
radiography.

mRNA but a relatively high expression of the protein. The
ERAP140 transcript in these cells may have a shorter half-life,
resulting in detection of a low signal by Northern blotting. We
consistently detected multiple bands corresponding to the
ERAP140 protein, possibly due to the splice variants or post-
translational modifications. Overall, ERAP140 expression dis-
plays a cell- and tissue-specific pattern.

ERAP140 interacts with a variety of nuclear receptors in a
ligand-inducible manner. ERAP140 was cloned for its ligand-
induced association with ERa. We therefore asked whether
ERAP140 is capable of interacting with other members of the
nuclear receptor family. A GST pull-down assay was employed
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to investigate the in vitro interactions between ERAP140 and
various nuclear receptors. The N7 fragment of ERAP140 was
fused to the GST protein, immobilized on the glutathione-
Sepharose column, and incubated with **S-labeled in vitro-
translated nuclear receptors in the absence or presence of 1
M concentrations of their respective ligands. GST alone was
included as a negative control (Fig. 5). ERAP140 showed a low
level of ligand-independent constitutive binding to ERa,
ERB1, ERB2, TRB, PPARY, and RARa. Binding was further
induced by the presence of ligands. In contrast, ERAP140 did
not interact with RXRa in the absence or presence of the
ligand. Thus, although ERAP140 can interact with a wide
spectrum of nuclear receptors, it does display a certain degree
of receptor selectivity.

ERAP140 interacts with ERa via a noncanonical interaction
motif. Nearly all nuclear receptor coactivators that have been
identified possess one or several LXXLL signature motifs (NR
boxes) that mediate the receptor-coactivator interaction. How-
ever, the ERAP140 protein sequence lacks any apparent
LXXLL motifs. To determine the domain of ERAP140 that is
required for the functional interaction with ERa, we per-
formed deletional and mutational analyses. A7 was the partial
cDNA clone initially isolated from the far-Western screen,
indicating that the ERa interaction domain in ERAP140 re-
sides between amino acids 181 and 637. To further define the
ERa interaction region, we first performed exonuclease diges-
tion and generated serial deletion mutants, which we tested for
estradiol-dependent binding to GST-ER LBD in GST pull-
down assays. The experiments revealed that a central domain
from amino acids 395 to 637 retained the ERa association
(data not shown). This domain was then further dissected into
smaller fragments and fused to GST. The fusion proteins were
incubated with *>S-labeled in vitro-translated ERa in the ab-
sence or presence of either the ER agonist E, or the antagonist
tamoxifen. The level of ERa binding was compared to that of
the A7 fragment. As shown in Fig. 6A, ERAP 489-637 but not
ERAP 395-488 retained agonist-induced ERa binding, and
within this region, ERAP 489-559 contained ERa binding ac-
tivity comparable to those of A7 and ERAP 489-637.

Although the sequence between residues 489 and 559 does
not possess any LXXLL, computer analyses of the secondary
structure of this sequence predicted a short central a-helical
domain (Fig. 6B), which is a common structural feature medi-
ating protein-protein interactions. This domain contains sev-
eral leucine (L) and isoleucine (I) residues that have been
demonstrated to be essential in maintaining the integrity of
helical structure. To determine whether these residues are
directly involved in ERa interaction, we made two mutant
ERAP 489-559 fragments with various leucines or isoleucines
mutated to alanines (A). These two mutant fragments were
then assayed for their ERa binding abilities (Fig. 6B). E,-
induced ERa binding was not impaired by mutations in Mut A.
On the other hand, the interaction was completely abolished by
mutations in the Mut B construct. These findings indicate the
leucine residue 523 and/or the isoleucine 524 are critical for
ERa interaction. L523 and 1524 lie in the center of the pre-
dicted a-helix, and their mutations would likely perturb the
helical protein configuration.

ERAP140 binds ER« on a surface, similar to the p160 co-
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FIG. 3. ERAP140 mRNA and protein are expressed at different levels in various tumor cell lines and human tissues. (A) ERAP140 mRNA
levels vary among different tumor lines. Cells were cultured under estrogen-free conditions for 3 days prior to being harvested. Total RNA was
prepared from each cell type and analyzed by Northern blotting; 18S was included as a loading control. (B) ERAP140 mRNA level is not regulated
by estradiol. Cells were cultured under estrogen-free conditions for 3 days, followed by treatment with (+) or without (—) 1 wM E, for 6 h. Total
RNA was then collected and analyzed by Northern blotting. (C) ERAP140 mRNA is expressed at low levels in most of the human tissues examined,
with the exception of the brain, where it is highly expressed. Northern analysis was performed on a blot containing 1 pg of poly(A)* RNA per lane
from 12 different human tissues (Clonetech). (D) ERAP140 protein is expressed at different levels in a variety of tumor lines. Twenty micrograms
of nuclear extract from each cell line was resolved on SDS-PAGE and analyzed by Western blotting using the polyclonal antibody raised against

the \7 fragment.

activator. Even though ERAP140 lacks the NR-binding signa-
ture motif, LXXLL, its ligand-inducible interaction with ER,
as well as with other nuclear receptors, strongly indicates that
it might bind in a fashion similar to that of other coactivators.
In an effort to gain insights into the binding mode of ERAP140
to ERa in comparison with other coactivators, we first assessed
whether the ERa interaction domain within ERAP140 could
compete out ERa binding of the p160 coactivator, mGRIP1.

The interaction between GST-ER LBD and mGRIP1 was ex-
amined in the absence or presence of increasing concentra-
tions of purified fragment ERAP 489-559 or 489-559 Mut B
(Fig. 7A). The ERa-mGRIP1 interaction was greatly inhibited
when a 100 nM concentration of the wild-type ERAP 489-559
peptide was added; the interaction was completely abrogated
by 1 uM ERAP 489-559. On the other hand, the Mut B that
impaired ERa binding could not compete with mGRIP1 for
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FIG. 4. ERAP140 is specifically expressed in the mouse renal cortex and in neurons in the brain by in situ hybridization. The areas indicated
within the boxes in panels B, E, H, and K were enlarged for better visualization in panels C, F, I, and L. DIG-labeled antisense RNA was used
to detect ERAP140 mRNA in a sagittal section of an adult mouse brain; the neuron-specific localization of ERAP140 mRNA is demonstrated in
cerebellum (B and C), hippocampus (E and F), and cerebral cortex (H and I). In the cerebellum, ERAP140 mRNA was found in all three layers,
including the molecular layer, the Purkinje cell layer, and the granular layer. ERAP140 mRNA in the hippocampus was localized in the pyramidal
cell layer, and in the cerebral cortex, it was localized in all neuronal cells. In the kidney, ERAP140 mRNA was found in the cortex but not in the
medulla (K and L). Sense RNA was used as a negative control (A, D, G, and J). Bars: A and B, 500 pum; C, 50 wm; D, E, G, and H, 300 pm; F

and I, 30 pm; J and K, 120 pm; L, 12 pm.

binding to ERa. The 489-559 Mut A construct, which retains
ERa interaction, could inhibit mGRIP1 binding to ERa as
efficiently as the wild type (data not shown). These observa-
tions confirm that the ERa binding domain is located between
amino acids 489 and 559 in ERAP140. Further, although the
binding domain does not contain the LXXLL motif, it appears
to interact with ERa through a binding surface similar to that

of other coactivators. This notion is supported by our finding
that ERa-ERAP140 association requires an intact AF-2 do-
main of ERa (Fig. 2B). We then performed the reciprocal
experiment, in which the interaction between ERa and
ERAP140 was analyzed in the absence or presence of peptides
containing the sequences of NR boxes taken from mGRIP1
(Fig. 7B). mGRIP NR consists of two NR boxes, whereas
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FIG. 5. ERAP140 interacts with a specific subset of nuclear receptors in vitro. GST-\7 fusion protein was incubated with [**S]methionine-
labeled in vitro-translated receptors in the absence (—) or presence of a 1 wM concentration of their respective ligands. GST alone was included

as a negative control.

mGRIP NR2 contains only the second NR box (16). In the
sequence of mMGRIP mutNR2, mutations of leucine residues to
alanines have been shown to lead to loss of NR binding. *S-
labeled in vitro-translated ERAP140 was incubated with
GST-ER LBD in the absence or presence of E,, and increasing
amounts of peptides were then added to the reaction. mGRIP
NR, starting at 10 nM concentration, inhibited ERAP140 bind-
ing to ERa by nearly half and completely abolished the binding
at 100 nM. Compared to mGRIP NR, mGRIP NR2 was less
potent in inhibiting binding of ERAP140 to ERa: the inhibi-
tion was observed starting at 100 nM and was complete at 1
wM. This is consistent with the fact that mGRIP NR2 contains
only one of the two NR boxes. In contrast, nGRIP mutNR2
has lost the ability to compete with the binding of ERAP140 to
ERa. These results are consistent with our hypothesis that
ERAP140 binds to an ERa surface similar to that of other
coactivators. In addition, the comparable concentrations at
which ERAP 489-559 and mGRIP NR2 inhibited ERa binding
suggests that domain 489 to 559 contains one receptor binding
motif.

ERAP140 enhances the transcriptional activities of several
nuclear receptors. We have demonstrated that in addition to
ERa, ERAP140 associates with various other nuclear recep-
tors in a ligand-induced fashion. The ER-ERAP140 associa-
tion is mediated via a novel motif located in the center of
ERAP140 that can be competed with LXXLL-containing NR
boxes found in many coactivators. To further test the hypoth-
esis that ERAP140 functions as a nuclear receptor coactivator,
we examined the effect of ERAP140 on receptor-mediated
transcriptional activity. Transient-cotransfection experiments
were conducted in a hepatocarcinoma cell line, HepG2, which
expresses low levels of ERAP140 (data not shown). The trans-
activation level of a luciferase reporter gene in the absence or
presence of specific ligand was measured and is represented in
Fig. 8A. On an ERE-containing reporter, E, treatment led to

a 2.5-fold activation, which was further increased by more than
50% by the addition of ERAP140. ERAP140 coactivation was
seen with several other receptors with which it interacts, in-
cluding TRB, PPARY, and RARa. No activity of ERAP140
was seen with RXRa, with which it does not interact in vitro
(data not shown). Therefore, ERAP140 can function as a co-
activator for ERa, as well as several other nuclear receptors.

We then investigated whether ERAP140 itself could act as
an activator when tethered to DNA. For this, we fused the
ERAP140 cDNA to the GAL4 DBD and transfected various
amounts of this expression plasmid into Cos-1 cells. The activ-
ity level on a (GAL4 X 5)SV40-Luc reporter was measured by
luciferase assay (Fig. 8B). In comparison to GAL4 DBD,
GAL4 DBD-ERAP140 activated the GALA4 reporter transcrip-
tion in a dose-dependent fashion. Thus, ERAP140 exhibits
transcriptional activity when tethered to a target gene pro-
moter.

ERAP140 functions on the promoter of an estrogen target
gene in a fashion similar to those of other NR coactivators. We
have shown above that ERAP140 possesses transcriptional ac-
tivity when recruited to a promoter and enhances ligand-de-
pendent receptor transactivation on its response element in
vitro. To address the question of how ERAP140 may function
on an endogenous promoter of the receptor target gene under
biologically relevant conditions, we performed ChIP assays.
ChIP permits direct detection of proteins at their in vivo bind-
ing sites; in particular, proteins that are not bound directly to
DNA or that depend on other proteins for binding can be
analyzed by this method, thus allowing examination of dynamic
assembly of protein complexes on the promoter. We first an-
alyzed the recruitment of ERAP140 to one of the estrogen
target genes, pS2, in comparison to ERa and the p160 coacti-
vator, AIB1. To circumvent the poor immunoprecipitation
quality of an anti-ERAP140 antibody, we made a T7-tagged
ERAP140 construct and transiently expressed it in MCF-7
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FIG. 6. The ER« interaction domain maps to a central region in ERAP140 between amino acids 489 and 559 in which the L.523 and 1524
residues are essential for ERa binding. (A) A7 and different fragments of ERAP140 are indicated in the schematic diagram. The fragments were
fused to GST and incubated with **S-labeled ER« in the absence (—) or presence of 1 M E, or an ER antagonist, tamoxifen (T). Ten percent
of the ERa used in the binding reaction was included as input. (B) Specific leucine and isoleucine residues within fragment ERAP 489-559 were
mutated to alanines (boldface), and the mutants were examined for their ERa binding ability in the absence (—) or presence of 1 uM E, or T.
The underlined sequence within ERAP 489-559 was predicted to be an a-helical structure by computer analysis.
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FIG. 7. ERAP140 interacts with ER« through a binding surface similar to that of the p160 coactivator, mGRIP1. (A) **S-labeled in vitro
translated mGRIP1 was incubated with GST-ER LBD in the absence (—) or presence (+) of 1 uM E,. Increasing concentrations (1, 10, and 100
nM and 1 pM) of purified wild-type ERAP 489-559 fragment or 489-559 Mut B was added to the reaction. (B) The interaction between GST-ER
LBD and **S-ERAP140 was examined in the absence (—) or presence (+) of 1 uM E,, with increasing doses of peptides added. The sequences
of the peptides are indicated at the bottom; the NR boxes are in boldface and underlined.

cells. The transfected cells were cultured in the absence of
estrogen for 3 days, followed by treatment with either vehicle
(ethanol) alone or 100 nM E, for 45 min. The binding of
proteins on the estrogen response element in the pS2 promoter
was determined by immunoprecipitation with specific antibod-
ies. The status of protein complexes present on the promoter

was reflected by changes in the level of coprecipitated DNA
analyzed by PCR using a primer pair flanking the estrogen
response element. As shown in Fig. 9A, in pcDNA/T7-
ERAP140-transfected cells, estradiol treatment induced a dra-
matic recruitment of ERa, AIB1, and T7-ERAP140 to the
promoter. Western analysis (Fig. 9B) demonstrated that the
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FIG. 8. ERAP140 enhances nuclear receptor transactivation and possesses intrinsic transcription activity when tethered to DNA. (A) HepG2
cells were plated under hormone-free conditions overnight before transfection. The cells were cotransfected with nuclear receptors and their
respective reporter genes, and 100 ng of pcDNA3.1-ERAP140 was either included (+) in the transfection or not (—). At 20 h posttransfection,
the cells were treated with vehicle (control) or 100 nM E,, 100 nM T, 1 pM BRL, or 100 nM T-RA as indicated and harvested after 24 h of
incubation. Transcriptional activity was measured via luciferase assay. (B) Cos-1 cells were cotransfected with 100 ng of pCMX-BGal, 100 ng of
(GALA4 X 5)SV40-Luc reporter, and 400 ng of GAL4 DBD or increasing concentrations (100, 200, 400, and 800 ng and 1 pg) of the GAL4
DBD-ERAP140 fusion gene. The level of transactivation was represented by the relative luciferase activity. The level of coactivation by ERAP140
compared to that of GAL4 DBD alone is statistically significant (P < 0.05) starting from a 200-ng concentration, as indicated by the asterisks. All
experiments were performed multiple times with duplicate samples, and the results shown are representative of those studies. The error bars
indicate standard deviations.
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FIG. 9. Invivo, ERAP140 is recruited by ER« to the promoter of an endogenous ER target gene, pS2. (A and C) The in vivo binding of ERa,
AIB1, and ERAP140 to the pS2 promoter was examined by the ChIP assay. Vector alone, pcDNA/T7-ERAP140 (A), or either of the two T7-tagged
ERAP140 mutants (C), mutant A or mutant B, was transiently expressed in MCF-7 cells. Soluble chromatin was prepared from cells treated with

100 nM E, for 45 min (+) or untreated (—) and immunoprecipitated

with antibodies against ERa, AIB1, and the T7 tag. Coprecipitated DNA

was amplified using primers that flank the ERE in the pS2 promoter region; the 5’ end of the primers relative to the transcriptional initiation site
is indicated in the diagram in panel A. The presence of total pS2 promoter DNA in the soluble chromatin prior to immunoprecipitation was
included as input. (B and D) Expression of T7-tagged wild-type or mutant ERAP140 protein in MCF-7 cells transfected with respective plasmids.
Whole-cell extracts were prepared 2 days after transfection and subjected to Western blot analysis with an anti-T7 antibody.

increased binding of T7-ERAP140 to the pS2 promoter by E,
was not due to changes in the protein expression level. Muta-
tions at residues 523 and 524 in ERAP140 completely abol-
ished ERa association in vitro (Fig. 6B). To verify that
ERAP140 becomes recruited to the estrogen target gene pro-

moter via its ERa binding, we introduced L523A and I524A
mutations into T7-ERAP140 (T7-mutant B), and compared its
pS2 promoter binding with that of the wild-type T7-ERAP140
and the T7-mutant A containing mutations that do not impair
ERa binding (Fig. 6B). As a result, both wild-type T7-
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FIG. 10. ERAP140 is recruited to the pS2 promoter in a dynamic
fashion. MCF-7 cells were transiently transfected with pcDNA/T7-
ERAP140, and 2 days after transfection, the cells were treated with 100
nM E, for the times indicated. Soluble chromatin was then prepared
from the cells, followed by immunoprecipitation using either anti-
ERaq, anti-T7, or anti-RNA Pol II antibody. The coprecipitated DNA
was amplified by PCR.

ERAP140 and T7-mutant A were recruited to the pS2 pro-
moter after E, stimulation, whereas T7-mutant B was not (Fig.
9C), suggesting that ERAP140 becomes associated with the
promoter through its ERa interaction. Consistent with our
data in Fig. 9A, ERa and AIB1 came to promoter association
following E, treatment. Overexpression of T7-mutant B did
not affect binding of ERa or AIB1 to the promoter. The
expression of either wild-type or mutant T7-ERAP40 proteins
was analyzed by Western blotting and shown to remain the
same with or without E, treatment (Fig. 9D). Taken together,
these findings provide in vivo evidence that, similar to other
ERa coactivators, ERAP140 interacts with ER« in the pres-
ence of E,, which in turn leads to ERAP140 association to the
target gene promoter, resulting in transcriptional coactivation.

ERAP140 is recruited to the estrogen target gene promoter
in a cyclic fashion. Having established that ERAP140 func-
tions on the ER target gene promoter, we next sought to
investigate the association of ERAP140 with the pS2 promoter
at various time points in comparison to those of ERa and RNA
polymerase II (Pol II). As shown in Fig. 10, ERa became
rapidly bound to the pS2 promoter, within 15 min following E,
stimulation; the binding peaked by 30 min and had declined by
45 min, followed by a second cycle of promoter association in
the presence of continuous estrogen stimulation. The assembly
of T7-ERAP140 and RNA Pol II on the promoter showed an
order and timing similar to those of ERa. These results suggest
that ERa, ERAP140, and RNA Pol II act simultaneously on
the same promoter.

DISCUSSION

In the present study, we report the identification and char-
acterization of a novel nuclear receptor coactivator, ERAP140,
that is conserved among various species. ERAP140 interacts
with both types of ER receptors, as well as a wide array of
nuclear receptors, in a ligand-inducible fashion. The ER« as-
sociation is mediated via a noncanonical LXXLL motif located
in the central domain of ERAP140. When induced by E,,

MoL. CELL. BIOL.

ERAP140 complexes with ERa and is recruited to the pro-
moter region of the ER target gene, which subsequently leads
to transcriptional coactivation. In addition, ERAP140 exhibits
intrinsic transcriptional activity when tethered to DNA.

Our findings strongly suggest ERAP140 functions as a re-
ceptor coactivator. First, ERAP140 was isolated on the basis of
its interaction with ERa LBD in the presence of ER« agonists
but not antagonists. In addition to both ERa and ERp,
ERAP140 exhibits specific ligand-inducible interactions with
TRB, PPARy, and RARa but not with RXRa. Thus,
ERAP140 represents a novel coactivator with a distinct pattern
of receptor selectivity. Second, the ERa binding mode of
ERAP140 corresponds to its role as a coactivator. ERAP140,
similar to other coactivators, requires the integrity of the ERa
AF2 domain for receptor interaction. However, ERAP140
lacks the canonical LXXLL signature motif present in most of
the coactivators. Instead, ERAP140 contains a central domain
consisting of a short a-helix that mediates ERa binding. This
a-helical structure likely resembles that of the LXXLL, which
docks to the hydrophobic cleft on the surface of the receptor
LBD. This notion is supported by our in vitro competition
assays among ERa, ERAP140, and mGRIP1; the ERAP140
fragment encompassing the «-helix can effectively block the
binding of mGRIP1 to ERa, whereby a mutated form of the
fragment is unable to compete ERa-mGRIP1 binding due to
disruption of the a-helix. The functional role of ERAP140 as a
coactivator is further supported by in vitro transfection-based
assays which demonstrate that ERAP140 enhances ligand-de-
pendent transcription on synthetic receptor DNA response
elements. More direct evidence that ERAP140 plays a role in
receptor-mediated gene activation comes from our ChIP data.
The ChIP technique allows a direct assessment of the
ERAP140 action on the promoter of endogenous receptor
target genes—in this case, the ER target gene, pS2—in relation
to other coactivators. Following E, stimulation, ERAP140 be-
comes recruited to the pS2 promoter through its ERa associ-
ation, since an ERAP140 mutant that does not interact with
ERa loses its promoter binding ability. The promoter occu-
pancy by ERAP140 shows a cyclic pattern similar to that which
has been proposed for other ER coactivator complexes (11,
41). The timing of ERAP140 bound to the promoter is syn-
chronous with that of ERa and RNA Pol II. These findings are
in line with the previous observations, which show that differ-
ent cofactors are recruited to the promoter in a stepwise pro-
cess and exhibit distinct and nonredundant roles in transcrip-
tion initiation (13, 30, 41). Determination of the precise
assembly of ERAP140, as well as other receptors and coacti-
vators, on different target gene promoters may provide useful
information regarding receptor-specific mechanisms by which
ERAP140 regulates transcription.

ERAP140 shows no sequence similarity to other nuclear
receptor coactivators, again supporting the hypothesis that
ERAP140 belongs to a novel class of NR coactivators. Inter-
estingly, homologues of ERAP140 have been identified in a
variety of species, ranging from humans to C. elegans. The
Drosophila homologue of ERAP140 is encoded by the L82
gene, which produces seven different isoforms, L82A through
L82G. The longest isoform, L82A, consists of all three homol-
ogy domains present in ERAP140, and all isoforms contain a
carboxyl-terminal core that corresponds to the homology do-
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main III. The L82 gene is responsible for the 82F late-late puff,
which is a region of chromosome decondensation in response
to ecdysone pulses during the larva-to-adult morphogenesis.
Loss of L82 function leads to developmental delay and lethality
at eclosion, resulting from failure to release the adult fly from
the pupal case (44). Very recently, Drosophila homologues for
two other coactivators have been identified (4, 5). The AIB1
homologue, Taiman, is required for follicle cell migration in
the Drosophila ovary, whereas the TIF1 homologue, Bonus,
plays a critical role in the development of several organs and
tissues during embryogenesis and metamorphosis. In addition
to Drosophila, ERAP140 homologues have been found in
mouse and C. elegans. The mouse C7 gene was identified
among genes that are up-regulated upon attachment to extra-
cellular membrane; its encoded protein is predominantly lo-
calized to nucleoli (17). The function of the C. elegans homo-
logue is presently unknown.

The protein sequence of ERAP140 reveals little in terms of
functional motifs. A bipartite nuclear localization signal lo-
cated at the N terminus suggests ERAP140 is a nuclear pro-
tein, and our Western analysis of different cellular fractions
confirms ERAP140 is primarily localized in the nucleus (data
not shown). The carboxyl-terminal domain III is conserved in
all ERAP140 homologues; furthermore, this domain is also
highly conserved in yeast and in a human gene, hOXR1, which
was discovered in a search for genes that confer protection
against oxidative damage (48).

Most NR cofactors described to date can be found in various
cells and tissues; in contrast, ERAP140 expression is both cell
and tissue type specific. It is especially abundant in the brain
compared to all other tissues, and further, in situ hybridization
data reveal that ERAP140 is exclusively expressed in neurons
in the brain. The mammalian brain is clearly a target organ of
steroid hormone action. Particularly, estrogen is a key regulator in
the brain of functions associated with the neuroendocrine control
of reproduction and associated behaviors. Moreover, estrogen
has been shown to play a role in neuroprotection. Epidemiolog-
ical studies suggest that estrogen exposure decreases the risk and
delays the onset and progression of Alzheimer’s and Parkinson’s
diseases and enhances recovery from neurological trauma, such
as stroke (reviewed in reference 19). However, the mechanisms
by which estrogen regulates brain function remain elusive. Studies
have indicated that the mechanisms are likely via multiple path-
ways, among which the nuclear receptor pathway is considered of
critical relevance. Reports of both ERa and ER knockout mice
have revealed distinct phenotypes in the neuroendocrine system
resulting in severe defects in sexual and field behavior in both
female and male mice (reviewed in reference 14). Preliminary
research on the influence of nuclear receptor coactivators in neu-
roendocrine function has demonstrated that these coactivators
are critical for normal hormone-dependent development of the
brain (reviewed in reference 45). Although SRC-1 knockout mice
are fertile and have a growth rate similar to their wild-type litter-
mates, they have decreased growth and development in response
to steroid hormones (50). Further, reducing SRC-1 levels in neo-
natal rat brain interferes with hormone-mediated sexual differen-
tiation of the brain (3). Disruption of another coactivator, CBP,
also leads to brain dysfunction. In humans, mutation in the CBP
gene causes Rubinstein-Taybi syndrome, which is characterized
by severe mental retardation and craniofacial abnormalities (38).
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Heterozygous CBP mutant mice have deficits in long-term mem-
ory. A novel neuron-specific cofactor, NIX1, was cloned recently
by its interaction with the brain-specific orphan receptor RORR.
NIX1 binds RAR, TR, and VDR in the presence of their ligands
but does not bind RXR or steroid hormone receptors, and it
inhibits receptor-mediated transcription (20). These reports sug-
gest that nuclear receptors and their cofactors play essential roles
in the nervous system. Our finding that the ERAP140 transcript
is highly expressed in neurons raises the possibility that one of the
ERAP140 functions is to mediate hormone-dependent gene ac-
tivation in the brain. It will be interesting to determine whether
the expression pattern of ERAP140 can be correlated with those
of nuclear receptors and other cofactors and whether its expres-
sion can be manipulated to affect hormone signaling pathways in
the brain.

ACKNOWLEDGMENTS

We thank Urs Berger for performing the in situ hybridization anal-
yses, the Dana-Farber Molecular Biology Core Facility for DNA se-
quencing, William Sellers for plasmids, James DiRenzo and Yongfeng
Shang for helpful discussions, and Clare Galtrey for reading the manu-
script and for insightful suggestions.

This work was supported by NIH grant RO1-CA57374 and Aca-
demic Award DAMD 17-99-1-9161 from the U.S. Department of De-
fense Breast Cancer Research Program to M.B. and a fellowship from
the Massachusetts Department of Public Health Breast Cancer Re-
search Program to W.S.

REFERENCES

1. Anzick, S. L., J. Kononen, R. L. Walker, D. O. Azorsa, M. M. Tanner, X. Y.
Guan, G. Sauter, O. P. Kallioniemi, J. M. Trent, and P. S. Meltzer. 1997.
AIBI, a steroid receptor coactivator amplified in breast and ovarian cancer.
Science 277:965-968.

2. Auchus, R. J., and S. A. Fuqua. 1994. Hormone-nuclear receptor interac-
tions in health and disease. Bailiere’s Clin. Endocrinol. Metab. 8:433-449. d
Kingdom.

3. Auger, A. P, M. J. Tetel, and M. M. McCarthy. 2000. Steroid receptor
coactivator-1 (SRC-1) mediates the development of sex-specific brain mor-
phology and behavior. Proc. Natl. Acad. Sci. USA 97:7551-7555.

4. Bai, J., Y. Uehara, and D. J. Montell. 2000. Regulation of invasive cell
behavior by taiman, a Drosophila protein related to AIB1, a steroid receptor
coactivator amplified in breast cancer. Cell 103:1047-1058.

5. Beckstead, R., J. A. Ortiz, C. Sanchez, S. N. Prokopenko, P. Chambon, R.
Losson, and H. J. Bellen. 2001. Bonus, a Drosophila homolog of TIF1
proteins, interacts with nuclear receptors and can inhibit betaFTZ-F1-de-
pendent transcription. Mol. Cell 7:753-765.

6. Berger, U. V., and M. A. Hediger. 2001. Differential distribution of the
glutamate transporters GLT-1 and GLAST in tanycytes of the third ventri-
cle. J. Comp. Neurol. 433:101-114.

7. Brzozowski, A. M., A. C. Pike, Z. Dauter, R. E. Hubbard, T. Bonn, O.
Engstrom, L. Ohman, G. L. Greene, J. A. Gustafsson, and M. Carlquist.
1997. Molecular basis of agonism and antagonism in the oestrogen receptor.
Nature 389:753-758.

8. Cavailles, V., S. Dauvois, F. L’Horset, G. Lopez, S. Hoare, P. J. Kushner, and
M. G. Parker. 1995. Nuclear factor RIP140 modulates transcriptional acti-
vation by the estrogen receptor. EMBO J. 14:3741-3751.

9. Chakravarti, D., V. J. LaMorte, M. C. Nelson, T. Nakajima, I. G. Schulman,
H. Juguilon, M. Montminy, and R. M. Evans. 1996. Role of CBP/P300 in
nuclear receptor signalling. Nature 383:99-103.

10. Chen, H., R. J. Lin, R. L. Schiltz, D. Chakravarti, A. Nash, L. Nagy, M. L.
Privalsky, Y. Nakatani, and R. M. Evans. 1997. Nuclear receptor coactivator
ACTR is a novel histone acetyltransferase and forms a multimeric activation
complex with P/CAF and CBP/p300. Cell 90:569-580.

11. Chen, H,, R. J. Lin, W. Xie, D. Wilpitz, and R. M. Evans. 1999. Regulation
of hormone-induced histone hyperacetylation and gene activation via acet-
ylation of an acetylase. Cell 98:675-686.

12. Chiba, H., M. Muramatsu, A. Nomoto, and H. Kato. 1994. Two human
homologues of Saccharomyces cerevisiae SWI2/SNF2 and Drosophila
brahma are transcriptional coactivators cooperating with the estrogen recep-
tor and the retinoic acid receptor. Nucleic Acids Res. 22:1815-1820.

13. Cho, H., G. Orphanides, X. Sun, X. J. Yang, V. Ogryzko, E. Lees, Y. Naka-
tani, and D. Reinberg. 1998. A human RNA polymerase II complex con-
taining factors that modify chromatin structure. Mol. Cell. Biol. 18:5355-
5363.



3372

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

SHAO ET AL.

Couse, J. F., and K. S. Korach. 1999. Estrogen receptor null mice: what have
we learned and where will they lead us? Endocr. Rev. 20:358-417.
Dignam, J. D., R. M. Lebovitz, and R. G. Roeder. 1983. Accurate transcrip-
tion initiation by RNA polymerase II in a soluble extract from isolated
mammalian nuclei. Nucleic Acids Res. 11:1475-1489.

Ding, X. F., C. M. Anderson, H. Ma, H. Hong, R. M. Uht, P. J. Kushner, and
M. R. Stallcup. 1998. Nuclear receptor-binding sites of coactivators glu-
cocorticoid receptor interacting protein 1 (GRIP1) and steroid receptor
coactivator 1 (SRC-1): multiple motifs with different binding specificities.
Mol. Endocrinol. 12:302-313.

. Fischer, H., X. U. Zhang, K. P. O’Brien, P. Kylsten, and E. Engvall. 2001. C7,

a novel nucleolar protein, is the mouse homologue of the Drosophila late
puff product L82 and an isoform of human OXR1. Biochem. Biophys. Res.
Commun. 281:795-803.

Fondell, J. D., H. Ge, and R. G. Roeder. 1996. Ligand induction of a tran-
scriptionally active thyroid hormone receptor coactivator complex. Proc.
Natl. Acad. Sci. USA 93:8329-8333.

Garcia-Segura, L. M., I. Azcoitia, and L. L. DonCarles. 2001. Neuroprotec-
tion by estradiol. Prog. Neurobiol. 63:29-60.

Greiner, E. F., J. Kirfel, H. Greschik, D. Huang, P. Becker, J. P. Kapfham-
mer, and R. Schule. 2000. Differential ligand-dependent protein-protein
interactions between nuclear receptors and a neuronal-specific cofactor.
Proc. Natl. Acad. Sci. USA 97:7160-7165.

Halachmi, S., E. Marden, G. Martin, H. MacKay, C. Abbondanza, and M.
Brown. 1994. Estrogen receptor-associated proteins: possible mediators of
hormone-induced transcription. Science 264:1455-1458.

Heery, D. M., E. Kalkhoven, S. Hoare, and M. G. Parker. 1997. A signature
motif in transcriptional co-activators mediates binding to nuclear receptors.
Nature 387:733-736.

Henderson, B. E., R. Ross, and L. Bernstein. 1988. Estrogens as a cause of
human cancer: the Richard and Hinda Rosenthal Foundation award lecture.
Cancer Res. 48:246-253.

Hong, H., K. Kohli, A. Trivedi, D. L. Johnson, and M. R. Stallcup. 1996.
GRIP1, a novel mouse protein that serves as a transcriptional coactivator in
yeast for the hormone binding domains of steroid receptors. Proc. Natl.
Acad. Sci. USA 93:4948-4952.

Ing, N. H., J. M. Beekman, S. Y. Tsai, M. J. Tsai, and B. W. O’Malley. 1992.
Members of the steroid hormone receptor superfamily interact with TFIIB
(S300-II). J. Biol. Chem. 267:17617-17623.

Jacq, X., C. Brou, Y. Lutz, I. Davidson, P. Chambon, and L. Tora. 1994.
Human TAFII30 is present in a distinct TFIID complex and is required for
transcriptional activation by the estrogen receptor. Cell 79:107-117.
Kaelin, W. G., Jr., W. Krek, W. R. Sellers, J. A. DeCaprio, F. Ajchenbaum,
C. S. Fuchs, T. Chittenden, Y. Li, P. J. Farnham, M. A. Blanar, et al. 1992.
Expression cloning of a cDNA encoding a retinoblastoma-binding protein
with E2F-like properties. Cell 70:351-364.

Khavari, P. A., C. L. Peterson, J. W. Tamkun, D. B. Mendel, and G. R.
Crabtree. 1993. BRG1 contains a conserved domain of the SWI2/SNF2
family necessary for normal mitotic growth and transcription. Nature 366:
170-174.

Kingston, R. E., and G. J. Narlikar. 1999. ATP-dependent remodeling and
acetylation as regulators of chromatin fluidity. Genes Dev. 13:2339-2352.
Kraus, W. L., and J. T. Kadonaga. 1998. p300 and estrogen receptor coop-
eratively activate transcription via differential enhancement of initiation and
reinitiation. Genes Dev. 12:331-342.

Le Douarin, B., C. Zechel, J.-M. Garnier, Y. Lutz, L. Tora, B. Pierrat, D.
Heery, H. Gronemeyer, P. Chambon, and R. Losson. 1995. The N-terminal
part of TIF1, a putative mediator of the ligand-dependent activation (AF-2)
of nuclear receptors, is fused to B-raf in the oncogenic protein T18. EMBO
J. 14:2020-2033.

Li, H., P. J. Gomes, and J. D. Chen. 1997. RAC3, a steroid/nuclear receptor-
associated coactivator that is related to SRC-1 and TIF2. Proc. Natl. Acad.
Sci. USA 94:8479-8484.

Mangelsdorf, D. J., C. Thummel, M. Beato, P. Herrlich, G. Schutz, K.
Umesono, B. Blumberg, P. Kastner, M. Mark, P. Chambon, and R. M.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

MoL. CELL. BIOL.

Evans. 1995. The nuclear receptor superfamily: the second decade. Cell
83:835-839.

Muchardt, C., and M. Yaniv. 1993. A human homologue of Saccharomyces
cerevisiae SNF2/SWI2 and Drosophila brm genes potentiates transcriptional
activation by the glucocorticoid receptor. EMBO J. 12:4279-4290.

Naar, A. M., P. A. Beaurang, S. Zhou, S. Abraham, W. Solomon, and R.
Tjian. 1999. Composite co-activator ARC mediates chromatin-directed tran-
scriptional activation. Nature 398:828-832.

Norman, A. W., and G. Litwack. 1987. Estrogens and progestins, p. 550-560.
In G. Litwack (ed.), Hormones. Academic Press, London, United Kingdom.
Ogryzko, V. V., R. L. Schiltz, V. Russanova, B. H. Howard, and Y. Nakatani.
1996. The transcriptional coactivators p300 and CBP are histone acetyltrans-
ferases. Cell 87:953-959.

Oike, Y., A. Hata, T. Mamiya, T. Kaname, Y. Noda, M. Suzuki, H. Yasue, T.
Nabeshima, K. Araki, and K. Yamamura. 1999. Truncated CBP protein
leads to classical Rubinstein-Taybi syndrome phenotypes in mice: implica-
tions for a dominant-negative mechanism. Hum. Mol. Genet. 8:387-396.
Onate, S. A,, S. Y. Tsai, M. J. Tsai, and B. W. O’Malley. 1995. Sequence and
characterization of a coactivator for the steroid hormone receptor super-
family. Science 270:1354-1357.

Rachez, C., Z. Suldan, J. Ward, C. P. Chang, D. Burakov, H. Erdjument-
Bromage, P. Tempst, and L. P. Freedman. 1998. A novel protein complex
that interacts with the vitamin D3 receptor in a ligand-dependent manner
and enhances VDR transactivation in a cell-free system. Genes Dev. 12:
1787-1800.

Shang, Y., X. Hu, J. DiRenzo, M. A. Lazar, and M. Brown. 2000. Cofactor
dynamics and sufficiency in estrogen receptor-regulated transcription. Cell
103:843-852.

Shiau, A. K., D. Barstad, P. M. Loria, L. Cheng, P. J. Kushner, D. A. Agard,
and G. L. Greene. 1998. The structural basis of estrogen receptor/coactivator
recognition and the antagonism of this interaction by tamoxifen. Cell 95:
927-937.

Spencer, T. E., G. Jenster, M. M. Burcin, C. D. Allis, J. Zhou, C. A. Mizzen,
N.J. McKenna, S. A. Onate, S. Y. Tsai, M. J. Tsai, and B. W. O’Malley. 1997.
Steroid receptor coactivator-1 is a histone acetyltransferase. Nature 389:194—
198.

Stowers, R. S., S. Russell, and D. Garza. 1999. The 82F late puff contains the
L82 gene, an essential member of a novel gene family. Dev. Biol. 213:116—
130.

Tetel, M. J. 2000. Nuclear receptor coactivators in neuroendocrine function.
J. Neuroendocrinol. 12:927-932.

Torchia, J., D. W. Rose, J. Inostroza, Y. Kamei, S. Westin, C. K. Glass, and
M. G. Rosenfeld. 1997. The transcriptional co-activator p/CIP binds CBP and
mediates nuclear-receptor function. Nature 387:677-684.

Voegel, J. J., M. J. Heine, C. Zechel, P. Chambon, and H. Gronemeyer. 1996.
TIF2, a 160 kDa transcriptional mediator for the ligand-dependent activa-
tion function AF-2 of nuclear receptors. EMBO J. 15:3667-3675.

Volkert, M. R., N. A. Elliott, and D. E. Housman. 2000. Functional genomics
reveals a family of eukaryotic oxidation protection genes. Proc. Natl. Acad.
Sci. USA 97:14530-14535.

vom Baur, E., C. Zechel, D. Heery, M. J. Heine, J. M. Garnier, V. Vivat, B.
Le Douarin, H. Grc yer, P. Chambon, and R. Losson. 1996. Differential
ligand-dependent interactions between the AF-2 activating domain of nu-
clear receptors and the putative transcriptional intermediary factors mSUG1
and TIF1. EMBO J. 15:110-124.

Xu, J., Y. Qiu, F. J. DeMayo, S. Y. Tsai, M. J. Tsai, and B. W. O’Malley. 1998.
Partial hormone resistance in mice with disruption of the steroid receptor
coactivator-1 (SRC-1) gene. Science 279:1922-1925.

Yang, X. J., V. V. Ogryzko, J. Nishikawa, B. H. Howard, and Y. Nakatani.
1996. A p300/CBP-associated factor that competes with the adenoviral on-
coprotein E1A. Nature 382:319-324.

Yeh, S., and C. Chang. 1996. Cloning and characterization of a specific
coactivator, ARA70, for the androgen receptor in human prostate cells.
Proc. Natl. Acad. Sci. USA 93:5517-5521.




