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The estrogen receptor (ER) modulates transcription by forming complexes with other proteins and then
binding to the estrogen response element (ERE). We have identified a novel interaction of this receptor with
the POU transcription factors Brn-3a and Brn-3b which was independent of ligand binding. By pull-down
assays and the yeast two-hybrid system, the POU domain of Brn-3a and Brn-3b was shown to interact with the
DNA-binding domain of the ER. Brn-3-ER interactions also affect transcriptional activity of an ERE-contain-
ing promoter, such that in estradiol-stimulated cells, Brn-3b strongly activated the promoter via the ERE, while
Brn-3a had a mild inhibitory effect. The POU domain of Brn-3b which interacts with the ER was sufficient to
confer this activation potential, and the change of a single amino acid in the first helix of the POU homeodo-
main of Brn-3a to its equivalent in Brn-3b can change the mild repressive effect of Brn-3a to a stimulatory
Brn-3b-like effect. These observations and their implications for transcriptional regulation by the ER are

discussed.

Transcriptional regulation by the complex interaction of dif-
ferent classes of transcription factors allows a limited number
of proteins to elicit diverse effects on gene expression, depend-
ing on the expression of other proteins, such as tissue-specific
factors and signals which may influence their interactions (re-
viewed in references 39, 40, 59, and 68 and references therein).
We were interested in looking at proteins which interact with
the transcription factors Brn-3a and Brn-3b and modulate the
regulation of gene expression by these proteins. These two
proteins belong to the POU (Pit-Oct-Unc) family of transcrip-
tion factors (21, 25, 26, 42, 66, 70, 73, 76). Members of this class
of transcription factors are defined on the basis of the common
POU domain, which consists of two highly conserved regions,
the POU-specific domain and the POU homeodomain, which
are separated by a poorly conserved linker region. The POU
domain acts as the DNA-binding domain which recognizes and
binds specific DNA sequences present in target gene promot-
ers but is also involved in protein-protein interactions (3, 72,
73). There are three known members of the Brn-3 family of
transcription factors, namely, Brn-3a (also known as Brn-3.0)
(21, 42, 65), Brn-3b (also called Brn-3.2) (42, 65, 70), and
Brn-3c (also known as Brn-3.1) (21, 52), which are encoded by
different genes (65, 77). Furthermore, different isoforms of
Brn-3a and Brn-3b which result from alternative splicing of the
genes encoding these two proteins have been identified (21, 43,
65, 70).

The Brn-3 proteins show restricted homology outside the
conserved carboxyl-terminal POU domain and the amino-ter-
minal POU IV box (21, 65, 70). Since the studies reported here
were carried out with Brn-3a and Brn-3b, references to Brn-3
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proteins will pertain to observations with Brn-3a or Brn-3b and
not Brn-3c. Sequence differences between Brn-3a and Brn-3b
proteins are paralleled by different effects on promoters which
contain binding sites recognized by both proteins. For instance,
cellular promoters of genes encoding a-internexin (7), SNAP
25 (33), and pro-opiomelanocortin (POMC) (21), which con-
tain the Brn-3 DNA recognition site, were activated by Brn-3a,
while Brn-3b repressed a-internexin gene promoter activity but
had little effect on the SNAP-25 promoter. In addition, Brn-3a
was found to be an activator of a reporter construct containing
its binding site, while Brn-3b inhibited basal activity of this
promoter (6, 48). Both proteins appear to recognize and bind
to the same DNA sequence element in the double-stranded
conformation (6, 8, 48) but were also capable of binding to
single-stranded DNA. This was demonstrated by the preferen-
tial binding of both Brn-3a and Brn-3b to the antisense strand
of the DNA binding site identified in the a-internexin pro-
moter (8). The requirement for the same binding site but with
different effects on gene expression may form the basis for the
regulation of expression of genes whose promoters contain the
Brn-3 DNA binding site in tissues which coexpress the different
transcription factors.

Both Brn-3a mRNA and Brn-3b mRNA were detected in
regions of the brain as well as in sensory neurons (21, 25, 70).
However, Brn-3a and Brn-3b mRNAs were also detected in
tissues of the reproductive tract (9). A number of other POU
domain transcription factors, such as Tst-1 (25, 47, 76),
Sperm-1 (1), Brn-5 (2), and Oct-6 (64), have been detected in
the testis, while Oct-3/4 has also been identified in the ovary
(61). The precise roles of these POU domain transcription
factors in the reproductive tract are still not clear. In studies to
identify a role for Brn-3 transcription factors in these tissues,
we have examined the observed interaction of Brn-3a and
Brn-3b proteins with the estrogen receptor (ER).

The ER proteins are members of the nuclear hormone re-
ceptor family which are highly expressed in tissues of the re-
productive tract (see references 14 and 56 and references
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therein as well as references 30 and 30a) but have also been
detected in many other tissues, including specific regions of the
brain and sensory neurons (see references 13, 29, 62, and 62a
and references therein). While the mechanism by which the
ER regulates the activity of target genes is not clear, it has been
shown that, classically, the receptor mediates its effect by bind-
ing as a complex with other proteins to specific DNA se-
quences, the estrogen response elements (EREs), which are
found in the promoters of the estrogen-responsive genes (for
reviews, see references 54 and 55), although other possible
mechanisms involving protein-protein interactions have re-
cently been identified (57, 63, 71, 75, 78). Like other steroid
receptors, conversion of the native ER into a functional com-
plex following ligand binding involves changes in the proteins
which are associated with the receptor (31, 74). Thus interac-
tions of the ER with other proteins play a critical role in the
function of the receptor. A number of accessory proteins com-
plexed with the ER in either the inactive or active states have
been identified. Some of these include heat shock protein 90
(hsp 90) (10, 23), hsp 70 (35), p56 (35), ERAP160 (24), RIP
141 (11), SRC-1 (53), and p45 and p48 (35). It appears that the
interaction of some of these proteins with the ER may directly
activate transcription, while others are critical for the receptor
binding to ERE with subsequent activation of the ER complex.

Mukherjee and Chambon (49) demonstrated that the ER
binds the ERE only in the presence of accessory proteins, since
the purified receptor protein failed to bind the ERE in vitro
but readily formed a complex in the presence of crude extracts
from Hela or yeast (Saccharomyces cerevisiae) cells. They
identified a 45-kDa yeast single-stranded DNA-binding pro-
tein, DBSF (DNA binding stimulatory factor), which did not
bind to the ERE itself but facilitated binding of the purified
ER to the ERE. In addition, Landel et al. (34) isolated two
proteins, p45 and p48, which were required for efficient and
stable binding of the ER to the ERE in vitro, in a manner
which was independent of ligand binding. Studies by Lannigan
et al. (35-37) indicated that the ER bound with higher affinity
to an ERE-containing DNA sequence when it was in the sin-
gle-stranded conformation compared with a weaker associa-
tion observed with double-stranded ERE. It was suggested that
the ERE is structurally labile and could form a unique tertiary
structure which is required for binding of the receptor (35-38).
Binding of the ER and its associated proteins may result in
dissociation of the double-stranded DNA sequence to a single-
stranded conformation with a subsequent increase in the re-
ceptor-DNA complex. Thus it is possible that the proteins
interacting with the active complex may help to stabilize this
association and increase the ER binding to the ERE.

Here we demonstrate a novel interaction of the 46-kDa
single-stranded DNA-binding Brn-3a protein and 35-kDa
Brn-3b protein with the ER protein in vivo and in vitro and
show that this association can regulate ER binding to the ERE.
Furthermore, these interactions appear to differentially regu-
late the transcriptional activity of an ERE-containing pro-
moter.

MATERIALS AND METHODS

Plasmid DNAs. The vit-tk CAT reporter construct containing a functional
ERE was derived from the vitellogenin (vit) gene with region —331 to —87
cloned upstream of the thymidine kinase promoter (tk) which drives the expres-
sion of the chloramphenicol acetyltransferase (CAT) gene. The ERE luciferase
vector contains the ERE sequence (consensus sequence underlined) 5'-CTAG
AAAGTCAGGTCACAGTGACCTGATCAAT-3' cloned into the pGL2 vector
(Promega). The coding sequences of Brn-3a and Brn-3b were cloned into Blue-
script and used for in vitro translation (67). The coding sequences of Brn-3a or
Brn-3b and the POU domains were cloned under the control of the Moloney
murine leukemia virus promoter into the pLTR expression vector, which was

MoL. CELL. BIOL.

modified by a cryptic splice site in the simian virus 40 3’ untranslated region (65).
The full-length and POU domain Brn-3 mutants were made as described by
Dawson et al. (15). ER antibodies were obtained either from NovaCastra (Vec-
tor Laboratories, Peterborough, United Kingdom) (mouse anti-human) or from
Stress Gen Biotech. Corp. (via Bioquote, Ltd., Yorkshire, United Kingdom) for
anti-ER antibodies (SRA1010) raised against residues 582 to 595 of the receptor.
Antibodies against Brn-3a or Brn-3b proteins were obtained from BAbCo
(Berkeley, Calif.), and anti-Bad monoclonal antibodies were obtained from
Transduction Laboratories.

Oligonucleotides used for the electrophoretic mobility shift assays (EMSAs)
were the ERE sequence 5 TCAGGTCACAGTGACCTG 3’ and CRE as the
nonspecific competitor (5 GCATAAATAAT 3').

Generation of proteins. In vitro translation was carried out with the single-step
transcription-translation system with the TNT-coupled reticulocyte lysate (Pro-
mega) according to the manufacturer’s protocol. One microgram of plasmid
(containing cDNA encoding either Brn-3a or Brn-3b, wild-type or truncated ER,
or the control luciferase protein) and 40 p.Ci of [>*S]methionine were used in a
50-pl reaction mixture. The labelled translated proteins were assessed by poly-
acrylamide gel electrophoresis (PAGE) analysis of 5 pl of the products. Gluta-
thione S-transferase (GST) fusion proteins were generated by cloning the ap-
propriate DNA fragment into the bacterial expression vector pGEX-2T, which
allows expression under isopropyl-1-thio-p-p-galactopyranoside (IPTG) induc-
tion. The fusion proteins were isolated by affinity chromatography with glutathi-
one-coupled Sepharose beads according to the manufacturer’s protocol (Phar-
macia Biotech, Inc.). The bands of the protein products were observed by
Coomassie staining after sodium dodecyl sulfate (SDS)-PAGE analysis.

Protein-protein interaction. The protein-protein interaction assay was per-
formed according to the method described by Baniahmad et al. (4). Briefly,
Brn-3a or Brn-3b—GST fusion proteins linked to the glutathione-Sepharose
beads were prepared and stored in NENT buffer (100 mM NaCl, 1 mM EDTA,
20 mM Tris [pH 8], 0.5% Nonidet P-40, 0.5% milk powder). Prior to use,
approximately 1 to 2 pg of the fusion proteins was incubated in 20% milk powder
in NENT buffer for 15 min at room temperature. The beads were washed in 1 ml
of NENT buffer and once in 1 ml of transcription wash buffer (20 mM HEPES
[pH 7.9], 60 mM NaCl, 1 mM dithiotreitol, 6 mM MgCl,, 8.2% glycerine, 0.1 mM
EDTA). Following SDS-PAGE analysis and densitometry, the volumes of in
vitro-translated proteins were adjusted so that relatively equal amounts of each
protein were used. The in vitro-translated ER proteins or the equivalent amounts
of luciferase control proteins were then incubated with the beads in 100 ul of
transcription buffer for 1 h at room temperature. The beads were washed (five
times with 1 ml of NENT buffer), and the proteins were solubilized in SDS
loading buffer, heated to 100°C for 5 min, and resolved on an SDS-12% poly-
acrylamide gel. Following electrophoresis, the gel was dried and exposed to
radiographic film or a PhosphorImager screen. The amounts of protein retained
following the interaction studies were assessed by comparing the intensity of the
bands resulting after the protocol with that resulting when equivalent amounts of
proteins (input) were run on a similar gel.

To confirm that the interaction was not dependent on contaminating DNA,
the interaction studies were carried out by a modified method as described by Lai
and Herr (32a). In brief, the reaction was carried out as before, but one sample
of in vitro-translated protein was incubated with 50 g of ethidium bromide
(EtBr) for 15 min prior to incubation with the GST fusion proteins. This amount
of ethidium bromide was also maintained during washes.

Yeast two-hybrid studies. Yeast two-hybrid studies were carried out with the
HybriZAP GAL4 DNA-binding domain vector (pBDGAL4) obtained from
Stratagene and the pGAD424 GALA4 activation domain vector (Clontech). The
manufacturer’s recommended protocol was used to confirm in vivo interactions.
Briefly, DNAs encoding either the POU domains of Brn-3a (Brn-3a POUpBD)
and Brn-3b (Brn-3b POUpBD) or the amino-terminal domain of Brn-3a (Brn-
3aN pBD) were cloned into the GAL4 DNA-binding domain vector so that they
were in frame with the GAL4 DNA-binding domain sequence. The DNA en-
coding the wild-type ER was cloned into the GAL4 activation domain vector
(ER-pGAD). These vectors were cotransformed into competent HF7c yeast, a
modified yeast (Saccharomyces cerevisiae) strain which expressed no endogenous
GAL4 and which carries the auxotrophic markers leucine (leu2) and tryptophan
(trp1) to allow for selection of cells carrying pGAD424 and pBDGALA4, respec-
tively, and histidine (his3) for selection of cells transformed with interacting
proteins. In addition, a second reporter gene, lacZ, could be used to assay for
interacting proteins. Following cotransformation with the two vectors, the cells
were plated out onto synthetic dropout media agar plates which lacked leucine,
tryptophan, and histidine. Colonies were reselected, grown in the dropout media
(no leucine, tryptophan, or histidine), and then tested for lacZ promoter activity
as described in the manufacturer’s protocol. The Brn-3 and the ER-pGAD
vectors were also grown on plates containing no tryptophan or leucine, respec-
tively, to show expression of the selection marker.

Immunoprecipitation. Immunoprecipitation was carried out to assess the in-
teraction between Brn-3 proteins and the ER in vivo. Protein extracts were made
either from rat tissues, such as brain, ovary, and kidney (negative control).
Tissues were homogenized in extraction buffer containing 50 mM Tris-HCI (pH
8.0), 170 mM NaCl, 0.5% Nonidet P-40, 50 mM NaF, and 10 pg of the protease
inhibitors leupeptin, aprotinin, and pepstatin per ml plus 1 mM phenylmethyl-
sulfonyl fluoride. The tissue homogenate was centrifuged at 14,000 X g for 10
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min to pellet debris. The supernatant was precleared by incubation with 25 ul of
protein A-protein G-agarose slurry for 30 to 60 min at 4°C. After centrifugation,
the supernatant was incubated overnight at 4°C with either 10 pl of the anti-ER
antibody SRA1010, 10 pl of antibody to the Bad protein (which does not interact
with the Brn-3 proteins), or no antibody. The immunocomplexes were then
collected by incubation with 30 pl of the protein A-protein G-agarose slurry for
30 min. The agarose beads were washed five times with buffer containing 10 mM
NaCl, 1 mM EDTA, 20 mM Tris (pH 8), and 0.5% Nonidet P-40 and then boiled
in 1X SDS sample buffer (2% SDS, 10% glycerol, 62 mM Tris-HCI [pH 6.8], 1%
B-mercaptoethanol) and loaded on an SDS-12% polyacrylamide gel. A Western
blot was produced, and this was probed with the antibodies to the Brn-3 proteins
(1:2,000 dilution).

EMSA. The EMSA was carried out as described by Theil et al. (67). Briefly, 3
wl of the in vitro-translated ER, Brn-3 proteins, or luciferase (control) protein
was added as indicated to 2 ul of 10X EMSA buffer (10 mM HEPES [pH 7.9],
60 mM KCl, 4% Ficoll, 1 mM dithiothreitol, 1 mM EDTA) containing 2 ug of
poly(dI-dC) to prevent nonspecific interactions, specific or nonspecific compet-
itor oligonucleotides, or antibodies (where specified) and kept at room temper-
ature for 5 min. One nanogram of 5’-end-labelled oligonucleotide probe (la-
belled with T4 kinase and purified on a Sephadex G-25 column) was then added,
and this combination was mixed briefly, spun in a microcentrifuge for 5 s, and
then incubated on ice for 45 min to 1 h. The DNA-protein complexes were
resolved from free DNA by gel electrophoresis on a 7% polyacrylamide gel run
in 0.5X Tris-borate-EDTA for 2 to 2.5 h at 4°C. The gel was dried and exposed
to a double layer of film if 3°S-labelled proteins were used, since the first layer
eliminated the S activity.

Cell culture, DNA transfection, and assays. MCF7 cells were routinely grown
in Dulbecco’s modified Eagle’s medium, which contained L-glutamate and phe-
nol red and was supplemented with 10% fetal calf serum and 10 ng of insulin per
ml. When grown in medium which contains no phenol red and dextran-coated
charcoal-stripped serum, these cells become strongly responsive to the ligand,
estradiol (5). Therefore, before the experiments were carried out, subconfluent
cells were maintained in phenol red-free Dulbecco’s modified Eagle’s medium
containing 10% dextran-coated charcoal-stripped fetal calf serum (prepared
according to the method described by Migliaccio et al. [46]) and 10 ng of insulin
per ml for 72 h. The medium was replaced by 5 ml of fresh medium 12 h prior
to transfection. Transfection of plasmid DNA was carried out according to the
method of Gorman (22). Routinely, 5 pg of reporter DNA and 5 pg of each
expression vector were transfected into 5 X 10° cells. After transfection, the
medium on the cells was replaced with fresh medium and 10~% M 17B-estradiol
was added to the cells. Cells were harvested after 72 h. The amount of DNA
taken up by the cells in each case was measured by the slot blotting of 15 pl of
the extract and hybridization with a probe derived from the ampicillin resistance
gene in the plasmid vector. Differences in the intensity of the bands were
measured by densitometry and used to equalize the volumes of extract used for
subsequent CAT or luciferase assays.

CAT assays were carried out as described previously (22), and luciferase assays
were done as described by the manufacturer’s (Promega) protocol, with results
measured on a Turner 20-e luminometer.

RESULTS

Brn-3a interaction with the DNA-binding domain of the ER.
To identify factors which interacted with Brn-3 proteins, we
used the matrix-bound fusion protein of GST combined with
Brn-3a (Brn-3a-GST) or Brn-3b (Brn-3b-GST) for in vitro
protein-protein interaction studies. In this study, the Brn-3
fusion proteins were incubated with >S-labelled in vitro-trans-
lated wild-type ER under the conditions described in Materials
and Methods. The intensities of the bands (Fig. 1A) represent
the relative amounts of the labelled ER protein retained by the
Brn-3-GST fusion proteins and indicated that the full-length
receptor interacted with Brn-3a (lane 3) and Brn-3b (lane 6).
This ER-Brn-3 protein association was a specific interaction,
since the in vitro-translated wild-type ER did not interact with
the GST moiety of the fusion protein (lane 1) and the Brn-3-
GST fusion proteins did not retain any of the **S-labelled in
vitro-translated control containing the luciferase protein (lanes
2 and 5). Furthermore, the interaction between wild-type ER
protein and Brn-3a or Brn-3b was not modified by the presence
of the ligand 17B-estradiol (lanes 4 and 7, respectively). Thus,
the interactions between this receptor and Brn-3a or Brn-3b
can occur in the absence or presence of 178-estradiol in vitro.

To confirm that this protein-protein interaction was not de-
pendent on the presence of contaminating DNA, these studies
were repeated in the presence of EtBr, which should prevent
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FIG. 1. Brn-3a and Brn-3b proteins interact with the wild-type (wt) ER
protein in vitro. (A) SDS-PAGE analysis of products retained by the Brn-3a—
GST or Brn-3b-GST fusion proteins, which were incubated with either 33S-
labelled in vitro-translated (IVT) wild-type ER protein in the absence (lanes 3
and 6, respectively) or in the presence (lanes 4 and 7) of 1075 M 17-B-estradiol
or with an in vitro-translated control containing the luciferase protein (lanes 2
and 5). The reaction was carried out as described in Materials and Methods, and
the gel was dried and exposed to film overnight. To show that the GST moiety of
the fusion protein did not interact with the in vitro-translated proteins, the
protein was incubated with ER under similar conditions (lane 1). (B) This
protein interaction is independent of the presence of contaminating DNA. This
was shown by carrying out the pull-down assay in either the absence (lane 1) or
the presence (lane 2) of 50 pg of EtBr prior to and during the protein-protein
interaction protocol described above.
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any association of proteins that is dependent on contaminating
DNA (32a). Fifty micrograms of EtBr was added to one sam-
ple of the in vitro-translated wild-type ER approximately 30
min prior to incubation with the fusion protein. The samples
with or without EtBr were then mixed with the Brn-3-GST
fusion protein and incubated as before. EtBr was maintained
in the test sample during the incubation period and in the
subsequent washes. As seen in Fig. 1B, the intensities of the
bands representing the ER protein retained by association with
Brn-3a were the same. This result indicates that the EtBr had
no effect on the interaction between Brn-3a and the ER, and so
this association was not dependent on the presence of contam-
inating DNA.

Domain C of ER interacts with the POU domain of Brn-3.
To identify the domain or domains of the ER which interacted
with the Brn-3 proteins, we used truncated ER proteins in
which different domains were deleted (Fig. 2A) in similar pull-
down experiments. The volumes of in vitro-translated proteins
used for the interaction studies were adjusted after densito-
metric scanning of a test gel so that similar amounts of each
protein were used. The ER constructs did not bind to the GST
moiety of the fusion protein (not shown), and the Brn-3a—GST
fusion protein did not retain any proteins from the labelled in
vitro control reaction (lane 1). As expected, the wild-type ER
bound to Brn-3a-GST protein with approximately 7% of the
input proteins retained (Fig. 2B, lane 2). Construct ER 1-339
(nucleotide positions 1 to 339), containing domains A, B, and
C but not the carboxyl-terminal domains of the ER, was re-
tained by the Brn-3a protein in a manner similar to that ob-
served with wild-type ER (lane 3). The DNA-binding C do-
main (ER 121-339) on its own interacted with Brn-3a protein
(lane 4), and approximately 37% of the input protein was
retained. Similar amounts of the truncated proteins containing
domains C to F (ER 121-599) (lane 5) or with domains Cto E
(ER 121-169) (lane 6) were also retained. This indicated that
the constructs containing the DNA-binding C domain can in-
teract with Brn-3 proteins with the ER proteins lacking the A
and B domains being retained more readily in these studies.

To check that this interaction with Brn-3 required the C
domain of ER, these studies were repeated with a construct
containing amino acids 313 to 599 which lacked the C domain.
As expected, interactions with the Brn-3 fusion proteins were
observed with the wild-type ER (Fig. 2c, lane 2) and C domain
(lane 3) but not with ER 313-599 (lane 4). This suggests that
the DNA-binding C domain of the receptor was critical for
mediating the interaction with the Brn-3 proteins, since only
ER proteins containing this domain resulted in binding, and
the strongest interaction was observed with the isolated C
domain. Another POU domain protein, Pit-1, which exhibited
weak protein-protein interactions with the ER, was shown to
interact with the DNA-binding C domain of the ER via its own
DNA-binding POU domain (27).

To establish whether the POU domains of Brn-3a and
Brn-3b were sufficient for this interaction with the ER protein,
fusion proteins containing the POU domains of Brn-3a and
Brn-3b were used in similar interaction studies with the wild-
type and truncated ER proteins. Figure 3A shows the results of
interaction studies with the Brn-3a POU domain and indicates
that the interactions were similar to that observed with the
full-length protein. Thus, the associations between the Brn-3a
POU protein and either wild-type ER (lane 2) or ER 1-339
(lane 3) were similar, whereas the C domain of the ER showed
much stronger interaction with the POU domain (lane 3). In
addition, the constructs which contain domains C to F but lack
the amino-terminal A and B domains also appeared to asso-
ciate more readily with the Brn-3a POU domain (lanes 4 to 6).
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However, ER 313-599, which lacks the C domain but contains
domains D to F, did not bind the Brn-3a POU domain (Fig.
3B, lane 4) compared with the observed interaction with the
wild-type ER (lane 2) and the C domain only (lane 3). Similar
results were obtained with Brn-3b (data not shown).

The interaction between the wild-type ER and the POU
domain of the Brn-3 proteins was confirmed by the yeast
two-hybrid system. The POU domains of Brn-3a (Brn-3a
POUpBD) and Brn-3b (Brn-3b POUpBD) and the amino-
terminal region of Brn-3a (Brn-3aN pBD) were cloned into the
yeast two-hybrid vector containing the GAL4 DNA-binding
domain and were cotransformed with the GAL4 activation
domain vector containing the cDNA sequence encoding the
wild-type ER (ER-pGAD). As expected, when the individual
plasmids were transformed into yeast cells, colonies were ob-
served when cells containing the Brn-3 pBD constructs were
grown on medium lacking tryptophan and ER-pGAD cells
were grown on plates lacking leucine, but not when they were
grown in selection media lacking leucine, tryptophan, and his-
tidine. However, cotransformation of Brn-3a pBD or Brn-3b
pBD cells with ER-pGAD resulted in a number of colonies
when the cells were plated on agar which lacked leucine, tryp-
tophan, and histidine, indicating a functional interaction be-
tween the POU domains and the ER. No colonies were ob-
tained when ER-pGAD cells were cotransformed with Brn-
3aN pBD and grown in this selection medium, suggesting that
the amino-terminal domain of Brn-3a does not interact with
the ER.

Clones resulting from the interaction of the Brn-3a or
Brn-3b POU domain and ER were reselected by growth on
fresh plates lacking leucine, tryptophan, and histidine, and
these colonies were assayed for activity of the second reporter
gene, lacZ. As seen in Fig. 4, colonies resulting from either
Brn-3a or Brn-3b POUpBD interacting with ER showed strong
B-galactosidase activity. The cells transformed with the indi-
vidual plasmids such as Brn-3aN pBD (Fig. 4, lower panel)
gave rise to clones in medium lacking tryptophan but contain-
ing histidine and leucine, but when assayed for B-galactosidase
activity, all colonies remained white, indicating no promoter
activity. This was also observed with colonies obtained when
plasmids containing Brn-3 POU domain or ER coding se-
quences were transformed alone and grown in media lacking
only tryptophan or leucine, respectively (not shown). These
results therefore indicate that the Brn-3a or Brn-3b POU do-
mains must interact with the ER protein to activate histidine
and lacZ promoter activity. These results therefore confirm
that the interaction with the ER occurs via the isolated POU
domain of the Brn-3 proteins and also occurs in vivo.

Brn-3 proteins can be immunoprecipitated with the ER. To
confirm that this interaction can occur under physiological
conditions, immunoprecipitation studies were performed with
homogenate from tissues known to express these factors. Pro-
teins were extracted from rat brain and ovary, both of which
express Brn-3a, Brn-3b, and the ER protein, as well as from
kidney, which has no detectable Brn-3 proteins. Immunopre-
cipitation was carried out with precleared lysates and the ER
antibody SRA1010. The specificity of the interactions was as-
sessed by incubation of the extracts with antibody to a protein
known not to interact with the Brn-3 proteins or with no
antibody. Following collection of the immunocomplexes, the
proteins were resolved by SDS-PAGE analysis on a 12% poly-
acrylamide denaturing gel. This was transferred to a mem-
brane filter, which was probed with anti-Brn-3a or anti-Brn-3b
antibodies. Figure 5 shows the results following immunoblot-
ting with Brn-3b antibodies, which were similar to those for
Brn-3a (not shown). The specific bands representing Brn-3b
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FIG. 2. (A) Schematic diagram showing the structure of the truncated ER proteins used to study the domains which contribute to the interaction of the receptor
with Brn-3 proteins. The numbers indicate the positions of the amino acids in the wild-type receptor. (B) Brn-3 proteins can interact with ER proteins containing the
DNA-binding C domain. Pull-down assays were carried out with the full-length Brn-3a-GST fusion protein and wild-type or truncated ER containing the C domain.
The proteins retained following the interaction studies were resolved by SDS-PAGE analysis on a 12% polyacrylamide denaturing gel. Approximately 7% of the input
protein of either wild-type ER (lane 2) or ER 1-339 (lane 3) was retained by Brn-3a compared with 37% of the input proteins of the ER 121-315 (lane 4) construct
containing the C domain only or ER 121-599 (lane 5) and ER 121-569 (lane 6), which also contain other domains in the carboxyl terminus of the ER. Lane 1 shows
the labelled in vitro-translated (IVT) luciferase protein incubated under the same conditions with Brn-3a. (C) The C domain (ER 121-315) was critical for the
interactions with Brn-3 proteins. Protein interaction studies were carried out with the receptor clone ER 313-599, which lacked domain C but contained carboxyl-
terminal domains D to F (lane 4), and the results were compared with those for either full-length ER (lane 2) or ER 121-315 (lane 3). Incubation with the control
protein is shown in lane 1.

(indicated) were detected when proteins extracted from brain with protein extracts (Fig. 5B, lane 1) or with no antibody in
(Fig. 5A, lane 1) and ovary (lane 2) but not kidney (lane 3) the first step (not shown).

were immunoprecipitated with the ER antibody. A band was Thus, the ER association with the Brn-3 proteins can occur
not present when the control anti-Bad antibody was incubated both in vivo and in vitro. In addition, this interaction was
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FIG. 3. (A) ER proteins can interact with the POU domain of Brn-3a. Interaction studies of wild-type (wt) or truncated ER with Brn-3a POU-GST fusion protein
were carried out as described before. The Brn-3a POU protein was incubated with either labelled in vitro-translated (IVT) luciferase protein (lane 1), wild-type ER
(lane 2), ER 1-339 (lane 3), ER 121-315 (lane 4), ER 121-569 (lane 5), or ER 121-599 (lane 6). The retained proteins were resolved and analyzed by SDS-PAGE
and autoradiography. MW, molecular mass. (B) The C domain (ER 121-315) also mediated the interactions with the Brn-3 POU domain. ER 313-599, which lacked
domain C but contained carboxyl-terminal domains D to F, displayed no binding (lane 4) compared with either full-length ER (lane 2) or ER 121-315 (lane 3).

Incubation with the control protein is shown in lane 1.

observed in the absence of DNA, is independent of binding of
the ligand estradiol, and appears to require the DNA-binding
C domain of the ER and the POU domain of the Brn-3 pro-
teins.

Brn-3 increases the affinity of ER binding to the ERE. Since
the DNA-binding C domain of the ER is involved in the in-
teraction with the Brn-3 proteins, we wanted to find out if this
association affected the binding of the receptor to its DNA
recognition site, the ERE, and so modulated transcriptional
regulation by the receptor complex. We therefore used the
EMSA to analyze the effect of addition of increasing amounts
of Brn-3a on the ER complex bound to an ERE. Figure 6A
shows the interaction of the ER with labelled double-stranded
ERE derived from the vitellogenin gene promoter. As ex-
pected, there was specific binding of the ER to the ERE, which
gave rise to an ER-ERE complex (lane 2) which was not
present when the in vitro-translated control containing the
luciferase protein was incubated with the labelled probe (lane
1). This complex was specifically competed away upon addition
of unlabelled ERE oligonucleotide (lane 3), but not by a non-
specific DNA sequence (lane 4). Furthermore, it was super-
shifted when antibodies to the ER were added to the reaction
mixture (lane 5), indicating the presence of the receptor in this
complex. While in vitro-translated Brn-3a or Brn-3b did not
appear to interact with the labelled double-stranded ERE oli-
gonucleotide in the absence of the ER (lanes 6 and 10), addi-
tion of increasing amounts (1 to 3 pl) of either Brn-3a (lanes
7 to 9) or Brn-3b (lanes 11 to 13) in the presence of the
receptor resulted in much stronger intensity of the ER-ERE

complex. This complex of increasing intensity can be super-
shifted by the ER antibodies (data not shown), indicating the
presence of increasing amounts of the receptor protein in the
complex. Therefore, both Brn-3a and Brn-3b specifically en-
hance the ER complex-DNA interaction, since addition of a
related POU protein, Oct-2, had no effect on ER-ERE com-
plex formation (data not shown).

Studies by others have shown that the ER bound to ERE
more readily if the DNA was in the single-stranded conforma-
tion, and this requires a single-stranded DNA-binding protein
for efficient binding, although this protein did not appear to
bind to the ERE DNA itself (50-53). Since the Brn-3 proteins
have been shown to bind single-stranded DNA, it is possible
that interaction of the ER with Brn-3 somehow enhanced
binding of the ER complex to the double-stranded DNA by
facilitating changes in the ERE conformation. Therefore we
wanted to see if increasing amounts of the Brn-3 proteins could
significantly increase binding of the ER complex to single-
stranded ERE in the same manner as that observed on double-
stranded ERE. The experiments were therefore repeated with
labelled single-stranded ERE (sense and antisense strands).
We observed that while the ER did not bind to the sense strand
(data not shown), it bound strongly and specifically to the
antisense strand of the ERE (Fig. 6b). Thus, in the presence of
the labelled antisense ERE, the ER protein formed an ER-
ERE complex (lane 2) which was not present when the control
protein was incubated under the same conditions (lane 1). This
band was specifically competed by addition of cold ERE oli-
gonucleotide (lane 3), but not the nonspecific competitor (lane
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FIG. 4. Interaction between the POU domains of Brn-3a and Brn-3b with the
ER as demonstrated by the yeast two-hybrid system. The POU domains of
Brn-3a (Brn-3a POUpBD) and Brn-3b (Brn-3b POUpBD) and the amino ter-
minus of Brn-3a (Brn-3aN pBD) were cloned into the GAL4 DNA-binding
domain vector. The full-length cDNA encoding the wild-type ER was cloned into
the GAL4 activation domain vector (ER-pGAD). The different Brn-3-containing
vectors either were transformed individually or were transformed together with
ER-pGAD into competent HF7c yeast and plated out onto agar plates lacking
tryptophan only (—trp) or tryptophan, leucine, and histidine (—leu/—trp/—his).
Clones which resulted from interaction between the POU domains and ER when
grown on agar plates lacking leucine, tryptophan, and histidine were reselected
and assayed for activity of the second reporter gene coding for B-galactosidase
(top panels). Brn-3aN pBD did not give rise to any clones when cotransformed
with ER-pGAD and plated on media lacking leucine, tryptophan, and histidine,
but there was growth on agar plates lacking tryptophan. These colonies remained
white after the assay for lacZ promoter activity (lower panel).

4), and was supershifted in the presence of the ER antibody
(lane 5). Brn-3a protein did not appear to stably bind to the
ERE (lane 6), but addition of 1 wl of Brn-3a protein resulted
in a small increase in the protein-DNA complex in the pres-
ence of ER (lane 7). However when increasing amounts (2 and
3 wl) of Brn-3a were added (lanes 7 to 9), there was no signif-
icant increase in the intensity of this complex which was ob-
served on double-stranded ERE.

The ER therefore associates more readily with the ERE in
the presence of Brn-3a or Brn-3b proteins, and this effect is
more significant on double-stranded ERE than the changes
observed on the single-stranded antisense ERE to which the
ER binds.

Brn-3a and Brn-3b can modulate the activity of a promoter
containing an ERE. To study the functional relevance of the
interaction between the Brn-3 proteins and the ER, cotrans-
fection experiments were carried out in which the vit-tk CAT
reporter construct containing a functional ERE (derived from
region —331 to —87 of the vitellogenin gene [see Materials and
Methods]) was cotransfected with pLTR expression vectors,
which drive the expression of Brn-3a and Brn-3b (65). Figure
7A shows a representative CAT assay following the cotrans-
fection of the proteins with the treatment indicated, while Fig.
7B shows the results of at least three independent experiments.
Results were expressed as a percentage of the promoter activ-
ity observed when the empty expression vector was cotrans-
fected with the reporter construct. In the absence of 173-
estradiol, Brn-3a had a slight inhibitory effect on the basal
activity of the promoter, while Brn-3b mildly activated it com-
pared with the control. However, upon stimulation with 10~%
M 17B-estradiol ligand, overexpression of Brn-3b resulted in
strong activation of the promoter, while Brn-3a was still a weak
repressor compared with the empty vector. Thus, while both
Brn-3a and Brn-3b can bind to the ER, they appear to mediate
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different effects on promoter activity. Cotransfection of Brn-3a
or Brn-3b with the empty pBLCAT2 reporter vector containing
the thymidine kinase promoter had no effect on the promoter
activity (6).

Brn-3a and Brn-3b mediate their effect via the ERE. To
establish if the effect observed on transcription of this ERE-
containing promoter was mediated via the ERE alone, cotrans-
fection experiments were carried out with a reporter construct
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FIG. 5. (A) Brn-3 proteins can be immunoprecipitated with the ER from
protein extracts of tissues which coexpress these two factors. Protein extracts
from either rat brain (lane 1), ovary (lane 2), or kidney (which lacks Brn-3) (lane
3) were precleared and then incubated with anti-ER antibodies (Ab). Immuno-
complexes were collected, washed, and resolved by SDS-PAGE on a 12% poly-
acrylamide gel and then detected after Western blotting and probing with the
anti-Brn-3 antibodies. The position of the Brn-3b protein is indicated. This Brn-3
band was not observed if no antibody was added after the preclearing step (not
shown). The other bands are nonspecific or represent the immunoglobulin G
complex resulting from use of the protein A-protein G-agarose slurry. (B) Brn-3
protein is specifically retained by the ER, since addition of antibody specific for
the unrelated Bad protein (lane 1) to protein extracted from brain does not
immunoprecipitate Brn-3b, as observed with the ER antibody (lane 2).
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containing just the ERE sequence cloned upstream of the
thymidine kinase promoter and driving the expression of the
luciferase gene (see Materials and Methods). The results
shown in Fig. 8 are expressed as a percentage of the empty
expression vector (bar 1). As before, in the untreated cells,
Brn-3a acted as a weak repressor (bar 3) while Brn-3b mildly
activated the promoter (bar 5). In the presence of 173-estra-
diol, Brn-3a no longer repressed the promoter but had little
significant effect on its activity (bar 4) compared with the
vector only in stimulated cells (bar 2). However, Brn-3b was a
strong activator of the promoter upon stimulation with the
ligand (bar 6). Therefore, the opposite effect on the transcrip-
tional activity by Brn-3a and Brn-3b appeared to be mediated
via the ERE.

Since the ER can interact with the Brn-3 proteins via their
POU domains, we were interested in testing whether this do-
main was sufficient to confer transcriptional activity to the
ERE-containing promoter. Therefore, similar cotransfection
experiments were carried out with expression vectors contain-
ing the isolated POU domains of Brn-3a and Brn-3b. The
results (Fig. 8, bars 11 to 14) indicated that the POU domain
was sufficient to confer some of the effect of the full-length
proteins to the ERE-containing promoter. Thus the Brn-3a
POU domain repressed promoter activity in untreated cells but
had little effect on 17B-estradiol-stimulated cells (bars 11 and
12). Similarly, the POU domain of Brn-3b mildly activated the
promoter in unstimulated cells, and addition of the ligand
17B-estradiol resulted in a significant but smaller increase in
promoter activity (bars 13 and 14) than that of the full-length
Brn-3b.

Valine-to-isoleucine conversion in the first helix of the POU
domain changes Brn-3a to an activator. It was previously
shown that Brn-3a and Brn-3b share very high sequence ho-
mology within the POU domain, with only seven amino acid
differences in this region. Six of these changes are in the linker
region which joins the POU-specific domain and POU homeo-
domain and which is poorly conserved between different POU
factors. However one significant difference was the conversion
of a valine residue in Brn-3a to isoleucine in Brn-3b at position
22 in the first helix of the POU homeodomain, a region which
has been associated with protein-protein interactions in other
POU proteins (32, 58, 72). We have shown that the POU
domain interacts with the ER and was sufficient to mediate the
effects on transcription. Therefore, we were interested in
checking whether the difference in this critical amino acid in
the homeodomain contributed to the differences in the effects
of Brn-3a and Brn-3b on promoter activity and whether chang-
ing this could modify the transcriptional effect. Therefore, mu-
tants of Brn-3a and Brn-3b were constructed in which the
valine residue in the Brn-3a POU domain was converted to
isoleucine found at this position in the Brn-3b POU domain
[Brn-3a(I)]. The reciprocal isoleucine-to-valine mutation was
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made in the Brn-3b POU domain [Brn-3b(V)]. These muta-
tions were made in the full-length Brn-3a and Brn-3b cDNA
sequences as well as in the isolated POU domains, and then
the sequences were cloned into an expression vector and used
in cotransfection studies with the ERE reporter.

As seen in Fig. §, bars 7 and 8, the conversion of valine to
isoleucine at this position resulted in Brn-3a behaving in a
manner which was comparable to that of Brn-3b. Thus, in the
untreated cells, it mildly activated the promoter, while it be-
haved as a strong activator of transcription in the presence of
17B-estradiol compared with the repressive effect of the wild-
type Brn-3a (bars 3 and 4). Moreover, there was a small but
significant and reproducible decrease in activation by Brn-
3b(V) (bars 9 and 10) compared with that by the wild-type
Brn-3b (bars 5 and 6). Therefore, the mutated Brn-3b was still
capable of activating transcription, but to a reduced extent.
Changing this amino acid in the isolated POU domain ex-
pression constructs also gave rise to similar changes on tran-
scriptional activity. Brn-3aPou(I) was a strong activator of gene
transcription (bars 15 and 16), comparable to the full-length
wild-type Brn-3b and greater than the Brn-3b POU domain on
its own in stimulated cells. The Brn-3bPou(V) mutant again
resulted in a small but reproducible decrease in promoter
activity (bars 17 and 18) compared with the Brn-3b POU do-
main on its own.

Therefore, the amino acid at this position must play a critical
role in the ability of these factors to modulate transcriptional
activity under these conditions and on this promoter. Since
both Brn-3 proteins bind to the ER, it is unlikely that amino
acids in this position would influence the Brn-3-ER associa-
tions. However, this region may provide the interface for in-
teractions with other proteins, with the presence of valine or
isoleucine facilitating binding of different proteins to Brn-3a or
Brn-3b. Therefore, when associated with the ER, Brn-3b may
bind to a protein which behaves as an activator in stimulated
cells, while Brn-3a may be associated with a different protein
which has little significant effect on transcription. This would
explain why the amino acid conversion in this position so sig-
nificantly influences transcriptional activation by the mutants.

DISCUSSION

Nuclear receptors such as the ER are complexed with a
number of proteins in both the active and inactive states, and
the associated proteins are critical for modifying the state of
the complex and hence affecting gene transcription. While a
number of proteins interacting with the ER have been identi-
fied and studied, the mechanism by which this receptor mod-
ulates gene transcription is still unclear. The ER has been
shown to be present in a large number of different tissues (13,
14, 29, 56). While some of the factors associated with the
receptor are ubiquitously expressed, others may be cell-specific

FIG. 6. (A) Brn-3a and Brn-3b enhance the binding of the ER complex on double-stranded ERE. EMSA was performed with 3?P-labelled double-stranded ERE
and in vitro-translated wild-type (wt) ER and Brn-3 proteins under the conditions described in Materials and Methods. The resulting ER-ERE complex was resolved
from free labelled probe on a 7% nondenaturing polyacrylamide gel, which was dried and exposed to film. The labelled double-stranded ERE probe was incubated
with the ER proteins and no competitor (lane 2) or with a 100-fold molar excess of either unlabelled ERE oligonucleotide (lane 3) or unlabelled nonspecific (CRE)
competitor oligonucleotide (lane 4). One microliter of anti-ER (human) antibodies (Ab) was added to the reaction mixture in lane 5, resulting in the supershifted
ER-ERE complex indicated. Brn-3a and Brn-3b were incubated with the labelled ERE on their own (lanes 6 and 10, respectively) or in the presence of the ER and
increasing amounts (1 to 3 pl) of Brn-3a (lanes 7 to 9) or Brn-3b (lanes 11 to 13). The in vitro-translated (IVT) control luciferase protein was incubated with the labelled
ERE and is shown in lane 1. (B) Effect of Brn-3 protein on the ER complex binding to the single-stranded antisense (a-sense) ERE DNA. EMSA showing the effect
of addition of increasing amounts of Brn-3 to the single-stranded ERE DNA. The position of the main ER-ERE complexes is indicated. Lane 2 shows the ER protein
incubated with labelled antisense ERE and no competitor, and lanes 3 and 4 show a 100-fold molar excess of either unlabelled ERE oligonucleotide (lane 3) or
unlabelled nonspecific (CRE) competitor oligonucleotide (lane 4). Anti-ER (human) antibody (Ab) was added to the reaction mixture in lane 5. Lanes 6 to 9 show
the effect of incubation of Brn-3a with the labelled ERE on its own (lane 6) or in the presence of the ER and increasing amounts (1 to 3 pl) of Brn-3a in vitro-translated
protein (lanes 7 to 9). The in vitro-translated control containing the luciferase protein was incubated with the labelled ERE (lane 1).
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FIG. 7. Brn-3a and Brn-3b modulate the activity of an ERE-containing pro-
moter. The CAT assay results show the effect of cotransfection of a reporter
construct containing the ERE sequence derived from the vitellogenin gene
promoter with Brn-3 expression vectors. Studies were carried out with MCF7
cells, which were grown in medium containing no phenol red and supplemented
with dextran-coated charcoal-stripped serum. Cells were either untreated (—) or
were stimulated with 107® M 17B-estradiol (+) after transfection. (A) Repre-
sentative assay showing CAT activity after transfection and the treatments indi-
cated. (B) Results of at least three independent CAT assays showing activity
resulting from cotransfection with Brn-3a or Brn-3b with the reporter construct
expressed as a percentage of the activity of the empty vector (bar 1). Bar 2 shows
the basal activity of the empty vector in stimulated cells, while the effects of
overexpression of Brn-3a (bars 3 and 4) or Brn-3b (bars 5 and 6) in untreated or
stimulated cells are shown by bars 3 to 6.
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FIG. 8. Brn-3a and Brn-3b have opposite effects on activity of a heterologous
promoter containing the ERE sequence only. Luciferase assays were carried out
after cotransfection of Brn-3a or Brn-3b and the ERE-containing reporter con-
struct. Transfections were carried out in MCF7 cells, which were grown in phenol
red-less medium supplemented with dextran-coated charcoal-stripped serum.
Cells were either untreated (—) or were stimulated with 10~% M 17-estradiol
(+) after transfection. Results are expressed as a percentage of the activity of the
empty vector in untreated cells (bar 1). Bar 2 shows the basal activity of the
empty vector in stimulated cells, while the effects of overexpression of wild-type
Brn-3a (bars 3 and 4) or Brn-3b (bars 5 and 6) on promoter activity in untreated
or stimulated cells are shown by bars 3 to 6. Full-length Brn-3a mutants in which
the amino acid valine at position 22 of the POU homeodomain was converted to
isoleucine of Brn-3b [Brn-3a(I)] were also used (bars 7 and 8). The effect of the
reciprocal substitution in Brn-3b (Brn-3b(V) is shown by bars 9 and 10. The
effect of cotransfection of expression vectors containing only the POU domain of
the Brn-3 proteins is also shown with Brn-3a POU by bars 11 and 12 and with
Brn-3b POU by bars 13 and 14. Expression mutants containing the changed
amino acid residue in the POU homeodomain, Brn-3a POU(I) and Brn-3b
POU(V), were also used in these experiments (bars 15 and 16 and 17 and 18,
respectively). These results were reproduced in at least three independent ex-
periments.

factors which are different in each cell type. The ability of
nuclear receptors to interact with POU proteins to modulate
transcription of target genes has been demonstrated by the
synergistic interaction of the POU transcription factor Pit-1
with the thyroid hormone receptor to activate growth hormone
gene transcription (12) and with the ER to modulate expres-
sion of the prolactin promoter (16, 27).

We report on the novel interaction of the POU domain
transcription factors Brn-3a and Brn-3b with the ER and show
that these interactions can modulate the transcriptional activity
of promoters containing an ERE site. Isolation of an immu-
nocomplex formed between Brn-3 proteins and the ER from
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tissue extracts which coexpress these two proteins indicates
that this interaction can occur in these cell types under phys-
iological conditions. Furthermore, the association between the
Brn-3 proteins and the receptor appears to be independent of
either of these proteins binding to DNA or binding of the
ligand 17B-estradiol to the ER. Landel et al. (34) reported a
similar association of the ER with two uncharacterized pro-
teins with sizes of 45 and 48 kDa (p45 and p48) with the ER
which were critical for the association of the ER with the ERE,
but whose interaction with the receptor was not affected by
estrogen agonists or antagonists. The Brn-3-ER association
appears to be mediated via the POU domain of the Brn-3
protein and the DNA-binding C domain of the ER, since these
two domains can interact in the absence of other domains of
either protein, as shown by in vitro studies as well as in vivo by
the yeast two-hybrid system. Furthermore, a construct lacking
the C domain did not bind to the Brn-3 proteins. This require-
ment for the DNA-binding domains of both proteins in this
interaction is similar to that observed with Pit-1 and the ER
which demonstrated weak protein-protein interaction via their
respective DNA-binding domains (16, 27). Different domains
of the ER may contribute to the interactions, since the con-
structs which lack the A and B activation domains but contain
the DNA-binding C domain were more readily retained by
both Brn-3 proteins.

A number of studies have indicated that there are multiple
variants of the ER mRNA in normal or malignant breast tissue
(17, 19, 30, 30a, 41, 45, 50, 51) and in endometrial carcinoma
(44) which may encode different isoforms of the protein. Some
of these variants can alter transcriptional activity by the recep-
tor (17, 18, 28, 29), and it is possible that these changes may be
a result of altered interaction with proteins, such as Brn-3,
which associates with the ER to form the transcriptionally
active complex. Furthermore, isoforms of Brn-3 proteins have
also been identified (21, 43, 63, 69), and while the differences
in these spliced variants lie outside the POU domain, it is
possible that these changes may alter the ER-Brn-3 interac-
tions and/or modify the effects on gene transcription.

We have also shown that both Brn-3a and Brn-3b appear to
enhance the binding of the ER complex to the ERE more
significantly when the DNA is in a double-stranded conforma-
tion compared with the single antisense strand to which the ER
complex can bind. Thus addition of increasing amounts of
Brn-3 proteins resulted in a complex of increasing intensity
which was shown to contain the ER. Lannigan and Notides
(35) demonstrated that while the ER bound to double-
stranded DNA containing an ERE sequence, it binds prefer-
entially and with higher affinity to the single-stranded antisense
sequence (lower strand) of this DNA. Furthermore, they
showed that the ERE consensus DNA sequences form tertiary
structures with which the ER interacts (36, 37). We also found
that the ER complex can bind to the single antisense strand
(single-stranded ERE) but not the sense strand of the ERE.
However, on the antisense single-stranded ERE, we found that
addition of Brn-3 resulted in a small increase in the intensity of
the ER-ERE complex, but addition of increasing amounts of
Brn-3 did not change this substantially, as seen on double-
stranded ERE. Studies of Mukherjee and Chambon (49)
showed that a 45-kDa yeast single-stranded DNA-binding pro-
tein, DBSF, derived from cell extracts was required for the
efficient and stable association of purified ER with the ERE.
The mechanism by which the DBSF protein mediated the
ER-ERE complex formation is not known, but this protein did
not appear to bind to the double-stranded ERE. We have
previously shown that both Brn-3a and Brn-3b bound prefer-
entially to the antisense strand of their binding site in the
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a-internexin promoter (8). It is therefore possible that Brn-3
proteins act in a manner similar to the yeast DBSF protein.
Thus, while Brn-3a and Brn-3b may not form a stable complex
with the ERE on their own, interaction with the ER may
facilitate binding of the complex to the ERE by helping induce
changes in the conformation of the labile ERE structure or by
helping stabilize a secondary structure which the single-
stranded ERE is thought to form to allow the ER complex to
bind more readily (35, 37, 38).

The ER-Brn-3 interaction also influenced the ability of the
ER complex to modulate gene transcription. Associations with
Brn-3a or Brn-3b alter transcriptional activity via an ERE such
that Brn-3a coexpressed with the ERE acted as a mild repres-
sor or had little effect, while Brn-3b was a strong activator of
gene transcription in ligand-stimulated MCF7 cells. We also
found that the POU domain of the Brn-3 proteins, via which
these proteins interacted with the ER, was sufficient to mediate
their distinct transcriptional effects, as observed with the full-
length proteins. Interestingly, Brn-3a and Brn-3b have a high
level of homology in the POU domain, with only seven amino
acid differences, six of which occur in the poorly conserved
linker region. However, there is a critical change from isoleu-
cine in Brn-3a to valine at position 22 in the first helix of the
POU homeodomain (42). The change of this single amino acid
in the POU homeodomain can significantly modify the effect of
both the full-length Brn-3a and Brn-3a POU domain, convert-
ing this protein from a repressor to an activator of ERE-
containing promoters. The reciprocal change of the isoleucine
to valine in wild-type Brn-3b as well as in the isolated POU
domain resulted in a small but significant decrease in the
ability of this domain to activate transcription.

The region containing this mutation is located on the surface
of the POU domain and is thought to be critical for protein-
protein interaction. Thus, in the case of the related POU
factors Oct-1 and Oct-2, Oct-1 but not Oct-2 interacts with the
herpes simplex virus transactivator Vmw65. Substitution of the
alanine found at this position in Oct-2 with the glutamic acid
residue found in Oct-1 allows the mutant Oct-2 to interact with
Vmw65 (32a, 58). This effect appears to depend on the length
of the side chain of the amino acid rather than the charge,
since replacement of the glutamic acid in Oct-1 with glutamine
allows binding to Vmw65, but this does not occur with alanine
or aspartic acid present. It has been demonstrated that the
amino acid change at this position in Brn-3a and Brn-3b may
allow interaction with different proteins, which may contribute
to the effect of these two factors on promoter activity (15).
Since both Brn-3 proteins can interact with the ER in the
presence or the absence of the ligand, this region should not
influence the Brn-3-ER association. Rather, it is possible that
this region allows interactions with other proteins and that the
amino acid difference may result in the valine of Brn-3a asso-
ciating with a protein that confers little activation potential,
while the isoleucine residue of Brn-3b allows recruitment of an
activator in ligand-stimulated cells.

It is interesting that on an ERE-containing promoter and in
the presence of 17B-estradiol, Brn-3a had a weak inhibitory
effect or no effect on promoter activity, while Brn-3b strongly
activated this promoter. A number of studies have shown that
upon the binding of the Brn-3 proteins to their own DNA
recognition sequence, Brn-3a generally behaves as an activator
of gene transcription, while Brn-3b represses the activity of a
number of these promoters. In some instances, this effect is
dependent upon the presence of valine in Brn-3a and isoleu-
cine in Brn-3b at position 22 in the POU homeodomain (15,
48).

Thus, it is possible that upon the binding of Brn-3 proteins to
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their own site, their conformation is such as to allow interac-
tion with proteins which results in activation of gene transcrip-
tion by Brn-3a and repression by Brn-3b. On the ERE, Brn-3
factors primarily interact with the ER, and the protein-protein
interactions may result in different conformations of these fac-
tors compared to their configuration if they are bound to DNA.
This may allow interaction with a different set of proteins, thus
giving rise to the different effects on promoter activity ob-
served. The ability of transcriptional regulators to mediate
such interaction without necessarily binding to DNA has been
observed with other proteins, including the ER. For instance,
on the brain creatine kinase gene promoter which is activated
by the ER, transcriptional activation requires a functional
transactivation domain (AF-2) and the DNA-binding C do-
main of the receptor, but it does not appear to require binding
of the ER to the consensus ERE DNA to affect promoter
activity (60, 63). On the AP-1 site in the ovalbumin gene
promoter, the ER was shown to interact with Jun protein
found in Jun-Jun homodimers or Jun-Fos heterodimers to
modulate AP-1-directed gene activity (20, 63, 75). These com-
binatorial interactions with different sets of proteins represent
a mechanism by which one set of transcription factors can
modulate the expression of a large number of genes.

The interactions between Brn-3 transcription factors and the
ER, which has been demonstrated in vitro as well as in vivo,
therefore represents a novel interaction involving Brn-3 pro-
teins which does not require binding to DNA. The ER-Brn-3
association can differentially affect gene transcription via an
ERE and may therefore be important in activation of the
functional ER complex and control of transcription of target
genes in tissues which coexpress these factors. While the exact
mechanism by which this is achieved remains unclear, it ap-
pears that interaction with other as yet unidentified proteins
may modulate the effect of the Brn-3 proteins on ER-depen-
dent gene expression. It would be interesting to see if any other
proteins which have so far been identified as being associated
with the ER may interact directly with the Brn-3 proteins.
Identification of other factors which interact with Brn-3 pro-
teins to affect transcription in tissues which coexpress Brn-3
and ER may help our understanding of the complex process by
which this receptor mediates its effect on gene transcription.
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