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Introduction

The status of the estrogen receptor (ER) is an important predictor of the biological
behavior of mammary carcinomas. Nearly 50% of all breast cancers are ER positive and
of those, almost two thirds are dependent upon estrogen for continued cell cycle
progression. The ER is a member of the nuclear receptor superfamily of ligaﬁd activated
transcription factors that recognize and biﬁd to specific DNA sequences in the regulatory
regions of target genes. Upon hormone binding, ER recruits large multi-functional
coactivator complexes that transmit activation signals to the basal transcription
machinery, thereby regulating target gene activation (6, 14). An important target of these
complexes is the chromatin in which target genes are housed. The goal of the research
supported by grant number DAMD17-97-1-7069 is to determine if the structural
determinants of ER that are required for target gene activation overlap with those
required for hormone-dependent cell cycle progression. Our studies indicate that the
Activation Function-2 (AF-2), an important region of ER, which is conserved in all
nuclear receptors (3), is required for both transcriptional activation and cell cycle
progression in response to estrogen. Additionally we demonstrate that an important
regulator of chromatin structure the Brahma Related Gene-1 (BRG-1) associates with ER
in a manner that is both hormone and AF-2 dependent. Our studies demonstrate that
BRG-1 is required for efficient activation of estrogen target genes and that the actions of
BRG-1 are modulated by the acetylation state of the histones and possibly other factors.
This work implicates BRG-1 in the regulation of estrogen action and suggests that it may
play an important role in the regulation of estrogen-dependent cell cycle progression in

breast cancers.
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Mapping the Regions of ER Responsible for Cell Cycle Progression

In order to understand the role of estrogen signaling in the initiation and
progression breast cancer, our approach has been to identify regions of the estrogen
receptor (ER) that contribute to target gene activation and cell cycle progression in
response to estrogen. These structure function studies were carried out in the ER-positive
and estrogen-dependent breast cancer cell line MCF-7. Four versions of ER were
generated by site-directed mutagenesis and subcloned into a mammalian expression
vector. These forms were wild-type ER (1-596) ER-A AF-1 (174-596), ER-A AF-2 (1-
534) and ER A AF-1/2 (174-534). Overexpression of wild-type and several deletion
mutants in these cells has provided strong evidence that the C-terminal Activating
Function-2 (AF-2) is required for both target gene activation and cell cycle progression in
response to estrogen. This conclusion is based upon two different types of experiments.
In the first, transient transfection assays were used to measure the effect of
overexpression wild type and mutant ER on endogenous estrogen si gnaling in MCF-7
cells. In these studies it was observed that in the absence of overexpressed ER, MCF-7
cells were capable of producing a 10 fold activation of a transfected estrogen reporter
gene in response to estrogen. Under these conditions, overexpression of wild type ER
and ER-A AF-1 resulted in modest increases in transcriptional activation. In contrast to
this, overexpression of ER—A AF-2 (1-534) and ER A AF-1/2 (174-534) resulted in the
suppression of estrogen signaling. These studies demonstrate that the AF-2 region of ER
is critical for the hormone-dependent activation of-estrogen target genes.

As a model system for hormone-dependent cell cycle progression, the MCF-7

cells exhibit a strong dependence upon estrogen signaling for continued growth in cuiture




(1, 11). Estrogen deprivation or treatment with anti-estrogens results in the accumulation
of MCF-7 cells in the G1 phase of the cell cycle (13). Subsequent estrogen treatment
results in progression into S-phase and is associated with the up-regulation of expression
of critical cell cycle regulatory proteins such as cyclin D1 and c-myc (11). In order to
determine the regions of ER that contribute to hormone-dependent cell cycle progression
stable transfectants of the MCF-7 cells were developed that ovérexpressed four different
versions of ER. All versions of ER were cloned into an expression vector that contained
a selectable marker for neomycin resistance. These plasmids were transfected into MCF-
7 cells and neomycin resistant colonies were cultured and subcloned. Expression of the
various forms of the receptor was confirmed by western blot analysis. In these studies, it
was observed that neomycin resistant colonies expressing wild type ER and ER-A AF-1
grew robustly and retained their hormone-dependence. In contrast neomycin resistant
colonies expressing ER-A AF-2 and ER A AF-1/2 were fewer in number and grew very
slowly. The observation that these colonies were much less abundant than those
expressing wild-type ER or ER-A AF-1, suggests that the cells expressing forms of ER
that lacked the AF-2 were at a significant growth disadvantage. The small number of
colonies that did grow out of these experiments were neomycin resistant and proceeded
through the cell cycle in a manner that was unaffected by estrogen. This result suggests
that these cells had become independent of estrogen, which may have been a result of the
overexpression of a dominant negative form of ER. These studies suggest that the AF-2
of ER makes important contributions to the ability of ER to mediated hormone-dependent
cell cycle progression.

- The establishment of stable MCF-7 cell liges that over-express ER and the
described mutations suggested that the AF-2 is an..important mediator of estrogen-
dependent growth. In order to confirm this result and to be certain that the long term

expression of AF-2 deficient mutants was not causing a more global effect on cell




growth, a transient transfection assay was developed that would allow the cell cycle
distribution of transfected and untransfected cells to be determined by flow-cytometry.
In these studies an expression vector encoding the green fluorescent protein (GFP) was
cotransfected with the expression plasmids encoding ER and the deletion mutants.
Following the transfection cells were either treated with estrogen or a solvent control and
harvested 6 hours later. Using flow-cytometry cells were sorted into pools based upon
expression of GFP and these pools were then fixed and stained with propidium iodide to
determine the cell cycle status by flow cytometry. In these studies it was determined that
estrogen could stimulate cell cycle progression in the presence of over-expressed ER or
the AF-1 deletion but was unable to do so in the presence of over expressed AF-2
deletions. These results are consistent with the stable transfection studies described and,
taken together, both studies strongly demonstrate that the AF-2 of ER was required for
estrogen-mediated cell cycle progression. This result is consistent with previous studies
that suggested that the ability of ER to activate transcription of a target gene in response
to hormone is also dependent upon the AF-2.

In order follow up on these studies and to try to gain a better understanding of the
function of the AF-2 domain of ER the same four versions of ER were cloned into a
replication-defective retroviral expression vector. Transfection of this vector into a
amphotrophic retroviral packaging cell line produced replication defective retroviruses
that could direct the expression of the ER versions described above and were selectable
with puromycin. These recombinant viruses were used to infect wild-type MCEF-7 cells.
In these studies it was observed that the ER lacking the AF-2 exerted a dominant negative
effect over the endogenous ER. This effect was seen in dramatically reduced
transcriptional responses to estrogen and to an efféctive block of cell cycle progression at
the G1/S boundary. Similar retroviral vectors were made that allowed antibiotic selection

with phleomycin, making them useful for additional experiments in cells that were




previously made to be resistant to puromycin. These experiments will be described later

in this manuscript.

Biochemical Analysis of the Coactivation of Estrogen Signaling

The structure/function analyses of ER described above suggested that the
mechanisms by which known target genes are co-activated may also play an important
role in cell cycle progression. A large number of putative nuclear receptor co-activators
have been identified based upon their ability to interact with nuclear receptors in a
manner that is both hormone an AF-2 dependent. Structural studies of the hormone
binding domains of several nuclear receptors support a model in which hormone-
dependent conformational changes involving the translocation of the AF-2 domain result
in the formation of a surface to which co-activators bind. Prominent among these factors
are members of the Steroid Receptor Co-activator-1 (SRC-1) family. In order to study
the biochemical properties of SRC-1, we developed a panel of monoclonal antibodies.
These antibodies were useful in definitively showing that SRC-1 did indeed interact with
ER in response to estrogen. Our approach to studying the function of SRC-1 was to
search for interacting factors or related factors based upon the ability of the monoclonal
antibodies to co-precipitz;te factors along with SRC-1 from radiolabelled MCF-7 whole
cell extracts. One of these antibodies, termed GT-16 was capable of precipitating a 205
kilodalton factor, suggesting that this factor is either closely relatéd to SRC-1 or interacts
with SRC-1. This lead to the hypothesis that this factor might interact with the hormone-
binding domain (HBD) of ER manner that was consistent with transcriptional activation.
To test this hypothesis the HBD of ER and the HBD of ER lacking the AF-2 were
prepared as glutathione-S-transferase (GST) fusion proteins. These fusion proteins were

bound to glutathione-sepharose beads and used as affinity matrices to enrich for




interacting factors present in MCF-7 cells. These experiments were carried out in the
presence and absence of estrogen. The retained fractions were eluted off and subjected to
immune precipitation with the GT-16 monoclonal antibody. In these studies it was
observed that both SRC-1 and the 205 kDa factor were associated with the HBD of ER in
a manner that was both hormone and AF-2 dependent. These studies provided evidence
that the 205 kDa factor might be involved in the co-activation of estrogen signaling.
Further biochemical studies lead to the identification of this factor as the Brahma Related
Gene-1 (BRG-1) (8, 12). BRG-1 is an important member of the chromatin remodeling
Swi/Snf complex, and had been shown to be an important regulator of nuclear receptor
activation (9). With the exception of a small region of the C-terminus of SRC-1, BRG-1
is structurally unrelated to SRC-1 which suggested that the co-precipitation of BRG-1 by
GT-16 was the result of an interaction between SRC-1 and BRG-1. Efforts to
reconstitute such an interaction in vitro failed and indicated that GT-16 was cross-
reacting with BRG-1. It is likely that this region of similarity accounts for the cross-
reactivity observed between the anti-SRC-1 antibody and BRG-1. The observation that
BRG-1 cross-reacted with one of the anti-SRC-1 antibodies may suggest that the
previously reported co-activation of nuclear receptor signaling by BRG-1 might be
through mechanisms similar to those of SRC-1.

Our studies of BI'{G-I have shown that, like SRC-1 BRG-1 associates with ER in
a manner that is hormone and AF-2 dependent. Furthermore the use of an adrenal
carcinoma cell line SW-13, which is devoid of BRG-1 and its close relative Brahma has
made it possible to show that BRG-1 is strictly required for ER signaling (10). Transient
transfection studies using these cells showed that ER was incapable of transcriptional
activation in the activation of BRG-1. Interestingiy, two other important coactivators of
ER, SRC-1 and the CREB-Binding Protein (CBP) were incapable of coactivating ER

signaling in the absence of BRG-1. These studies suggested that BRG-1 and its




chromatin remodeling activity were critical factors that influence the action of the ER.
The observation that overexpression of CBP could enhance BRG-1 mediated
transcriptional activity, coupled to the reports that CBP contained a potent histone
acetyltransferase (HAT) activity, suggested that the ability of BRG-1 to coactivate ER
signaling may be enhanced by an increased acetylation state within the cell. To test this
hypothesis, the potent inhibitor of histone deacetylation, Trichostatin A (TSA) was tested
for its ability to enhance BRG-1 mediated coactivation of ER signaling. In these studies,
it was observed that TSA dramatically enhanced the ability of BRG-1 to coactivate ER
signaling. We believe that this synergy may be mediated by a region of BRG-1 called the
Bromodomain. The bromodomain is a region of BRG-1 that is conserved in a large
number of nuclear proteins that are implicated in the chemical and structural modification
of chromatin. Recent studies of the p300/CBP Associated Factor (PCAF) revealed that
the bromodomain consists of four helices arranged in a left handed bundle that forms the
binding pocket for acetyl-lysine (4, 7, 15). This finding has lead to the hypothesis that
the synergy observed between TSA and BRG-1 may be mediated by an interaction
between the bromodomain of BRG-1 and acetylated nucleosomes. Mutagenesis studies

of the bromodomain of BRG-1 are ongoing to test this hypothesis.

BRG-1 Binds to Estrog;an Responsive Promoters in Response to Estrogen

The observed association between BRG-1 and ER coupled to the known role of
BRG-1 in chromatin remodeling suggested that BRG-1 might be recruited in a hormone-
dependent manner to regions of chromatin that are proximal to the estrogen responsive
elements of known target genes. To test this hypothesis we developed a CHromatin-
based Immune Precipitation (CHIP) assay that woﬁld allow us to detect the presence of
various factors in association with the chromatin of known target genes in vivo. Briefly,

MCE-7 cells were treated with either 10nM estrogen or a vehicle control. Following this




treatment chromatin was extracted from the cells and the chromatin associated proteins
were cross-linked by fixation in formaldehyde. These fixed chromatin fractions were
sheared by sonication and subjected to immune precipitation. Following the IP and
extensive washing the cross-linking was reversed and the retained DNA fragments were
purified. These fractions were amplified by PCR using primers that were targeted to two
distinct estrogen responsive genes, Cathepsin D and pS2. Other non-estrogen responsive
fragments were also targeted as controls for the estrogen-dependence of the observed
interactions. In these studies it was observed that antibodies directed against BRG-1
efficiently precipitated the estrogen-responsive regions of Cathepsin D and pS2 (2,5)ina
manner that was dependent upon treatment of MCF-7 cells with estrogen (Figure 3A).
These studies indicate that estrogen treatment of MCF-7 cells results in the recruitment of
BRG-1 to regions of chromatin, which contain the estrogen responsive elements of the
Cathepsin D and pS2 genes. In similar studies BRG-1 antibodies failed to precipitate
regions of chromatin that represented promoters of two non-estrogen dependent genes the
retinoic acid receptor-f and B-actin. Importantly, a region of the Cathepsin D promoter
that does not contain estrogen responsive sequences was not precipitated by BRG-1
antibodies suggesting that the estrogen-stimulated recruitment BRG-1 required an
estrogen response element. These studies suggest that the mechanism by which BRG-1
mediates co-activation of ER signaling is by being recruited to estrogen responsive region
of target genes. These findings are consistent with the observed association between ER
and BRG-1 and suggest a bipartite interaction between ER, BRG-1 and estrogen
responsive promoters.

. The observation that BRG-1 becomes associated with regions of chromatin that
contain estrogen responsive regulatory sequences éoupled to the observed association
between ER and BRG-1 suggested that BRG-1 may be involved in a bipartite association

that allows for hormone-dependent recruitment to ER target genes. Further it suggests




that recruitment of the histone acetyltransferase activities of the SRC-1/CBP complex
might also become associated with chromatin in a manner that is targeted by hormone-
bound ER. If true, then it may be possible to detect an enhanced state of histone
acetylation on ER target genes in response to estrogen. To test this idea, CHIP assays
were performed using antibodies directed against acetylated histones. In these studies we
observed increased histone acetylation of the estrogen responsive region of the Cathepsin
D promoter in response to estrogen. Interestingly the CHIP assays in these studies and in
the BRG-1 studies described in Figure 3A represent the state of the chromatin after 45
minutes of estrogen treatment. This indicates that there is a temporal overlap between
two distinct hormone regulated events; the recruitment of BRG-1 and the acetylation of
histones. Taken together these studies suggest that multiple mechanisms of co-activation
contribute to the activation of estrogen responsive genes and that they may be targeted to

these genes by the hormone-bound ER.




Kev Research Accomplishments

e Studies implicating the AF-2 of ER in both transcriptional activation of target genes

and promotion of hormone dependent cell cycle progression.

e Characterization of the co-activation of ER signaling by SRC-1 and BRG-1

e Demonstration of coactivational synergy between factors that influence histone

acetlyation status and chromatin remodeling.
e Demonstration of the physical recruitment of BRG-1 and factors regulating histone

acetylation to the estrogen responsive regions of the chromatin in which estrogen

target genes are housed.
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Major Conclusions

1. Structure function analysis of ER indicates that the AF-2 is required not only for
hormone-dependent transcriptional activation of target genes, but also for the hormone-
dependent cell cycle progression.
2. BRG-1 meets the two criteria of a co-activator of ER signaling:
BRG-1 associates with ER in a manner that is both hormone and AF-2 dependent.
BRG-1 potentiates transcriptional activation by ER.

3. Coactivation of ER signaling by either SRC-1 or CBP requires the actions of BRG-1.

4. BRG-1 is recruited to estrogen responsive elements through its association with ER.
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Several factors that mediate activation by nuclear receptors also modify the chemical and structural
composition of chromatin. Prominent in this diverse group is the steroid receptor coactivator 1 (SRC-1) family,
which interact with agonist-bound nuclear receptors, thereby coupling them to multifunctional transcriptional
coregulators such as CREB-binding protein (CBP), p300, and PCAF, all of which have potent histone acetyl-
transferase activity. Additionally factors including the Brahma-related gene 1 (BRG-1) that are involved in the
structural remodeling of chromatin also mediate hormone-dependent transcriptional activation by nuclear
receptors. Here, we provide evidence that these two distinct mechanisms of coactivation may operate in a
collaborative manner. We demonstrate that transcriptional activation by the estrogen receptor (ER) requires
functional BRG-1 and that the coactivation of estrogen signaling by either SRC-1 or CBP is BRG-1 dependent.
We find that in response to estrogen, ER recruits BRG-1, thereby targeting BRG-1 to the promoters of
estrogen-responsive genes in a manner that occurs simultaneous to histone acetylation. Finally, we demon-
strate that BRG-1-mediated coactivation of ER signaling is regulated by the state of histone acetylation within
a cell. Inhibition of histone deacetylation by trichostatin A dramatically increases BRG-1-mediated coactiva-
tion of ER signaling. and this increase is reversed by overexpression of histone deacetylase 1. These studies
support a critical role for BRG-1 in ER action in which estrogen stimulates an ER-BRG-1 association coupling
BRG-1 to regions of chromatin at the sites of estrogen-responsive promoters and promotes the activity of other
recruited factors that alter the acetylation state of chromatin.

-

Precise regulation of gene expression underlics the ability of
a cell to controf growth and to acquire and execute physiologic
functions. Broad arrays of ccllular signals are transduced to the
nucleus, where many act on transcription factors. These di-
verse regulatory signals must be integrated into smaller subscts
that can be transmitted to targets that modulate the basal
transcription machinery. One such target is chromatin, and
there exists abundant evidence that the structurc and chemical
composition of chromatin dircctly affect gene expression (35).
The primary structural components of chromatin, the histones,
are cnzymatically acetylated, and this acctylation results in a
reduced affinity for DNA and enhanced binding affinity for
certain transeriptional coregulators (7). Chromatin structure is
also altered via the ATP-dependent disruption of nucleosomes
by large multiprotein chromatin remodeling complexcs (3).
One such complex. the Swi/Snf complex, is well conserved
through cvolution and functions as a global regulator of tran-
seription (37). These and other mechanisms account for the
link between the chemical and structural modification of chro-
matin and transcriptional activation by members of the nuclear
receptor superfamily.

The nuclear receptor superfamily is a large family of ligand-
activated transcription factors that exert control over networks
of genes that regulate various aspects of ccll biology. By bind-
ing to sequence-specific response clements located in the reg-
ulatory regions of target genes. they exert both positive and

* Correspanding author. Mailing addiess: D-730 Dana Farher Can-
cer Institute. 44 Binney St Boston, MA 02115, Phone: (617) 632-3948.
Fax: (017) 632-5417. E-mail: Myles_Brownga dfci.harvard.edu.

+ Present address: Department of Molecular and Cellular Biochem-
istry. Ohio State University College of Medicine, Columbus. OH 43210.

negative control over the rates of transcription. Their mode of
activation has made nuclear receptors an altractive system in
which to study the mechanisms by which transcriptional co-
regulation occurs. In the absence of hormonce, many receptors
actively repress transcription of via direct interactions with
corepressors such as NCoR (22), SMRT (5), and SunCoR (48).
Upon hormone binding, these corepressor complexes dissoci-
ate and the agonist-bound receptors interact with distinct mul-
tiprotein coactivator complexes that contribute to the trans-
mission of activating signals to the gencral transcription
machinery. While the mechanisms by which coactivation sig-
nals are transmitted are not completcly understood. scveral
studics have implicated aspects of gencral transcription factor
function (10, 38) as well as the structure and chemical compo-
sition of chromatin (26, 32). These studies are also consistent
with reports that the rate of assembly of the general transcrip-
tion machinery is dircetly refated to chromatin structure (40).

A varicty of putative nuclear receptor coactivators have been
identified bascd primarily on their ability to interact with a
nuclear reeeptor in a hormone-dependent manner. Among
thesc is the steroid receptor coactivator 1 (SRC-1 [also called
NCoA-1]) and its related factors TIF2 (also called GRIP-1 or
NCoA-2) and RAC-3 (also called AIBI, PCIP, ACTR, or
TRAM) (4, 21, 33, 43, 44). Thesc factors physically interact
with members of the receptor superfamily and have been
shown’ in functional assays to enhance their transcriptional
activity. Insight into one mechanism by which the SRC-1 family
potentiates nuclear receptor signaling came from the demon-
steation of a stable interaction between members of the SRC-1
family and the CREB-binding protcin (CBP) and its homolog
p300 (20, 26, 47). These multifunctional transcriptional coac-
tivators have been proposed to modulate gene activation
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through direct interactions with the RNA polymerase 1T com-
plex, and also via both intrinsic and associated histone acetyl-
transferase (HHAT) activitics (32). The subscquent observation
of intrinsic HAT activity in SRC-1 and ACTR (4, 42) provided
further evidence that one mechanism by which this complex
may mediatc nuclear receptor activation is through the enzy-
matic acctylation of histones and possibly other targets. Addi-
tionally, the demonstration that the nuclear receptor corepres-
sors NcoR. SMRT, and SunCoR are physically associated with
histone deacctylases (HDACQ) provided evidencee that the tran-
scriptional repression mediated by the corepressors correlates
with a reduced acetylation state. Taken together. these findings
are consistent with a body of evidence that the regulation of
chromatin via modulation of the acetylation state within a cell
correlates with the activation and repression nuclear receptors.

As the primary structural unit of chromatin. the nuclcosome
has been known to be the target of both chemical and struc-
tural modification. Several studies have shown that the accty-
lation of specific lysine residues within core histones results in
a reduced affinity for DNAL making acetylated chromatin more
accessible to transcriptional regulators (35). More recently, it
has been demonstrated that the bromodomain, a domain
which is well conscrved in several transcriptional coactivators,
exhibits high-affinity binding for acctyl-lysine (7). This finding
suggests that not only doces acetylation of lysine residues re-
duce the affinity of nucleosomes for DNA, but it also may
present docking sites on the surface of the nucleosome to
which bromodomain-containing factors may bind. The effects
of acetylation arc complemented by structural modifications of
chromatin which are carried out by several distinct multipro-
tein chromatin remodecling complexes (29). Each of these com-
plexes does so in a manner that is strictly ATP dependent; thus,
cach contains a member of the Swi-1/Snf-2 family of nuclear
ATPascs. The human homologs of yeast Swi-2, hBrm and
hBRG- 1 (hSnf-2a and hSnf-2B, respectively) (6). are crucial to
the function of the SwifSnf nuclcosome remodeling complex
and have becn shown to interact with various nuclcar receptors
in a yeast-bascd two-hybrid assay (24). Other studics have
shown that these factors can mediate transcriptional activation
by scveral nuclear receptors (6, 30). Additionally it has been
demonstrated that hBrm/BRG-1 will form a complex with the
rctinoblastoma gene product (Rb) and that the formation of
this complex accounts for the cooperative coactivation of glu-
cocorticoid receptor (GR) signaling by hBrm or hBRG-1 and
Rb (8. 41). Consistent with their role in chromatin remodeling,
two components of the hSwi/Snf comptex. BRG-1 and BAF-
155 (Swi-3), contribute to GR-mediated chromatin remodcling
and transcriptional activation of aw integrated reporter. In
contrast to the stable reporter system. a transiently transf{ected
reporter was activated by 'GR in a manner that was less de-
pendent on these factors, providing functional evidence (hat
the mechanism by which BRG-1 coactivates nuciear receptor
signaling is by targeting components of chromatin (12).

In this report, we characterize the ability of BRG-1 to me-
diate estrogen receptor (ER) signaling. Consistent with previ-
ous reports. we find that ER-mediated transcriptional activa-
tion requires functional BRG-1 and that in a BRG-[-deficient
background. ncither SRC-1 nor CBP functions cfficiently as a
coactivator of estrogen signaling. Furthermore, we report that
both SRC-1 and CBP can augment BRG-1-mediated coactiva-
tion of ER, suggesting a functional cooperation between the
activities of the SRC-1-CBP complex and chromatin remod-
cling. We find that estrogen stimulates an association between
IER and BRG-1 that is consistent with transcriptional activa-
tion. This association lcads to the estrogen-dependent recruit-
ment of BRG-1 to regions of chromatin which contain the
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estrogen-responsive  clements (EREs) from promoters of
genes which are known to be estrogen dependent and coin-
cides with the histone acetylation of these promoters. The
functional cooperativity between BRG-1 and factors, such as
SRC-1 and CEP, that modulate the histone acctylation status
within a cell is supported by the observation that inhibition of
HDAC activity by trichostatin A (TSA) resulted in a dramatic
increase in BRG-1-mediated coactivation and that this effect
was potently reversed by overexpression of HDAC-1. These
results suggest that two distinct chromatin modifying mecha-
nisms, histonc acetylation-deacetylation and ATP-dependent
chromatin remodeling, arc functionally linked and contribute
cooperatively to the regulation of ER signaling.

MATERIALS AND METHODS

Celt lines and culture conditions, The SW-13 adrenal carcinoma cell line
(ATCC CCLA105) and the MCF-7 (ATCC HTTB-22) mammary carcinoma were
cultured in Duibecco’s modified Eagle medium (DMEM: Sigma) supplemented
with 10 fetal calf serum (FCS; Sigma), t-glutamine (Gibeo), and penicillin-
streptomycin (pen-strep; Gibeo) at 37°C and 5% CQ,. SW-13 cells were grown
to 80 to Y0% confluence and passaged by standard trypsinization. MCF-7 cells
were grown to 100% confluence and passaged by standard trypsinization.

Metabolic labeling. For metabolic labeling experiments. MCF-7 cells were
cultured to 70 to 80% confluence in tS-cm-diameter culture dishes. Cells were
washed in phosphate-buffered saline (PBS) and starved for 1 h by incubation in
a methionine-frec DMEM. After starvation, 1 mCi of **S-labeled methionine
(NEN) was added to the methionine-lree medium and the cells were incubated
at 37°C for 3 h. Following removal of the labeling medium, cells were trypsinized.
pelicted by centrifugation, and lysed in NET-N (20 mM Tris-Cl [pH 8.0], | mM
EDTA, 100 mM NaCl, 0.05% NP-40) supplemented with 0.2 mM phenylmeth-
yisutfony! fluoride.

GST pulldown assay and reimmunoprecipitation. Glutathione S-transferase
(GST) fusions of the hormone binding domain of ER (amino acids 253 to 595)
and the AF-2 deletion GST-A534 were expressed in Escherichia coli BL-21 cells,
and crude bacterial lysates were prepared by sonication in TEDGN (50 mM
Tris-Cl {pH 7.4} 1.5 mM EDTA, I mM dithiothreitol, {DTT} 10% [volivol}
glycerol, 0.4 M NaCl) supplemented with 0.2 mM phenylmethylsulfony! fluoride
and 10 pg of leupeptin per ml. Lysates were cleared by centrifugation and stored
at —80°C. These fusion proteins along with wild-type GST were bound to glu-
tathione-Sepharose beads and incubated in the presence and absence of | pM
17B-estradiol. The resulting complexes were then used as aflinity matrices to
enrich for factors from a metabolically labcled MCF-7 whole-cell lvsate. Re-
tained fractions were washed in NET-N and eluted from the beads by boiling in
50 mM Tris (pHl 7.5)-1% sodium dodecyl suifate (SDS)-5 mM DT, Eluted
fractions were diluted to 1.4 ml with NET-N and subjected to immunoprecipi-
tation with antibodies directed against hSRC-1 or hBRG-t. Retained fractions
from this reimmunoprecipitation were washed in NET-N and resolved by SDS-
polyacrylamide gel electrophoresis (PAGE) on a 7.5% gel.

Far-Western assay. BRG-1 and CBP were expressed as Flag-tagged proteins
in a baculovirus expression system and purified using an anti-M2 aflinity column
according to the manufacturer’s protocol. Three concentrations of each protein
were resolved by SDS-PAGE on a 7.5% ge! and transferred to nitrocellufose.
The filter was incubated in blocking bulfer (1X HBB [see below] plus 5% mitk,
I mM DTT, and 0.05% NP-40) and subjected to a denaturation/renaturation
step by incubation in 1X HBB (25 mM HEPES-KOH [ptl 7.7). 25 mM NaCl. §
mM MgCl,) plus 6 M guanidine hydrochloride and | mM DTT followed by a
scries of twofold seriat dilutions with 1X HBB-1 mM DTT. Following renatur-
ation, filters were again incubated in blocking buffer supplemented with wild-
type GST bacterial extract. The filter was probed with a *2P-labeled GST-hSRC-
1(381-1360) fusion which was prepared by in vitro phosphorylation with hovine
heart muscle kinase as previously described (19). Following extensive washing,
filters were subjected to autoradiography.

Chromatin immunoprecipitation (CHIP). MCF-7 cells were cultured under
estrogen-free conditions for 3 days followed by treatment with 100 nM 178-
estradiol for 45 min. Following treatment, cells were fixed in 1% formaldehyde
at room temperature. Cells were collected into 100 mM Tris-FICH (pIl 9.4)-10
mM DTT and incubated for 15 min at 30°C and centrifuged fos S min at 2,000 <
g. Cell pellets were washed sequentially with 1 ml of ice-cold PBS, followed by
buffer 1 (0.25% Triton X-100, 10 mM EDTA, 0.5 mM EGTA, It mM HEPES
{pt! 6.5]) and buffer 11 (200 mM NaCi, | mM EDTA, 0.5 mM EGTA, 10 mM
HEPES [pH 6.5]). Cells were resuspended in 0.3 ml of lysis buffer (1% SDS. 10
mM EDTA, S0 mM ‘Tris-HCI [pH 8.1}, 1% protease inhibitor cocktail; Roche
Molecular Biochemicals. Indianapolis, Ind.). sonicated, and then centrifuged for
10 min. Supernatants were collected and diinted in 1% Triton X-100-2 mM
EDTA-150 mM NaCl-20 mM Tris-HCI (pH 8.1)-1X proteasc inhibitor cocktail.
The chromatin fragments were then immunocleared with 2 g of sheared salmon
sperm DNA, 20 ul of preimmune serum, and protein A-Sepharosc (45 ul of S077
sturry in 10 mM Tris-HCl [pH 8.1, 1 mM EDTA) for 2 h at 4°C. Immunopre-
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cipitation was petformed for 610 12 hat °C with antibodies against hBRG-1 and
acetviated histone HX (Upstate Biotechnology). Following precipitation, 45 plofl
protein A-Sepharose and 2 ug of salmon speem DNA were added. and incuba-
tion was continued for 1 h. Scpharose beads were then collected and washed
sequentially for 100min cach time in TSE 1(0.172 SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCT [pl1 8.1]. 150 mM NaCh), TSE 1 (.15 SDS, 197 Triton
X-100. 2 mM EDTA, 20 mM Tris-HCL [pH 8.1, S00 mM NaCl), and buffer HI
(0.25 M LICl, 172 NP-40. 17% deoxycholate. | mM EDTA, 10 mM Tris-HCT {pl1
& 1)). Beads were then washed three times with TE buffer and cxtracted three
times with 15 SDS 0.1 M Nal1CO,. Elutes were pooled and heated at 65°C for
o6 h or overnight to reverse the formaldehyde cross-linking. DNA fragments were
purificd with a purification kit (QlAquick spin kit: Qiagen, Valencia, Calif.) and
amplificd with PCR.

‘Fransient transfection. SW-13 cells were plated at S0.000 cells per well in
24wl dishes and grown as above for 24 b (o allow for attachment. Cells were
washed twice with 37°C PBS and refed with phenol-free DMEM supplemented
with 1077 charcoal-stripped FCS, pen-strep. and -glutamine. Four to six hours
after the refecding. cells were transfected with 10 ng of ERE.-tk-luc (sce Re-
sults) and the indicated combinations of 20 ng of pcDNA 3.1 hER. 20 ng of
peDNA hFR-ASM, 150 ng of pRIS-hBRG-1L 150 ng of pBIS hBRG-1 (KT8SR),
150 ng of pcDNARSRC-1, 150 ng of pRSV-mCBI. 100 ng of pcDNA-HDAC-1
and 10 ng of 1k-lacZ construct. Transfections were carricd out using FuGene
{Roche Biochemicals) according 1o the manufacturer’s protocol. At 20 b post-
translection. the medium was aspirated and replaced with phenol-free DMEM
plus 1077 charcoal-siripped FCS, pen-stiep. and 1 -glutamine supplemented with
10 nM estradiol or ethanol (vehicle control). At 24 h after estradiol treatment,
cells were fysed in NET-A and assayed for tuciferase and g-galactosidase activ-
ities. All data arc cxpressed as the fotd of induction of the ratio of luciferase to
B-gatactosidase activity. Experiments were performed in triplicate, and error bars
represent the standard crror of the mean.

RESULTS

Estrogen signaling requires functional BRG-1. Previous
studics showed that BRG-1 was capable of mcdiating tran-
scriptional activation by the ER and other members of the
nuclear receptor superfamily (6, 30). To further characterize
this potentiation, transient transfections were carricd out in
the BRG-1 (Brm)-deficient adrenal carcinoma cell line SW-13
(30) and an estrogen-responsive reporter system. Using this
system. it was observed that in the absence of exogenous
BRG-1, estrogen was incapable of stimulating a transcriptional
response from a reporter gene containing tandem EREs fused
to the minimal herpes simplex virus thymidine kinase promoter
and luciferase (ERE,-tk-luc). Additionally we obscrved that
overespression of ER was insufficient to confer a transcrip-
tional response, suggesting a deficicncy in one or more com-
ponents of the coactivation complex. Under these conditions,
overexpression of ER and BRG-1 conferred a sevenfold tran-
scriptional response to 10 nM 17B-estradiol (Fig. Ta). This
transcriptional response requires an intact AF-2 domain, indi-
cating that structural determinants of BRG-1-mediated coac-
tivation overlap with those of other known coactivators (Fig.
1a). The observation that BRG-1 was required for ER-medi-
ated transcriptional activation coupled to studies linking tran-
seriptional activation to chromatin madifications suggested
that the ATP-dependent chromatin remodeling activity of
BRG-1 may contribute to the potentiation of ER activity. To
test this, we transfected the point mutation BRG-1(K785R),
which fails to bind to ATP, rendering it incapable of remod-
cling chromatin (27). This mutation resulted in the loss of
BRG-1-mediated coactivation of estrogen signaling (Fig. 1b).
which suggests that the chromatin remodeling activity of
BRG-1 is required for efficient coactivation of estrogen signal-
ing. Taken together, these studies demonstrate that BRG-1
potentiates hormone and AF-2-dependent transeriptional ac-
tivation by ER and does so via its ATP-dependent chromatin
remodeling activity.

Coactivation of ER hy SRC-1 and CBP requires BRG-1. The
obscrvation that BRG-1 is required for estrogen signaling sug-
gested that its activity may potentiate the coactivation of es-
trogen signaling by components of the SRC-1-CBP coactivator

BRG-1 ASSOCIATES WITH ESTROGEN-RESPONSIVE PROMOTERS 13

complex. To test this idea, transicnt translcction assays were
performed to determine if overexpression of cither SRC-1 or
CBP was sufficicnt to activate estrogen signaling in the absence
of BRG-1. In SW-13 cclls, we observed that overexpression of
SRC-1 was insufficient to coactivate estrogen signaling; how-
ever, in the presence of exogenous BRG-1, SRC-1 significantly
augmented BRG-1-mediated coactivation of estrogen signal-
ing (Fig. 1¢). These studics suggest that BRG-1-mediated co-
activation of estrogen signaling may be dramatically enhanced
by SRC-1 and that the mechanisms by which SRC-1 mediates
transcriptional coactivation are dependent on the actions of
BRG-1. Similarly, we obscrved that in the absence of BRG-1,
overexpression of CBP had only a modest cffect on estrogen
signaling and that in the presence of BRG-1, CBP enhanced
coactivation to levels that were greater than those achicved by
cither BRG-1 or CBP alone (Fig. 1d). These studics suggest
that BRG-1 activity is required for the cfficient coactivation of
estrogen signaling by members of the SRC-1 and CBP familics
of transcriptional coregulators. Additionally, it is intcresting
that overexpression of cither SRC-1 or CBP enhanced BRG-
{-mediated coactivation of ER signaling, suggesting a func-
tional cooperativity between the contributions of SRC-1-CBP
and those of BRG-1.

Recruitment of BRG-1 by ER is ligand and AF-2 dependent.
Bascd on the finding that BRG-1 was required for ER-medi-
ated transcriptional activation and also on previous studics
demonstrating an interaction between ER and BRG-1 in yeast-
based two-hybrid assays (6), we sought to determine if BRG-1
could associate with ER in a manner consisteat with transcrip-
tional activation. To test for such an association, two versions
of the ER hormone binding domain (11BD) were expressed in
bacteria as GST fusion proteins. The first version represented
the wild-type HBD, while the second tacked the region from
amino acids 534 to 596 (ER HBD-A AF-2). Previously it had
been shown that deletion of the ER I{BD at amino acid 534
resulted in a receptor that was still capable of binding DNA,
forming homodimers and binding to cstrogen with high affinity,
yet was transcriptionally inert. These fusion proteins were im-
mobilized on glutathione-linked Sepharose and used as affinity
matrices in the presence or absence of estrogen to enrich for
interacting factors present in a metabolically labeled MCF-7.
Following this enrichment, rctained fractions were cluted by
boiling in an SDS-containing buffer. Eluted fractions were di-
luted and subjected to immunoprecipitation with antibodics
directed against hSRC-1 or hBRG-1. Following cxtensive
washing, retained fractions were resolved by SDS-PAGE on a
7.5% gel and imaged by radiofluorography. Consistent with
previous studics, it was observed that SRC-1 was capable of
interacting with the complete HBD of ER in response to 17-
estradiol (Fig. 2a). Likewise, immunoprecipitation of BRG-1
from similarly retained fractions indicated that BRG-1 was
capable of associating with the HBD of ER in a response to
hormone (Fig. 2b). This association was also dependent on the
AF-2, indicating that the structural requirements that support
an ER-SRC-1 interaction overlap with and arc sufficient to
support the association between ER and BRG-1. The obser-
vation that the association between ER and BRG-1 is depen-
dent on the prescace of both hormone and an intact AF-2
domain suggests that the formation of this complex may ac-
count for BRG-1-mediated coactivation of ER signaling.

Based on the observation of an association between ER and
BRG-1 that was both ligand and AF-2 dependent, we sought to
determine if these factors may be involved in a direct interac-
tion. To test this, *S-labeled BRG-1 was generated by coupled
in vitro transcription-translation and incubated with GST-ER
HBD in the presence and absence of 17B-estradiol. These
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F1G. 1. BRG-1 is required for ER signaling and for coactivation by SRC-1 and CBP. The BRG-1 (Brm)-deficicnt adrenal carcinoma cell line was plated at 50,000
cells per well in 24-well dishes and transfected using FuGene according to the manufacturer’s protocol. All samples were similarly processed, and data represent the
fold of induction by estrogen. All data are normalized to an internal estrogen-independent reporter (tk-tacZ construct). (a) ER signaling is repressed in SW-13 cells
in the absence of BRG-1. Overexpression of BRG-1 clicited a sevenfold induction in responsc 1o estrogen. This induction was dependent on hormone and an intact
AE.2. () BRG-1-mediated coactivation of ER transcriptional activity is dependent on the ATPasc activity of BRG-1. Transient transfection assays in SW-13 cclls
demanstrate that a point mutation in BRG-1 that abolishes ATP hinding also abolishes BRG-1-mediated coactivation of ER signaling. (c) Overexpression of SRC-1
in SW_11 cells farls 1o coactivate ER signaling but can enhance BRG-1-mediated coactivation of estrogen signaling, suggesting that SRC-1 activity requires functional
BRCG-1. (¢} Overexpression of CBE in SW-13 faik to coactivate ER signaling in SW-13 cells but can enbance BRG-1-mediated coactivation of cstrogen signaling.
suggesting that this activity of CBP requires functional BRG-1. All experiments were carricd out in triplicate; error bars represcnt the standard error of the mean.

complexes were captured on glutathione-linked Sepharose, this hypothesis, far-Western studies were carricd out to deter-
and retained fractions were resolved by SDS-PAGE. Under mine if SRC-1 and BRG-1 physically interact. Our data dem-
conditions in which *S-labeled SRC-i would interact in a  onstrate that under conditions in which *2p.GST-SRC-1 binds

hormone-dependent manner, we obscrved no interaction be- to baculovirus-produced and affinity-purified CBP, there is no
tween ER and BRG-1 (data not shown). These results indicate detectable interaction between SRC-1 and baculovirus-pro-
that the association between R and BRG-1 is unlikely to be duced and affinity-purified BRG-1 (Fig. 2b). Thesc data sug-
mediated by a direct interaction but rather through additional gest that SRC-1 is unlikely to be the only factor which mediates
factors presentsin MCF-7 whole-cell extracts and not in the the association between ER and BRG-1 and are supported by
rabbit reticulocyte fvsate used to gencrate the S Jabeted GST pulldown assays in which SRC-1 is insufficient to recon-
BRG-1. Since the chemical and structural requirements for the stitute the association between the ER and BRG-1 (data not
ohserved ER-BRG-1 association overlapped with those of the shown). Additionally, we tested a panel of monoclonal anti-
ER-SRC-1 direct association, we hypothesized that SRC-1 bodics raised against SRC-1 for the ability to coimmuno-

may be capable of mediating the association between ER and precipitate BRG-1. None of the antibodies was capable of
BRG-1 via an interaction between SRC-1 and BRG-1. To test coimmunoprecipitating BRG-1. Taken together, these studics
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FIG. 2. BRG-1 associates with ER in a manner that is both hormone and AF-2 dependent. (a) MCF-7 cells were metabolically labeled, and a crude whole-cell lysate
was prepared. Wild-type (wt) GST and the two ER 113D fusion protcins depicted were immobilized on glutaihione-linked Sepharose (GSH-Ag) and used as affinity
matrices. in the presence and absence of estrogen, to enrich for factors from the MCF-7 radiolabeled lysate. Retained fractions were boiled in an SDS-containing buffer.
and the chited fraction was diluted and subjected 1o immunoprecipitation (IP) with a mouse monoclonal antibody raised against hSRC-1(381-1360). The retained
fractions were resolved by SDS-PAGE on a 7.5% get and detected by radiofluorography. Sizes are indicated in kilodaltons. (b) Simitar GST pulldown/reimmunopre-
cipitation experiments were done using a rabbit polyclonal raised against hBRG-1. () SRC-1 interacts directly with CBP but not with BRG-1. Flag-tagged CBP and
IFlag-tagged BRG-1 were expressed in a baculovirus system and purificd by anti-M2 affinity chromatography. Both proteins were resolved by SDS-PAGE on a 7.5%
gel. transferred 1o a solid support. and probed with Yp.GST-SRC-1(381-1360) in a far-Western assay. RRASV, eee.

suggest that the association between ER and BRG-1 requires pS2. Other non-cstrogen-responsive fragments were also tar-
additional factors present in an MCT-7 nuclear extract that are geted as controls for the estrogen dependence of the observed
distinct from SRC-1. . interactions. In thesc studies, it was obscrved that antibodics

BRG-1 binds to estrogen-responsive promoters in response directed against BRG-1 efficiently precipitated the estrogen-
to estrogen. The obscrved association between BRG-1 and ER responsive regions of cathepsin D and pS2 (1, 15) in a manner
coupled to the known role of BRG-1 in chromatin remodeling that was dependent on treatment of MCF-7 cells with estrogen
suggested that BRG-1 might be recruited in a hormone-de- (Fig. 3a). These studies indicate that estrogen treatment of
pendent manner to regions of chromatin that are proximal to MCE-7 cells results in the recruitment of BRG-1 to regions of

the EREs of known target genes. To test this hypothesis, we
developed a CHIP assay that would aflow us to detect the
presence of various factors in association with the chromatin of
known target genes in vivo. Briefly. MCF-7 cells were treated
with cither 10 nM estrogen or a vehicle control. Following this
treatment, chromatin was extracted from the cells and the
chromatin-associated proteins were cross-tinked by fixation in
formaldehyde. These fised chromatin fractions were sheared
by sonication and subjected to immunoprecipitation. After ex-

chromatin which contain the EREs of the cathepsin D and pS2
genes. In similar studies, BRG-1 antibodies failed to precipi-
tate regions of chromatin that represented promoters of two
non-estrogen-dependent genes, the retinoic acid receptor B
and B-actin genes. Importantly, a region of the cathepsin D
promoter that docs not contain cstrogen-responsive sequences
was not precipitated by BRG-1 antibodies, suggesting that the
estrogen-stimulated recruitment BRG-1 required an ERE.

tensive washing, the cross-linking was reversed and the re- These studies suggest that the mechanism by which BRG-1
taincd DNA fragments were purified. These fractions were mediates coactivation of ER signaling is by being recruited to
amplificd by PCR using primers that were targeted to two estrogen-responsive region of target gencs. Thesc findings are
distinct estrogen-responsive genes encoding cathepsin D and consistent with the observed association between ER and
T
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FIG. 3. BRG-1 binds to ERE-containing chromatin fragments in a hormone-
dependent manner. (a) MCE-7 cells were deprived of estrogen for 72 h and then
treated with cither 100 nM 178-estradiol (E2) or a vehicle control. At 45 min
postticatment. cells were harvested and fixed in 19 lormaldehyde. resulting in
the cross-linking of chromatin-associated factors to DNA. The fived cells were
sonicated, and the fragmented chromatin was subjected to immunoprecipitation
with an antibody dirccted against BRG-1. Antibody-antigen complexes were

captured on protein A-linked Scpharose and washed cxtensively. The retained -

fraction were incubated at 60°C overnight, resulting in the liberation of retained
DNA fragments. These fragments were purified and subjected to PCR analysis to
test for the presence or absence of the indicated promoter regions. nt, nucico-
tides. (h) Immunoprecipitation of chromatin with antibodies directed against
acetylhistane indicates that estrogen-responsive genes undergo enhanced acety-
lation in response to estrogen treatment. CHIP assays were performed as above,
using an antibody directed acetylated histone H3 (a-Ac-1T: Upstate Biotechnol-
ogv). RARB, retinoic acid receptor B.

BRG-1 and suggest a bipartite intcraction between ER,
BRG-1, and cstrogen-responsive promoters.

The observation that BRG-1 becomes associated with re-
gions of chromatin that contain estrogen-responsive regulatory
sequences coupled to the observed association between ER
and BRG-1 suggested that BRG-1 may be involved in a hipar-
tite association that allows for hormone-dependent recruit-
ment to ER target genes. Further, it suggests that recruitment
of the HAT activitics of the SRC-1-CBP complex might aiso
become associated with chromatin in a manner that is targeted
by hormone-bound ER. If truc. then it may be possible to
detect an enhanced state of histone acetylation on ER target
genes in response to estrogen. To test this idea. CHIP assays
were performed using antibodies dirccted against acetylated
histones. In these assays, we observed increased histone acet-
ylation of the estrogen-responsive region of the cathepsin D
pramoter in response to estrogen. laterestingly. the CHIP as-
says in these studies and in the BRG-1 studics described in Fig.
3a represent the state of the chromatin after 45 min of estrogen
treatment. This indicates that there is a temporal overlap be-
tween two distinet hormone-regulated events, the recruitment

Mot.. Ceii. Biol.

of BRG-1 and the acetylation of histoncs. Taken together,
thesc results suggest that multiple mechanisms of coactivation
contribute to the activation of estrogen-responsive genes and
that thcy may be targeted to these genes by the hormone-
bound ER.

Modulation of BRG-1 activity by acetylation and deacetyla-
tion. Several studies have demonstrated that factors which
regulate the accetylation state of histones contribute to the
coactivation of nuclear receptors and other transcription fac-
tors. Scveral coactivators which are known to contribute to
nuclear receptor function, inctuding CBP-p300, PCAF, SRC-1,
and ACTR, have been shown to have measurable HAT activity
(2, 4, 11, 32, 42). Additionally, the obscrved enhancement of
BRG-1-mediated coactivation by CBP and SRC-1 and the
finding that estrogen stimulates the recruitment of BRG-1 to
and enhanced histone acctylation to ER target genes raiscd the
possibility that the acetylation state of histones and possibly
other factors may modulate BRG-1 activity. To test this hy-
pothesis, we used the HDAC inhibitor TSA to enhance acet-
ylation within a cell and measured the effects of this treatment
on BRG-1-mediated coactivation in transicnt transfection as-
says. [n the absence of exogenous BRG-1, ncither estrogen nor
TSA could stimulate ER-mediated transcription in SW-13
cells; however, together they clicited a sevenfold induction
relative to untreated controls (Fig. 4a). The obscrvation that
TSA can potentiate estrogen-dependent transcription sug-
gested that one mechanism of ER activation involves the mod-
ulation of histone acetylation. Under thesc conditions, overex-
pression of BRG-1, but not the ATPase-deficient mutant
K785R, elicited an 8-fold coactivation of estrogen signaling
alone and a 48-fold coactivation in the prescnce of TSA (Fig.
4a). These results suggest a positive corrclation between the
acctylation state of a ccll and the ability of BRG-1 to coactivate
cstrogen signaling. Taken together, these results demonstrate
that factors involved in two distinct mechanisms of transcrip-
tional coactivation, histone acetylation and nucleosome re-
modcling, contribute to nuclear receptor signaling and may be
functionally linked in such a way that they contributc to the
maximal activity of nuclear receptors.

The observation that either overexpression of SRC-1-CBP
or treatment with TSA was capable of enhancing BRG-1-
mediated coactivation of estrogen signaling suggests that
BRG-1 activity is regulated via the modulation of the acctyla-
tion state of a cell. Furthermore, the obscrved enhancement of
BRG-1 activity by TSA also implies that factors that decrease
the acetylation statc within a cell may negatively regulate the
ability of BRG-1 to function as a coactivator of ER signaling.
To test this, we measured the effects of overexpression of
HDAC-1 on the ability of BRG-1 and TSA to function coop-
cratively in the coactivation of estrogen signaling. In these
studics, we observed that overcxpression of HDAC-1 signifi-
cantly reduced BRG-1-mediated coactivation of estrogen sig-
naling (Fig. 4b). Additionally, the TSA-mediated enhancement
of BRG-1 activity was completely abolished by overexpression
of HDAC-1. These studies suggest that cstrogen signaling may
be negatively regulated by increased HDAC activity, which is
consistent with studies correfating the activity of HATs and
HDACs with positive and negative regulation of nuclear re-
ceptor function. These studies also support the conclusion that
the ability of BRG-1 to potentiate estrogen signaling is mod-
ulated by factors that regulate the acetylation state with in cell.
Taken together, these studies support a model in which two
distinct mechanisms by which the chemical and structural in-
tegrity of chromatin work cooperatively to support nuclear
receptor activation.
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FIG. 4. BRG-1-mediated coactivation of estrogen signaling is positively and negatively regulated by the acetylation state of a cell. Transient transfection assays were
carricd out in essentially as for Fig. 1. (a} Tohibition of HDAC activity dramatically augments BRG-1-mediated coactivation of cstrogen signaling. Transient transfection
of SW.13 cclls was performed as described in the text, and cells were treated with a vehicie control (No Tx), 10 aM 178-estradiol (E2), 150 nM TSA, or 10 nM
173-cstradiol plus 150 nM TSA (Both). (¢) Overexpression of FIDAC-I diminishes BRG-1-mediated activation of ER signaling and abolishes the cooperative
enhancement of BRG-1 activity observed with TSA. All experiments were carried out in triplicate; error bars represent the standard error of the mean.

DISCUSSION

The mechanisms by which nuclear receptors transmit a hor-
monc binding signal to core transcription machinery have been
the focus of intensive research. These efforts have lead to the
identification and characterization of several distinct multipro-
tein complexes which directly interact with agonist-bound nu-
clear receptors (9, 16, 28. 45, 46). The SRC-1 family of nuclear
receptor coactivators appear to play a critical role in mediating
the association of onc of these compiexes to nuclear receptors.
This complex has been shown to contain potent HAT activitics
in p300-CBP and also the p300/CBP-associated factor PCAF.
Additionally, these factors have been identificd in complexes
that contain intrinsic chromatin remodeling activity. These
findings suggest that the SRC-1-containing complex may have
as its primary purposc the chemical modification of the chro-
matin surrounding a target gene to which it is recruited. A
second complex, identified on the basis of its ability to interact
with activated nuclear receptors, is the vitamin D receptor-
intcracting protecin complex (DRIP) (38). also known as the
thyroid receptor-associated protein complex (10). This com-
plex has also been shown to play a critical role in the coacti-
vation of several classes of transcription factors other than
nuclear receptors (31). Detailed biochemical analyses of the
subunits of this complex have provided strong evidence that
this complex is an advanced homolog of the ycast mediator
complex, and there is evidence of direct interactions between
subunits of DRIP and subunits of the TFIID complex. The
identification of these two unique complexes supports a two-
step madel for the coactivation of nuclear receptor signaling in
which the modification of chromatin structurc and the direct
transmission of a hormone binding signal to basal transcription
machinery both contribute to the regulation of nuclear recep-
tor function (25). Whilc it remains unproven that these two
complexes work cooperatively, there is abundant evidence that
activitics which relax the structure of chromatin have been
assaciated with an increased rate of preinitiation complex for-
mation upon a basal promoter (34). The close association

between the preinitiation complex and the mediatgr complex
might also imply that the modification of chromatin structure
can enhance the rate at which complexes like DRIP engage
both the basal transcription machinery and activated transcrip-
tion factors.

There is substantial evidence that while they are biochemi-
cally separable, there is a functional link between histone acet-
ylation and chromatin remodeling. Chromatin structure is al-
tered by large multiprotein nucleosome remodeling complexes
such as Swi/Snf, RSC, ACF, CHRAC, and NURF (3). Each of
these complexes was purified as a distinct ATP-dependent
chromatin remodeling activity, and each appears to be bio-
chemically distinct. One element common to each of these
complexes is a member of the Swi-2/Snf-2 family of nuclcar
ATPases which includes yeast Swi-2/Snf-2, Drosophila Brahma
and 1-Swi, and human Brm and BRG-1 among others. These
factors have been proposed to function as molccular motors
that use the catalysis of ATP to drive a variety of remodeling
activities. Studies of mutations in a yeast HAT complex have
suggested a link to between histone acetylation and Swi/Snf
function, whilc other studies have reported the identification of
histone acetylases (17, 36, 39) closcly associated with chroma-
tin remodeling machines. Consistent with the role of acetyla-
tion status are studies in which diverse members of the HDAC
family are implicated in the corepression of nuclear receptor
activity (14, 18, 23). Taken together, these studies along with
data presented here support a model in which an acetylated
nuclcosome may be a better substrate for the ATP-dependent
chromatin remodeling machines, such as Swi/Snf. The loss of a
positively charged amino acid residue that is the result of the
acetylation of lysine reduces the affinity of the nucleosome for
DNA, which, in turn, may contribute to the nucleosome being
a more labile substrate for remodeling machines. Additionally.
a domain which is well conserved in scveral transcriptional
coregulators, the bromodomain, has recently been shown to
bind to acetyl-lysine with high affinity (7). This observation may
suggest that in addition to reducing the affinity of the nucleo-
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some core for DNA, acetylation of the external arms of the
histones may actually provide high-affinity docking sites upon
which bromodomain-containing proteins can bind. In this way,
acctylation may enhance chromatin remodcling activity by two
distinct mechanisms: the reduction of the DNA binding affinity
of the nuclcosome, and the presentation of docking sites upon
which bromodomain containing proteins can hind.

In this paper we report an association between ER and
BRG-1 that we believe is mediated by additional factors. This
association was obscrved in crude whole-cell extracts and could
not he reconstituted using recombinant proteins. These obser-
vations are likely to support a model in which BRG-1 is re-
cruited to the activated ER as a member of a large multisub-
unit complex of proteins. Several reports have identificd
factors that interact with nuclear receptors in a manner that is
hormone and AF-2 dependent and that are distinct from the
SRC-1 family. Given that the association between ER and
BRG-1 is dependent on the presence of both hormone and
AF-2, it is plausible that onc or more of these factors may
mediate the association between ER and BRG-1. Previous
studics have demonstrated interactions between BRG-1 and
members of the nuclear receptor superfamily, including ER,
retinoic acid receptor, and GR in yeast-based two-hybrid sys-
tems (6, 30). There are several possible explanations for this
apparent conflict. While the two-hybrid systems are designed
to measure direct interactions between two chimeric proteins,
it is difficult to control for the intcractions of additional en-
dogenous factors. Equally possible is that the interaction be-
tween ER and BRG-1 in yeast is direct and may be the result
of distinct mechanisms by which the heterologous transcrip-
tiona! activation by nuclear receptors is mediated in yeast (13).
This possibility is particularly intriguing given that there ap-
pear to be no obvious SRC-1 family homologs encoded in the
yeast genome and may suggest that the SRC-1 family members
evolved as a more dynamic platform upon which coactivator
complexes arc assembled. Thus, it may be possible that the
obscrved interaction in yeast represents a more global mech-
anism of transcriptional activation that has been replaced by
factors such as the SRC-1 family in higher cukaryotes.

The findings presented in this report are consistent with a
model in which BRG-1 is required for transcriptional activa-
tion by the ER. Our data suggest that upon hormonc binding,
the ER associates with BRG-1. therchy recruiting BRG-1 to
the sites of estrogen-responsive chromatin. Similar CHIP as-
says using antibodics dirccted against SRC-1 and acetyl-lysine
have suggested that the association between BRG-1 and cstro-
gen-responsive promoter regions is accompanied by the inter-
action of SRC-1 and CBP (Y. Shang et al., submitted for
publication). Coactivation of estrogen signaling by members of
the SRC-1 family or members of the CBP family is also de-
pendent on the actions of BRG-1. These studics also suggest
that factors which cnhance the acetylation state within a cell
elicit a corresponding enhancement of BRG-1-mediated coac-
tivation of estrogen signaling. This enhancement may be ac-
counted for by incrcased access of BRG-1 to acetylated chro-
matin. which in turn might render an acetylated nucleosome a
better substrate for the remodeling activity of BRG-1. Addi-
tionally. the presence of a bromodomain at the C terminus of
BRG-1 may suggest that under conditions of enhanced accty-
fation. BRG-1 can associate via the recently identified interac-
tion between a bromodomain and acctyl-lysine. Such mecha-
nisms may account for the collaborative cflect of BRG-1 and
factors that promotce histone acetylation upon the coactivation
of estrogen signaling.
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Basic and Clinical Aspects of Breast Cancer

The Steroid Receptor Coactivator SRC-1 Mediates Estrogen Responsiveness Via an
Unusual Estrogen Response Element. James DiRenzo, Bettina Hanstein, Molly Yancisin
and Myles Brown. Dana Farber Cancer Institute, 44 Binney Street Boston MA 02115.

Breast cancer is the most common cancer afflicting women in the United States and the
second leading cause of cancer death. Critical predictions as to the biological behavior,
and thus the appropriate therapeutic strategy, of breast cancers can be made based upon
the status of the estrogen receptor (ER), a member of the nuclear receptor superfamily of
hormone activated transcription factors. ER has been known to regulate target genes by
binding to sequence-specific hormone response elements in the regulatory regions of such
genes. However, other target genes including the gene encoding the transforming growth
factor-beta (TGF-B3), have been shown to be responsive to estrogen but have no
recognizable estrogen response element, suggesting that other factors may function to
mediate the activities of ER in genes lacking classical EREs. The binding of estrogen to
the estrogen receptor triggers a complex series of biochemical events which transmit the
hormone binding signal to the general transcription machinery, resulting in the modulation
of RNA polymerase II activity. A critical element of this coactivation is the recruitment of
the recently identified steroid receptor coactivator, SRC-1. SRC-1 has been shown to
interact with several members of the nuclear receptor superfamily in a hormone dependent
manner. The identification of a domain of SRC-1 which contains significant homology to
members of the basic helix loop helix family of transcription factors lead us to investigate
the possibility that SRC-1 may itself contain intrinsic DNA binding activity. In this study
we examine the role of SRC-1 in the regulation of an unusual estrogen response element
contained in the 5’ untranslated region of the gene encoding transforming growth factor
B3. We present evidence that SRC-1 forms a complex on this element and is capable of
activating transcription in a manner that is dependent upon this element. Furthermore, we
present data which suggests that SRC-1 may mediate responsivness to estrogen via this
element. These studies suggest that the presence of SRC-1 binding elements in the
regulatory regions of genes may identify a novel class of estrogen responsive genes.
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Abstract

Estrogen receptor signaling involves the recruitment of proteins implicated in the
structural and chemical modification of chromatin. These include factors which
contribute to nucleosome remodeling such as BRG-1, as well as to histone acetylation
such as SRC-1 and CBP. One member of the SRC-1 family, AIB1, has been shown to be
Amplified In Breast cancer. Here we demonstrate an in vivo association between BRG-1
and SRC-1, which mediates physical and functional interactions between BRG-1 and
agonist-bound ER. BRG1-mediated coactivation of ER requires an intact BRG1 ATPase
domain and is AF-2 dependent. Furthermore, this coactivation is augmented by factors
which promote histone acetylation such as SRC-1, CBP, and histone deacetylase
inhibitors. These studies suggest that two global mechanisms of gene regulation,
nucleosome remodeling and histone acetylation, are physically and functionally linked in
the control of ER function.
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Abstract

Studies of the mechanism of nuclear receptor function have implicated a role for
structural and chemical modulation of chromatin. Several important co-regulators, of
nuclear receptor function contribute, both positively and negatively, to the acetylation
state of core histones. Other studies show that disruption or remodeling of nucleosomes,
is required for activated transcription by nuclear receptors and other transcription factors.
Here, we demonstrate that the Steroid Receptor Coactivator-1, (SRC-1), associates with
the Brahma Related Gene product-1 (BRG-1), a component of the nucleosome
remodeling Swi/Snf complex. This association mediates a hormone dependent
interaction between the estrogen receptor and BRG-1. We show that BRG-1 is sufficient
for coactivation of nuclear receptor signaling and that an ATPase deficient mutant of
BRG-1 is not. Furthermore, BRG-1 mediated coactivation is augmented by
overexpression of members of the SRC-1 family. Finally we demonstrate that either
overexpression other nuclear receptor coactivators, or treatment with histone deacetylase
inhibitors, enhances coactivation by BRG-1. These studies demonstrate that factors
associated with two distinct mechanisms of global gene regulation, the acetylation of
histones and the disruption of nucleosomes are physically linked and suggest that they
function cooperatively in nuclear receptor signaling.




REGULATION OF ESTROGEN SIGNALING VIA
CHROMATIN REMODELING PATHWAYS

Dr. James DiRenzo, and Dr. Myles Brown
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Critical predictions of biological behavior. and thus appropriate therapeutic strategy, of
breast cancers can be made based upon the status of the estrogen receptor (ER). Upon
hormone binding, the ER undergoes a conformational change that favors the association
of a variety of nuclear factors. Several factors that mediate the coactivation of ER have
also been shown to modify the chemical and structural composition of chromatin.
Prominent among these, is the Steroid Receptor Coactivator-1 (SRC-1) and its closely
related family members. These factors physically interact with agonist-bound nuclear
receprors and in doing so. couple them to multifunctional transcriptional regulators such
as CBP/p300 and PCAF., all of which have potent and intrinsic histone acetyltransferase
(HAT) activity. Other studies have suggested that factors involved in the structural
remodeling of chromatin also mediate hormone-dependent transcriptional activation by
nuclear receptors. One such factor. the Brahma Related Gene-1 (BRG-1) potentiates the
transcriptional activity of nuclear receptors. Taken together, these studies suggest that
two distinct mechanisms that target the chemical and structural status of chromatin
contribute to nuclear receptor activity. Here. we demonstrate in vitro that BRG-1 is
recruited to the ER in a manner that is both hormone and AF-2-dependent. Additionally,
we show that ER-mediated transcriptional activation requires functional BRG-1 and that
in the absence of BRG-! neither SRC-1 nor CBP is capable of coactivating ER signaling.
Finally we demonstrate that the BRG-1 mediated coactivation of ER signaling can be
dramatically increased via the inhibition of histone deacetylation by Trichostatin A and
that this increase can be reversed by overexpression of Histone Deacetylase-1 (HDAC-I).
These studies 'support a mode! for nuclear receptor activation in which either histone
acetylation or chromatin remodeling are sufficient to potentiate a transcriptional responsc
alone but that together these systems function cooperatively to produce an enhanced

“hormonal response.
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