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The packaging of eukaryotic DNA into chromatin can create an impediment to transcription by hindering
binding of essential factors required for transcription. The mammalian SWI/SNF remodeling complex has
been shown to alter local chromatin structure and facilitate recruitment of transcription factors. BRG1 (or
hBrm), the central ATPase of the human SWI/SNF complex, is a critical factor for the functional activity of
nuclear receptor complexes. Analysis using BRG1/SNF2h chimeras suggests BRG1 may contain previously
uncharacterized functional motifs important for SWI/SNF. To identify these regions, BRG1 truncation and
deletion mutants were designed, characterized, and utilized in a series of assays to evaluate transcriptional
activation and chromatin remodeling by the glucocorticoid receptor. We identified a domain within the N
terminus of BRG1 that mediates critical protein interactions within SWI/SNF. We find the HSA domain of
BRG1 is required to mediate the interaction with BAF250a/ARID1A and show this association is necessary for
transcriptional activation from chromatin mouse mammary tumor virus or endogenous promoters in vivo.
These studies suggest BAF250a is a necessary facilitator of BRG1-mediated chromatin remodeling required for
SWI/SNF-dependent transcriptional activation.

In the eukaryotic nucleus, genetic information is packaged
with histone and nonhistone proteins to form a highly orga-
nized chromatin structure which tends to have a repressive
effect on gene expression by inhibiting access of the transcrip-
tional machinery and gene-specific regulators to recognition
sequences within target promoters (4, 34). This structural as-
sembly can represent an additional level of control in numer-
ous nuclear processes, such as transcriptional regulation, rep-
lication, recombination, and DNA damage repair. The
modulations of chromatin structure that accompany transcrip-
tional regulation often require multiprotein complexes that
can manipulate the nucleosomal architecture. At least two
highly conserved chromosome-modifying enzymatic activities
have been described that alter chromatin structure through
ATP-dependent chromatin remodeling complexes or by cova-
lent modification of histone tails by means of acetylation,
methylation, phosphorylation, ubiquitination, sumoylation,
and/or ADP ribosylation (20, 31).

Several multisubunit complexes have been identified that
utilize the energy derived from ATP hydrolysis to alter the
arrangement and stability of nucleosomes in a noncovalent
manner to regulate nuclear processes. Generally, these ATP-
dependent remodeling machines are divided into four major
classes according to the identity of their central catalytic sub-
unit which include SWI/SNF, ISWI, Mi-2/NuRD, and INO80
(4, 8, 29). The SWI/SNF family of chromatin remodeling com-

plexes, which is highly divergent and can exist in multiple
forms, has been well characterized with regard to structure,
function, and enzymatic activity. Mammalian SWI/SNF is a
large multiprotein complex that contains either BRG1
(Brahma-related gene 1) or hBrm (human Brahma) as the
catalytic ATPase as well as 10 to 12 BAF (BRG1-associated
factor) proteins, most of which are orthologous to those found
in Saccharomyces cerevisiae SWI/SNF and RSC (31). Human
SWI/SNF is composed of a heterogeneous mixture of subunits
with most purified complexes containing accessory subunits
BAF170, BAF155, BAF60, BAF57, BAF53, and BAF47 (35).
Although BRG1 alone is sufficient to stimulate nucleosome
remodeling in vitro, the addition of the core BAF proteins,
BAF170, BAF155, and BAF47, has been shown to reconstitute
chromatin remodeling to near optimal levels (28). Human
SWI/SNF can be further grouped into two subfamilies classi-
fied as BAF and PBAF complexes (22, 25). Members of these
two groups share similar subunit compositions but are distin-
guished by the presence of specific subunits where BAF250 has
been found exclusively in the BAF complex, while BAF200 and
BAF180 are exclusively present in PBAF (40). This differential
makeup of the various BRG1/Brm-based complexes suggest
BAF subunits may play important roles for promoter-specific
targeting or to stabilize nucleosomal structure in a particular
conformation which is favorable for SWI/SNF remodeling (4,
24). Studies of the human �-globin promoter support this con-
cept by demonstrating that mammalian SWI/SNF-regulated
transcription is a selective process involving direct interactions
between distinct zinc finger DNA-binding domain structures
and individual SWI/SNF subunits, BRG1 and BAF155 or
BAF170, to achieve targeted chromatin remodeling and tran-
scriptional activation (19).
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The targeting of SWI/SNF to gene-specific promoters is
thought to take place through the binding of transcription
factors, coactivators, or members of the general transcriptional
machinery (4). Interestingly, BAF subunits with bromodo-
mains are known to target acetylated histone tails; likewise,
different SWI/SNF components, including BRG1, BAF250,
BAF60a, and BAF57, have been reported to mediate critical
interactions between steroid hormone receptors and remodel-
ing complexes (2, 12, 14, 18). Within the context of nuclear
receptor (NR)-mediated transcriptional activation, multiple
interactions are thought to be involved in recruitment and
stabilization of the SWI/SNF remodeling complex at target
promoters and this targeting may be mediated through direct
or indirect interactions involving one or more BAF subunits
(4).

The SWI/SNF chromatin remodeling complex has been im-
plicated in transcriptional regulation by glucocorticoid recep-
tor (GR) based on the published interaction of GR with the
BRG1 complex in GR-mediated chromatin remodeling at the
steroid hormone-responsive mouse mammary tumor virus
(MMTV) promoter (32). The MMTV promoter has proven to
be a model system for the study of the molecular details in-
volved in NR-mediated chromatin remodeling and transcrip-
tional activation by SWI/SNF.

Studies using the BRG1/hBrm null SW-13 cell line estab-
lished the requirement for BRG1 in GR-mediated chromatin
remodeling and transcriptional activation from gene-specific
promoters (32). Interestingly, SW-13 cells also lack the PBAF-
specific BAF180 subunit, suggesting that the BAF180 subunit
is not required for GR-mediated remodeling at chromatin
MMTV because the remodeling process is supported upon
reintroduction of BRG1 (22). Although present in SW-13 cells,
remodeling activities of ISWI- or Mi-2-based complexes are
also unable to substitute for GR-dependent BRG1 actions,
such as transcriptional activation, induced transcription factor
binding, and chromatin remodeling of the nucleosomal archi-
tecture (32).

In this present study, we use various BRG1/SNF2h chimeric
proteins to show a dependence of the BRG1 N-terminal re-
gion, in conjunction with the active ATPase domain, on GR-
induced BRG1-dependent transcriptional activation of chro-
matin MMTV. The N-terminal domain of BRG1 contains
several conserved regions identified based on sequence homol-
ogy, whose function and biological importance remain unclear.
To further analyze these regions and their importance in vivo,
we generated and characterized a series of N-terminal BRG1
truncation and deletion mutants specifically targeting the pro-
line-rich region, the helicase/SANT-associated (HSA) domain
(7), or the BRM and KIS (BRK) domain (6). Interestingly,
deletion of the HSA region within BRG1 greatly reduced GR-
mediated transcriptional activation from chromatin MMTV
and endogenous promoters. Computational analyses and in
vitro binding studies suggest this region may comprise a pro-
tein interaction surface that may mediate critical interactions
required for GR-dependent SWI/SNF transcriptional regula-
tion (18). We find that the N-terminal HSA domain of BRG1
is necessary to mediate the association with the ARID domain
(AT-rich interacting domain) containing SWI/SNF subunit,
BAF250a (ARID1A), and that this interaction is required for

GR-mediated BRG1-dependent transcriptional activation of
chromatin MMTV and endogenous promoters.

MATERIALS AND METHODS

Cell culture, transient transfections, and luciferase assays. Human SW-13
adrenal carcinoma cells were maintained as previously described (32). SW-13/
MMTV cells, which contain 20 stably integrated copies of MMTV fused to a
luciferase reporter, were cultured under the same conditions as those used for
SW-13 cells but supplemented with 250 �g/ml G418. Transfections were carried
out in serum-free Dulbecco modified Eagle medium using Lipofectamine Plus
reagent or in antibiotic-free medium using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Cells were assayed for luciferase
activity, and relative light units were normalized to the total protein measured as
previously described (32).

Generation of BRG1/SNF2h chimeric and BRG1 N-terminal mutant con-
structs. Constructs expressing human FLAG-tagged BRG1/SNF2h chimeric pro-
teins were generated by PCR as previously described (11). Mammalian expres-
sion vectors for V5-tagged human BRG1 and BRG1 mutants were constructed
by directional TOPO cloning of PCR fragment containing the entire coding
region or truncated products into pcDNA3.1D/V5-His plasmid according to the
manufacturer’s suggested protocol (Invitrogen). BRG1 deletion mutant expres-
sion plasmids (�HSA, �BRK, and �475-656) were generated by first creating
shuttle vectors of TOPO cloned BRG1 PCR fragments encoding amino acids 532
to 1648 (for �HSA) or 656 to 1648 (for �BRK and �475-656) using specific
primers containing unique restriction endonuclease sites. These plasmids were
digested and used in ligation reaction mixtures containing BRG1-specific PCR
products encoding amino acids 1 to 475 (for �HSA and �475-656) or 1 to 612
(for �BRK). The authenticity of each PCR-generated sequence was verified by
DNA sequencing. Primer sequences used to generate these BRG1 pcDNA3.1D/
V5-His expression vectors are available upon request.

Immunoblotting and immunoprecipitation analysis. Cells from subconfluent
cultures were washed and scraped into phosphate-buffered saline and pelleted by
centrifugation. For immunoprecipitation analysis and immunoblotting, whole-
cell or nuclear lysates were prepared as previously described using indicated
antibodies (32).

Nucleosome assembly. A 202-bp DNA fragment, containing two 20-bp GT
phasing sequences located at one end, was assembled into mononucleosomes
with recombinant human histones using step gradient salt dialysis. DNA frag-
ments used for assembly were generated by PCR and labeled with [�-32P]dATP.
Recombinant histones were prepared as described previously (23). Mononucleo-
somes were purified on a 10 to 30% glycerol gradient (10).

Protein purification and ATP-dependent remodeling assays. DNA encoding
BRG1 N-terminus-truncated proteins were transfected into 293T cells using
Lipofectamine 2000. Forty hours posttransfection, cells were harvested and lysed
in a hypotonic buffer. BRG1 mutant proteins were purified from nuclear extracts
using V5 beads, and these bead-bound BRG1 mutant proteins were assayed for
their remodeling activity.

Remodeling reactions were performed in 12 mM HEPES (pH 7.9), 10 mM
Tris-HCl (pH 7.5), 60 mM KCl, 8% glycerol, 4 mM MgCl2, 2 mM ATP � Mg, and
0.02% NP-40 at 30°C. The mononucleosomal substrate was used at less than 1
nM. Reactions were terminated by adding ADP to a final concentration of 10
mM and DNA to 100 ng/�l as an unlabeled competitor. The remodeled products
were resolved on 5% native polyacrylamide gels (0.5� Tris-borate-EDTA).

ChIP. SW-13/MMTV cells were transiently transfected with GR and wild-type
or BRG1 mutant expression plasmids followed by treatment with dexamethasone
(Dex) (10�7 M) or an equal volume of vehicle for 1 h. Cell monolayers were fixed
for 5 min with 1% formaldehyde and washed with phosphate-buffered saline and
then analyzed as previously described (32). Quantitative chromatin immunopre-
cipitation (ChIP) PCR was performed with Stratagene Mx3000P and Brilliant
SYBR green quantitative PCR (QPCR) master mix. Average cycle threshold
amplification values were calculated and presented as percentages of sample
input.

Restriction enzyme hypersensitivity assay. SW-13/MMTV cells were tran-
siently transfected with expression plasmids for GR and either pcDNA3.1D
(empty vector) or wild-type or mutant BRG1. Cells were treated with Dex (10�7

M) or vehicle for 1 h, followed by nucleus isolation and digestion with SstI (in
vivo) and HaeIII (in vitro) as previously described (1). Equal amounts of purified
digestion products were analyzed by linear Taq polymerase amplification with a
32P-labeled oligonucleotide specific for MMTV (32). Purified amplification prod-
ucts were resolved on polyacrylamide denaturing gels.

Reverse transcription-QPCR. Total RNA was isolated from parental SW-13
cells transfected with expression plasmids for GR and/or BRG1, K798R, �HSA,
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FIG. 1. Characterization of BRG1/SNF2h chimeric proteins and BRG1 domain deletion mutants in SW-13 cells. (A) Schematic representation
of BRG1/SNF2h chimeric proteins used in this study. BRG1 and SNF2h are divided into three regions: a homologous ATPase domain (ATPase),
a nonhomologous N-terminal region (N), and a C-terminal region (C). (B) SW-13 cells, containing stably integrated MMTV reporter, were
cotransfected with expression plasmids for GR and pcDNA (empty vector), BRG1, SNF2h, or BRG1/SNF2h chimeric proteins, treated with Dex,
and assayed for luciferase activity. Luciferase activity was normalized to the total protein measured (measured in relative light units [RLU] per
microgram of protein). EtOH, ethanol. (C) Diagram of BRG1 ATPase-dead (K798R), N- and C-terminal deletion mutants, and N-terminal or
ATPase proteins. (D) GR-mediated transcriptional activation assay as described in Materials and Methods in SW-13/MMTV cells expressing
GR and BRG1 or domain deletion proteins. Relative luciferase expression values were normalized to total protein measured. Data
represented are from three independent experiments.
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or �BRK. Forty-eight hours posttransfection, cells were scraped or treated with
Dex (10�7 M) or vehicle for 4 h, and total RNA was extracted using TRIzol
(Invitrogen) according to the manufacturer’s protocol. DNase I-treated total
RNA was reverse transcribed into single-stranded cDNA using oligo(dT) and
SuperScript II (Invitrogen). An equal amount of cDNA, from each experimental
condition, was amplified by real-time PCR using the Stratagene Mx3000P and
Brilliant Sybr green QPCR master mix with indicated gene-specific primer sets.
For reverse transcription-QPCR, the average cycle threshold values for promy-
elocytic leukemia zinc finger protein (PLZF) and hydroxysteroid 11-� dehydro-
genase (HSD-11�) type 2 primer sets were calculated and normalized the cycle
threshold values obtained from glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)-specific primers. Optimized conditions for PCR amplification and
primer sequences are available upon request.

siRNA transfection. Small interfering RNA (siRNA) duplexes targeting the
mRNA coding region of BAF250a (NCBI Nucleotide Database accession num-
ber NM_006015) were created using Ambion or Invitrogen Web-based software
and synthesized by Dharmacon. siRNAs were also synthesized targeting BAF155
and BAF170 (used as a positive control of transcriptional activation knock-
down) or BAF250b and nontargeting control (NTC) from Dharmacon (used as
a negative control of transcriptional activation knockdown). Sequence informa-
tion regarding chemically synthesized siRNA duplexes used in this study follows:
BAF250-1, 5�-GGGCCAGACUCCAUAUUACdTdT-3�; BAF250-2, 5�-UUGC
CCAAGAUCGAGGUUAdTdT-3�; BAF250-3, 5�-CGACAUGAUUCCUAUG
GCAdTdT-3� (40); BAF250-4, 5�-CGCCUGGAGAAGUUGUAUAdTdT-3�;
BAF155, 5�-CAAGGAUGAUUGGAACAAAdTdT-3�; BAF170, 5�-CCUCU
CACUUCCAUGUCUUdTdT-3�; BAF250b, 5�-UCUGUGAUGUACUGUUUC
AdTdT-3�; and NTC, siCONTROL nontargeting siRNA 1 (catalog number
D-001212-01-20; Dharmacon).

SW-13 cells were seeded into six-well plates, containing normal growth media
(minus antibiotics), at a density of 0.3 � 106 cells/well. Cells were cotransfected
with GR and wild-type BRG1 expression plasmid (1.0 �g/well) and 50 �M
duplex siRNA using Lipofectamine 2000 in Opti-MEM (Invitrogen). Forty-eight
hours posttransfection, cells were treated with Dex (10�7M) or vehicle for 16 h
in fresh normal growth media (minus antibiotics). The extents of BAF250a
protein knockdown and expression of transfected plasmids were determined by
immunoblotting at 48 h posttransfection. The effect of BAF250a protein knock-
down on MMTV transcriptional initiation was evaluated by luciferase assay.

RESULTS

The N-terminal region of BRG1 is required for SWI/SNF
function. The SWI/SNF and ISWI families of ATP-dependent
chromatin remodeling complexes show conserved homology
from yeast to humans. BRG1 and SNF2h represent the motor
proteins of the major mammalian remodeling complexes, and
genetic analysis has indicated these ATPase activities do not
complement each other (9). In order to identify domains within
the BRG1 remodeling protein that are required for SWI/SNF
function, we utilized a series of BRG1/SNF2h chimeric proteins
generated through domain swapping between the N-terminal,
ATPase, and C-terminal domains of the two chromatin remod-
eling proteins to create four BRG1/SNF2h chimeric proteins,
S-B-S, B-B-S, S-B-B, and B-S-B (Fig. 1A). Each chimeric protein
was characterized and evaluated using a series of in vitro assays to
determine functional activities within the context of the remod-
eling complex as previously described (11). In the present study,

these BRG1/SNF2h chimeras were used to evaluate GR-depen-
dent transcriptional activation by SWI/SNF.

Studies have shown that BRG1 is required for GR-depen-
dent activity of chromatin MMTV within SW-13 cells and that
this activity cannot be substituted by other chromatin remod-
eling proteins present, such as SNF2h (32). Therefore, to de-
termine which regions within BRG1 are required for NR-
mediated SWI/SNF activity, SW-13 cells containing an
integrated MMTV luciferase reporter (designated SW-13/
MMTV) were cotransfected with expression vectors for GR
and BRG1, SNF2h, or BRG1/SNF2h chimeric proteins,
treated with Dex or vehicle, and assayed for reporter activity.
Cells expressing BRG1 showed a significant increase in re-
porter activity from the chromatin promoter upon Dex treat-
ment. Interestingly, GR-mediated activity was observed only in
the presence of BRG1 and the B-B-S chimera, while activity
resulting from the other chimeric proteins was equivalent to
that observed with the empty vector control (Fig. 1B). To verify
GR-dependent transcription initiation from chromatin MMTV
requires an intact N terminus and BRG1 ATPase; we per-
formed reporter studies in the presence of BRG1 deletion
mutants. Mutant BRG1 proteins were generated by removing
the N or C terminus of BRG1, denoted �1-727 or �1388-1648,
respectively, or by specifically expressing the N-terminal do-
main (�729-1648) or ATPase domain of BRG1 (Fig. 1C). A
similar transcriptional dependence was observed in SW-13/
MMTV cells expressing these BRG1 domain deletion mutants.
Interestingly, the C terminus of BRG1 does not appear to be
necessary for GR-mediated BRG1 activity at the chromatin
promoter. Consistent with the BRG1/SNF2h chimeric data,
GR-mediated MMTV transcription was observed in cells ex-
pressing both the N-terminal and ATPase regions of BRG1,
while proteins devoid of both domains displayed significantly
diminished activity from the promoter (Fig. 1D). Together,
these results suggest the N-terminal region of BRG1 is impor-
tant, in conjunction with BRG1 ATPase activity, for GR-
induced SWI/SNF-dependent transcriptional activation of
chromatin MMTV.

Generation and characterization of functional BRG1 N-ter-
minal mutant proteins. The N-terminal region of BRG1, con-
sisting of amino acids 1 to 728, contain several conserved
domains identified based on sequence homology. Studies sug-
gest this region is required for interactions between BRG1 and
SWI/SNF subunits as well as other proteins involved in various
nuclear processes (15, 30, 33). To investigate the functional
importance of the N-terminal region in the context of GR-
mediated SWI/SNF activity, we generated and characterized a
series of BRG1 N-terminal truncation and deletion mutants. A
putative proline-rich region, an HSA domain (domain in heli-

FIG. 2. Characterization of BRG1 N-terminal truncation/deletion mutants. (A) Schematic representation of BRG1 N-terminal mutants. BRG1
mutant expression plasmids were constructed by truncating amino acids or selectively deleting previously identified domains within the amino-
terminal (N-terminal) region of BRG1. Each protein contains a C-terminal V5 epitope tag. (B) Protein expression of BRG1 N-terminal mutants in
transfected SW-13 cells using nuclear lysate and anti-V5 antibody. (C) SW-13/MMTV cells were transfected with expression plasmids for GR and pcDNA
(empty vector), BRG1, or mutant proteins, treated with Dex, and assayed for luciferase activity. Relative luciferase expression values were normalized
to total protein measured (measured in relative light units [RLU] per microgram of protein). Data represented are from three independent experiments.
EtOH, ethanol. (D) In vitro remodeling activity of BRG1 N-terminal mutant proteins. Nucleosome mobility assay was performed. BRG1 mutant proteins
were purified from 293T cell nuclear extracts, immobilized on V5 beads, and assayed for remodeling activity using a 202-bp DNA fragment, assembled
in mononucleosomes with recombinant human histones. Remodeled products were resolved on 5% native polyacrylamide gels.

VOL. 28, 2008 BRG1 HSA DOMAIN MEDIATES INTERACTION WITH BAF250a 1417



cases and associated with SANT domains), and a BRK domain
(domain in transcription and CHROMO domain helicases)
were specifically targeted for mutational analysis. Truncation
of BRG1 by selectively removing amino acids 1 to 181 or 1 to
363 targeted the putative proline-rich region, while deletion of
amino acids 476 to 531 and 611 to 655 targeted the BRG1-
HSA and -BRK domains, respectively, while deletion of amino
acids 476 to 655 removed both domains along with the linking
region (Fig. 2A). The resulting BRG1 N-terminal mutants,
each expressing a C-terminal V5 epitope, were expressed in
SW-13 cells and found exclusively in the nuclear fraction
(Fig. 2B).

Cells expressing GR and BRG1 showed a significant in-
crease in luciferase activity from the chromatin promoter upon
hormone treatment (Fig. 2C) (32). Activity levels detected in
the presence of BRG1 mutants, �182 and �364, were equiva-
lent to that observed with wild-type BRG1, suggesting that the
proline-rich region of BRG1 is not required for GR-mediated
transcriptional activation of chromatin MMTV. Interestingly,
removal of the HSA domain resulted in a complete loss of
GR-induced activity compared to empty vector (pcDNA),
whereas only a minimal attenuation was observed upon dele-
tion of the BRK region (Fig. 2C). These data suggest the
N-terminal HSA domain of BRG1 may be a critical element
for GR-mediated BRG1-dependent transcriptional activation.

The inability of �HSA to potentiate a GR-mediated tran-
scriptional response may result from impaired ATP-dependent
chromatin remodeling activity within the protein. To deter-
mine whether the BRG1 deletion mutants contain active nu-
cleosome-remodeling domains, we performed nucleosome mo-
bility analysis. BRG1 mutant proteins were purified from
nuclear extracts and assayed for their ability to remodel a
202-bp mononucleosomal substrate. We found that each mu-
tant tested efficiently produced remodeled products in an
ATP-dependent manner, enriched for higher-mobility nucleo-
somes similar to those observed for BRG1 (Fig. 2D). These
results indicate deletion of specific domains within the N ter-
minus of BRG1 did not disrupt ATP-dependent remodeling
activity of the mutant proteins. Taken together, these results
suggest that the HSA domain of BRG1, and not the proline-
rich region or the BRK domain, is critical for GR-mediated
transcriptional activity of the SWI/SNF remodeling complex.

BRG1-�HSA is incorporated into the SWI/SNF complex,
targeted to MMTV, but is unable to remodel the chromatin
promoter. In mammalian cells, BRG1 exists within the context
of SWI/SNF as the central catalytic subunit displaying ATPase
activity. Multiple complexes have been identified and can be
distinguished based on subunit composition; however, BRG1
(or hBrm), BAF170, BAF155, and BAF47 represent the core
components of the remodeling complexes (31). The inability of
BRG1-�HSA to participate in GR-induced activation of chro-
matin MMTV could be due to its exclusion from the remod-
eling complex. Therefore, we performed a series of coimmu-
noprecipitation studies to determine whether the BRG1
N-terminal deletion mutants, �HSA, �BRK, or �475-656
could be incorporated into the SWI/SNF complex. Parental
SW-13 cells were transfected with expression plasmids encod-
ing wild-type or mutant BRG1 proteins, and whole-cell lysates
were used for immunoprecipitation with antibodies specific for
V5 tag, BAF155, BAF170, or BAF60a. Immunoblot analysis

reveals BAF170, BAF155, and BAF60a copurified with BRG1
mutants �HSA, �BRK, and �475-656, suggesting the mutant
proteins are incorporated into the SWI/SNF complex (Fig.
3A). Interestingly, truncation mutant �546 did not copurify
with the core BAF subunits, suggesting the BRG1 interactions
with BAF170, BAF155, and BAF60a occur within amino acids
1 to 546 of BRG1 (Fig. 3A).

To determine whether the SWI/SNF complexes containing
BRG1 mutants are targeted to GR-responsive MMTV, we
performed ChIP analysis. SW-13/MMTV cells, expressing GR
and empty vector, BRG1, �HSA, or �BRK proteins, were
treated with Dex or vehicle and subjected to ChIP analysis. As
previously reported, BRG1 recruitment to the MMTV pro-
moter is hormone dependent (32). Interestingly, recruitment
of the complexes was shown to be equivalent to that observed
for the wild-type protein, suggesting the N-terminal HSA or
BRK domains are not required for targeting SWI/SNF to the
chromatin promoter (Fig. 3B). When purified ChIP fragments
were analyzed using primers specific for the luciferase reporter
(	2,000 bp downstream �1 transcription start site) recruit-
ment/binding of GR, wild-type, or BRG1 mutant proteins were
not detected, indicating the specificity of GR and BRG1/mu-
tant recruitment to the MMTV promoter (Fig. 3B).

The nucleosomal structure of integrated MMTV undergoes
a conformational change in response to glucocorticoid treat-
ment, inducing the nucleosome B region to become hypersen-
sitive to restriction endonucleases stimulating a remodeled nu-
cleosomal state (21). To determine whether the HSA domain
of BRG1 is required for this activity, we performed SstI hy-
persensitivity assay in the presence of various BRG1 proteins.
We observed increased GR-mediated restriction enzyme ac-
cessibility in cells expressing wild-type BRG1 compared to
treated cells transfected with empty vector or BRG1 ATPase
mutant K798R (32). Interestingly, elevated cleavage by SstI
was not detected in cells expressing the �HSA mutant, in-
dicating this region of BRG1 may be required to induce a
remodeled nucleosomal state within the promoter. Restric-
tion enzyme accessibility was restored in cells expressing the
�BRK protein to levels equivalent to that observed for
wild-type BRG1 (Fig. 3C), indicating the HSA domain could
be a critical element for GR-mediated SWI/SNF chromatin
remodeling.

The HSA domain of BRG1 is required for BRG1-mediated
transcriptional activation of endogenous genes. We next ana-
lyzed expression of endogenous BRG1-dependent or GR-re-
sponsive BRG1-dependent genes, CD44 and crystallin, alpha
B (CRYAB) or PLZF and HSD-11�, respectively, within the
SW-13 genome in the presence of BRG1, �HSA, or �BRK
proteins. BRG1-dependent expression of both CD44 and
CRYAB were increased in the presence of wild-type BRG1.
Interestingly, this relative transcription was diminished in cells
expressing �HSA to levels equivalent to that observed for
empty vector or the K798R ATPase dead BRG1 mutant (Fig.
4A). This observation is also seen when evaluating expression
of GR-responsive BRG1-dependent genes, PLZF and HSD-
11� type 2, in treated SW-13 cells expressing the various BRG1
proteins (Fig. 4A). Consistent with the activation of MMTV,
deletion of the BRK domain had no effect on GR-induced
BRG1-dependent transcriptional activation from either pro-
moter. As predicted, these data mirror observations made us-
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FIG. 3. BRG1 mutants interact with core SWI/SNF subunits, display GR-dependent promoter binding, and require the HSA domain for
remodeling activity. (A) Complexes containing BRG1 and mutant BRG1 were immunopurified from transfected SW-13 cells using antibodies (Ab)
specific for V5 epitope, BAF155, BAF170, and BAF60a. Immunoprecipitates were resolved by 6% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and analyzed by Western blotting using anti-V5 antibody. Normal IgG was used to detect nonspecific interactions.
(B) BRG1-, �HSA-, and �BRK-containing complexes are recruited to stably integrated MMTV in a GR-dependent manner in SW-13 cells, as
demonstrated by ChIP analysis using anti-V5 antibody (�-V5). Purified immunoprecipitated DNA fragments were analyzed by real-time PCR using
primer sets covering the MMTV promoter (Nuc-B) or 3�-coding region of the luciferase reporter (Luc-3�CR). Data were displayed as the percentages
of ChIP input. Normal IgG was used as a negative control. Data represented are from three independent experiments. EtOH, ethanol. (C) In vivo
restriction enzyme accessibility assay to determine MMTV chromatin structure. Nuclei were purified from treated (EtOH or Dex) cells expressing GR
and BRG1 or mutant proteins followed by incubation with SstI (in vivo). Purified products were further digested to completion with HaeIII (in vitro)
and used as a template for reiterative primer extension with an MMTV-specific primer. Extension products were resolved by 6% denaturing polyac-
rylamide gel electrophoresis. Change in SstI cleavage is indicated below the gel. HRE, hormone response element; Oligo, oligonucleotide.
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ing our MMTV reporter system, confirming the HSA region of
BRG1 is required for GR-mediated transcriptional activation
of endogenous GR-regulated genes.

The HSA domain of BRG1 mediates the interaction with
BAF250a. Critical interactions between SWI/SNF subunits
BAF170, BAF155, and BAF57 have been shown to take place
within the N-terminal region of BRG1 (15). Interactions in-
volving BRG1 with proteins implicated in various cellular pro-

cesses are also thought to be mediated through the amino
terminus of BRG1, such as nuclear receptor estrogen receptor
� (17), HP1� (26), FANCA (27), STAT2 (15), and EVI-1 (5).

We used the Myriad ProNet database to scan the published
literature for reported proteins that bind BRG1 over the HSA
domain. Interestingly, a protein was identified from the search
that could potentate an interaction utilizing the HSA region of
BRG1, BAF250a/ARID1A (16). Therefore, we focused our

FIG. 4. Comparison of the abilities of BRG1, �HSA, and �BRK to activate expression of endogenous BRG1-dependent or GR-responsive
BRG1-dependent genes. (A) Real-time reverse transcription-PCR analysis was used to determine the expression level of BRG1-dependent genes,
CD44 or CRYAB, in SW-13 wild-type cells expressing BRG1 or mutant proteins. (B) Reverse transcription-PCR expression analysis of
GR-responsive BRG1-dependent genes, PLZF or HSD-11� type 2, in treated SW-13 cells expressing GR and BRG1 or mutant proteins. Equal
amounts of cDNA were used in real-time PCRs with primers specific for endogenous genes CD44, CRYAB, PLZF, or HSD-11� type 2.
Quantitative analysis was performed using Mx3000P software. Data are normalized to GAPDH and displayed as relative transcription. Values are
shown as means plus standard deviations (error bars) from three experiments. EtOH, ethanol.
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studies on the BRG1/BAF250a interaction which has been
reported to take place between amino acids 380 to 558 of
BRG1 encompassing the full HSA domain (Fig. 5A) (18). To
verify the interaction between BRG1 and BAF250a, we per-

formed a series of coimmunoprecipitation assays using whole-
cell extracts from parental SW-13 cells expressing BRG1 and
antibodies specific for normal immunoglobulin G (IgG) (as a
negative IP control), BRG1, BAF250a, or BAF155 and

FIG. 5. The BAF250a interaction with BRG1 requires the HSA domain. (A) Schematic of wild-type BRG1 indicating the region required for
interaction with BAF250a. (B) Wild-type BRG1 was immunopurified from BRG1-transfected SW-13 cells using antibodies specific for proteins reported
to interact over the BRG1 HSA region (BAF250a) or core BAF subunits (BAF155 and BAF170). Immunoprecipitates (IP) were resolved by 6% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by immunoblotting (IB) using the indicated antibodies (Ab). Normal IgG
was used to detect nonspecific interactions. (C) Complexes containing BRG1 and mutant BRG1 were immunopurified from transfected SW-13 cells using
antibodies specific for BAF250a, V5 epitope, and BRG1 (IP Ab). Immunoprecipitates were resolved by 6% SDS-PAGE and analyzed by immunoblotting
(IB) using anti-V5 or anti-BAF250a antibodies. Normal IgG was used to detect nonspecific interactions.
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FIG. 6. BAF250a is required for GR-mediated transcriptional activation of chromatin MMTV. (A) Western blot analysis to monitor protein
expression of transfected plasmids and to evaluate the extent of protein knockdown upon introduction of siRNA. Protein expression from
SW-13/MMTV cells transfected with GR and BRG1 plasmid and specific siRNAs targeting BAF250a, BAF250b, BAF155, BAF170, or NTC
(nontargeting control) was evaluated using the indicated antibodies. wt, wild type. (B) Four siRNA duplexes, specific for BAF250a, were used to
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BAF170 (as a positive IP control). As previously reported,
BAF250a interacts with BRG1 and with core members of the
remodeling complex (Fig. 5B) (16).

To test whether the association of BAF250a and BRG1
requires the full intact HSA domain, we performed coimmu-
noprecipitation studies in cells expressing wild-type or mutant
BRG1 proteins. SWI/SNF complexes were purified using an-
tibodies directed against BAF250a, V5 tag, or BRG1 and de-
tected by immunoblot analysis with anti-V5 or -BAF250a an-
tibodies. As shown by Western blot analysis, BAF250a
associates with wild-type BRG1 and the �BRK mutant pro-
tein, each of which contain intact HSA domains (Fig. 5C).
Interestingly, when the HSA region is removed, as in �HSA or
�475-656, the BRG1 interaction with BAF250a is significantly
reduced (Fig. 5C). This observation can be seen by immuno-
blotting using either anti-V5 or anti-BAF250a antibodies, in-
dicating that BAF250a requires the N-terminal HSA domain
of BRG1 for association with the SWI/SNF remodeling com-
plex.

The BAF250a subunit of the SWI/SNF remodeling complex
is required for transcriptional activation. To evaluate the re-
quirement for BAF250a in GR-mediated BRG1-dependent
transcriptional activation of chromatin MMTV, we used
siRNA analysis in conjunction with transcriptional activation
assays. SW-13/MMTV cells were cotransfected with expression
plasmids for GR, BRG1, and four BAF250a siRNA duplexes
48 h prior to Dex treatment. Western blot analysis was per-
formed with antibodies directed against GR and mammalian
SWI/SNF subunits, BRG1, BAF250a, BAF155, or BAF170 to
determine the extent of protein expression and to evaluate the
level of siRNA protein knockdown within the transfected cells.
As observed by immunoblot analysis, transfection of SW-13
cells with four independent BAF250a-specific siRNA duplexes
resulted in almost complete knockdown of the BAF250a pro-
tein within 48 h (Fig. 6A).

Endogenous expression of core subunits, BAF155 and
BAF170, did not change upon BAF250a protein knockdown,
suggesting the assembled BRG1 remodeling complex is stable
in the absence of BAF250a. Furthermore, expression of both
GR and BRG1 proteins remained unchanged in response to
BAF250a siRNA. The NTC siRNA duplex did not alter ex-
pression from transfected plasmids or change endogenous ex-
pression patterns of individual BAF proteins analyzed. Forty-
eight hours posttransfection, cells were treated with hormone
or vehicle and assayed for MMTV transcriptional activity.
Whereas control siRNA had little or no effect on glucocorti-
coid-stimulated GR/BRG1 activity (compared to no siRNA),
treating cells with BAF250a siRNA resulted in a significant
decrease in GR-induced BRG1-dependent activity from the

chromatin promoter (Fig. 6B). As expected, siRNA knock-
down of core SWI/SNF subunits BAF155 and BAF170 also
reduced GR-mediated BRG1 activity at the promoter. These
findings suggest BAF250a may be a required component of the
SWI/SNF chromatin remodeling complex and is necessary for
GR-mediated transcriptional activation of MMTV. Interest-
ingly, knockdown of BAF250b (ARID1B) had no effect on
GR-mediated BRG1-dependent transcriptional activation
from the chromatin promoter, suggesting BAF250b may not be
critical for SWI/SNF transcriptional activation of MMTV in
this cell system. This result is consistent with previous studies
which show both BAF250 proteins compete equally for the
BRG1 remodeling complex; however, protein expression levels
for BAF250b in various carcinoma cell lines tested were found
to be threefold lower compared to BAF250a, implying that
three times more BAF250a is associated with the BRG1 com-
plex (36). Therefore, it seems plausible that decreased
BAF250a protein would have a more detrimental effect on
GR-mediated BRG1-dependent transcriptional activation
from chromatin MM TV.

In order to determine whether BAF250a is directly in-
volved in targeting the SWI/SNF remodeling complex to
MMTV, we performed ChIP analysis using treated SW-13/
MMTV cells expressing GR and wild-type BRG1 in the
presence of BAF250a-specific siRNA duplexes. GR-medi-
ated recruitment of wild-type BRG1 to chromatin MMTV
does not seem altered upon BAF250a protein knockdown
(Fig. 6C). Targeting of BRG1 to the integrated promoter
was shown to be equivalent to that observed for no siRNA
or the NTC, suggesting that BAF250a is not involved in
SWI/SNF recruitment. When purified ChIP fragments were
analyzed using primers specific for the 3� coding region of
the luciferase reporter (Luc-3�CR) recruitment/binding of
GR or BRG1 mutant proteins was not significantly detected,
indicating the specificity of GR and BRG1 recruitment to
the chromatin promoter (Fig. 6C).

To test whether BAF250a is required for transcriptional
initiation of endogenous BRG1-dependent genes, we per-
formed siRNA-mediated BAF250a protein knocked-down
analysis and evaluated relative transcription levels of BRG1-
dependent and GR-mediated BRG1-dependent genes CD44
and CRYAB or PLZF and HSD-11� type 2. Expression of
each gene tested was significantly reduced in the presence of
BAF250a siRNA but not upon treatment with the NTC (Fig.
7). Taken together, these results suggest that BAF250a may
play a central role in the process of transcription initiation
by the SWI/SNF chromatin remodeling complex. These ex-
periments suggest the function of the BRG1-containing
SWI/SNF remodeling complex can be severely compromised

evaluate the requirement of BAF250a in GR-mediated BRG1-dependent transcriptional activation of chromatin MMTV. Relative MMTV-
luciferase expression levels in treated SW-13/MMTV cells cotransfected with expression plasmids for GR and BRG1 and the indicated siRNAs
are shown. Luciferase activity was normalized to the total protein measured (measured in relative light units [RLU] per microgram of protein).
NTC siRNA was used as a negative control. Values are shown as means plus standard deviations (error bars) from three experiments. Et-OH,
ethanol. (C) BAF250a is not required for recruitment of BRG1-containing SWI/SNF to stably integrated MMTV. BRG1 remodeling complex is
recruited to stably integrated MMTV in a GR-dependent manner in SW-13 cells independent of BAF250a protein, as demonstrated by ChIP
analysis using anti-V5 antibody (�-V5). Purified immunoprecipitated DNA fragments were analyzed by real-time PCR using primer sets covering
the MMTV promoter (Nuc-B) or 3�-coding region of the luciferase reporter (Luc-3�CR). Data are displayed as percentages of ChIP input. Normal
IgG was used as a negative control. Data represented are from three independent experiments.
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through removal of BAF250a protein, resulting in decreased
transcription at chromatin MMTV and endogenous genes,
including BRG1-responsive CD44 and CRYAB as well as
GR-mediated BRG1-responsive genes, such as PLZF and
HSD-11� type 2.

DISCUSSION

The SWI/SNF chromatin remodeling complex has been im-
plicated in numerous cellular processes, including transcrip-
tion, replication, DNA repair, and recombination (32). Protein

FIG. 7. BAF250a protein is required for expression of endogenous BRG1-dependent and GR-responsive BRG1-dependent genes. (A) Real-
time reverse transcription-PCR analysis was used to determine the expression level of endogenous BRG1-dependent genes CD44 or CRYAB in
wild-type SW-13 cells cotransfected with BRG1 expression plasmid and BAF250a siRNA duplexes. Equal amounts of cDNA were used for
real-time PCR analysis with primers specific for CD44 or CRYAB. (B) Total RNA, extracted from Dex- or vehicle-treated SW-13/MMTV cells
cotransfected with GR and BRG1 expression vectors and BAF250a siRNA duplexes, was used as template for cDNA synthesis. Equal amounts
of cDNA were used for real-time PCR analysis with primers specific for PLZF or HSD-11� type 2. Quantitative analysis was performed using
Mx3000P software (Stratagene). Data were normalized to GAPDH and displayed as relative transcription. Values are shown as means plus
standard deviations (error bars) from three experiments. EtOH, ethanol.
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chimeras, derived from two of the best characterized ATP-
dependent remodeling proteins, BRG1 and SNF2h, demon-
strate the mechanism of remodeling is specific for each com-
plex, SWI/SNF or ISWI, respectively, and determined by the
molecular characteristics provided by the ATPase present (11).
These in vitro data also suggest that the ATPase domain is able
to confer remodeling activity independent of the flanking N-
and C-terminal region of the remodeling proteins. In contrast,
in vivo chromatin assays indicate that ATPase activity alone is
not sufficient for GR-mediated BRG1 transcriptional activa-
tion. Studies using a B-S-B chimera, SNF2h ATPase region
flanked by BRG1 N- and C-terminal domains, reveal that the
protein is unable to substitute for wild-type BRG1 in GR-
dependent transcriptional activity, indicating that the ATPase
activity of BRG1 is not functionally interchangeable (11).
Taken together, these data suggest BRG1 ATPase is specifi-
cally necessary but not sufficient for GR-mediated transcrip-
tional initiation.

The BRG1 protein is composed of multiple domains most of
which have been identified by primary sequence analysis. Sev-
eral protein motifs have been characterized; these include the
C-terminal bromodomain, which has been implicated in the
recognition of acetylated lysines in histone tails or which may
serve as a protein interaction module (24). Further investiga-
tion, using a complete series of BRG1/SNF2h chimeras and
BRG1 domain deletion proteins, revealed the N-terminal re-
gion of BRG1 is necessary, along with a functional ATPase
domain for efficient GR-mediated transcriptional activation of
chromatin MMTV (Fig. 1). Interestingly, the BRG1 C termi-
nus does not appear necessary for GR-mediated transcrip-
tional activation of the integrated promoter (Fig. 1D).

Conserved motifs within the BRG1 N terminus were iden-
tified using the Simple Modular Architecture Research Tool
(SMART) and NCBI Conserved Domain (rpsblast) databases.
The N-terminal region of BRG1, defined as encompassing
amino acids 1 to 728, contains several regions of interest which
could prove essential for BRG1 function. A proline-rich do-
main was identified within amino acids 4 to 344. Although the
functional relevance of this area remains unclear, proline-rich
domains are often implicated in protein interactions or may
contribute to the conformational structure of the protein (37).
Also, identified within the N terminus of BRG1 were an HSA
domain and a BRK domain located between amino acids 475
to 532 and amino acids 612 to 656, respectively. HSA domains
are regions of unknown function found in helicases and other
DNA-binding proteins of eukaryotes (7). BRK domains are
areas found associated with transcription and CHROMO do-
main helicases and in DEAD/DEAH box helicase domains (7).

Our results demonstrated that only the HSA domain within
the BRG1 N terminus is required for GR-mediated transcrip-
tional activation of BRG1-dependent promoters, PLZF and
HSD-11� (type 2) (Fig. 4). Immunoprecipitation studies dem-
onstrate the HSA region is not required for SWI/SNF complex
assembly or for association with core BAF subunits, BAF155,
BAF170, and GR-associating protein, BAF60a. Targeting of
the mutant containing complexes to BRG1-dependent promot-
ers does not seem to require the HSA or BRK regions. As
observed by chromatin IP, ligand-induced targeting of BRG1
to MMTV does not appear altered upon removal of either the
HSA or BRK domain compared to wild-type BRG1. Interest-

ingly, removal of the HSA region resulted in a significant
decrease in the ability of BRG1 to stimulate a remodeled
nucleosomal state within the hypersensitive region of MMTV
(Fig. 3). Collectively, these observations suggest the HSA do-
main is necessary, along with the ATPase activity, for GR-
mediated BRG1-dependent transcriptional activation of
chromatin MMTV and endogenous hormone-responsive pro-
moters.

Previously, mutant BRG1 proteins have been isolated and
characterized that exhibit normal ATPase function but display
diminished nucleosome remodeling properties (3). A partial
loss-of-function BRG1 mutant, designated E1083G, exhibiting
normal ATPase activity is recruited to the control region
within the �-globin locus but displayed diminished chromatin
remodeling and expression, suggesting BRG1-ATPase activity
is required but is not sufficient for function. Taken together,
these studies, along with the present report, imply SWI/SNF
function does not reside exclusively with BRG1-dependent
ATP hydrolysis but also require regions within and outside the
ATPase domain for optimal nucleosomal remodeling and tran-
scriptional regulation.

To examine the importance of the HSA domain in the con-
text of SWI/SNF function, we scanned the published literature
for reported proteins that associate over the HSA region. Sev-
eral interacting proteins were identified through this screen;
however, their minimal BRG1 binding area was reported to
encompass the full N-terminal region. A more stringent search
was conducted for proteins that interact with BRG1 specifi-
cally through the HSA domain. We identified one interacting
protein that associates with BRG1 exclusively through the
HSA domain, ARID-containing BAF250a (ARID1A/p270/
hOsa1) (16). Biochemical studies identified multiple regions
within BRG1 that are involved in binding to the C terminus of
BAF250a. However, in vitro binding assays suggest the stron-
gest interaction with BAF250a requires residues 380 to 558 of
BRG1 (18). Interestingly, amino acids 380 to 558 encompass
the complete HSA domain, providing further evidence this
region may be essential for SWI/SNF assembly and function.
In an attempt to verify this observation, we performed coim-
munoprecipitation assays which revealed a significant loss of
BAF250a-associated BRG1 upon deletion of the HSA domain
(Fig. 5). To assess BAF250a as a critical component of the
SWI/SNF complex, which is required for GR-mediated tran-
scriptional activation, the subunit was targeted for siRNA me-
diated protein knockdown. Removal of BAF250a resulted in a
significant decrease in GR-mediated BRG1-dependent tran-
scriptional activation of chromatin MMTV as well as at en-
dogenous PLZF and HSD-11� (type 2) promoters. Taken to-
gether, these data suggest BAF250a is a required component
of the SWI/SNF chromatin remodeling complex involved in
transcriptional initiation of target promoters.

BAF250a is the largest component of the human SWI/SNF
complex with an ARID DNA-binding domain as its best-es-
tablished feature. Members of the ARID protein family have
been implicated in numerous cellular processes, such as growth
control, differentiation, and development (38). The ARID do-
main harbors a helix-turn-helix structural motif that has been
implicated in sequence-specific and nonspecific DNA binding
as seen for the Dead-ringer and BAF250 proteins, respectively
(39). It has been suggested that BAF250a may be involved in
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recruiting SWI/SNF to regulated genes through its ability to
stimulate GR-, estrogen receptor-, and androgen receptor-
mediated transcriptional activation. Additional motifs within
BAF250a include glutamine-rich domains and multiple
LXXLL motifs that have been implicated in the association of
ligand-bound NRs (13).

Our in vivo mutational analysis suggests a novel and critical
role of BAF250a may be to stabilize the SWI/SNF complex at
target promoters and/or increase the specific activity of the
BRG1 motor protein, via protein-protein interactions that re-
quire the BRG1 HSA domain. The HSA deletion proteins are
stable, assemble into SWI/SNF-related complexes lacking
BAF250a, and are recruited to the promoter in response to
hormone. However, GR-mediated chromatin remodeling and
target gene expression are significantly diminished. Therefore,
while the BRG1 ATPase activity is necessary for SWI/SNF
function, our results indicate that it is not sufficient in vivo to
alter chromatin architecture and activate gene transcription.
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