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BRG1, the central ATPase of the human SWI/SNF complex, is critical for biological functions, including nuclear receptor (NR)-
regulated transcription. Analysis of BRG1 mutants demonstrated that functional motifs outside the ATPase domain are impor-
tant for transcriptional activity. In the course of experiments examining protein interactions mediated through these domains,
Ku70 (XRCC6) was found to associate with a BRG1 fragment encompassing the conserved helicase-SANT-associated (HSA) and
BRK domains of BRG1. Subsequent transcriptional activation assays and chromatin immunoprecipitation studies showed that
Ku70/86 and components of the topoisomerase II� (TOP2�)/poly(ADP ribose) polymerase 1 (PARP1) complex are necessary for
NR-mediated SWI/SNF-dependent transcriptional activation from endogenous promoters. In addition to establishing Ku-BRG1
binding and TOP2�/PARP1 recruitment by nuclear receptor transactivation, we demonstrate that the transient appearance of
glucocorticoid receptor (GR)/BRG1-dependent, TOP2�-mediated double-strand DNA breaks is required for efficient GR-stimu-
lated transcription. Taken together, these results suggest that a direct interaction between Ku70/86 and BRG1 brings together
SWI/SNF remodeling capabilities and TOP2� activity to enhance the transcriptional response to hormone stimulation.

The winding of DNA around histones creates nucleosomes that
compact DNA into a dense chromatin structure that limits

accessibility and represses transcription. This chromatin organi-
zation provides an additional level of control during certain nu-
clear processes, such as transcription, replication, recombination,
and DNA damage repair. Proteins that alter DNA-histone con-
tacts in chromatin by covalently modifying histones or by me-
chanically separating them from DNA have the power to activate
or repress gene expression (1–5). Eukaryotes have evolved several
such proteins and general biological processes dedicated to mod-
ulating chromatin architecture.

Two major classes of chromosome-modifying enzymatic ac-
tivities alter nucleosomal structure; one class relies on covalent
modification of histones, while the other uses the energy derived
from ATP hydrolysis to alter the arrangement and stability of
nucleosomes (6–9). While histone modifications do not substan-
tially alter the nucleosome core particle, they can affect higher-
order chromatin structures and gene expression (10–12).

ATP-dependent chromatin-remodeling complexes use energy
derived from the hydrolysis of ATP to break histone-DNA con-
tacts and reposition nucleosomes in a noncovalent manner (13).
Generally, ATP-dependent chromatin remodelers are grouped
into five major families, i.e., SWI/SNF, ISWI, Mi-2/NuRD,
INO80, and SWR1, each being derived from the SNF2 helicase
superfamily, which has a common structural core consisting of
two RecA helicase-like domains that bind and hydrolyze ATP (1,
14–16).

The SWI/SNF family is highly divergent and can be present in
multiple forms. Mammalian SWI/SNF exists as a large multipro-
tein complex that can have one of two possible central ATPase
subunits, BRG1 (Brahma-related gene 1) or BRM (Brahma), that
associate with several BAF (BRG1/BRM-associated factor) pro-
teins to form a highly regulated multifunctional complex involved
in numerous nuclear processes, including transcriptional regula-
tion as well as DNA replication, repair, and recombination (17–
19). However, most purified complexes contain core subunits

BAF170, BAF155, and BAF47/INI1, as well as accessory subunits
BAF250a/b or BAF180 and BAF200, BAF60a/b/c, BAF57, BAF53,
and/or actin (18–20). Interestingly, SWI/SNF from purified
mouse embryonic stem cells does not contain BAF170 and also
does not contain BRM (21).

Over time, the number of BAF proteins identified has grown
along with the number of distinct BAF complexes (17, 22). The
differential configuration of SWI/SNF complexes suggests that
the exchange of core and accessory subunits may help to refine the
function of the central ATPase (BRG1 or BRM) so that it can
regulate a variety of promoters with precise action and play a key
regulatory role in numerous biological processes, including cell
cycle progression, cell differentiation, immune response, and nu-
clear receptor (NR)-mediated signaling (21, 23–25).

The SWI/SNF chromatin-remodeling complex regulates nu-
clear receptor-stimulated transcription, and the BRG1 ATPase is
recruited to hormone-responsive promoters upon stimulation
with ligand (9, 26–28). The remodeling complex associates with
various type I nuclear receptors, including glucocorticoid recep-
tor (GR), estrogen receptor (ER), progesterone receptor (PR),
and androgen receptor (AR), through critical interactions with
BAF250a, BAF60a/c, and BAF57 (26, 29–36). Multiple interac-
tions are involved in recruiting SWI/SNF to target promoters, and
these interactions may be mediated and stabilized through direct
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and/or indirect associations involving one or more BAF subunits
(18, 28).

The SWI/SNF complex has been shown to be integral to GR-
mediated transcriptional regulation through detailed studies
using the hormone-responsive mouse mammary tumor virus
(MMTV) promoter (9, 27, 28, 37). This model promoter can be
stably integrated into mammalian cells in order to study ligand-
dependent nuclear receptor transcriptional activation. Such stud-
ies have demonstrated that with the localization of hormone-
bound GR to the promoter, the SWI/SNF remodeling complex
drives transcription by disrupting DNA-histone contacts and cre-
ating a loosened chromatin structure that facilitates the binding of
transcription factors and the preinitiation machinery (38). This
GR-dependent remodeling by the human SWI/SNF-like BAF
complexes plays a key role in development, cell proliferation, and
inflammation, and mutations or drugs that disrupt this process
are associated with health problems, including cancer and heart
disease (1, 18, 28).

Studies using the BRG1/BRM-null SW-13 cell line have estab-
lished the requirement for BRG1 in hormone-dependent GR sig-
naling from the chromosomally integrated MMTV promoter and
from endogenous hormone-responsive promoters (38). Notably,
studies using BRG1 mutants and chimeric proteins have shown
that GR-induced transcriptional activation of target genes re-
quires not only the BRG1 ATPase domain but also the BRG1 N
terminus (39). Deletion or substitution of the BRG1 N terminus
leads to a marked decrease in GR-mediated/BRG1-dependent
transcriptional activation, with more targeted BRG1 mutants re-
vealing the key N-terminal residues to be in the helicase-SANT-
associated (HSA) domain region, which sits �300 residues to the
N-terminal end of the BRG1 ATPase domain.

Deletion of the BRG1 HSA domain also results in the loss of
BAF250a from the SWI/SNF chromatin-remodeling complex, re-
sulting in an attenuated GR transactivation response (40). The
HSA domain of BRG1 has also been shown to be important for the
association between BRG1 and actin-related proteins such as
BAF53 (28). Interestingly, HSA motifs have been found in numer-
ous chromatin-remodeling proteins, including RSC, yeast and
human SWI/SNF, SWR1, and INO80, where they have been
shown to act as a general binding module for additional nuclear
proteins that may help remodeling activity (41). Together these
studies reveal the importance of the HSA domain as a critical
interaction module, and determining which proteins interact
through this motif may be an important step in elucidating the
mechanism of SWI/SNF activity in nuclear processes such as tran-
scriptional regulation (28, 40).

Numerous binding studies have been performed to identify
proteins that associate with BRG1, and these studies have identi-
fied nuclear receptors, tumor suppressors, and transcriptional co-
activators and corepressors (18). In this study, we performed a
series of yeast two-hybrid (Y2H) screens of various human cDNA
libraries using baits spanning the N terminus of BRG1, including
the HSA and BRK regions, to identify novel protein interactions
involving these domains that may play important roles in SWI/
SNF function. These screens identified several proteins known to
associate with the BRG1 N-terminal region that are also involved
in processes such as DNA replication and damage repair, tran-
scriptional regulation, cell cycle progression, apoptosis, and the
structural maintenance of chromatin. One notable interaction
our library screen identified was the association of a Ku70

(XRCC6/G22P1) fragment with the N-terminal HSA domain of
BRG1.

Ku70 functions as a single-stranded DNA-dependent, ATP-de-
pendent helicase and plays a key role in multiple nuclear processes
such as DNA repair, chromosome maintenance, transcriptional reg-
ulation, and V(D)J recombination (42–44). The mechanism under-
lying the regulation of these diverse functions of Ku is still unclear.
The Ku dimer consists of two tightly associated homologous sub-
units, Ku70 and Ku86, and was originally identified as an autoantigen
recognized in the sera of patients with autoimmune disease (45). In
eukaryotes, the Ku heterodimer contributes to genomic integrity
through its ability to bind DNA double-strand breaks and facilitate
repair by nonhomologous end joining (NHEJ). In mammalian cells,
the Ku heterodimer recruits the catalytic subunit of DNA-dependent
protein kinase (DNAPK), which is dependent on its association with
the Ku70/86 heterodimer bound to DNA for its protein kinase activ-
ity (46).

Through the results presented here, we show Ku is recruited to
BRG1 and is required for nuclear receptor (NR)-dependent SWI/
SNF transcriptional activation of stably integrated MMTV pro-
moters and other endogenous ligand-responsive promoters. Fur-
ther investigation of the role of Ku in BRG1-regulated, NR-
mediated transcription suggests that the enzymatic activity of
TOP2� may also be involved. Using small interfering RNA
(siRNA) protein knockdown and chromatin immunoprecipita-
tion (ChIP) analyses, we have observed that components of the
TOP2�/poly(ADP ribose) polymerase 1 (PARP1) complex, in-
cluding TOP2�, DNAPK, Ku70/86, and PARP1, are recruited in a
ligand-dependent manner to NR-responsive promoters and are
involved in ligand-stimulated BRG1-mediated transcriptional ac-
tivation. We also show that TOP2�-regulated double-strand DNA
(dsDNA) breaks occur within chromatin-assembled MMTV
upon addition of hormone and are necessary for regulated tran-
scriptional activation. These data reveal the importance of the
HSA domain of BRG1, via its interactions with Ku70, as a critical
interactive surface that bridges key enzymatic activities involved
in NR-mediated transcriptional initiation, enhancing our under-
standing of the underlying mechanisms.

MATERIALS AND METHODS
Y2H screen. Yeast two-hybrid (Y2H) screening was carried out at Myriad
Genetics Inc. (Salt Lake, UT) as described previously (47). In summary,
BRG1-specific baits, corresponding to amino acids (aa) 1 to 250, 201 to
460, 329 to 507, 425 to 660, and 1053 to 1350, were cloned into the DNA-
binding domain plasmids (pGBT.superB). Each bait plasmid was intro-
duced into Myriad’s ProNet yeast strain PNY200. The bait yeasts mated
with ProNet MATa yeast cells containing three independent cDNA prey
libraries prepared from human brain, spleen, or breast cancer/prostate
cancer cell lines, fused to the C-terminal region of the Gal4 activation
domain of the activation domain plasmid, pGAD.PN2. Each library was
generated from random-primed, directionally cloned cDNA and repre-
sents over 5 million independent clones (average fragment size of 600 to
900 bp). Yeast transformants positive for prey-bait interaction were se-
lected on SD�Ade/�His/�Leu/�Trp plates, and plasmid DNA isolated
from positive clones was sequenced.

Cell culture. SW-13 human adrenal carcinoma cells were maintained
in normal growth medium containing Dulbecco’s modified Eagle high-
glucose medium (DMEM-H21) supplemented with 10% fetal bovine se-
rum, 100 units/ml penicillin-streptomycin, and 2 mM L-glutamine. Pa-
rental MCF-7 and U2OS cells were maintained in accordance with ATCC
specifications.
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Transient transfection, drug treatment, and luciferase assay. Trans-
fections were carried out in antibiotic-free DMEM-H21 using Lipofectamine
2000 according to the manufacturer’s instructions using the indicated expres-
sion plasmids: pSG5, pBJ5, and pcDNA3.1 (empty vectors) or pSG5.rGR,
pBJ5/hBRG1a, pcDNA3.1/BRG1-3�Flag, pcDNA3.1D/Ku70-V5, pcDNA3.
1D/BRG1-V5, pcDNA3.1D/BRG1.�HSA-V5, pcDNA3.1D/BRG1.�BRK-
V5, and pcDNA3.1D/BRG1.�(475-656)-V5. Eighteen hours posttransfec-
tion, cells were treated with 100 nM dexamethasone (Dex) or an equal
volume of vehicle (ethanol [EtOH]) for the indicated times in normal growth
medium. For inhibition of TOP2, cells were treated with vehicle (dimethyl
sulfoxide [DMSO]) or various concentrations of merbarone (Mer) (5-N-
phenylcarboxamido-2-thiobarbituric acid) for 5 h prior to treatment with
dexamethasone or vehicle for 16 h in normal growth medium. Following
treatment, cells were assayed for luciferase activity as previously described
(38). Relative light units (RLU) values were normalized to the total protein
measured.

NU7026 was dissolved in DMSO as a 1 mM stock and stored at �20°C.
SW-13/MMTV cells expressing GR and BRG1 were treated with 25 �M
NU7026 or vehicle (DMSO) for 24 h prior to addition of hormone (48).
After exposure, cells were treated with Dex or vehicle (EtOH) for 6 h,
followed by total RNA extraction and cDNA synthesis. An equal amount
of cDNA was used as the template for real-time PCR analysis using the
indicated primers.

Immunoblot analysis. Cells from subconfluent cultures were washed
and scraped into phosphate-buffered saline (PBS) and pelleted by centrif-
ugation. Whole-cell lysates were prepared and protein concentrations de-
termined by Bradford assay as described previously (40). Samples were
subjected to SDS-PAGE, transferred to polyvinylidene difluoride (PVDF)
membranes, and blocked in Tris-buffered saline–Tween 20 (TTBS) con-
taining either 5% nonfat dry milk or 5% normal donkey serum. Western
blot analysis was performed as described previously using the indicated
antibodies at the recommended concentrations (antibody information is
available upon request) (40). To remove bound antibody, membranes
were incubated in Restore Western blot stripping buffer (Pierce) accord-
ing to the manufacturer’s protocol.

IP assay. SW-13, HeLa, or U2OS cells were transfected with BRG1,
BRG1 mutant (�HSA, �BRK, or �475-656), or control expression plas-
mids. AT 24 h posttransfection, cells were harvested and lysed in immu-
noprecipitation (IP) buffer (50 mM HEPES [pH 7.0], 250 mM NaCl, 0.1%
Nonidet P-40, 1 mM EDTA, 1 mM dithiothreitol [DTT]) containing pro-
tease inhibitor cocktail and benzonase nuclease (as indicated), followed
by preclearance with Dynabead protein A/G magnetic beads (Invitrogen).
Equal volumes of cleared lysate were immunoprecipitated overnight at
4°C with 5 �g of the indicated antibodies. Immunocomplexes were col-
lected using protein G magnetic beads, washed extensively, and eluted in
SDS loading buffer containing 2-mercaptoethanol. Coimmunoprecipi-
tated proteins were identified by immunoblot analysis as described above.
Antibody information is available upon request.

RNA isolation and RT-qPCR. Total RNA was isolated from trans-
fected SW-13 or parental MCF7 cells. At 24 h posttransfection, cells were
scraped or treated with Dex, 17�-estradiol (E2), or vehicle (EtOH) for 4 h,
and total RNA was extracted using TRIzol Plus (Invitrogen). DNase I-
treated total RNA was reverse transcribed into single-stranded cDNA us-
ing oligo(dT) or random hexamers 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 SYRB green
quantitative PCR (qPCR) master mix with indicated gene-specific primer
sets. For reverse transcription (RT)-qPCR, the average cycle threshold
(CT) values were calculated and normalized to the CT values obtained
from glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-specific
primers. Optimized conditions for PCR amplification and ChIP and RT-
PCR primer sequences are available on request.

siRNA transfection. Small interfering RNA (siRNA) duplexes target-
ing the mRNA coding regions of Ku70, Ku86, DNAPK, PARP1, and
TOP2� were designed using Web-based software and synthesized by

Dharmacon. siRNAs targeting BAF155 and a nontargeting control (NTC)
from Dharmacon were used as a positive control of SWI/SNF transcrip-
tional activation knockdown or as a negative control of transcriptional
activation knockdown, respectively. Sequence information regarding the
chemically synthesized siRNA duplexes used in this study is available on
request.

SW-13/MMTV or MCF7 parental cells were seeded into 6-well plates
containing normal growth medium (minus antibiotics) at a density of
0.3 � 106 cells/well. Cells were cotransfected with GR and BRG1 expres-
sion plasmids (for SW-13/MMTV cells) or with 50 �M duplex siRNA
using Lipofectamine 2000 in Opti-MEM (Invitrogen). At 48 h posttrans-
fection, cells were treated with Dex (100 nM), 17�-estradiol (E2), or ve-
hicle (EtOH) for 16 h in fresh normal growth medium. The extent of
protein knockdown and expression of transfected plasmids were deter-
mined by immunoblotting at 48 h posttransfection. The effect of protein
knockdown on transcriptional activation was evaluated by luciferase assay
for SW-13/MMTV or by reverse transcription-real-time PCR to evaluate
the transcription status from endogenous promoters using gene-specific
primers.

ChIP and reChIP assays. Transfected SW-13/MMTV or parental
MCF7 cells were treated with 100 nM Dex, 17�-estradiol (E2), or vehicle
(EtOH) for 1 h. After treatment, cells were cross-linked with 1% formal-
dehyde at 37°C for 10 min, washed twice with PBS, sedimented, and ho-
mogenized in SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris [pH
8.1], proteases inhibitors) on ice for 15 min. Cellular lysates were soni-
cated to obtain sheared DNA fragments ranging from �200 to 500 bp.
After centrifugation, the supernatant was diluted in chromatin immuno-
precipitation (ChIP) dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2
mM EDTA, 16.7 mM Tris-HCl [pH 8.1], 167 mM NaCl, protease inhib-
itors) and precleared with Dynabead protein G magnetic beads (Invitro-
gen) at 4°C for 30 min. Cleared lysates were incubated using the indicated

TABLE 1 BRG1-interacting protein as identified in yeast two-hybrid
screena

No.

Bait Prey

Name
Amino acid
coordinates Name

Amino acid
coordinates

1* BRG1 329–507 BAG1 111–281
2 BRG1 1–250 BRD7 158–652
3* BRG1 201–507 CBX1 104–186
4 BRG1 201–460 CBX3 42–182
5 BRG1 205–507 CBX5 8–192
6* BRG1 1375–1648 CHD5 16–399
7* BRG1 329–507 DDX3X 87–285
8* BRG1 425–660 XRCC6 (Ku70) 415–555
9* BRG1 205–450 ING5 1–241
10* BRG1 329–507 IPO7 595–772
11* BRG1 329–507 IPO5 324–812
12* BRG1 600–800 NAP1L1 2–358
13 BRG1 205–507 SMARCC1 536–693
14 BRG1 201–507 SMARCC2 215–915
15* BRG1 329–507 SPDEF 103–326
16* BRG1 1–250 SSXT 8–392
17 BRG1 1053–1350 TAL1 2–193
18* BRG1 329–507 THOC2 1134–1380
19 BRG1 201–460 TMF1 879–1094
20* BRG1 425–660 TPR 339–571
21* BRG1 205–507 TRIM11 6–279
a The identity of prey clones was derived from a screen using BRG1-specific baits.
BRG1-specific baits were cloned into a DNA-binding domain vector (pGBT.superB)
and transformed into PNY200 yeast. Bait yeasts were mated with MATa yeast
containing cDNA prey libraries prepared from human brain, spleen, or breast cancer/
prostate cancer. Bold, interaction surface encompassing the BRG1-HSA domain; *,
novel interaction.
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FIG 1 Ku associates with the BRG1-SWI/SNF complex. Protein pulldown studies and immunoprecipitation assays were performed to validate the identified
yeast two-hybrid interaction between Ku and BRG1. (A) Schematic representation of the Ku dimer with the putative BRG1 interaction surface indicated. Ku86
is shown in green and Ku70 displayed in blue and red. The amino acid residues 425 to 660 of Ku70, marked in red, were found to associate with the HSA-BRK
region of BRG1. (B) A purified BRG1 fragment containing the HSA and BRK (aa 437 to 678) domains interacts with a purified Ku70 fragment (aa 450 to 537).
Bacterially expressed MBP-BRG1 and GST-Ku proteins were used for glutathione-Sepharose pulldown analysis. Stained SDS-PAGE shows that the BRG1 protein
associates with the Ku70 fragment. Mass spectrometry analysis confirms the identity of BRG1, Ku70, or nonspecific bands. (C) Coimmunoprecipitation assays
were performed using whole-cell lysates from parental SW-13 cells, expressing BRG1-3�Flag and Ku70-V5 proteins, and antibodies specific to the indicated
epitope tag. Immunopurified complexes were resolved by 7.5% SDS-PAGE and analyzed by Western blotting (IB) using anti-BRG1 or -Ku70 antibodies. (D)
Ku70 associates with BRG1 in various cell types. Immunoprecipitation assays were performed using whole-cell lysates IPs were performed as described above.
Immunopurified complexes were washed, resolved by SDS-PAGE, and analyzed by Western blotting using Ku70-specific antibody. (E) Complexes containing
endogenous Ku and BRG1 were immunoprecipitated from transfected SW-13 cells expressing BRG1, using antibodies specific for SWI/SNF subunit BRG1,
BAF250a, BAF170 or BAF155, as well as for Ku70 or Ku86. Immunopurified proteins were resolved by SDS-PAGE and immunoblotted using BRG1, Ku70, Ku86,
BAF250a, BAF170, or BAF155 antibodies. (F) The HSA domain of BRG1 is required for Ku binding. Whole-cell lysates from SW-13 cells expressing BRG1 or
mutant BRG1 proteins �HSA, or �BRK were immunoprecipitated, in the presence of benzonase nuclease, using antibodies specific for BRG1 or Ku70. Purified
proteins were resolved by SDS-PAGE and analyzed by immunoblotting with anti-BRG1 antibody. For each immunoprecipitation, input represents 10% of the
total lysate used and normal IgG was used to control for nonspecific interactions.
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antibodies overnight at 4°C. Immunocomplexes were collected with pro-
tein G beads, washed extensively with various ChIP buffers, reverse cross-
linked overnight at 65°C, and digested with proteinase K (10 mg/ml) for 2
h at 45°C. Immunopurified DNA fragments were eluted from beads by
incubation in elution buffer (1% SDS, 0.1 M NaHCO3) at room temper-
ature for 30 min and purified using PCR purification columns (Qiagen).

The reChIP assays were performed following the protocol described
previously (49). Specifically, nuclei from transfected SW-13/MMTV cells
were isolated after formaldehyde cross-linking, and the complexes were
eluted with 50 �l of 10 mm dithiothreitol at 37°C for 30 min. The eluted
immunocomplexes were diluted 20 times with reChIP buffer (1% Triton
X-100, 2 mm EDTA, 150 mm NaCl, 20 mm Tris-HCl [pH 8.0]), and the

FIG 2 Hormone-dependent recruitment of Ku to chromatin MMTV and endogenous promoters requires the HSA domain of BRG1. Recruitment of Ku70/86 to stably
integrated MMTV or endogenous PLZF or HSD11B2 promoters requires the N-terminal HSA domain of BRG1, as demonstrated by chromatin immunoprecipitation
analysis. (A) Western blot analysis using anti-BRG1 or -GR antibodies in order to monitor protein expression of transfected plasmids, with stably expressed GR serving
as protein loading control. (B to E) Purified immunoprecipitated DNA fragments from treated SW-13/MMTV cells expressing BRG1, K798R, or �HSA proteins were
analyzed by real-time PCR using primer sets covering the MMTV promoter nucleosome B region (B) and the 3= coding region of the integrated luciferase reporter (C)
or gene-specific primers targeting the endogenous promoters of HSD11B2 (D) and PLZF (E). Cross-linked DNA-protein complexes were isolated using antibodies
specific for GR, BRG1, Ku70, or Ku86 protein. Normal IgG was used as a control for nonspecific interactions. Quantitative analysis was performed, with results displayed
as percentage of ChIP input. Values are shown as mean � standard deviation from 3 biological replicates.
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FIG 3 Ku is required for GR-mediated BRG1-dependent transcriptional activation. Three siRNA duplexes specific for human Ku70 or Ku86 were used to
evaluate the requirement of Ku in GR-mediated BRG1-dependent transcriptional activation of chromatin MMTV and endogenous genes. (A) Western blot
analysis using total protein lysates from transfected SW-13/MMTV cells and antibodies specific for GR, BRG1, Ku70, Ku86, or BAF155 to monitor protein
expression levels from transfected plasmids and to evaluate the extent of siRNA-induced protein knockdown. (B) Reverse transcription–real-time PCR analysis
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ChIP procedure described above was repeated again. DNA fragments
were detected by real-time PCR using the indicated promoter-specific
primers. Average cycle threshold (CT) amplification values were calcu-
lated and presented as percentage of sample input. Primer sequences are
available on request.

DNA break/reiterative primer extension. Detection of transient
DNA strand breaks was performed using a modified reiterative primer
extension technique. SW-13/MMTV cells were transfected with GR and
pBJ5 (empty vector) or BRG1 expression plasmids. At 24 h posttransfec-
tion, cells were treated with Dex (100 nM) for the indicated times or with
Mer (200 �M) for 5 h prior to treatment with Dex for 15 min. Nuclei were
immediately isolated in buffer containing Streck cell fixative and lysed in
proteinase K buffer, and genomic DNA was purified by phenol-chloro-
form extraction and sodium acetate precipitation as previously described
(50). Equal amounts of genomic DNA were digested to completion using
restriction endonuclease AvaII or HaeIII to detect transient breaks within
the lower and upper DNA strands, respectively. Twenty-five micrograms
of purified DNA was used as the template for reiterative primer extension
with 32P-labeled oligonucleotides specific for the nucleosome B region of
MMTV. Extension products were analyzed by using linear Taq polymer-
ase amplification with 32P-labeled oligonucleotides (lower strand, 5=-TC
GTCACTTATCCTTCACTTTCCAGA-3=; upper strand, 5=-CAGTGGCT
GGACTAATAGAAC-3=) specific for the nucleosome B region of MMTV.
Purified products were analyzed on polyacrylamide denaturing gels. De-
tection and quantification of strand-specific DNA breaks were performed
using ImageQuant analysis software.

Restriction enzyme hypersensitivity assay. SW-13/MMTV cells were
transiently transfected with expression plasmids for GR and BRG1. Cells
were pretreated with 100 �M merbarone, followed by treatment with Dex
(100 nM) or vehicle for the times indicated. Nuclei were isolated and
subject to digestion with SstI (in vivo) and HaeIII (in vitro) as previously
described (37). Equal amounts of purified digestion products were ana-
lyzed by linear Taq polymerase amplification with a 32P-labeled oligonu-
cleotide specific for MMTV (38). Purified amplification products were
resolved on polyacrylamide denaturing gels.

RESULTS
Ku protein interacts with the chromatin-remodeling factor
BRG1. The N-terminal region of BRG1 contains several domains
of conserved sequence homology whose functions and biological
relevance remain unclear, including a QLQ region, an HSA do-
main, and a BRK domain (18). Recent studies indicate that these
domains are important for interactions between BRG1 and other
subunits of the SWI/SNF chromatin remodeling complex as well
as proteins involved in transcriptional regulation (40). To identify
possible interactions involving the N-terminal region, a series of
yeast two-hybrid (Y2H) screens was conducted using three inde-
pendent cDNA libraries prepared from various human tissues or
oncogenic cell lines and baits spanning the N-terminal region of
BRG1. Of the 103 open reading frames identified as BRG1 binding
partners, several have been previously described. These include
BRD7 (51), CBX5 (52), SMARCC1 and SMARCC2 (53), SSXT

(54), TAL1 (55, 56), and TMF1 (57). Our Y2H screen also revealed
13 novel interactions which require the BRG1 N-terminal region
(Table 1). These novel BRG1-associating proteins have diverse
functions and participate in various nuclear processes, including
nucleosome assembly, chromatin maintenance, transcriptional
regulation, and DNA repair.

From this Y2H screen, we identified a region of the double-
strand break repair protein Ku70 (XRCC6) as a binding partner
for a BRG1 fragment encompassing two domains of conserved
homology, HSA and BRK motifs, that lie adjacent to BRG1 in the
ATPase domain. The segment of Ku70 involved in the BRG1 in-
teraction includes the central DNA-binding beta-barrels, poly-
peptide rings, and C-terminal arm of the protein (58) (Fig. 1A).
To validate the Y2H interaction results obtained for Ku70 with
BRG1, we performed in vitro pulldowns with the domains identi-
fied in our screen. Following incubation, the Ku70-bound gluta-
thione S-transferase (GST) beads were extensively washed, and
the remaining proteins were eluted and subjected to SDS-PAGE
analysis. We found that BRG1-MBP selectively binds GST-Ku70,
with the identity of each protein verified by mass spectrometry
analysis, validating the Y2H observation (Fig. 1B).

To confirm binding between Ku70 and BRG1 in mammalian
cells, both proteins were C-terminally tagged with either FLAG or V5,
respectively, and transiently coexpressed in SW-13 cells. Immuno-
precipitation using FLAG- or V5-specific antibodies showed that
both proteins associate in vivo (Fig. 1C). To determine if the BRG1-
Ku70 association occurs within different human cell types, we per-
formed immunoprecipitation analysis using SW-13, HeLa, and
U2OS osteosarcoma cells transiently expressing BRG1-FLAG or
GFP-FLAG. Total cell lysate from each cell line was immunoprecipi-
tated using anti-FLAG antibody, and the immunopurified complexes
were analyzed by Western blotting using anti-Ku70 antibody.

Our coimmunoprecipitation data show that Ku70 preferen-
tially associates with BRG1 compared to the nonspecific binding
control GFP (Fig. 1D, compare lanes 3 and 4). These data suggest
that the Ku interaction with BRG1 is not specific to SW-13 cells
and may play an important role in a variety of cell lines. To further
examine if endogenous Ku also interacts with core BAF subunits
of the SWI/SNF chromatin-remodeling complex, we performed a
series of coimmunoprecipitation assays using antibodies specific
for various BAF and Ku proteins, including BRG1, BAF250a,
BAF170, BAF155, Ku70, or Ku86. Interestingly, endogenous Ku
strongly interacts with BRG1 and is also found to associate with all
members of the SWI/SNF complex assayed (Fig. 1E). The prefer-
ential binding of Ku to BRG1 may result from the direct interac-
tion between these proteins, while the weaker association with the
core BAF proteins may result from indirect, BRG1-mediated in-
teractions between Ku and member subunits of the remodeling

was used to determine the expression levels of endogenous BRG1-dependent genes in parental SW-13 cells cotransfected with BRG1 expression plasmid and the
indicated siRNA duplexes specifically targeting Ku70, Ku86, or the core SWI/SNF subunit BAF155. Equal amounts of cDNA and gene-specific primers for
CRYAB or SPARC were used for real-time PCR analysis. A nontargeting control (NTC) duplex siRNA used as a negative control. Quantitative analysis was
performed with data normalized to GAPDH, and results are displayed as relative expression. Values are shown as mean � standard deviation from 3 biological
replicates. (C) SW-13 cells, containing a stably integrated MMTV reporter, were cotransfected with GR and BRG1 expression plasmids, and the indicated siRNAs
were treated with 100 nM Dex or ethanol (EtOH) and assayed for relative luciferase activity. Relative MMTV luciferase activity was normalized to total protein
measured and represented as relative light units (RLU). Values are shown as mean � standard deviation (n 	 3). (D) Reverse transcription-PCR analysis was used
to determine the expression levels of endogenous GR/BRG1-dependent genes in SW-13 cells upon Ku siRNA protein knockdown. Total RNA extracted from
treated SW-13 cells cotransfected with GR and BRG1 expression vectors and Ku70 or Ku86 specific siRNA duplexes was used as the template for cDNA synthesis.
A nontargeting control (NTC) siRNA used as a negative control for protein knockdown. Values are shown as mean � standard deviation from 3 biological
replicates.
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FIG 4 Components of the TOP2�/PARP-1 complex are required for the transcriptional activation of chromatin MMTV and endogenous GR-mediated
BRG1-dependent genes. siRNA duplexes specific for members of the TOP2�/PARP-1 complex were used to evaluate the requirement of Ku70, Ku86, DNAPK,
TOP2�, and PARP-1 proteins in GR-mediated BRG1-dependent transcriptional activation. (A) Western blot analysis was used to monitor levels of protein
expression of transfected plasmids and to evaluate the extent of protein knockdown upon introduction of siRNA. Total protein lysates from transfected SW-13
cells were resolved by SDS-PAGE and Western analysis performed using antibodies specific for BRG1, GR, Ku70, Ku86, DNAPK, PARP1, TOB2�, or BAF155.
(B) SW-13/MMTV cells cotransfected with GR and BRG1 expression plasmids and the indicated siRNA were treated with 100 nM Dex or vehicle (EtOH) and
assayed for luciferase activity. Relative MMTV luciferase activity was normalized to total protein measured and represented as relative light units (RLU). (C and
D) Reverse transcription–real-time PCR analysis was used to determine expression levels of endogenous BRG1-mediated and GR-dependent (C) or -indepen-
dent (D) genes in SW-13 cells upon siRNA protein knockdown. Total RNA, extracted from Dex- or vehicle-treated cells cotransfected with GR and BRG1
expression vectors and siRNA duplexes, was used as the template for cDNA synthesis. Equal amounts of cDNA were used for real-time PCR analysis with primers
specific for GR-dependent genes HSD11B2 or PLZF (C) or GR-independent genes CD44 and CSF1 (D). Quantitative analysis was performed with data
normalized to GAPDH, and results are displayed as relative transcription. A nontargeting control (NTC) siRNA used as a negative control for protein
knockdown. Values are shown as mean � standard deviation from 3 biological replicates.
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complex, as suggested by the Y2H and recombinant binding as-
says.

To determine whether the HSA or BRK domain of BRG1 was
required for association with Ku protein, we performed a series of
coimmunoprecipitation assays in SW-13 cells expressing BRG1 or
BRG1 deletion mutants, �HSA, �BRK, or �475-565 (�HSA and
�BRK). As reported in a previous study, each of these mutants
retains intact ATPase activity (40). Immunoprecipitation buffer
was supplemented with benzonase nuclease (5 U/ml) to eliminate
both DNA- and RNA-dependent interactions. SWI/SNF com-
plexes were immunopurified using antibodies specific for Ku70 or
BRG1 and detected by Western blotting with anti-BRG1 antibody.
As shown by immunoblot analyses, Ku70 associates with wild-
type BRG1 and the �BRK mutant protein; however, when the
HSA region is removed (as in �HSA or �475-656), the Ku70 in-
teraction with BRG1 is significantly diminished, suggesting that
the HSA motif may serve as the critical binding module for the
association with Ku (Fig. 1F).

The HSA domain of BRG1 is required for recruitment of Ku
to chromatin MMTV and to endogenous promoters. Previous
studies have shown that BRG1 is recruited to chromatin MMTV
in a hormone-dependent manner, suggesting that ligand-induced
binding of GR may lead to recruitment of the remodeling complex
to target promoters (38). To determine whether Ku proteins are
recruited to GR-responsive promoters, we performed ChIP anal-
ysis in treated SW-13/MMTV cells (Fig. 2). Cells expressing GR
and either empty vector (pcDNA) or BRG1-, K798R-, or �HSA-
3�Flag protein (Fig. 2A) were treated with Dex or vehicle, sub-
jected to ChIP analysis using anti-GR, -FLAG, -Ku70, or -Ku86
antibodies, and analyzed by real-time PCR with primers specific
for MMTV-NucB, HSD11B2, or PLZF promoters. Our data sug-
gest that Ku proteins are recruited to the GR-responsive promot-
ers in a hormone-dependent fashion (Fig. 2B, D, and E). Interest-
ingly, Ku promoter binding appears to be dependent on the
presence of BRG1 protein (compare pcDNA to BRG1) but is not
dependent on BRG1-ATPase activity (compare BRG1 to K798R).
However, in cells expressing the BRG1-�HSA mutant protein, Ku
promoter recruitment is significantly decreased (compare BRG1
and K798R to �HSA) (Fig. 2B, D, and E). When purified ChIP
DNA was analyzed using primers specific for the downstream lu-
ciferase reporter, recruitment of GR, BRG1, Ku70, or Ku86 was
not detected, indicating that the binding of these proteins is spe-
cific for the promoter region (Fig. 2C). Taken together, these data
suggest that Ku is recruited to GR-responsive promoters, includ-
ing the chromatin-integrated MMTV promoter and endogenous
promoters HSD11B2 and PLZF, in a hormone-dependent man-
ner and that this recruitment requires the HSA domain of BRG1.

Ku70 enhances nuclear receptor-mediated BRG1-dependent
transcriptional activation of chromatin MMTV and endoge-
nous genes. To determine whether Ku70 is required for SWI/
SNF-dependent transcriptional activation, we performed a series
of siRNA studies in conjunction with transcriptional activation
assays. Parental SW-13 cells were cotransfected with BRG1 ex-
pression plasmid and siRNA duplexes specific for Ku70, Ku86,
BAF155, or a nontargeting control (NTC). For these transcrip-
tional activation assays, three independent siRNA duplexes for
both Ku70 and Ku86 were used to evaluate the effects of Ku on
BRG1-dependent transcription. Immunoblot analysis was per-
formed using antibodies specific for BRG1, Ku70, Ku86, or
BAF155 to determine the extent of protein expression and to eval-

uate the level of siRNA protein knockdown within the transfected
cells. Transfecting SW-13 cells with Ku70 or Ku86 siRNA resulted
in a significant reduction in Ku protein within 48 h (Fig. 3A).
Expression of endogenous BRG1-dependent genes was evaluated
in the presence of siRNA-mediated knockdown of Ku protein. At
48 h after siRNA transfection, total RNA from SW-13 cells was
used for cDNA synthesis and evaluated to determine relative tran-
scription levels of BRG1-dependent genes. Notably, expression of
CD44 (59), CRYAB, SPARC (38, 40), and CSF1 (60) was not al-
tered upon protein knockdown of Ku, yielding similar relative
expression, indicating that Ku protein is not required for general
BRG1-mediated transcription (Fig. 3B).

To determine if Ku is required for nuclear receptor-mediated
BRG1-dependent transcriptional activation, we performed simi-
lar siRNA protein knockdown studies in SW-13 cells containing
an integrated MMTV promoter reporter driving expression of
luciferase. SW-13/MMTV cells were cotransfected with expres-
sion plasmids for GR and BRG1 along with siRNA duplexes spe-
cific for Ku70, Ku86, BAF155, or a NTC, treated with Dex or
vehicle, and assayed for reporter activity (Fig. 3C). Cells express-
ing GR and BRG1 (no siRNA) showed an increase in reporter
activity from the chromatin promoter upon hormone treatment,
as previously described (38). Interestingly, this hormone-stimu-
lated GR/BRG1 activity from chromatin MMTV was significantly
attenuated upon Ku protein knockdown, suggesting that Ku may
be necessary for GR-mediated BRG1-dependent transcriptional
activation (Fig. 3C). To test whether Ku is required for transcrip-
tional initiation of endogenous GR-mediated, BRG1-dependent
genes, we evaluated expression of HSD11B2 (38) and PLZF/
ZBTB16 (61) upon siRNA protein knockdown of Ku70 and Ku86.
Expression of both genes was reduced in the presence of Ku70 or
Ku86 siRNA but not upon transfection with the NTC (Fig. 3D).
Taken together, these results suggest that Ku may play an impor-
tant role that is specific to hormone-stimulated nuclear receptor-
mediated transcriptional regulation by the SWI/SNF chromatin-
remodeling complex.

GR-dependent BRG1-mediated recruitment of TOP2�/
PARP1 complex components is critical for transcriptional reg-
ulation. Previous reports suggest that components of the DNA
damage/repair machinery, including the DNA-dependent protein
kinase (DNAPK), Ku70, and Ku86, along with TOP2� and poly-
(ADP-ribose) polymerase 1 (PARP1), are all recruited to the es-
trogen receptor-responsive pS2 promoter (62). These observa-
tions may suggest a role for the DNA damage and repair apparatus
in hormone-dependent transcriptional activation by nuclear re-
ceptors. To determine if components of the TOP2�/DNAPK/Ku
complex are necessary for GR-mediated BRG1-dependent tran-
scriptional activation, we performed siRNA protein knockdown
reporter assays using duplexed siRNAs that target each member
protein of the TOP2�/PARP1 complex. SW-13/MMTV reporter
cells were cotransfected with GR and BRG1 expression plasmids
along with siRNA duplexes specific for Ku70, Ku86, DNAPK,
PARP1, or TOP2� (Fig. 4A), treated with hormone (Dex), and
assayed for luciferase reporter activity.

As previously shown, knockdown of Ku protein resulted in a
decrease in GR-mediated BRG1-dependent reporter levels; how-
ever, transcriptional activity in cells with reduced DNAPK protein
appeared to be unchanged. Notably, transcription from the
MMTV promoter in cells transfected with siRNAs targeting
PARP-1 and TOP2� was reduced to levels similar to that observed
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in cells with reduced Ku protein (Fig. 4B). To determine whether
members of the TOP2�/DNAPK/Ku complex are required for
GR-mediated, BRG1-dependent transcriptional activation of en-
dogenous genes, we evaluated expression of HSD11B2 or PLZF.
Transcription from each endogenous promoter was attenuated
in the presence of reduced Ku, PARP-1, and TOP2� siRNA but
not upon transfection with the NTC (Fig. 4C). In contrast,
expression of CD44 and CSF1, two BRG1-dependent genes not
regulated by glucocorticoids, was not significantly reduced.
Thus, components of the TOP2�/DNAPK/Ku complex may be
limited to hormone-induced transcription or other pathways
involving nuclear receptor signaling (Fig. 4D). GR-mediated
BRG1-dependent transcriptional activation of chromatinized
MMTV and endogenous promoters HSD11B2 or PLZF was
unaffected by NTC control siRNA but significantly reduced
with knockdown of the SWI/SNF core subunit, BAF155 (Fig.
4B to D). Together, these data suggest that members of the

TOP2�/PARP1 complex, including Ku70 and Ku86, play an
important role in the rapid response to hormone that occurs
during NR-mediated transcriptional regulation by the SWI/
SNF chromatin-remodeling complex.

Our data suggest that DNAPK is recruited to GR-responsive
promoters in a hormone-dependent fashion; however, inhibition
of DNAPK by siRNA did not seem to alter gene expression levels
in SW-13 cells. To address whether the enzymatic activity of
DNAPK is required for hormone-mediated transcription, we
treated SW-13/MMTV cells expressing GR and BRG1 with the
specific DNAPK inhibitor NU7026 prior to Dex treatment.
NU7026 did not affect expression from endogenous glucocorti-
coid-regulated genes (Fig. 5A). Although previous studies indicate
a functional link between DNAPK and both ER and AR transcrip-
tional activity (63–66), our results suggest that the DNAPK cata-
lytic activity is not involved in the initial steps required for regu-
lated gene expression in response to glucocorticoid signaling. To

FIG 5 DNAPK activity is not required for GR-mediated BRG1-dependent transcriptional activation from chromatinized MMTV or endogenous promoters. (A)
SW-13/MMTV cells expressing GR and BRG1 were treated with 25 �M DNAPK-specific inhibitor NU7026 (
NU7026) or DMSO vehicle (�NU7026) for 24 h.
After exposure, cells were treated with Dex or vehicle (EtOH) for 6 h, followed by total RNA extraction and cDNA synthesis. Equal amounts of cDNA and
gene-specific primers for luciferase, HSD11B2, or PLZF were used for real-time PCR analysis. Quantitative analysis was performed with data normalized to
GAPDH and displayed as relative expression. Values are shown as mean � standard deviation (n 	 3). (B) To evaluate the effectiveness of NU7026, cells were
pretreated with NU7026 or vehicle (DMSO), followed by irradiation with 5 Gy IR. At 15 min post-IR, cells were fixed, permeabilized, and stained with
anti-gamma-H2A.X (phosphor S139) antibody. Representative images, collected using an LSM 5 Pa confocal microscope at �63 magnification, are shown for
each treatment group. Scale bars, 10 �m.
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test the efficacy of the NU7026 used in this assay, cells pretreated
with inhibitor or vehicle were irradiated with 5 Gy infrared (IR).
At 15 min post-IR, cells were immune stained with anti-gamma-
H2A.X (phosphor S139) antibody. As predicted, cells treated with
the inhibitor show reduced �-H2A.X staining, indicating that
NU7026 efficiently inhibits phosphorylation of S139 of histone
H2A.X by DNAPK (Fig. 5B).

To determine whether components of the TOP2�/DNAPK/Ku
complex are recruited to GR-responsive SWI/SNF-dependent
promoters, we performed chromatin immunoprecipitation
(ChIP) analysis using treated SW-13/MMTV cells expressing GR
and BRG1. Cells expressing GR and BRG1 were treated with Dex
or vehicle and subjected to ChIP analysis using antibodies specific
for GR, BRG1 and members of the TOP2�/DNAPK/Ku complex.
As previously shown, GR, BRG1, and Ku proteins are recruited to
GR-responsive promoters in a hormone-dependent manner (Fig.
2). Interestingly, DNAPK, PARP1, and TOP2� also target GR-
responsive promoters, with PARP1-binding promoters indepen-
dent of hormone (Fig. 6A to D). DNAPK, PARP1, and TOP2� did
not bind to the luciferase 3= untranslated region (UTR) negative
control (Fig. 6B). These data suggest that members of the TOP2�/
DNAPK/Ku complex are recruited to GR-responsive promoters

in a hormone-dependent manner and that this recruitment is re-
quired for nuclear receptor-mediated SWI/SNF-dependent tran-
scriptional regulation (Fig. 3).

To determine if components of the SWI/SNF and the Ku/
TOP2�/DNAPK complexes are recruited to and required for
transcriptional activation of the 17�-estradiol (E2)-dependent
pS2 promoter, we performed RT-PCR and ChIP analysis.
MCF7 cells, transfected with siRNA duplexes specific for
BRG1, BAF170, Ku70, Ku86, DNAPK, PARP1, or TOP2� were
treated with E2 or vehicle and subjected to transcriptional ac-
tivation assay using the estrogen-responsive region within the
pS2 promoter. As previously reported, components of the
TOP2�/DNAPK/Ku complex are required for hormone-de-
pendent transcriptional activation of pS2 (65). Notably, mem-
bers of the SWI/SNF complex, including the central ATPase,
BRG1, and the core subunit, BAF155, are also needed for ER-
mediated transcription of pS2 (Fig. 7A). Chromatin immuno-
precipitation analysis was performed to determine if BRG1 is
recruited to the pS2 promoter in a hormone-dependent man-
ner. After E2 treatment, ER and all members of the TOP2�/
DNAPK/Ku complex as well as BRG1 were recruited to the pS2

FIG 6 Components of the TOP2�/PARP-1 complex are recruited to chromatinized MMTV and endogenous GR/BRG1-responsive promoters in a hormone-
dependent manner. DNAPK, TOP2�, and PARP-1 are recruited to stably integrated MMTV and endogenous promoters in a GR/BRG1-dependent manner, as
demonstrated by chromatin immunoprecipitation analysis (ChIP). Purified immunoprecipitated DNA fragments from treated SW-13/MMTV cells expressing
GR and BRG1 were analyzed by real-time PCR using primer sets covering the nucleosome B promoter region of MMTV (A) and to the 3= coding region of the
integrated luciferase reporter (B) or gene-specific primers targeting the GRs of HSD11B2 (C) and PLZF (D). Normal IgG was used as a control for nonspecific
interactions. Quantitative analysis was performed and results displayed as percentages of ChIP input. Values are shown as mean � standard deviation from
biological replicates.
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promoter (Fig. 7B), suggesting that the SWI/SNF complex may
be involved in ER-mediated transcriptional regulation.

Taken together, these data suggest that the enzymatic activities
of TOP2� and its complex members Ku and PARP1 may be the
critical components involved in initiating the multistep process
required for SWI/SNF-regulated nuclear receptor-mediated tran-
scription. Chromatin immunoprecipitation analysis suggests that
components of the Ku/TOP2�/PARP1 complex are recruited to
NR target promoters in a ligand-dependent manner. Inhibition of
Ku70, Ku86, TOP2�, and PARP1 by siRNA led to reduced GR-
and ER-mediated transcriptional activation in SW-13 and MCF7
cells, respectively. Interestingly, our data further establish the

functional link between DNA repair and transcriptional regula-
tion by nuclear receptors and the SWI/SNF chromatin-remodel-
ing complex (18, 67–69).

Ku70 and SWI/SNF subunits, BRG1 and BAF250a, cooccupy
chromatinized MMTV after stimulation with hormone. Heli-
case-SANT-associated (HSA) domains have been identified in
several chromatin-remodeling proteins, usually present adja-
cent to the central ATPase domain, and serve as a primary
binding module for regulatory or structural proteins, including
actin-related proteins (ARP) and actin (40), (18). The N-ter-
minal region of BRG1 contains an HSA domain that is similar
to those found within BRG1 homologs as well as the related

FIG 7 Components of the SWI/SNF and the TOP2�/PARP-1 complexes are recruited to and required for the transcriptional activation of endogenous pS2 in
MCF-7 cells. (A) siRNA-mediated protein knockdown analysis to evaluate the requirement of the SWI/SNF chromatin remodeling complex and members of the
TOP2�/PARP-1 complex in ER-mediated transcriptional activation. Reverse transcription–real-time PCR analysis was used to determine the level of transcrip-
tional activation from the endogenous ER-responsive gene pS2 in MCF-7 cells upon siRNA protein knockdown. Total RNA, extracted from estradiol (E2)- or
vehicle (EtOH)-treated MCF-7 cells transfected with indicated siRNA duplexes, was used as the template for cDNA synthesis. (B) BRG1 and members of the
TOP2�/PARP-1 complex are recruited to the endogenous pS2 promoters in MCF7 cells, as demonstrated by ChIP analysis using antibodies specific for ER�,
BRG1, Ku70, Ku86, DNAPK, PARP1, and TOP2�.
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INO80 chromatin remodeler (41). Studies using BRG1 dele-
tion mutants suggest that the HSA domain is required for the
association with ARID1A/BAF250a, which is able to bind GR
through its C-terminal domain, and is necessary for SWI/SNF-
mediated transcriptional activation (40). At present, our stud-

ies, including Y2H-cDNA library screens, GST-protein pull-
downs, and immunoprecipitation assays, suggest that the HSA
domain of BRG1 is required for the association with Ku70
(Table 1; Fig. 1 and 2). To determine if BAF250a and Ku70
cooccupy the BRG1-HSA domain and bind cooperatively to

FIG 8 Ku and SWI/SNF subunits, BRG1 and BAF250a, cooccupy chromatin MMTV after stimulation with hormone. ChIP-reChIP analysis of integrated
MMTV promoter in treated SW-13 cells expressing GR and BRG1 was performed. Cells were treated with hormone, formaldehyde cross-linked, and subjected
to ChIP analysis. (A) For the primary ChIP, DNA immunocomplexes were isolated using antibodies specific for GR, BRG1, Ku70, or BAF250a. (B) ReChIP
analysis was performed using Dex-treated samples from primary ChIP immunoprecipitated with GR, BRG1, Ku70, or BAF250a antibodies. Immunopurified
DNA complexes from both ChIPs were reverse cross-linked and analyzed by real-time PCR using MMTV nucleosome B-specific primers. Quantitative analysis
of data from primary ChIP (A) and from reChIP (B) was performed, with results displayed as percentages of ChIP input. The data are from a representative
experiment with standard deviations of technical replicates.
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the MMTV promoter, we performed a ChIP-reChIP assay. The
first ChIP was performed using extracts from ligand-treated
SW-13 cells expressing GR and BRG1 and antibodies specific
for GR, BRG1, Ku70, or BAF250a. Consistent with previous
ChIP data, hormone-dependent binding to chromatin MMTV
was observed for GR, BRG1, Ku70, and BAF250a (Fig. 8A).
Using the samples immunoprecipitated with GR, BRG1, Ku70,
or BAF250a antibody, we reChIPed each sample with each an-
tibody used for the initial immunoprecipitation. Intriguingly,
in each case, GR, Brg1, Ku70, and Baf250a reChIPs showed
enrichment over IgG, indicating that the four proteins cooc-
cupy sites on chromatin only in the presence of hormone (Fig.
8B). This corecruitment may involve their association with the
HSA domain of BRG1, which is required for stimulating both
nuclear receptor-dependent and -independent transcriptional
regulation by SWI/SNF. Taken together, these results indicate
that the HSA domain is an important binding surface for the
association of regulatory proteins with BRG1 and may confer
specificity regarding the targeting, function, and/or regulation
of SWI/SNF activity during hormone-activated transcription.

Hormone-dependent SWI/SNF-mediated transcriptional
activation induces topoisomerase II� DSBs within chromatin
MMTV. Growing evidence suggests that the enzymatic activity of
TOP2� may be a critical component for hormone-stimulated and
often rapidly upregulated gene expression by nuclear receptors
such as ER and AR. In these signaling pathways, TOP2� is re-
cruited to hormone-responsive promoters, where its catalytic ac-
tivity produces a transient double-strand DNA break (DSB)
which may help resolve the topological constraints resulting from
rapid changes in chromatin architecture that must occur for nu-
clear receptor binding and/or transcriptional activation (65, 70).
To investigate whether the enzymatic activity of TOP2� produces
DSBs within chromatin MMTV upon glucocorticoid signaling,
we developed a protocol that detects DNA break formation in the
promoter region using a modified iterative primer extension tech-
nique (50). SW-13/MMTV cells expressing GR were transfected
with empty vector (pcDNA), BRG1, or BRG1-�HSA mutant plas-
mids and stimulated with hormone for various time periods (0,
10, 15, or 30 min). Immediately after treatment, genomic DNA
was isolated and digested to completion with AvaII or HaeIII for
analysis of the upper strand or lower strand of DNA, respectively
(Fig. 9A). We were intrigued to find that genomic DNA isolated
from cells expressing BRG1 yielded a band indicative of a break

within the promoter sequence and that this band appears to be
specific at 15 min of hormone treatment. These DNA breaks were
observed on both the upper and lower strands in hormone-treated
cells expressing wild-type BRG1, indicating that this double-
strand DNA (dsDNA) break may be required for hormone-medi-
ated transcriptional regulation by the SWI/SNF complex. These
breaks were not observed in the genomic DNA purified from
treated SW-13 cells expressing the BRG1-�HSA mutant, suggest-
ing that the HSA domain within the N-terminal region of BRG1 is
important for DSB formation with chromatin MMTV in response
to hormonal signaling (Fig. 9B). The Dex-induced cleavage sites
within the MMTV promoter were mapped to the nucleosome B
region. Using this strategy, the position of the ligand-dependent
DNA breaks within chromatin MMTV appears to border an active
hormone response element (HRE).

To determine whether TOP2� mediates the formation of li-
gand-dependent DNA breaks within the integrated MMTV pro-
moter, we treated SW-13 cells expressing GR and BRG1 with the
topoisomerase II-specific inhibitor merbarone (Mer) [5-(N-phe-
nyl carboxamido)-2-thiobarbituric acid], which inhibits the cata-
lytic activity of DNA TOP2� and TOP2� without damaging DNA
or stabilizing the DNA-TOP2 cleavable complexes (71, 72). Tran-
scriptional activation in Mer-treated Dex-stimulated U2OS/UL3
or SW-13 cells expressing GR and BRG1 was significantly dimin-
ished compared to that in cells treated with vehicle (Fig. 9C).
Treatment with Mer also inhibited the formation of BRG1-depen-
dent DNA breaks within chromatin MMTV when stimulated with
hormone for 15 min (Fig. 9D). To determine if Mer-induced tran-
scriptional attenuation and inhibition of promoter-specific
dsDNA breaks upon hormone stimulation resulted from im-
paired recruitment of SWI/SNF or TOP2�/PARP1 complexes, we
performed ChIP analysis of chromatin MMTV. Merbarone treat-
ment did not appear to alter the recruitment patterns of compo-
nents of SWI/SNF or TOP2�/PARP1 complexes at either 15 min
of 1 h of Dex treatment (Fig. 9E). However, we did reproducibly
observe a slight diminution in the binding of GR, BRG1 Ku70, and
TOP2� with the prior treatment with Mer. Finally, the ability of
BRG1 to remodel the MMTV nucleosome B seems to be lost after
Mer treatment, indicating that topoisomerase II is required not
only for transcriptional activation but also to alter the nucleo-
somal architecture within MMTV upon hormonal induction
(Fig. 9F).

Collectively, these results suggest that the SWI/SNF chro-

FIG 9 Identification of hormone-dependent BRG1-mediated DNA breaks within chromatin MMTV. Transient DNA breaks were detected using a modified reiterative
primer extension technique. (A) Schematic of the proximal portion of the MMTV promoter indicating nucleosomal location, restriction endonuclease cleavage sites,
transcriptional factor binding regions, and positions of oligonucleotides used for primer extension. (B) SW-13/MMTV cells expressing GR and BRG1 or �HSA mutant
protein were treated with 100 nM Dex for 0, 10, 15, or 30 min prior to isolation of nuclei and DNA. Purified genomic DNA was digested to completion with AvaII or
HaeIII and analyzed for DNA breaks using iterative primer extension with 32P-labeled primers specific for the upper or lower strand of MMTV. (C) Merbarone (Mer)
treatment attenuates hormone-induced transcriptional activation of chromatin MMTV. U2OS/UL3 cells containing integrated copies of MMTV reporter or SW-13/
MMTV cells expressing GR and BRG1 were incubated for 5 h with 100 �M Mer at the indicated concentrations, followed by treatment with Dex. Posttreatment, cells
were lysed and assayed for luciferase activity. Relative luciferase units (RLU) values were normalized to total protein measured and reported as the average from three
independent experiments. Error bars are standard deviations (n 	 3). (D) Inhibition of TOP2� activity blocks hormone-dependent BRG1-mediated DNA break
formation. SW-13/MMTV cells expressing GR and BRG1 were treated with Mer and/or Dex. Following treatment, purified genomic DNA was digested with AvaII or
HaeIII and analyzed for DNA break formation as described above. Extension products were resolved on 7% denaturing polyacrylamide gels and exposed to a phos-
phorimager screen. DNA breaks were identified using ImageQuant peak-finder analysis software. (E) Hormone-stimulated recruitment of GR, BRG1, Ku70, or TOP2�
to chromatin MMTV is not affected by treatment with Mer. SW-13/MMTV cells expressing GR and BRG1 were treated with Mer or vehicle (DMSO) for 5 h prior to
addition of Dex or ethanol (EtOH) for 15 min or 1 h. Data are reported as the average from three independent experiments. (F) In vivo restriction enzyme accessibility
assay to determine chromatin architecture at MMTV-NucB upon treatment with Mer and hormone (Dex). Nuclei purified from cells expressing GR and BRG1 were
pretreated with Mer (5 h) and then subjected to treatment with Dex (15 min) followed by digestion with SstI (in vivo) restriction endonuclease. Purified products were
further digested to completion with HaeIII (in vitro) and used as the template for iterative primer extension with an MMTV-specific primer. Extension products were
resolved by 6% denaturing PAGE.
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matin-remodeling complex is required for the formation of
site-specific DNA breaks within the MMTV promoter and that
these dsDNA breaks are mediated through the enzymatic ac-
tivity of TOP2� and are required for ligand-dependent tran-
scriptional activation. Our investigation has also revealed the
important role of the HSA domain of BRG1 in establishing
short-lived, transient DNA breaks during GR-mediated tran-
scriptional activation.

DISCUSSION

The central catalytic subunit of the SWI/SNF complex, BRG1,
provides ATP-dependent enzymatic activity and is required for
direct or indirect associations with various proteins involved in
cell growth and differentiation, cell cycle regulation, and immune
response, such as �-catenin, p130, p107, BRCA1, p53, Rb, and
cyclin E (18).

The SWI/SNF chromatin-remodeling complex also partici-
pates in ligand-mediated signaling to regulate hormone-induced
transcription through associations with type I nuclear receptors,
including glucocorticoid, progesterone, estrogen, and androgen
receptors. These interactions lead to the hormone-dependent re-
cruitment of the BRG1 complex to target promoters for chroma-
tin-remodeling-dependent changes in gene expression (28).
Transcriptional regulation studies using BRG1 chimeras and/or
N-terminal mutant proteins indicate that the BRG1 ATPase do-
main is necessary but not sufficient for ligand-dependent tran-
scriptional activation by GR. Collectively, these observations sug-
gest that the N-terminal HSA domain of BRG1 is required in
conjunction with the ATPase activity for GR-mediated BRG1-
dependent transcriptional activation of endogenous hormone-re-
sponsive promoters (40). The HSA region has also been impli-
cated as an important binding domain responsible for the
association of BRG1 with members of the SWI/SNF complex,
BAF250a, BAF53, and �-actin (18, 28, 40, 41).

Our yeast 2-hybrid screen identified a novel interaction of
BRG1 with the double-strand break repair protein Ku70/XRCC6/
G22P1, and subsequent biochemical analysis suggested that the
Ku heterodimer (Ku70/86) association with the SWI/SNF chro-
matin-remodeling complex is mediated through the N-terminal
HSA domain of BRG1. This was subsequently confirmed via re-
combinant binding assays using protein fragments containing the
BRG1 HSA-BRK domain fragment and the Ku surface fragment
that were identified in the original yeast 2-hybrid assay.

The segment of Ku70 involved in the BRG1 interaction in-
cludes the central DNA-binding beta-barrels, polypeptide rings,
and C-terminal arm of the protein. This segment includes many
surface residues that would be exposed in the Ku70/86 dimer
structure that has been determined crystallographically (58, 73).
To determine if the enzymatic function of Ku70, a single-stranded
DNA-dependent ATP-dependent helicase, is involved in SWI/
SNF-mediated transcriptional activation, we performed a series of
siRNA protein knockdown studies in SW-13 cells expressing
BRG1 or in ligand-treated cells expressing GR and BRG1. Data we
have shown from these studies (Fig. 2) suggest that Ku is not
required for transcriptional activation of all BRG1-dependent
genes; however, transcription from hormone-responsive promot-
ers is significantly attenuated with reduced Ku protein.

Ligand-dependent recruitment of Ku to GR-responsive pro-
moters was observed by chromatin immunoprecipitation, provid-
ing further evidence that Ku may play a vital role in hormone

response pathways. Ku protein has also been implicated in nuclear
receptor signaling events involving the estrogen receptor (28, 65,
66). In these experiments, treatment of MCF7 cells with 17�-es-
tradiol induced the recruitment of a complex containing Ku,
DNAPK, TOP2�, and PARP1 to the pS2 promoter, resulting in
transcriptional activation (65). Our data suggest that SWI/SNF
may work in conjunction with the TOP2�/Ku70/86/DNAPK/
PARP1 complex during nuclear receptor-dependent transcrip-
tional regulation. Through a series of siRNA protein knockdown
studies, we were able to show that Ku70/86, TOP2�, and PARP1
are required for GR-mediated transcription activation of chroma-
tinized MMTV and of endogenous genes HSD11B2 and PLZF.
Chromatin immunoprecipitation assays indicate that these pro-
teins, along with BRG1 and DNAPK, are recruited to GR-respon-
sive promoters in a ligand-dependent manner.

In contrast to the reduction in transcriptional output observed
with the reduction in protein levels for Ku70/86, TOP2�, and
PARP1, we did not see as strong an effect when DNAPK was in-
hibited. This is intriguing because while the role and activity of
DNAPK in NHEJ is well established, previous studies have also
indicated a role for DNAPK in ER-dependent transcription (65,
66). In these cases, the kinase activity of DNAPK was thought to
activate a variety of coregulators know to be required for ER acti-
vation (74). We examined this possibility directly with NU7026, a
cell-permeative, potent, specific, and ATP-competitive inhibitor
of DNAPK, and did not discern a significant impact (Fig. 5) (75).
Thus, the results from our studies suggest that in the case of GR,
this requirement may be somewhat relaxed; loss of DNAPK is less
deleterious than loss of Ku70/86 or TOP2�. Collectively, our data
reveal that members of the Ku/TOP2�/PARP1 and SWI/SNF
complexes are recruited together to target promoters to promote
NR-mediated transcriptional regulation.

During DNA replication and transcription, nuclear factors
bind DNA and alter the local chromatin structure, producing sig-
nificant steric tension among nucleosomes that surround the tar-
get region. This tension is resolved by TOP2�, a protein with
enzymatic activity that catalyzes transient DNA double-strand
breaks to resolve the topological constraints produced by genomic
events (62). To test whether TOP2� alters the topology of the
MMTV nucleosome B region, we developed a protocol that en-
ables the detection of double-strand DNA break formation using a
modified iterative primer extension technique. Using this assay,
we have detected BRG1-dependent DNA breaks within the
MMTV promoter upon treatment with hormone. To determine if
these hormone-responsive, BRG1-dependent double-strand
DNA breaks are mediated by TOP2�, we made use of a specific
inhibitor of TOP2, Mer, which inhibits the cleavage activity of
TOP2 without damaging the DNA or stabilizing the DNA-TOP2
cleavable complexes. We then evaluated the presence of DNA
breaks within the chromatin promoter and found that Mer treat-
ment not only prevents DNA breaks upon hormone stimulation
but also attenuates transcriptional activation. These observations
are consistent with the inhibitor preventing DNA breaks on the
stimulated pS2 promoter and blocking pS2 transcription in E2-
treated MCF7 cells, suggesting that the enzymatic activity of
TOP2A plays a role at that promoter as well (65). Consistent with
the inhibitor studies, reduction of TOP2� protein levels dimin-
ished the transcriptional response from ligand-treated cells, sug-
gesting that the enzymatic activity of TOP2� is required for NR-
induced transcription.
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Our studies have defined a specific role for Ku/BRG1/TOP2�
in glucocorticoid-dependent transcription, and, notably, we do
not find a role in the BRG1-dependent induction of a number of
non-steroid-inducible genes, such as CD44 and CRYAB (38).
These results, however, do not preclude additional functions for
the BRG1/TOP2A/B complexes. Indeed, recent experiments dem-
onstrate that in mouse embryonic stem cells and in mouse embry-
onic fibroblasts, BRG1 and TOP2A function to resolve anaphase
bridges, and in cancer cells mutations that impair BRG1 contrib-
ute to genomic instability and cancer etiology (76). The elegant
demonstration of TOP2A/BRG1 activities in decatenation reveals
a clear role for regions of BRG1 where mutations have been shown
to be important for tumorigenesis (77). Interestingly, two of these
BRG1 mutants, G1232D and T910M, that are shown to be impor-
tant for decatenation are also distinct from those HSA/BRK dele-
tion (475-656) mutants critical for the interaction with the GR/
Ku70/86 and TOP2� that we describe in our analysis.

Collectively, our data reveal that members of the TOP2�-con-
taining complexes function within and are required components
of NR-specific SWI/SNF-dependent regulated transcription. Hor-
mone stimulation leads to corecruitment of ligand-bound GR and
the SWI/SNF chromatin-remodeling complex in association with
Ku to the enhancer/promoter. Among the coactivators binding
with the SWI/SNF chromatin-remodeling complex, TOP2� pro-
vides double-strand DNA break activity that may function to al-
leviate the topological and torsional stress expected in the local
chromatin architecture of the promoter. The DNA breaks occur
quickly and appear short-lived, observed within 10 min of the
addition of hormone and potentially repaired by mechanisms that
are at present unclear but may involve enzymatic activities critical
for processes including DNA replication and repair. This model
provides insights into nuclear receptor-mediated transcriptional
regulation and suggests that it is possible to recruit previously
well-described molecular entities to accomplish a new function.
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