
Molecular Biology of the Cell
Vol. 19, 3308–3322, August 2008

Chromatin Remodeling Complexes Interact Dynamically
with a Glucocorticoid Receptor–regulated Promoter
Thomas A. Johnson,*† Cem Elbi,*†‡ Bhavin S. Parekh,§ Gordon L. Hager,*
and Sam John*

*Laboratory of Receptor Biology and Gene Expression, National Cancer Institute, National Institutes of
Health, Bethesda, MD 20892-5055; and §Eli Lilly and Company, Indianapolis, IN 46221

Submitted February 6, 2008; Revised April 24, 2008; Accepted May 21, 2008
Monitoring Editor: Jennifer Lippincott-Schwartz

Brahma (BRM) and Brahma-related gene 1 (BRG1) are the ATP-dependent catalytic subunits of the SWI/SNF family of
chromatin-remodeling complexes. These complexes are involved in essential processes such as cell cycle, growth,
differentiation, and cancer. Using imaging approaches in a cell line that harbors tandem repeats of stably integrated copies
of the steroid responsive MMTV-LTR (mouse mammary tumor virus–long terminal repeat), we show that BRG1 and BRM
are recruited to the MMTV promoter in a hormone-dependent manner. The recruitment of BRG1 and BRM resulted in
chromatin remodeling and decondensation of the MMTV repeat as demonstrated by an increase in the restriction enzyme
accessibility and in the size of DNA fluorescence in situ hybridization (FISH) signals. This chromatin remodeling event
was concomitant with an increased occupancy of RNA polymerase II and transcriptional activation at the MMTV
promoter. The expression of ATPase-deficient forms of BRG1 (BRG1-K-R) or BRM (BRM-K-R) inhibited the remodeling
of local and higher order MMTV chromatin structure and resulted in the attenuation of transcription. In vivo photo-
bleaching experiments provided direct evidence that BRG1, BRG1-K-R, and BRM chromatin-remodeling complexes have
distinct kinetic properties on the MMTV array, and they dynamically associate with and dissociate from MMTV
chromatin in a manner dependent on hormone and a functional ATPase domain. Our data provide a kinetic and
mechanistic basis for the BRG1 and BRM chromatin-remodeling complexes in regulating gene expression at a steroid
hormone inducible promoter.

INTRODUCTION

The eukaryotic genome is organized into higher order chro-
matin structures in the nucleus. The regulation of eukaryotic
gene expression in the context of chromatin is a complex
event and is essential for numerous cellular processes
(Lemon and Tjian, 2000;Orphanides and Reinberg, 2002;
Labrador and Corces, 2002; Maniatis and Reed, 2002; Felsenfeld
and Groudine, 2003; Roberts and Orkin, 2004). Maintenance,
establishment, and modification of global chromatin organi-
zation and local chromatin structure are modulated by a
large number of chromatin-binding proteins that generate
transcriptionally permissive or repressed chromatin do-
mains in response to environmental stimuli (Workman and
Kingston, 1998; Peterson and Workman, 2000; Jones and
Kadonaga, 2000; Wu and Grunstein, 2000; Wolffe and Han-
sen, 2001; Becker et al., 2002). The association of linker his-
tones and nonhistone and heterochromatin-specific proteins
such as high mobility group proteins and HP1 play key roles
in the generation of higher order chromatin structures (Ar-
ents et al., 1991; Luger et al., 1997; Bustin, 1999; Eissenberg
and Elgin, 2000; Hill, 2001; Thomas and Travers, 2001;
Woodcock and Dimitrov, 2001; Grewal and Elgin, 2002;

Bianchi and Agresti, 2005; Bustin et al., 2005; Verschure et al.,
2005). The stearically restricted environment presented by
chromatin is in part overcome by multisubunit protein com-
plexes that enzymatically regulate chromatin structure.
These complexes can either chemically modify histone tails
(acetylation, phosphorylation, ubiquitylation, methylation)
or disrupt histone–DNA interactions by using the energy
generated through ATP hydrolysis (Strahl and Allis, 2000;
Berger, 2002; Narlikar et al., 2002; Neely and Workman, 2002;
Shogren-Knaak et al., 2006). The combination of chromatin
modification and chromatin-remodeling complexes acting in
a concerted manner modulate the accessibility of individual
genes to sequence-specific transcription factors, general
transcription factors, and components of the RNA pol II
transcription machinery.

SWI/SNF is one of three subclasses of ATP-dependent
chromatin remodeling enzymes that have been identified in
mammalian cells (Peterson, 2002). The SWI/SNF complex
exists in one of two forms, containing either one of two
highly homologous ATPases, BRG1 or BRM and several
shared subunits collectively called BAFs (BRG1- or BRM-
associated factors). SWI/SNF is an evolutionarily conserved,
�2 MDa multisubunit complex interacting with a wide va-
riety of proteins and is functionally implicated in cell cycle,
differentiation, and cancer (Muchardt and Yaniv, 2001;
Klochendler-Yeivin et al., 2002; Roberts and Orkin, 2004; Cho
et al., 2004; Gregory and Shiekhattar, 2004; Imbalzano and
Jones, 2005). Several subunits of the SWI/SNF chromatin-
remodeling complex possess tumor suppressor activity and
play key roles in the functional activity of other tumor
suppressor genes including Rb, BRCA1, and c-MYC (Mu-
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chardt and Yaniv, 2001; Roberts and Orkin, 2004). For ex-
ample, a core subunit of SWI/SNF, Snf5 (Ini1) is inactivated
in highly aggressive malignant rhabdoid tumors (Versteege
et al., 1998; Biegel et al., 1999; Sevenet et al., 1999).

Upon hormone binding, nuclear hormone receptors such
as the glucocorticoid receptor (GR) bind hormone response
elements and regulate transcription at their target genes
through the recruitment of a variety of coactivators, core-
pressors, chromatin remodeling activities, and components
of the basal transcription machinery (Fragoso et al., 1998;
Giangrande et al., 2000; Dilworth and Chambon, 2001;
McKenna and O’Malley, 2002; Schaaf and Cidlowski, 2003;
Belandia and Parker, 2003; Metivier et al., 2003; Hager et al.,
2006; Carroll and Brown, 2006; Lee et al., 2006). To further
understand the process by which chromatin-remodeling
complexes are recruited and regulate target genes to mod-
ulate transcription, we have directly visualized the sequence
of gene expression events involving the SWI/SNF complex
in mouse mammary adenocarcinoma cells that contain a
tandem repeat of stably integrated copies of the MMTV-LTR
(mouse mammary tumor virus–long terminal repeat). This
array which contains 800-1200 binding sites for GR can be
visualized by using green fluorescent protein (GFP)-tagged
versions of steroid receptors and associated cofactors
(Kramer et al., 1999; McNally et al., 2000; Rayasam et al.,
2005). We have investigated the molecular basis by which
SWI/SNF regulates transcription as well as its influence on
the chromatin structure of a steroid hormone–responsive
promoter array. Our study provides an integrated view of
gene activation events demonstrating the hormone-depen-
dent recruitment of SWI/SNF chromatin-remodeling com-
plexes to the MMTV array and the associated chromatin
remodeling, decondensation, and transcriptional events as-
sociated with SWI/SNF function. Furthermore, we demon-
strate the dynamic interaction of BRG1 and BRM with the
MMTV array and determine for the first time, by using in
vivo photobleaching microscopy, that BRG1 and BRM chro-
matin-remodeling complexes have distinct kinetic proper-
ties on the MMTV array and dynamically associate with and
dissociate from MMTV chromatin in a manner dependent
on hormone and a functional ATPase domain. These results
further our understanding of SWI/SNF action in chromatin
remodeling and gene expression in vivo.

MATERIALS AND METHODS

Expression Vectors
Flag-tagged forms of BRG1, BRM, BRG1-K-R, and BRM-K-R were provided
by Anthony Imbalzano (University of Massachusetts Medical School, Worces-
ter, MA). Yellow fluorescent protein (YFP)-BRG1 and YFP-BRG1-K-R were
generated by cloning of wild-type BRG1 and mutant BRG1-K-R into
pEYFP-C2 and pEGFP-C2 vectors (Clontech, Palo Alto, CA). GFP-BRM and
GFP BRG1 have been previously described (Reyes et al., 1997; de la Serna et al.,
2001) and was provided by Christian Muchardt, (Institute Pasteur, Paris,
France). The full-length MMTV-LTR driving transcription of the luciferase
gene, pRSV-GR (glucocorticoid receptor) and pCMV �-Galactosidase (inter-
nal control) has been described previously (Lefebvre et al., 1991; Fragoso et al.,
1998). All cloned vectors were confirmed by sequencing.

Cell Culture and Stable Cell Lines
The murine mammary adenocarcinoma cell line (3134) contains a large tan-
dem array of a mouse mammary tumor virus/Harvey ras reporter (Kramer et
al., 1999). In 3134 cells, 200 copies of the MMTV-LTR with 800-1200 GR-
binding sites are stably integrated in a head-to-tail orientation into the cen-
tromeric region of chromosome 4 (McNally et al., 2000). The 3617 cell line
expressing GFP-GR under control of a tetracycline-repressible (Tet-Off) sys-
tem is generated by stable transfection of 3134 cells (Walker et al., 1999). The
3617 cell line was stably transfected with a Flag-tagged BRG1-K-R to generate
the 5555 cell line. The 1365.1 cell line is derived from NIH 3T3 mouse
fibroblast cells by stable transformation with a multicopy episome and con-
tains multiple tandem copies of a stably integrated MMTV-LTR array (Cord-

ingley et al., 1987; Bresnick et al., 1990). Human adrenal carcinoma cells
(SW13) are deficient in BRG1, BRM, and GR expression and were obtained
from the American Type Culture Collection (ATCC, Manassas, VA). All cell
lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Gem-
ini, Woodland, CA), 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM
nonessential amino acids, 5 mg/ml penicillin-streptomycin, and 1 mg/ml
G418 (Invitrogen) and kept at 37°C incubator with 5% CO2. Cells were
transferred to 10% charcoal-dextran–treated, heat-inactivated fetal bovine
serum for 24 h before hormone treatment. 3617 and 5555 cells were supple-
mented with 10 �g/ml tetracycline (FisherBiotech, Fair Lawn, NJ) to suppress
GFP-GR and/or Flag-tagged mutant BRG1-K-R expression. In preparation for
biochemical and imaging experiments, cell culture medium was replaced
with the same medium without tetracycline and phenol red to induce the
expression of GFP-GR or Flag-tagged BRG1-K-R. The cells were grown for an
additional 18–24 h and GFR-GR or endogenous GR was activated using
dexamethasone at 100 nM for 30 min.

Transfections, Immunoblot Analysis, and
RNA Interference
In the SW13 transactivation assays, cells were transfected with GR, BRG1,
BRM, BRG1-K-R, BRM-K-R, MMTV-LTR-Luc, and CMV �-Gal (as an internal
control) using Lipofectamine 2000 according to manufacturer’s instructions
(Invitrogen). SW13 cells were treated with 100 nM dexamethasone for 4 h, and
whole cell extracts prepared. Luciferase and �-galactosidase assays were
performed by using the Dual Reporter Assay kit according to the manufac-
turer’s instructions (Tropix, Bedford, MA). All transfections were done in
triplicates and all experiments were repeated three times. For Western blots,
5555 cells were grown as described previously in the presence or absence of
tetracycline to regulate the expression of Flag-tagged BRG1-K-R. Whole cell
extracts were prepared and equal amounts of total cell extracts were frac-
tioned on a 7.5% SDS-PAGE gels and electrotransferred to Immobilon-P
(Millipore, Billerica, MA). Mutant BRG1-K-R was detected using a polyclonal
anti-Flag antibody (kindly provided by Anthony Imbalzano). Small interfer-
ing RNAs (siRNAs) to BRG1 (smart pool) and scrambled siRNAs were
purchased from Dharmacon (Chicago, IL). siRNAs were transfected into 3134
cells using Lipofectamine 2000 at a final concentration of 100 nM. After 3 d,
cells were treated with 100 nM dexamethasone for 30 min, fixed, and pro-
cessed for indirect immunofluorescence microscopy combined with RNA
fluorescence in situ hybridization (RNA FISH).

Restriction Endonuclease Accessibility Assay
Restriction endonuclease cleavage of MMTV chromatin was conducted as
previously described (Mulholland et al., 2003). Nuclei were isolated and
digested with SacI restriction enzyme (New England Biolabs, Ipswich, MA).
DNA from nuclei was purified and digested to completion with DpnII (New
England Biolabs). The digestion products were amplified linearly by primer
extension using Taq polymerase and a radiolabeled primer specific to the
MMTV-LTR promoter region. The extension products were run on an 8%
denaturing sequencing gel and quantified on a phosphorimager using Image-
Quant software (Molecular Dynamics, Sunnyvale, CA). Nuclease hypersen-
sitivity and chromatin remodeling were expressed as % fractional cleavage,
which was determined by dividing the intensity of the SacI digestion product
by the sum of the intensities of the SacI and DpnII digestion products.

Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were performed as previously
described (Mulholland et al., 2003) with some modifications. Briefly, 3617 and
5555 cells were treated with dexamethasone and tetracycline as described in
Figure 4. Cells were fixed with formaldehyde and sonicated on ice with a
Branson sonicator (Branson Ultrasonics, Danbury, CT) at a power setting of
20–30 W. After centrifugation, the soluble material was immunoprecipitated
overnight with an anti-RNA polymerase II (pol II) antibody (provided by
Kevin Gardner, National Cancer Institute, Bethesda, MD). Antibody bound
chromatin complexes were immunoprecipitated with protein A-agarose
beads, and the bound material was eluted. Formaldehyde cross-links were
reversed at 65°C overnight and DNA was purified. DNA from each sample
was subjected to PCR (25 cycles) using primer sets specific for the MMTV-LTR
nuc-B region. PCR products were run on 6% PAGE gels and stained with sybr
green.

Immunofluorescence Microscopy
3134 and 5555 mouse mammary adenocarcinoma cells were grown on 22-
mm2 glass coverslips in six-well plates. The cells were fixed in 4% parafor-
maldehyde and processed for indirect immunofluorescence microscopy as
previously described (Parada et al., 2003). The primary antibodies used in this
study included anti-BRG1 at 1:100 (provided by Weidong Wang, National
Institutes of Health, Bethesda, MD, and by Anthony Imbalzano); anti-ISWI
(Snf2h) at 1:200 (provided by Ramin Shiekhattar, Wistar Institute, Philadel-
phia, PA); and polyclonal anti-BRM and anti-Flag at 1:100 (provided by
Anthony Imbalzano). We used species-specific secondary antibodies de-
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signed for simultaneous multiple labeling (Jackson ImmunoResearch Labo-
ratories, West Grove, PA). Secondary antibodies were conjugated to FITC or
Texas Red. Images were acquired with narrow-band-pass emission filters
(Chroma Technology, Rockingham, VT). DNA was stained with DAPI (In-
vitrogen), and the cells were mounted using Prolong Gold mounting solution
(Invitrogen). Cells were imaged on an Olympus IE80 inverted microscope
equipped with a 100� 1.35 NA oil immersion objective (Melville, NY) and a
Photometrics CCD camera configured at 0.07-�m pixels (Tucson, AZ). Images
were analyzed by using Metamorph software (Universal Imaging, Sunnyvale,
CA). Colocalization of two distributions were verified by linescan analysis as
previously described (Elbi et al., 2002). A line was drawn through a colocal-
ized region and fluorescence intensity peaks from two distributions were
measured and then plotted using Metamorph software. Colocalization of the
signals were confirmed by examining consecutive optical sections above and
below the midplane optical sections covering the entire depth of the cell
nuclei.

RNA FISH
3134 and 5555 cell lines were grown on 22-mm2 glass coverslips in six-well
plates. Cells were fixed in 4% paraformaldehyde and processed for indirect
immunofluorescence microscopy as described above. This was followed by a
RNA FISH procedure to detect MMTV transcripts as described previously
(Parada et al., 2003; Rayasam et al., 2005). All images were acquired with the
same exposure times in order to compare across different treatment condi-
tions. The RNA FISH signals were quantified using MetaMorph software.
Thirty five cells from each treatment or control group were randomly se-
lected. Background nuclear fluorescence intensity was subtracted from the
RNA FISH fluorescence intensity in each cell. The regions defined by the RNA
FISH fluorescence signals were identified by thresholding and the pixel
intensities in the regions were averaged to compare across the different
conditions. The average integrated intensities were plotted as a bar histogram,
with error bars representing SE. We performed one way ANOVA (SPSS
software) on all data sets. Where warranted by ANOVA results (p � 0.05),
Student-Newman-Keuls post hoc tests (SPSS software) were applied to detect
differences (p � 0.05) between experimental conditions.

DNA FISH
3134 cells were grown on 22-mm2 glass coverslips in six-well plates. Cells
were fixed in 4% paraformaldehyde and processed for DNA FISH analysis to
detect MMTV DNA using a probe specific for the MMTV-LTR array as
previously described (Mueller et al., 2001). This was followed by indirect
immunofluorescence microscopy. All images were acquired with the same
exposure times in order to compare between different treatment conditions.
The DNA FISH signals were quantified using MetaMorph software. Thirty-
five cells from transfected or untransfected (control) group were randomly
selected. Background nuclear fluorescence intensity was subtracted from
DNA FISH fluorescence intensity in each cell. The regions defined by the
DNA FISH fluorescence signals were identified by thresholding and the areas
of MMTV arrays were measured. The areas from each experimental condition
were averaged and plotted as a bar histogram, with error bars representing
SE. We performed a one-way ANOVA (SPSS software) on all data sets. Where
warranted by ANOVA results (p � 0.05), Student-Newman-Keuls post hoc
tests (SPSS software) were applied to detect differences (p � 0.05) between
experimental conditions.

Fluorescence Recovery after Photobleaching and
Image Analysis
1361.5 cells were grown in Lab-Tek one-well chamber slides (Nalge Nunc
International, Naperville, IL) for live cell fluorescence recovery after photo-
bleaching (FRAP) experiments. Cells were transfected with YFP-BRG1, YFP-
BRG1-K-R, and GFP-BRM and treated with 100 nM dexamethasone for 30
min. FRAP analysis was carried out on a Zeiss 510 laser-scanning confocal
microscope (Thornwood, NY). The stage temperature was maintained at
37°C, and images were acquired with a 100� 1.3 NA oil immersion objective
and 40 mW argon laser. Five single prebleach images were acquired followed
by a brief bleach pulse of 160 ms using 458/488/514-nm laser lines at 100%
laser power (laser output, 50%) without attenuation. Single optical sections
were acquired at 490-ms intervals by using a 488-nm laser line with laser
power attenuated to 0.1%. In all FRAP experiments, signal loss during the
recovery period was �5% of the initial fluorescence intensity. The bleach
extent and depth were confirmed by analyses of three-dimensional image
stacks along the Z-plane of the image axis of fixed cells. Fluorescence inten-
sities in the regions of interest were analyzed, and quantitative FRAP recov-
ery curves were generated using LSM software and Microsoft Excel (Red-
mond, WA) as previously described (Elbi et al., 2004a). Pseudocolor images of
the MMTV array and the area of the bleached region were generated using
MetaMorph software. All FRAP recovery curves were generated from back-
ground subtracted images, and all quantitative data for FRAP recovery ki-
netics represent means � SE from at least 25 cells imaged in three indepen-
dent experiments.

RESULTS

SWI/SNF Chromatin Remodelers Potentiate the
Hormone-dependent Activation of the MMTV-LTR
The SWI/SNF chromatin-remodeling complex contributes
to the regulation of gene expression by either transcriptional
activation or transcriptional repression depending on ge-
netic context and cellular environment (Muchardt and
Yaniv, 2001; Klochendler-Yeivin et al., 2002). Although the
SWI/SNF complex consists of multiple subunits, the cata-
lytic subunits, BRG1 and BRM, play a key role in chromatin
remodeling by utilizing ATP hydrolysis (Peterson, 2002;
Narlikar et al., 2002; Roberts and Orkin, 2004). To establish
the role of the SWI/SNF complex in the transcriptional
regulation of the MMTV-LTR, we carried out transcription
reporter assays in the human adrenal carcinoma cell line
(SW13). The SW13 cell line expresses all the BAFs and the
SWI/SNF complex can be reconstituted by transfecting
BRG1 or BRM into this cell line (Muchardt and Yaniv, 2001;
Hsiao et al., 2003). This model system has allowed us to
assess the contribution of each chromatin remodeling pro-
tein to the hormone-dependent regulation of MMTV tran-
scription. Transfection of SW13 cells with a MMTV-Lucif-
erase reporter plasmid and a GR expression plasmid
resulted in an eightfold increase of MMTV transcription in
the presence of hormone (Figure 1C). However, the trans-
fection of GR along with BRG1 or BRM expression plasmids
potentiated the hormone response to 33- and 77-fold, respec-
tively (Figure 1C). ATPase-deficient forms of BRG1 or BRM
(BRG1-K-R or BRM-K-R) contain a lysine-to-arginine muta-
tion in the ATP binding pocket (Figure 1, A and B) that
abrogates ATP hydrolysis but retains the ability to efficiently
incorporate into multisubunit SWI/SNF-like complexes (Ra-
yasam et al., 2005). Consequently, when overexpressed,
these mutants function as dominant negatives (de la Serna et
al., 2000). Transfection of SW13 cells with ATPase-deficient
forms of BRG1 or BRM compromised transcription dramat-
ically (to eightfold), suggesting that optimal MMTV tran-
scription in SW13 cells required a chromatin remodeling
competent BRG1 or BRM (Figure 1C). These results suggest
that the SWI/SNF family of chromatin remodelers are im-
portant regulators in the hormone-dependent activation of
the MMTV-LTR.

BRG1 and BRM Chromatin-remodeling Complexes Are
Selectively Recruited to the MMTV Array in a
Hormone-dependent Manner
To probe the mechanisms of transcriptional activation by the
SWI/SNF complex, we first determined whether BRG1 or
BRM can be directly recruited to the MMTV array in vivo by
using indirect immunofluorescence microscopy combined
with RNA FISH. In 3134 (murine mammary adenocarci-
noma) cells, 200 copies of the MMTV-LTR with 800–1200
GR-binding sites are stably integrated in a head-to-tail ori-
entation near the centromere of chromosome 4. Previous
studies have indicated that the hormone response of the
MMTV-LTR array as a unit is indistinguishable from that of
a single integrated copy of the viral LTR (Fragoso et al., 1998;
Kramer et al., 1999; McNally et al., 2000). The array, there-
fore, provides a good model system to examine the in vivo
recruitment of chromatin-remodeling complexes to their tar-
get promoter. RNA FISH analysis in 3134 cells detects a low
level of basal transcription from the MMTV array (Figure 2,
B, J, and R); however, the intensity and size of the RNA FISH
signal increases dramatically in dexamethasone-treated
cells, indicative of GR-mediated activation of the promoter
(Figure 2, F, N, V, Y, and Z). In the absence of hormone,
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endogenous BRG1 or BRM was diffusely distributed in the
nucleoplasm and no enrichment of the remodeling proteins
was observed at the MMTV array (Figure 2, A–C and I–K).
In cells treated with dexamethasone, a single bright and
large BRG1 or BRM immunofluorescence signal was de-
tected within the nucleoplasm in addition to a diffuse nu-
clear distribution (Figure 2, E–G and M–O). The strong
fluorescence focal signal was completely coincident with the
MMTV RNA FISH signal suggesting that BRG1 and BRM
are recruited at the MMTV array in a hormone-dependent
manner (Figure 2, G and O). This colocalization was con-
firmed by a linescan analyses in which BRG1 or BRM fluo-
rescence intensity peaks and nascent MMTV transcripts
were shown to be coincident in hormone-treated cells (Fig-
ure 2, H and P). In contrast, the distribution of endogenous
Snf2h, the catalytic subunit belonging to the imitation switch
family of remodeling proteins (ISWI), remained unchanged

in the presence or absence of hormone (Figure 2, Q–S and
U–W). A strong but diffuse nucleoplasmic staining pattern
was noted for ISWI, but unlike BRG1 or BRM, this remod-
eling protein was not enriched at the array upon dexameth-
asone treatment, suggesting that hormone-dependent acti-
vation of the MMTV promoter involves the selective and
class-specific recruitment of remodeling proteins (Figure 2, T
and X). The involvement of multiple members of the SWI/
SNF family in transcriptional regulation is similar to what
has been previously described for the hsp70 promoter (de la
Serna et al., 2000). BRG1 and BRM may have separate and
distinct roles in the transcriptional process; this is yet to be
determined. Alternatively, the recruitment of BRG1 or BRM
by GR may be mediated by proteins shared between the
BRG1 and BRM complexes. This may enable GR to bring
either BRG1- or BRM-containing SWI/SNF complexes to a
target promoter in a functionally redundant manner. Recent

Figure 1. SWI/SNF chromatin remodelers
potentiate the hormone-dependent activation
of the MMTV-LTR. (A) Schematic representa-
tion of BRG1 and BRM with conserved do-
mains. (B) Location of lysine to arginine point
mutations in the highly conserved ATPase do-
main of BRG1 and BRM. This mutation abol-
ishes the ability of BRG1 and BRM to hydro-
lyze ATP and remodel chromatin. (C) BRG1
and BRM potentiate the transcriptional activ-
ity of MMTV in BRG1-, BRM-, and GR-defi-
cient human adrenal carcinoma cells (SW13).
SW13 cells were transfected with MMTV-
LTR-Luciferase and pCMV �-galactosidase
(internal control) along with pGR, pBRG1,
pBRM, pBRG1-K-R, or pBRM-K-R expression
vectors. The cells were treated with 100 nM
dexamethasone or vehicle control for 4 h. Lu-
ciferase reporter gene activity was assayed
and normalized to �-galactosidase reporter
gene activity. The data shown is from two
independent experiments.
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Figure 2. BRG1 and BRM but not ISWI chromatin remodeling activities are recruited to the MMTV array in a hormone-dependent manner.
Mouse mammary adenocarcinoma cells (3134) with a single, stably integrated MMTV-LTR array were treated with 100 nM dexamethasone
for 30 min. Fixed cells were probed with specific antibodies to detect endogenous BRG1, BRM, or ISWI by indirect immunofluorescence.

T. A. Johnson et al.

Molecular Biology of the Cell3312



work has shown that GR makes direct contacts not neces-
sarily with BRG1 but with the BRG1- or BRM-associated
factors, BAF 57 and BAF60a (Hsiao et al., 2003).

Transcription from the MMTV-LTR Is Regulated by the
ATP-Hydrolysis Activity of BRG1 or BRM
To gain more insight into the functional role of BRG1 or
BRM at an integrated GR responsive gene, we evaluated
directly the effect of BRG1-K-R or BRM-K-R on transcription
at the MMTV array in 3134 cells. 3134 cells, which express
endogenous GR, BRG1, and BRM, were transfected with
Flag-tagged BRG1, BRM, BRG1-K-R, or BRM-K-R expression
vectors. The cells were treated with dexamethasone and
analyzed by quantitative RNA FISH combined with anti-
Flag indirect immunofluorescence microscopy to distinguish
transfected from untransfected cells. In BRG1- or BRM-
transfected cells, dexamethasone treatment yielded RNA
FISH signals of comparable intensity to untransfected cells
(Figure 3, A–B and E–F); hence, overexpression of wild-type
BRG1 or BRM did not significantly enhance or inhibit ex-
pression from the MMTV array. In BRG1-K-R– or BRM-K-
R–transfected cells, the size and the fluorescence intensity of
RNA FISH signals were greatly reduced in comparison to
neighboring untransfected cells (Figure 3, C-D and G-H). It
has been shown that the size and the fluorescence intensity
of the MMTV array, as measured by RNA FISH, is correlated
with the level of MMTV transcription (Mueller et al., 2001).
Quantitation of the RNA FISH signal, from BRG1-K-R– or
BRM-K-R–transfected cells, showed an 81 and 45% decrease
in MMTV transcription, respectively (Figure 3I). A com-
bined ANOVA analysis and Student-Newman-Keuls post
hoc test showed that the BRG1-K-R– and BRM-K-R–trans-
fected cells have statistically significant reduction in RNA
FISH signals, whereas the wild-type BRG1-transfected cells
do not vary from untransfected populations (p � 0.05).
These results demonstrate that BRG1-K-R and BRM-K-R
function as dominant negative proteins by interfering with
the chromatin-remodeling function of endogenous BRG1
and BRM and as a consequence inhibit hormone-dependent
transcription on an integrated MMTV promoter.

Dominant negative BRM was consistently a weaker effec-
tor of transcription than dominant negative BRG1 (Figure
3I). Purified BRM complexes have been previously shown to
be weaker chromatin remodelers than purified BRG1 com-
plexes (Sif et al., 2001). This observation along with our
results suggested a more pronounced role for BRG1 in the
transcriptional process at the MMTV promoter. Conse-
quently, we focused our efforts on the study of BRG1 by
generating a mouse mammary adenocarcinoma cell line that

stably expressed BRG1-K-R and GR under the control of a
tetracycline-repressible promoter (cell line 5555; Figure 3J).
Western blot analysis of total cell lysates prepared from 5555
cells showed a robust induction of BRG1-K-R expression
upon removal of tetracycline from culture medium (Figure
3K). We directly assessed the functional role of dominant
negative BRG1 on MMTV transcription in vivo by growing
the 5555 cell line in the presence (Figure 3L) or absence
(Figure 3M) of tetracycline and then challenged these cells
with dexamethasone. The expression of BRG1-K-R reduced
the robust hormone-dependent RNA FISH signal by 80%
(Figure 3, L–N).

ANOVA analysis of the RNA FISH data demonstrated a
statistically significant difference between the BRG1-K-R–
expressing and nonexpressing conditions (p � 10�8).

To eliminate the possibility that the inhibition of MMTV
transcription in the 5555 cell line is merely an outcome of
overexpression of an exogenous protein, we used siRNA-
mediated gene silencing to knock down endogenous BRG1
in the MMTV array–containing cell line (3134). The absence
of nuclear BRG1 immunostaining in cells transfected with a
pool of siRNAs designed against BRG1 (Figure 3P) validated
the effectiveness of these siRNAs. 3134 cells transfected with
siRNAs specific to BRG1 show MMTV RNA FISH signals
that were smaller in size and intensity to cells transfected
with a scrambled control siRNA (Figure 3, O and P). Quan-
titation of RNA FISH signal intensities obtained from each
transfected group of 3134 cells showed an 84% decrease in
the level of MMTV transcription in BRG1 depleted cells
(Figure 3Q). ANOVA analysis of the RNA FISH data dem-
onstrated a statistically significant difference between BRG1
siRNA-treated cells and scrambled siRNA -transfected cells
(p � 10�8). Interestingly, transcriptional inhibition gener-
ated by siRNA-mediated silencing of endogenous BRG1
expression was very similar to the transcriptional inhibition
obtained by either the stable or transient expression of dom-
inant negative BRG1 (Figure 3, I, N, and Q). We conclude
that interfering with the function of endogenous BRG1 ei-
ther by the expression of a dominant negative form of BRG1
or by the siRNA-mediated depletion of endogenous BRG1
dramatically compromises transcription from the MMTV
promoter.

BRG1 Is Required for the Hormone-dependent Remodeling
of MMTV Chromatin and Loading of RNA pol II to the
MMTV Promoter
The data presented in Figures 1–3 demonstrate the hor-
mone-dependent recruitment of BRG1 to the MMTV array
and the involvement of BRG1 mediated chromatin remod-
eling in the transcriptional activation of the MMTV pro-
moter. Data from our lab and others have demonstrated that
activation of the MMTV promoter by hormone, results in the
binding of GR to hormone response elements (GREs) within
the nucleosome B-C region of the MMTV promoter (Fragoso
et al., 1998; Fryer and Archer, 1998; Fletcher et al., 2002). In
the presence of hormone, this region becomes more accessi-
ble to a variety of chemical and enzymatic nucleases, the
hallmark of a chromatin-remodeling event. We and others
have used the restriction endonuclease, SacI, which cuts
within the nucleosome B-C region, as a measure of this
chromatin transition (Fragoso et al., 1998; Fryer and Archer,
1998; Fletcher et al., 2002). We compared the extent of SacI
cleavage in 3617 mouse mammary adenocarcinoma cells
(which stably expresses GFP-GR in a tetracycline-repressible
system; Walker et al., 1999) with SacI cleavage in the 5555 cell
line (generated by stable transfection of 3617 cells with a
Flag-tagged BRG1-K-R under the control of the same tetra-

Figure 2 (cont). MMTV RNA was detected by a RNA FISH using
a probe specific to the MMTV transcript. The arrows in E and M
point to the immunofluorescence detected localization of BRG1 and
BRM on the MMTV array. The overlays (yellow) in C, G, K, O, S,
and W indicate colocalization of the immunofluorescence and RNA
FISH signals. The arrows in C, G, K, O, S, and W point to the end
positions of linescans. Linescan analyses in D, H, L, P, T, and X
quantitatively show the ligand-dependent recruitment or lack
thereof of the BRG1, BRM, or ISWI chromatin-remodeling com-
plexes to the MMTV-LTR array. The linescan in L runs through the
RNA FISH signal that is adjacent but not coincident with the BRM
fluorescence intensity peak. In H, P, and X, fluorescence intensity
peaks for BRG1 and BRM but not for ISWI coincided with MMTV
RNA. Bar, 4 um. Treatment of cells with 100nM dexamethasone for
30 minutes increases the intensity (Y) as well as the size (Z) of the
MMTV RNA FISH signal.
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cycline regulator). Both 3617 and 5555 cells express endog-
enous GR and BRG1. 3617 cells grown in the presence of
tetracycline (no expression of exogenous GR) showed an
increase in fractional cleavage of 9% at the SacI site, in
response to hormone (Figure 4, A and B). Chromatin remod-
eling in 3617 cells was further increased to 20% in response
to hormone when cells were grown in the absence of tetra-
cycline. This increase in cutting most likely reflects the con-
tribution of the additional GR that is expressed in the ab-
sence of tetracycline. The additional GR can recruit more
BRG1 or BRM to the MMTV array, which in turn can make
chromatin even further accessible. The extent of SacI cutting
in the presence of tetracycline was similar in both the 3617
and 5555 cell lines (Figure 4, A and B). However, when 5555
cells were grown in the absence of tetracycline, under con-
ditions that induce the expression of BRG1-K-R (and GR),
the extent of SacI cutting was diminished to 6%; in contrast
to a fractional cleavage of 20% observed in 3617 cells under
similar conditions. These results suggest that effective re-
modeling of MMTV chromatin requires BRG1 with a func-
tional ATPase domain.

To further establish a functional connection between re-
modeling at the MMTV promoter and transcription from the
MMTV promoter, we probed for pol II loading by ChIP
under the same conditions used in the chromatin accessibil-
ity assay (Figure 4, A and B). 3617 and 5555 cells grown in
the presence of tetracycline (no expression of BRG1-K-R)
showed a robust increase in the loading of RNA pol II in
response to hormone treatment (Figure 4C, lane 2 vs. 4 and
lane 6 vs. 8). In contrast, expression of BRG1-K-R in 5555
cells, resulted in a marked decrease in the hormone-depen-
dent loading of RNA pol II (cf. Figure 4C, lanes 1 and 2),
whereas tetracycline withdrawal in 3617 cells, in fact,
showed a modest increase in pol II loading. These results
show that changes in chromatin transitions correlate with
changes in the level of RNA pol II loading at the MMTV
promoter, thereby providing a functional link between
BRG1, chromatin remodeling, and transcription at a hor-
mone-activated promoter. We have extended these studies
and examined the contribution of BRG1 to other GR-regu-
lated genes. We find that the robust hormone-dependent
induction of transcription from the Rgs2, regulator of G-
protein silencing 2, locus (Figure 4D, lane 6 vs. 8) is also
accompanied by an increase in pol II occupancy (Figure 4D,
lane 2 vs. 4). In contrast, expression of BRG1-K-R in 5555
cells resulted in a significant decrease of hormone-depen-
dent transcription (Figure 4D, lane 5 vs. 6) as well as hor-
mone-dependent pol II occupancy (Figure 4D, lane 1 vs. 2) at
the Rgs2 locus. These results further confirm and extend our
findings and implicate BRG1 in the regulation of additional
GR-regulated genes.

Large-Scale Chromatin Decondensation and Condensation
Are Regulated by BRG1 and BRM Chromatin-remodeling
Complexes
Results obtained from chromatin accessibility experiments
(Figure 4) provide limited information on the nature of
chromatin remodeling in vivo. We assessed the impact
of chromatin-remodeling complexes on the large-scale
MMTV chromatin structure and topology in 3134 cells. 3134
cells contain a 2-Mb stably integrated array containing 200
copies of the MMTV-LTR. Combining DNA FISH and indi-
rect immunofluorescence microscopy, Mueller et al. (2001)
observed that hormone treatment resulted in an increase of
the size of the array, suggesting that the array decondenses
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Figure 3. Transcription from the MMTV-LTR is regulated by the ATP-hydrolysis activity of BRG1 or BRM. 3134 mouse mammary
adenocarcinoma cells with a stably integrated MMTV-LTR array were transfected with Flag-tagged forms of wild-type BRG1, BRM, and
mutant BRG1-K-R, BRM-K-R (A–H). Cells were treated with 100 nM dexamethasone for 30 min and fixed. BRG1, BRG1-K-R, wild-type BRM,
and BRM-K-R were detected by indirect immunofluorescence using an anti-Flag antibody and MMTV RNA was detected by RNA FISH using
a probe specific to the MMTV transcript. Arrows (A, C, E, and G) point to the localization of MMTV transcript. Average integrated RNA FISH
intensities from 35 randomly selected cells in each transfected category (A, C, E, and G) and untransfected category (B, D, F, and H) were
measured as described in Materials and Methods and plotted as a bar histogram (I). Error bars, SE. (J–N) A stably expressed dominant negative
form of BRG1 (BRG1-K-R) inhibits MMTV transcription. The 5555 mouse mammary adenocarcinoma cells with stably integrated MMTV-LTR
array express a Flag-tagged dominant negative form of BRG1 (BRG1-K-R) under the control of a tetracycline-repressible system (J). 5555 cells
were grown in the presence or absence of tetracycline to facilitate the expression of BRG1-K-R (K). Western blot analysis was performed using
an anti-Flag antibody. 5555 cells were grown in the presence (L) or absence (M) of tetracycline. Cells were treated with 100 nM dexamethasone
for 30 min, fixed, and processed for RNA FISH analysis using a probe specific for MMTV transcript. Arrows point to the localization of the
MMTV transcript. DNA was stained by DAPI. Average integrated RNA FISH intensity from 35 randomly selected cells grown in the presence
(�BRG1 K-R) or absence (�BRG1 K-R) of tet were measured as described in Materials and Methods and plotted as a bar histogram (N). Error
bars, SE. siRNA-mediated depletion of BRG1 inhibits MMTV transcription (O–Q). 3134 cells with stably integrated MMTV-LTR array were
transfected with a scrambled sequence (O) or with a siRNA pool targeted to BRG1 (P). Cells were treated with dexamethasone for 30 min,
fixed, and processed for RNA FISH analysis using a probe specific for MMTV transcripts. Endogenous BRG1 was detected by indirect
immunofluorescence using a BRG1-specific antibody. Arrows point to the localization of MMTV transcript. Average integrated RNA FISH
intensity of 35 randomly selected cells from cells transfected with siRNAs to BRG1 or cells transfected with scrambled siRNAs were measured
and plotted as a bar histogram (Q). Error bars, SE. Bar, 4 um.
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concomitant with transcriptional activation. To address the
contribution of remodeling proteins in array decondensa-
tion, 3134 cells were transfected with BRG1, BRG1-K-R,
BRM, or BRM-K-R, treated with dexamethasone, and pro-
cessed for DNA FISH analysis combined with indirect
immunofluorescence microscopy. As previously ob-
served, in BRG1- or BRM-transfected cells, a decondensa-
tion of the array was detected in response to hormone
(Figure 5, B and D; Mueller et al., 2001). In contrast, in
BRG1-K-R–transfected cells we detected a relative de-
crease in the size of large arrays even in the presence of
hormone, suggesting that the inability to remodel chro-
matin resulted in a less pronounced decondensation event
(cf. Figure 5, C to B). A similar decrease in the size of large
arrays was also detected in BRM-K-R–transfected cells,
although it was far less in magnitude in comparison to
BRG1-K-R (cf. Figure 5, E to D). The effect on the size of
the MMTV array was specific to cells transfected with the
various remodelers, because in the neighboring untrans-
fected cells, robust and large DNA FISH signals were
observed (Figure 5, F–K). ANOVA analysis and Student-
Newman-Keuls post hoc tests show that the BRG1-K-R–
and BRM-K-R–transfected cells have a statistically signif-
icant reduction in the size of DNA FISH signals, whereas
the wild-type BRG1-transfected cells do not vary from
untransfected cells (p � 0.05). The size of the DNA FISH
signals in BRG1-K-R–transfected cells also differs signifi-
cantly from the DNA FISH signals in BRM-K-R–trans-
fected cells. We conclude that the expression of dominant
negative BRG1 or dominant negative BRM inhibits the
hormone-induced, large-scale decondensation of the 2-Mb
MMTV array. The effect of BRG1 on chromatin remodel-
ing appears to be more pronounced than that of BRM.
These findings provide a strong in vivo correlation be-
tween chromatin remodeling, chromatin decondensation,
and transcription.

Chromatin-remodeling Complexes Have Distinct Kinetic
Properties at Their Target Gene and Dynamically
Associate with the MMTV Array in a
Hormone-dependent Manner
The dynamics of chromatin-remodeling complexes bound to
a specific target site on a regulated promoter or the modu-
lation of the kinetic properties of chromatin-remodeling
complexes in response to hormone has never been demon-
strated in living cells. In fact, this modulation is one of the
key mechanisms essential for the functional role of nuclear
hormone receptors (Stenoien et al., 2001; Schaaf and Ci-
dlowski, 2003; Stavreva et al., 2004; Elbi et al., 2004b; Farla et
al., 2005; Rayasam et al., 2005). In vivo FRAP has been used
to study the dynamic properties of chromatin proteins and
that the FRAP recovery kinetics of chromatin proteins are
directly related to their chromatin-binding properties (Le-
febvre et al., 1991; Fragoso et al., 1998; Lever et al., 2000;
Kimura and Cook, 2001; Kimura et al., 2002; Maruvada et al.,
2003; Phair et al., 2004; Becker et al., 2005; Chen et al., 2005).
Because BRG1 and BRM were selectively recruited to the
MMTV array in response to hormone (Figures 2 and 3), we
used FRAP to study the binding kinetics of chromatin-re-
modeling complexes at the amplified MMTV target in vivo.
Array-containing cells were transfected with YFP- or GFP-
tagged BRG1, BRM, BRG1-K-R, or YFP alone and treated
with dexamethasone for 30 min. Consistent with the immu-
nofluorescence experiments (Figure 2), a clear enrichment of
YFP- or GFP-tagged BRG1, BRM, or BRG1-K-R was ob-
served at the MMTV array when cells were treated with
hormone (Figure 6, A–C). BRG1, BRM, or BRG1-K-R bound
to the MMTV array was bleached using a brief laser pulse.
The recovery of fluorescence signal in the bleached region
was monitored using in vivo time-lapse confocal micros-
copy. We correlated the dynamics of array-bound BRG1 and
array-bound BRM with the dynamics of BRG1 and BRM
distributed in the nucleoplasm. As a standard we used YFP,
which moves freely in the nucleoplasm, and as anticipated

Figure 4. BRG1 is required for the hormone-
dependent remodeling of MMTV chromatin
and associated loading of RNA pol II at the
MMTV promoter. 5555 and 3617 cells were
untreated or treated with 100 nM dexameth-
asone for 30 min and tetracycline as indicated.
Nuclei were isolated and digested with SacI
and DpnII restriction enzymes. Digestion
products were detected by linear amplifica-
tion using a radiolabeled primer specific to
the MMTV promoter region. Percent cleavage
and the fractional change in the accessibility
of MMTV promoter to restriction enzymes are
indicators of nuclease hypersensitivity and
chromatin remodeling of MMTV promoter re-
gion. (A) Intensity of SacI digestion product is
divided by the sum of the intensities of SacI
and DpnII digestion products and presented
as percent cleavage at the bottom of each
lane. (B) Bar graph shows dexamethasone-
or dexamethasone-, GR-, and BRG1-K-R–
induced change in percent cleavage in SacI
hypersensitivity between 5555 and 3617 cells

from A. (C) Expression of BRG1-K-R reduced the loading of RNA pol II to MMTV promoter. 5555 and 3617 cells were untreated or treated
with 100 nM dexamethasone for 30 min and tetracycline as indicated. Chromatin was immunoprecipitated using an antibody specific for
RNA pol II or no antibody (control). Immunoprecipitated and input DNA were amplified using primers specific to the MMTV promoter. (D)
Expression of BRG1-K-R reduced the loading of RNA pol II to the dexamethasone-induced Rgs2 locus. 5555 cells were untreated or treated
with 100 nM dexamethasone for 30 min and tetracycline as indicated. cDNA was prepared from RNAs isolated from the indicated conditions.
Chromatin was immunoprecipitated using an antibody specific for RNA pol II or no antibody (control). Immunoprecipitated and input DNA
or cDNA were amplified using primers specific to the Rgs2 coding region.
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the recovery of YFP fluorescence was very rapid, reaching
90% of prebleach levels in �0.4 s (Figure 6E). The recovery
kinetics of YFP-BRG1 on the MMTV array (Figure 6D, BRG1-
Dex) in response to hormone was significantly slower than
YFP-BRG1 in the nucleoplasm (Figure 6D, BRG1-Control) in
the absence of hormone with t1/2 of 3.9 � 0.49 and 0.9 �
0.25 s, respectively (p � 0.001; Figure 6, A and D). A similar
difference in kinetic behavior was observed with array-
bound BRM and nucleoplasmic BRM. Nucleoplasmic BRG1
or BRM presumably represent nonspecific DNA-binding
events (Karpova et al., 2004). The observed difference in the
recovery kinetics of BRG1 and BRM on the MMTV array
(Figure 6D, BRG1-Dex vs. BRM-Dex) in response to hor-
mone was significant, with t1/2 of 3.9 � 0.49 and 1.95 �
0.46 s, respectively (p � 0.001), suggesting a stronger inter-
action of BRG1 with MMTV chromatin than BRM. These
interaction differences between BRG1 and BRM might ac-
count for their differential effects on transcription and re-
modeling. Interestingly, in the presence of dexamethasone
the recovery kinetics of BRG1-K-R on the MMTV array was
the slowest, reaching 50% of prebleach levels within 5.5 s
(t1/2 of 5.49 � 0.86; Figure 6, C and E, BRG1-K-R-Dex),
suggesting an ATP-dependent functional interaction of
BRG1 with MMTV chromatin. Cells expressing different lev-
els of the fluorescently tagged proteins showed similar

FRAP recovery curves (Supplementary Figure S1) indicating
that differential expression levels cannot account for the
kinetic differences observed in FRAP experiments. Our
photobleaching experiments suggest that BRG1, BRM, and
BRG1-K-R chromatin-remodeling complexes have distinct
kinetic properties on the MMTV array and dynamically
associate with and dissociate from MMTV chromatin in vivo
in a hormone and ATP-dependent manner.

DISCUSSION

It is well-established that the remodeling of chromatin struc-
ture is an essential process that has a profound effect on
basic cellular functions including transcription, DNA recom-
bination, repair, and replication (Fletcher and Hansen, 1996;
Fyodorov and Kadonaga, 2001; Becker et al., 2002; Elgin and
Workman, 2002). The mechanisms of gene activation are
highly complex and because of this complexity most studies
focus on individual events using biochemical or genetic
approaches. Here our study provides an integrated kinetic
view of gene activation events on a target gene in vivo
involving hormone-dependent recruitment of chromatin-
remodeling complexes, dynamic interaction of chromatin-re-
modeling complexes with a target promoter, chromatin re-
modeling, regulation of higher order chromatin structure,

Figure 5. Large-scale chromatin decondensation is regulated by BRG1 and BRM chromatin-remodeling complexes. 3134 cells were
transfected with Flag-tagged forms of wild-type BRG1 (A and B), mutant BRG1-K-R (C), wild-type BRM (D), and mutant BRM-K-R (E). Cells
were treated with 100 nM dexamethasone for 90 min, fixed, and processed for DNA FISH analysis. BRG1, BRG1-K-R, BRM, and BRM-K-R
were detected by indirect immunofluorescence using an anti-Flag antibody and MMTV DNA was detected by DNA FISH using a probe
specific to the entire MMTV-LTR array. The average DNA FISH signal areas obtained from 35 randomly selected cells in the transfected (A–E)
and untransfected (F–J) populations were measured and plotted as a bar histogram (K). Error bars, SE. The inset rectangle shows an enlarged
image of the DNA FISH signal. Expression of BRG1-K-R and BRM-K-R prevent hormone-induced decondensation of MMTV chromatin. Bar,
4 um.
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RNA pol II loading, and transcriptional activation. Our results
demonstrate that individual gene regulatory events are coor-
dinated in vivo by members of the SWI/SNF chromatin-re-
modeling complex thereby providing a mechanistic basis for
BRG1 and BRM chromatin-remodeling complexes in the tran-
scriptional process.

The 3134 (murine mammary adenocarcinoma) cell line
contains 200 copies of the MMTV-LTR array stably inte-
grated in a head-to-tail orientation at a single integration
event near the centromere of chromosome 4 (Kramer et al.,
1999). The hormone responsiveness of the MMTV array is
identical to that of a single copy MMTV promoter, thereby
making it a useful model system to directly visualize gene
expression events such as the recruitment of chromatin-
remodeling complexes and nuclear receptors to a target
promoter in real time (Fragoso et al., 1998; Fletcher et al.,
2002). Belmont and colleagues (Memedula and Belmont,
2003) have used an amplified gene array based on the lac
operator/repressor system to analyze the sequential recruit-
ment of chromatin-remodeling complexes by the acidic ac-

tivator VP16 to a condensed chromatin locus. Tsukamoto et
al. (2000) and Janicki et al. (2004) have used a modified lac
operator/repressor artificial array to demonstrate the re-
cruitment of a lac repressor-VP16 chimera that resulted in
chromatin decondensation. However in these studies, the
contribution of chromatin-remodeling complexes on chro-
matin decondensation were not directly investigated. Here
we extended these studies by observing the in vivo func-
tional link between local chromatin remodeling, higher or-
der chromatin reorganization, and transcriptional activation
using various approaches including quantitative in vivo
microscopy, chromatin accessibility, and decondensation as-
says as well as photobleaching approaches. Importantly, we
have determined for the first time that BRG1 and BRM
chromatin-remodeling complexes have distinct kinetic prop-
erties on the MMTV array, and they dynamically associate
with and dissociate from MMTV chromatin in a manner
dependent on hormone and a functional ATPase domain.

Three subclasses of ATP-dependent chromatin-remodel-
ing complexes have been identified in mammalian cells:
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SWI/SNF, ISWI, and Mi-2/CHD (Narlikar et al., 2002). We
find that the members of the SWI/SNF remodeling complex,
BRG1 and BRM, are preferentially recruited to the MMTV
promoter in a hormone-dependent manner. Under the same
experimental conditions, we failed to detect any enrichment
of the ISWI (Snf2h) chromatin-remodeling complex at the
MMTV array (Figure 2). Although, we cannot define the
molecular basis of this specificity, the subunit composition
of individual chromatin-remodeling complexes is likely a
contributory factor (Hsiao et al., 2003). We have confirmed
the contribution of BRG1 and BRM ATPases in the transcrip-
tional activation of the MMTV promoter by biochemical and
imaging approaches in well defined genetic backgrounds.
Using SW13 cells that are deficient in BRG1, BRM, and GR
expression, we find that both BRG1 and BRM potentiated
transcription by GR on a transiently introduced MMTV
reporter template (Figure 1). Furthermore, transactivation
required a functional BRG1, BRM, and ATP hydrolysis be-
cause the ATPase-deficient forms of BRG1 and BRM failed to
stimulate transcription under similar conditions. The intro-
duction of ATPase-deficient remodeling complexes can also
dramatically compromise transcription from the stably inte-
grated MMTV repeat (Figure 3). We have further confirmed
our observations by siRNA-mediated silencing of endoge-
nous BRG1 expression (Figure 3). At this point, we are
unable to ascertain if BRG1 and BRM make distinct contri-
butions to MMTV activation. BRG1 and BRM may have
unique functions in the transcriptional process; alterna-
tively, GR might be able recruit either BRG1 or BRM via

shared BAFs. The use of cell lines lacking BRG1 or BRM
might provide some insight into the complex(es) that con-
tributes to MMTV activation.

ATP-dependent chromatin-remodeling complexes and hi-
stone-modifying complexes dynamically modulate chroma-
tin structure both at the nucleosome as well as at a higher
order level (Vignali et al., 2000; Jenuwein and Allis, 2001).
We explored the consequences of ATPase-deficient remod-
eling proteins on chromatin structure by using a restriction
enzyme accessibility assay to assess the disruption of local
chromatin structure. Our studies demonstrated the expected
hormone-dependent increase in restriction enzyme cutting
in control cells (from 9 to 20%) compared with an inhibition
of this hormone-dependent increase in endonuclease cutting
in cells expressing the dominant negative form of BRG1
(Figure 4). Interestingly, our ChIP analysis showed that this
reduction in chromatin remodeling in cells expressing
BRG1-K-R was accompanied by a reduction RNA pol II
loading and transcription. These experiments provide data
that implicate chromatin remodeling by BRG1 as a necessary
prerequisite for optimal transcription of the MMTV pro-
moter.

We have also used quantitative DNA FISH analysis in
conjunction with indirect immunofluorescence microscopy,
to examine higher order chromatin reorganization events in
vivo. We observed a large-scale chromatin decondensation,
of the MMTV array, in response to hormone when wild-type
BRG1 and BRM is expressed, as has been previously de-
scribed (Mueller et al., 2001). When BRG1-K-R or BRM-K-R

Figure 6. Chromatin remodeling complexes
have distinct kinetic properties and dynami-
cally associate with MMTV-LTR array in a
ligand and ATPase-dependent manner. (A–C)
Qualitative FRAP analysis of BRG1, mutant
BRG1-K-R and BRM in 1365.1 cells. 1365.1
mouse fibroblast cells were transfected with
YFP-BRG1, YFP-BRG1-K-R, or GFP-BRM and
treated with 100 nM dexamethasone for 30
min. BRG1 (A), BRM (B), or BRG1-K-R (C)
bound to the MMTV-LTR array was imaged
before and during recovery after photobleach-
ing of the array for 120 ms. Images were ac-
quired at the indicated times after the end of
the bleach pulse. The MMTV-LTR array and
the area of the bleached region is indicated by
a red rectangle and shown as an enlarged
pseudocolor image in the bottom panels. (D)
Quantitative FRAP analysis of YFP-BRG1 or
GFP-BRM in the nucleoplasm (control) or
bound to the MMTV-LTR array after treat-
ment with dexamethasone for 30 min (Dex).
BRG1 and BRM bound to the MMTV-LTR ar-
ray showed slower recovery kinetics after li-
gand treatment. (E) Quantitative FRAP analy-
sis of YFP-BRG1, YFP-BRG1-K-R, or GFP-BRM
bound to the MMTV-LTR array after treat-
ment with dexamethasone for 30 min. The
recovery kinetics of mutant BRG1-K-R bound
to the MMTV array was slower than the wild-
type BRG1 or wild-type BRM bound to
MMTV-LTR array. All quantitative data val-
ues in the FRAP studies represent averages �
SE from at least 25 cells imaged in three inde-
pendent experiments. Bar, 4 um.
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was expressed, the hormone-dependent decondensation
events were inhibited significantly by BRG1-K-R and less so
by BRM-K-R, in keeping with the differential transcriptional
effects of these remodeling-deficient proteins (Figure 5).
These findings suggest that chromatin remodeling mediated
by BRG1 and BRM ATPases can lead to higher-order chro-
matin unfolding and reorganization and this, in turn, corre-
lates well with increased transcription from the MMTV
array.

The dynamics of BRG1 and BRM chromatin-remodeling
complexes at a specific promoter and the modulation of their
kinetic properties in response to environmental stimuli have
never been demonstrated in native chromatin in living cells.
In our study, we found that BRG1, BRM, and BRG1-K-R
dynamically exchange at the MMTV promoter with distinct
kinetic properties in a manner dependent on hormone and a
functional ATPase domain. The dynamic exchange of re-
modeling proteins on the MMTV array are consistent with
our in vitro results obtained from rapid UV laser cross-
linking where purified SWI/SNF binds to and is displaced
from purified MMTV chromatin (Fletcher et al., 2002; Na-
gaich et al., 2004). Because the FRAP recovery kinetics of
chromatin proteins are directly related to their chromatin-
binding properties (Lefebvre et al., 1991; Fragoso et al., 1998;
Lever et al., 2000; Kimura and Cook, 2001; Hager et al., 2002;
Kimura et al., 2002; Maruvada et al., 2003; Phair et al., 2004;
Becker et al., 2005; Chen et al., 2005), we conclude that the
remodeling proteins with the slowest exchange rate reside
longest on the MMTV promoter and associate most strongly
with MMTV chromatin. A comparison of the kinetic prop-
erties of chromatin-remodeling complexes revealed that
BRG1 was more strongly associated with the MMTV array
than BRM (Figure 6D). Interestingly, the remodeler with the
slowest exchange rate is the dominant negative BRG1
(BRG1-K-R). Molecular chaperones have been demonstrated
to regulate the dynamic properties of GR and PR in the
nucleus and recently the high mobility group box 1 protein,
HMGB1 has been found to influence the residence time of
GR in chromatin (Stavreva et al., 2004; Wagner et al., 2004;
Elbi et al., 2004a,b; Agresti et al., 2005). Considering that the
dominant negative BRG1 (BRG1-K-R) is simply a single
amino acid change in the ATPase domain, our study reveals
the importance of ATP hydrolysis in the dynamic properties
of BRG1 and BRM. Further studies will be necessary for a
complete understanding of the regulation of chromatin pro-
tein dynamics and its role in gene expression.
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