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Nuclear hormone receptors are ligand-dependent transcriptional regulators that modulate chromatin struc-
ture. However, the precise molecular mechanisms by which receptors recruit chromatin-remodeling activity are
not fully elucidated. We show that in the absence of its ligand-binding domain, the glucocorticoid receptor (GR)
is able to interact with both nuclear receptor coactivators and the BRG1 chromatin-remodeling complex in
vivo. Individually, the GR makes direct interactions with BRG1-associated factor 60a (BAF60a) and BAF57,
but not with BRG1, BAF155, or BAF170. Further, BAF60a possesses at least two interaction surfaces, one for
GR and BRG1 and a second for BAF155 and BAF170. A GR mutant, GR(R488Q), that fails to interact with
BAF60a in vitro has reduced chromatin-remodeling activity and reduced transcriptional activity from the
promoter assembled as chromatin in vivo. Stable expression of a BAF60a truncation mutant, BAF60a4-140,
caused chromatin-specific loss of GR functions in vivo. In the presence of the BAF60a mutant, the GR fails to
interact with the BRG1 complex and consequently is also deficient in its ability to activate transcription from
chromatin. Thus, in addition to previously identified BAF250, BAF60a may provide another critical and direct
link between nuclear receptors and the BRG1 complex that is required for promoter recruitment and subse-
quent chromatin remodeling.

Eukaryotic genes are highly organized into chromatin, which
may restrict the access of regulatory factors to promoter con-
trol sequences (4, 20, 37, 46–48). The repetitive basic unit of
chromatin is the nucleosome, which is an octamer of core
histones 2A, 2B, 3, and 4. This histone octamer is wrapped by
approximately 147 bp of DNA. In addition, the linker histone
H1, which includes multiple subtypes in mammals, binds to the
DNA between two adjacent nucleosomes, called linker DNA
(16). The C-terminal histone fold domain of each core histone
forms the structural body around which the DNA is wrapped
(3, 25). In contrast, the histone N-terminal tails, which are rich
in basic residues, are thought to extend outward and interact
with adjacent nucleosomes. This interaction allows nucleoso-
mal arrays to self-associate into a higher-order chromatin fiber
(26).

Nuclear hormone receptors (NHRs) represent a superfamily
of transcription factors with conserved structural and func-
tional domains (28). As a member of the nuclear receptor
superfamily, the domain structure of the glucocorticoid recep-
tor (GR), which includes a DNA binding domain (DBD), a
ligand binding domain (LBD), and a hypervariable N-terminal
domain, has been extensively investigated (28). NHRs are po-
tent transactivators with two transcriptional activation func-

tions (AFs), namely, the ligand-independent AF-1 within the
N-terminal domain and the ligand-dependent AF-2 centered
at helix 12 of the LBD (18). The LBD has proven to be a
particularly promiscuous interacting surface for a variety of
coactivator and corepressor complexes that are critical for
NHR transcriptional function (18). Ligands that bind members
of the NHR family include steroids, thyroid hormones, vitamin
D3, retinoids, and a growing number of lipophilic molecules
(7). These hormones, acting via their respective NHRs, regu-
late various metazoan physiological processes, such as repro-
duction, development, homeostasis, and metabolism, by con-
trolling gene expression. Binding of hormone to the NHR
transforms the receptor conformation and creates an interface
that allows the receptor to interact with chromatin-remodeling
complexes and coactivator molecules (8). In particular, numer-
ous protein-protein interactions between the LBD and coregu-
latory molecules and chromatin-remodeling proteins have
been documented (8, 30). More recently, in vitro experiments
have revealed an interaction between the N-terminal AF-1 of
GR and the entire yeast SWI/SNF complex (42).

The yeast SWI/SNF complex is the prototype chromatin-
remodeling complex and was initially described as a homoge-
neous multiprotein complex (24, 36, 49). In contrast, the mam-
malian SWI/SNF complex has been shown to be heterogeneous,
with complexes that contain a BRG1 or brm ATPase in addi-
tion to another 7 to 14 BRG1-associated factors (BAFs) (45).
The functional core of the BRG1 complex includes BRG1 or
brm, BAF170, BAF155, and INI1, which has been defined in
vitro by reconstitution of chromatin-remodeling activity with
recombinant proteins (38). What role(s) the additional BAFs
may play in mediating the diverse functions of the BRG1
complex in human cells remains unknown.
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With the steroid hormone-activated mouse mammary tumor
virus (MMTV) promoter used as a model, it has been reported
that GR-mediated transactivation of MMTV is a bimodal,
two-step process (1, 18). Hormone-dependent interaction of
GR with the BRG1 complex is required to allow chromatin
remodeling, an obligatory step prior to activation of MMTV
transcription from a chromatin template (11). We have now
explored the mechanisms that underlie GR recruitment of the
BRG1 complex to remodel chromatin by using a C-terminal
truncation mutant protein devoid of the LBD that has been
shown previously to be transcriptionally active (18). We find
that this protein, GR1-556, spanning the N-terminal, DBD,
and hinge regions of the GR, interacts with BAF60a and
BAF57, but not BRG1, BAF170, or BAF155. Moreover,
BAF60a interacts with BRG1 via its N terminus and with
BAF170 and BAF155 through its C terminus.

Within the context of the complete receptor, we show that a
mutation in the receptor’s DBD GR(R488Q), which is unable
to interact with the N-terminal BAF60a, activates transcription
from a transiently transfected reporter but not a chromatin-
integrated reporter gene, indicating an essential role for the
GR-BAF60a interaction in remodeling chromatin. Further-
more, stable introduction of a mutant BAF60a lacking its C
terminus into human osteosarcoma cells functionally dis-
rupts GR-activated chromatin remodeling and prevents sub-
sequent transcription from chromatin. This loss of GR activity
results from the loss of the hormone-dependent interaction
between the GR and BRG1 complex. Mechanistic analysis of
GR(R488Q) and BAF60a4-140 mutants together suggests that
the interaction between the GR and the N-terminal BAF60a is
required to transmit chromatin-remodeling signal for efficient
transcriptional activation. Thus, BAF60a may function as a
critical interaction surface for recruitment and signal transmis-
sion by NHR to remodel the promoter chromatin in vivo.

MATERIALS AND METHODS

Cell lines and plasmids. 2963.1 (PR�) and A1-2 (PR�, GR�) are T-47D-
derived cell lines with chromatin integration of chloramphenicol acetyltrans-
ferase (CAT) and luciferase reporters driven by MMTV promoters, as described
previously (2, 33). The chromatin structure of nucleosome B (Nuc-B), which
contains the proximal glucocorticoid response elements of MMTV promoter,
remodels hormone independently in 2963.1 cells, whereas remodeling of Nuc-B
in A1-2 cells depends on glucocorticoid induction (2, 33). The 2963.1/GR556 cell
line is derived from stable transfection of pSV-GR1-556 plasmid into 2963.1 cells
(31). Cotransfection with MMTV-long terminal repeat (LTR) luciferase reporter
and a G418 selection cassette, pRSV.neo, created the SW-13/M3-2 clone. Chro-
matin remodeling of the Nuc-B in SW-13/M3-2 depends on transfection of
BRG1 and GR plus hormone treatment. The U-2 OS-GR-derived UL3 cell line
also contains stable chromatin integration of the MMTV luciferase reporter (12).
Glucocorticoid treatment is sufficient to induce chromatin remodeling of the
Nuc-B in UL3 cells. Plasmids pBS-hBAF60a, pBS-hBAF155, pBS-hBAF170, and
pBS-hBAF57 were described previously (43, 44). The plasmids expressing GST-
GR1-556 were constructed by inserting the cognate coding sequence of rat GR
from pSG5-GR (9) into pGEX-2T (Amersham-Pharmacia). The plasmids ex-
pressing GST-BAF60a4-128 and GST-BAF60a129-435 were constructed by in-
serting the coding sequence of hBAF60a residues 4 to 128 and 129 to 435 into
pGEX-4T2 (Amersham-Pharmacia). The plasmids expressing H6GR1-556 and
H6BAF60a4-140 were constructed by inserting coding sequences of rat GR
residues 1 to 556 and hBAF60a residues 4 to 140 into pcDNA4-HisMax (Invitro-
gen), respectively.

Protein expression and purification of Escherichia coli. Strain BL21 harboring
plasmids expressing GST-GR1-556, GST-BAF60a4-128, or GST-BAF60a128-
435 was grown to an optical density at 600 nm of 1.0, followed by 0.1 mM
isopropyl-�-D-thiopyranogalactoside induction for 1 h at 30°C. Cells were col-

lected by centrifugation at 10,000 � g for 5 min. Cells were resuspended in
B-PER solution (5 ml/g [wet weight] of cells) (Pierce) containing protease in-
hibitor cocktail (Sigma) with 5 mM dithiothreitol (DTT) and lysed by mixing to
homogenate at 4°C for 20 min. Cell debris were removed by centrifugation at
27,000 � g at 4°C for 15 min. Glutathione S-transferase (GST) fusion proteins
were purified from the supernatant with a B-PER GST fusion protein purifica-
tion kit (Pierce). Proteins were analyzed by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE) and GelCode Blue staining (Pierce).

GST pull-down. GST or fusion protein (10 �g) was loaded onto 5 �l of
immobilized glutathione beads (Pierce) for each reaction. The beads were incu-
bated with 10 �l of TNT-wheat germ extract-expressed target protein lysate in
0.5 ml of pull-down buffer (50 mM HEPES-KOH [pH 7.9], 150 mM NaCl, 0.1%
[vol/vol] Tween-20, 10% [vol/vol] glycerol, 1 mM EDTA, 0.5 mM DTT) at 4°C
for 16 h. Beads were washed five times with pull-down buffer. Associated pro-
teins were eluted with 20 �l of Laemmli SDS sample buffer and analyzed by
SDS–10% PAGE. Gel was stained with GelCode Blue (Pierce), dried, and
visualized by autoradiography.

CAT and luciferase assays. CAT activity and luciferase activities were deter-
mined as described previously following hormone treatments (11). For transient
template assays, SW-13/M3-2 cells were transfected with 3 �g of MMTV-CAT
plasmid plus 1 �g of pSG5-GR and 1 �g of pJB5-BRG1 expression plasmids, and
UL3 and 60N.17 cells were transfected with 5 �g of MMTV-CAT plasmid with
15 �l of FuGENE6 (Roche) for 24 h. Aliquots of each sample were assayed for
CAT and luciferase activities, and activities were normalized to the amount of
protein in the lysate. The results were summarized from at least three trials of
triplicate transfection; error bars were used to represent standard deviations.

Chromatin remodeling. The in vivo chromatin hypersensitivity was assessed as
described previously (11). In brief, nuclei were isolated after hormone treatment
and subjected to limited digestion by SstI (which cleaves within the Nuc-B of
MMTV promoter) to measure the hypersensitivity of the specific chromatin
locus. Genomic DNA was then purified and completely digested by HaeIII
(which cleaves further upstream from the SstI site). The digestion efficiencies of
SstI in vivo and HaeIII in vitro are analyzed by reiterative primer extension with
a 32P-labeled primer specific for the MMTV-LTR (5�-TCT GGA AAG TGA
AGG ATA AGT GAC GA-3�) and Taq polymerase. If the SstI site in Nuc-B is
cut in vivo, the extension stops there; otherwise, the stop occurs at the HaeIII site
and results in a longer product. The extended products were analyzed on 8%
sequencing gels and quantified with a PhosphorImager (Amersham Biosciences).
Chromatin remodeling is determined by calculating the in vivo digestion effi-
ciency of SstI as follows: 100% � band intensity of SstI/(SstI � HaeIII).

Immunoprecipitation. Cells were washed with phosphate-buffered saline, pel-
leted, and lysed in IP buffer (20 mM HEPES-KOH [pH 7.9], 250 mM NaCl, 10%
[vol/vol] glycerol, 0.1% [vol/vol] Tween 20, 0.2 mM EDTA, 2 mM DTT) con-
taining 20 �g of aprotinin/ml and 20 �g of leupeptin/ml by using a micro tissue
grinder. After centrifugation at 20,800 � g for 15 min, the supernatants were
separated and measured for protein concentration by the Bradford assay. Whole-
cell extract (1 mg) was diluted into 0.5 ml of IP buffer containing 1% donkey
serum (Sigma) and precleared once with 40 �l of protein G-agarose beads
(Sigma) at 4°C for 1 h. Anti-BRG1 antibody (10 �g; N-15, Santa Cruz), was
incubated with the lysate at 4°C overnight and then incubated with protein
G-agarose for 1 h. After five washes with IP buffer, the immunoprecipitated
complexes were eluted with 2� Laemmli SDS-PAGE sample buffer and boiled
for 3 min. Coimmunoprecipitated proteins and input whole-cell extract (10%)
were detected by Western blotting with antibodies against GR (against rat
GR1-325), BRG1 (H88, Santa Cruz), BAF155 (44), and BAF60a (against
BAF60a4-64).

RESULTS

The GR interacts with BAF60a and BAF57. Previous studies
on GR-regulated chromatin remodeling in mammalian cells
have focused on hormone-dependent pathways (11, 12, 34).
However, recent experiments in yeast demonstrated that the
GR amino-terminal region could interact with the SWI/SNF
complex (42). To explore activity of the AF-1 domain of the
GR from a chromatin-assembled promoter in mammalian
cells, experiments with the GR truncation mutant GR1-556
that lacks the entire LBD were initiated (18). In initial exper-
iments, the truncated GR1-556 was stably expressed in T-47D/
2963.1 cells, which express endogenous PR but not the GR
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(Fig. 1A, inset). Although transcription from the MMTV-CAT
is induced by the synthetic progestin (R5020), the MMTV
promoter has been previously shown to adapt a persistently
open chromatin structure in T-47D/2963.1 cells (33). In the
absence of R5020, expression of GR1-556 raised the MMTV
activity to a level similar to that observed with 2963.1 cells in
the presence of R5020 (Fig. 1A, lane 4 versus lane 3). Further-
more, the GR1-556 appears to be additive with PR in activat-
ing MMTV transcription compared to the parental line (Fig.
1A, lane 6 versus lane 3). As expected for a GR mutant lacking
the LBD, addition of glucocorticoid did not elevate the activity
of either the parental cell line, which lacks a GR, or the
2963.1/556 subline (Fig. 1A, compare lanes 1 and 2 with lanes
4 and 5).

The in vivo interacting partners for GR1-556 were investi-
gated by coimmunoprecipitation assays to understand the
mechanisms by which GR1-556 activated the MMTV pro-
moter in an open chromatin environment (33). Consistent with
the constitutive activation seen in these cells, the GR1-556

protein interacted with the steroid receptor coactivator SRC-1
in the absence of hormone (Fig. 1B). In addition, we also
observed GR1-556 interactions with chromatin-remodeling
proteins BRG1 and BAF155 in the absence of hormone (Fig.
1B) (11). This suggests that the GR lacking the entire LBD was
capable of a similar spectrum of protein interactions seen pre-
viously for the hormone-activated full-length receptor (11).

The direct interactions of GR1-556 with steroid receptor
coactivators and the BRG1 complex were then evaluated in
vitro by using a GST-fused GR1-556 protein in pull-down
assays with in vitro-translated coactivators SRC-1, SRC-3, and
individual BAF proteins. In agreement with the in vivo coim-
munoprecipitation results (Fig. 1B), the GR1-556 directly in-
teracts with coactivators SRC-1 and SRC-3, but not histone
deacetylase protein 1 (HDAC1), which is often found as part
of a corepressor complex (Fig. 1C). Similar pull-down condi-
tions were then applied to test whether the GR1-556 interacts
with core catalytic BRG1 complex, BRG1, BAF170, and
BAF155 (Fig. 1C) (21, 38). Surprisingly, GR1-556 failed to

FIG. 1. GR1-556 interacts with SRC-1 and BRG1 complex in vivo. (A) 2963.1 cells, which express endogenous PR, and derived 2963.1/556 cells
were treated with ethanol (�), dexamethasone (Dex) (10�7 M), or R5020 (10�8 M) for 24 h. The CAT activity of cell lysate was analyzed by kinetic
assays and normalized with total protein. The insert shows expression of GR1-556 in 2963.1/556 cells but not in the parental 2963.1 cells or A1-2
cells which express the GRwt. (B) SRC-1 associates with GR1-556 in 2963.1/556 cells. GR1-556-associated complexes were immunoprecipitated
from whole-cell extracts of 2963.1/556 cells with no antibody (lane 3) or BUGR2 anti-GR antibody (lane 4) and immunoblotted with antibodies
against SRC-1, BRG1, BAF155, and GR (BUGR2). The cognate inputs of SRC-1, BRG1, and BAF155 are shown in lanes 1 and 2 for the
no-antibody (No Ab) and anti-GR antibody (�GR) immunoblots, respectively. (C) Interaction of GR1-556 with SRC-1, SRC-3, BRG1, BAF170,
BAF155, BAF60a, and BAF57. GST and GR fusion proteins were used to pull down SRC-1, SRC-3, HDAC1, BRG1, and BAF170, 155, 60a, or
57. Input lysate (10%) was loaded as control.
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interact with these molecules, suggesting that although these
molecules can be detected via coimmunoprecipitation experi-
ments, those interactions are indirect (Fig. 1C) (11, 12). In
contrast, BAF60a and, to a lesser extent, BAF57 interact di-
rectly with GR1-556 (Fig. 1C, lane 3) (44). When the receptor
is further truncated to produce GR1-152 and GR1-325 pro-
teins, these mutants show reduced interaction with BAF60a
and BAF57, suggesting that the region between GR residues
326 and 556, which encompasses the DBD and hinge domains,
is critical for GR1-556 interaction with BAF60a and BAF57
(data not shown).

BAF60a displays discrete interaction surfaces for the GR
and core BRG1 complex. Given that GR1-556 did not interact
with the enzymatic core of the BRG1 complex, we next asked
if and how the BAF60a communicated between the GR and
other members of the complex. The GST-fused BAF60a N-
terminal (BAF60a4-128) and C-terminal (BAF60a129-435)
domains were tested in pull-down assays with BRG1, BAF170,
BAF155, BAF57, and intact BAF60a. The N-terminal BAF60a
interacts strongly only with BRG1, interacts to a lesser degree
with BAF155, and interacts not at all with BAF170, whereas
the C-terminal BAF60a interacts strongly with BAF170 and
BAF155 but not with BRG1 (Fig. 2A). Finally, neither the N-
nor C-terminal BAF60a interacted with BAF57 (P.-W. Hsiao
and T. K. Archer, unpublished data) or BAF60a itself (Fig.
2A). Given the polarity of the interactions of BRG1, BAF170,
and BAF155 with BAF60a, we examined the interactions of
the BAF60a fragments with GR1-556 and the full-length GR.
The results demonstrate that GR1-556 is similar to BRG1 in
that it interacts with the N terminus of BAF60a but not the C
terminus (Fig. 2A). Significantly, the same specificity of inter-
actions is seen with the intact GR as that seen for GR1-556,
and this interaction is not influenced by the addition of hor-
mone (Fig. 2B).

The GR is a member of the nuclear receptor superfamily,
which shares both structural homology and conservation in
mechanism of action (28). Thus, like the GR, the BRG1 com-
plex has been implicated in transcriptional activation of the
estrogen receptor (ER) (14, 19). In the next set of experiments,
we examined if BAF60a might also mediate the interactions of
other nuclear receptors with the BRG1 complex. As shown,
N-terminal BAF60a also interacts with progesterone receptor
b (PRb), ER alpha (ER�), and farnesoid receptor (FXR), and
minimally with peroxisome proliferator-activated receptors
gamma (PPAR�), suggesting conservation of mechanism with
the GR (Fig. 2B). In contrast, neither N- nor C-terminal
BAF60a interacts with vitamin D receptor (VDR) or retin-
oid-X receptor alpha (RXR�), suggesting that interaction with
the complex via BAF60a might represent a level of selectivity
or specificity among the nuclear receptors (Fig. 2B).

FIG. 2. BAF60a links steroid hormone receptors and the BRG1
complex. (A) GST and BAF60a fusion proteins were used to pull down
BRG1, BAF170, BAF155, BAF60a, and GR1-556, as described in the
legend for Fig. 1C. The relative strengths of the interactions are indi-
cated below the autoradiogram. (B) In vitro pull-down assays de-

scribed in the legend for panel A were performed with GR, mutant
GR(R488Q), PRb, ER�, FXR, PPAR�1, VDR, and RXR�. Hor-
mones were applied at 1 �M dexamethasone for GR and 10 nM R5020
(PRb), 0.1 �M 17�-estradiol (ER�), 10 �M chenodeoxycholic acid
(FXR), 10 �M 15d-prostaglandin J2 (PPAR�1), 10 nM EB1089
(VDR), or 10 �M 9-cis retinoic acid (RXR�) and compared to results
for the vehicle without hormone (� Hormone). (C) Sequence align-
ment of the nuclear receptors used in the pull-down assays to illustrate
the RRK motif in the DBD.
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Examination of the receptor DBD amino acid sequences
revealed that the receptors that interacted with BAF60a con-
tained an RRK motif located at helix 2 of the DBD (Fig. 2C).
The GR, as with most nuclear receptors, has been extensively
mutated to define the functions of individual domains (13, 15,
31, 39). Of particular interest was a mutation within the RRK
motif of the GR, GR(R488Q), that resulted in loss of activa-
tion from a yeast episome without significant reduction of its
affinity for DNA or activation on transiently transfected plas-
mids (39). A prediction of this potential chromatin-specific
effect would be a failure of the mutant GR to interact with
the remodeling complex via BAF60a. In agreement with our
prediction, the GR(R488Q) mutant failed to interact with
BAF60a in our assay (Fig. 2B). Together, this result suggests
that GR residue 488 resides within an essential surface for GR
interaction with the N-terminal BAF60a. Therefore, in the
next set of experiments, the GR(R488Q) mutant was inspected

for hormone-dependent transcriptional activation and chroma-
tin remodeling in vivo.

Chromatin-specific loss-of-function mutation in the GR. To
analyze the chromatin-specific activity of the GR(R488Q) mu-
tant, we chose an SW-13-based cell line that does not express
GR but harbors a chromatin-integrated MMTV-luciferase re-
porter gene (SW-13/M3-2). However, because these cells lack
BRG1, chromatin remodeling of Nuc-B as well as hormone-
induced luciferase expression in SW-13/M3-2 cells is depen-
dent on the introduction of both GR and BRG1 (Fig. 3A, lanes
1 to 4; Fig. 4A, lane 2 versus lane 4). To compare the tran-
scriptional activation of the wild-type GR (GRwt) and the
GR(R488Q) mutant from chromatin versus transiently trans-
fected or nonchromatin templates in SW-13/M3-2 cells, GR
plasmids were transfected along with BRG1 and MMTV-CAT

FIG. 3. GR(R488Q) mutant fails to interact with BAF60a in vitro
and is unable to activate transcription from a chromatin template in
vivo. (A) GRwt and GR(R488Q) were transfected with BRG1 and
MMTV-CAT reporter into SW-13/M3-2 cells. Cells were treated post-
transfection with ethanol (�) or dexamethasone (10�7 M) (�) for
24 h. CAT and luciferase activities in the same cell lysate were plotted
according to dexamethasone induction. (B) Expression of transfected
BRG1, GRwt, and GR(R488Q) was examined by Western blotting.

FIG. 4. Both GR1-556 and the GR(R488Q) mutant exhibit de-
creased chromatin remodeling. (A) Chromatin remodeling stimulated
by GRwt, GR(R488Q), or GR1-556 was examined by SstI hypersen-
sitivity. SW-13/M3-2 cells were transfected with BRG1 and GRwt,
GR(R488Q), or GR1-556 for 24 h. Nuclei were isolated from the
transfected cells after treatment with dexamethasone (10�7 M) (�) or
control (ethanol) (�) and were immediately subjected to limited
digestion by SstI to assess hypersensitivity of Nuc-B within the chro-
matin promoter. (B) The BRG1 complex interaction with GRwt,
GR(R488Q), or GR1-556 in transfected SW-13/M3-2 cells was exam-
ined by coimmunoprecipitation with BRG1 antibody from 500 �g of
whole-cell extract followed by Western blot analysis with antibodies
against BRG1 and GR.

6214 HSIAO ET AL. MOL. CELL. BIOL.



reporter plasmid. Hormone treatment of cells expressing
GRwt activates MMTV transcription from both chromatin and
transient templates in the same cells (Fig. 3A, lane 4 versus
lane 3), whereas the GR(R488Q) mutant results in preferential
activation from transient template of the same promoter (Fig.
3A, lane 6 versus lane 5). Interestingly, in the presence of both
transient and chromatin templates, the GR(R488Q) mutant,
while exhibiting reduced activity on the chromatin template,
activates transient template to a greater extent than GRwt
(Fig. 3A, lane 6 versus lane 4). As shown in Fig. 3B, expression
levels of GRwt and the GR(R488Q) mutant in the same trans-
fection were equivalent; therefore, the chromatin-specific loss
of transcriptional activity may result from the inability of
GR(R488Q) to interact with BAF60a, as seen earlier. Whereas
the reduction of activity on the chromatin template is consis-
tent with our hypothesis, the enhanced activity on the transient
template was unanticipated and will require further study.

GR-mediated chromatin remodeling was analyzed by re-
striction enzyme hypersensitivity assays in SW-13/M3-2 cells
after transfection of GRwt, GR(R488Q), or GR1-556 with
BRG1 (Fig. 4). The GRwt induces the hypersensitivity of the
Nuc-B upon hormone treatment (Fig. 4A, lane 4 versus lane 3).
Consistent with the reduced promoter activation seen earlier,
the GR(R488Q) mutant has a reduced activity of chromatin
remodeling in response to hormone (Fig. 4A, lane 6 versus
lane 5). Similarly, the GR1-556 mutant exhibited reduced
chromatin-remodeling activity compared to the GRwt (Fig.
4A, lane 7 versus lane 4). These results imply that GR-depen-
dent chromatin remodeling is compromised by interruption of
GR interaction with the N terminus of BAF60a or by losing
GR-LBD interaction(s) with the BRG1 complex. We next di-
rectly investigated BRG1 complex interactions with the GR
mutants by coimmunoprecipitation assays. As the results show,
BRG1 interacts with GRwt in addition to GR(R488Q) and
GR1-556 mutants (Fig. 4B). These data suggest that interrup-
tion of GR interaction with the N terminus of BAF60a reduces
chromatin remodeling (Fig. 4A) while maintaining interactions
with the entire BRG1 complex (Fig. 4B), presumably via other
domains and subunits.

BAF60a mutant inhibits GR-mediated remodeling and tran-
scription from chromatin. The physiological significance of
BAF60a in mediating this network of interactions between the
GR and the BRG1 complex was further evaluated by express-
ing a BAF60a C-terminal truncation mutant (BAF60a4-140) in
human osteosarcoma (UL3) cells, which express GRwt and
harbor chromatin-integrated MMTV luciferase reporter (12).
Given that the BAF60a mutant can interact with the GR and
BRG1 but not with BAF170 or BAF155 (Fig. 2), one might
predict that the function of the core complex, namely, BRG1,
BAF155, and BAF170, might be disrupted. In agreement with
this prediction, cell lines expressing various levels of BAF60a4-
140 show a clear inhibition of GR activity (Fig. 5A). Indeed,
the degree to which GR activity is impaired corresponds to the
expression level of BAF60a4-140 in the various clones. This
suggests that the BAF60a mutant, lacking the C-terminal do-
main, acts as a dominant-negative inhibitor of MMTV tran-
scription in vivo.

We next analyzed the mechanistic role of BAF60a4-140 in
the glucocorticoid response in vivo by evaluating GR activity
from transiently and stably introduced MMTV reporters in the

UL3 parental and BAF60a mutant daughter cells, as exempli-
fied by 60N.17 (Fig. 5). Comparison of the parental UL3 cells
and 60N.17 cells revealed no effect on GR-activated transcrip-
tion from a transient template, while transcription from chro-
matin is inhibited in the same cells (Fig. 5B). Consistent with
the reduced gene expression from the chromatin template,
GR-activated chromatin remodeling, as determined by restric-
tion enzyme hypersensitivity, is also reduced in the cells ex-
pressing BAF60a4-140 (Fig. 5C). Unlike the repressed chro-
matin, the DNA structure of transiently transfected plasmid is
constitutively hypersensitive to restriction enzymes, and chro-
matin remodeling is not required for activation of a transient
template (1). This suggests that while GR-mediated chromatin
remodeling functions are impaired, the interaction of the
BAF60a4-140 mutant with GR (see below) does not interfere
with the transcriptional activity of the receptor.

Mutant BAF60a prevents GR interaction with the BRG1
complex in vivo. In order to determine how BAF60a4-140
inhibits GR-activated chromatin remodeling, we investigated
the protein-protein interactions with the BRG1 complex in
both UL3 and 60N.17 cells. The BRG1 complex in UL3 and
60N.17 cells treated with vehicle or hormone was immunopre-
cipitated with an antibody against BRG1. In agreement with
earlier studies, the GR shows a hormone-dependent interac-
tion with BRG1 in UL3 cells such that the GR is enriched in
BRG1 complex upon hormone treatment (Fig. 6A, compare
lanes 5 and 6). In contrast, hormone treatment does not enrich
GR in the BRG1 complex in 60N.17 cells (Fig. 6A, compare
lanes 7 and 8). This suggests that expression of BAF60a4-140
may either directly compete BAF60a for the GR or indirectly
affect the interaction surface of BRG1 complex in 60N.17 cells.
Due to the lack of the BAF60a C terminus, which is required
to interact with BAF170 and BAF155, the BAF60a4-140 mu-
tant protein may be integrated into a mutant complex with or
without full-length BAF60a (Fig. 6B). While not being able to
distinguish these possibilities, in either case, the hormone-
dependent GR interaction with the BRG1 remodeling com-
plex is significantly compromised.

DISCUSSION

Numerous studies have demonstrated the profound role that
chromatin structure plays in regulating gene expression (4, 10).
The fact that chromatin could prevent transcription factors
from accessing cognate binding sites was addressed with the
characterization of molecular machines that could alter chro-
matin structure and change the accessibility of these sites (22,
37). This in turn led to the concept of activator-mediated
recruitment of these complexes to promoters, a process par-
ticularly well studied with respect to nuclear receptors (11, 19,
32, 41, 42).

The recruitment of the BRG1 complex by the GR is re-
quired for hormone-stimulated transcription in mammalian
cells (11). Although GR recruitment of the BRG1 complex is
hormone dependent, GR1-556, lacking the entire LBD, can
interact with the complex in a hormone-independent manner
(Fig. 1). Previous in vitro and in vivo experiments suggest the
GR-BRG1 complex interaction is accomplished, in part, via a
direct interaction between the C terminus of BAF250 and the
GR (34). However, there is not an obligatory requirement for
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BAF250, as GR activates chromatin remodeling and transcrip-
tion in cells that lack BAF250 (12). To evaluate whether there
are other BAFs involved in the underlying mechanisms of the
GR-BRG1 complex interaction in mammalian cells, we initi-
ated in vitro pull-down assays with GR1-556 (15).

Although nuclear receptor coactivators were initially identi-
fied via hormone-dependent interactions with the receptor
LBD (30), a number of coactivators have recently been shown
to interact with AF-1 domains. Specifically, it has been shown
that SRC-1 interacts with phosphorylated ER� AF-1 and AR

FIG. 5. Expression of BAF60a4-140 blocks GR activation. (A) Upper panel, UL3 cells and derived BAF60a4-140-expressing clones 60N.9,
60N.15, and 60N.17 were treated with ethanol (�) or 10�8 M dexamethasone (�) for 24 h. Chromatin-assembled MMTV-luciferase expression
was plotted as the percentage of dexamethasone (Dex)-induced activity in UL3 cells. Lower panel, BAF60a and BAF60a4-140 were detected in
nuclear extracts from UL3 cells and BAF60a4-140-derived clones by immunoblotting with antibody against BAF60a4-64. (B) Expression of
BAF60a4-140 inhibits GR activation of the chromatin template, but not the transient template. An MMTV-CAT plasmid was transfected into UL3
and 60N.17 cells. Cells were treated posttransfection with dexamethasone (10�8 M) (�) or ethanol (�) for 24 h. CAT and luciferase activities in
the same cell lysate were plotted using the dexamethasone-induced activity of UL3 cells as 100%. (C) Chromatin structure of the MMTV promoter
in UL3 and 60N.17 cells was examined by SstI hypersensitivity after treatment with ethanol (�) or 10�8 M dexamethasone (�) for 1 h. The SstI
hypersensitivity of each lane is plotted relative to that of lane 1 from the right panel. Error bars represent standard deviations of three trials.
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AF1 (27, 40), p300 interacts with AF-1 of ER� and ER� (23),
GRIP1 interacts with AR AF-1 (27), and DRIP150 interacts
with GR AF-1 (17). Further, experiments in yeast suggest that
sequences in the GR N-terminal domain are sufficient to in-
teract with the yeast SWI/SNF complex (42, 49). Together,
these findings are consistent with our observations that GR1-
556 recruits coactivators and the BRG1 chromatin-remodeling
complex in vivo.

The in vitro assays demonstrated that the GR1-556 interac-
tion with the BRG1 complex is through BAF60a and BAF57
rather than through the core components, namely, BRG1,
BAF170, or BAF155, of the complex. They also demonstrate
that BAF60a may function as a scaffold or connector for the
remodeling complex by linking BRG1 with BAF170 and
BAF155. This could have the effect of placing GR in close
proximity with the core ATPase activity of the complex. Inter-

estingly, while expression of the BAF60a4-140 is sufficient to
block interactions between the GR and the BRG1 complex, it
does not appear to significantly affect the interactions between
BRG1 and BAF155 (Fig. 6A). This may suggest that the direct
interactions demonstrated in vitro between BAF60a C termi-
nus and BAF155 are not essential for the integrity of the
BRG1 complex in vivo. Alternatively, this may imply that in the
presence of BAF60a4-140, the full-length BAF60a is still able
to interact with BAF155 and BAF170, perhaps resulting in an
altered BRG1 complex with both BAF60a4-140 and BAF60
(see below) (Fig. 6B).

The observation that BAF60a acts as a bridge between the
GR and the BRG1 complex in human cells is consistent with
experiments in yeast, where SWP73, the yeast homologue of
BAF60a, is required for GR- and GR1-556-activated transcrip-

FIG. 6. BAF60a4-140 inhibits GR interaction with the BRG1 complex. (A) GR interaction with the BRG1 complex was examined by
coimmunoprecipitation with an anti-BRG1 antibody. Input (100 �g of whole-cell extract) and the coimmunoprecipitated complex (from 1 mg of
whole-cell extract) were analyzed by Western blotting with antibodies against BRG1, BAF155, GR, and BAF60a. (B) Models for BAF60a4-140
inhibition of GR interaction with the BRG1 complex. The BAF60a4-140 mutant may integrate into BRG1 complex alone or together with BAF60a
to generate a nonfunctional complex. Alternatively, the BAF60a4-140 mutant may directly block the ability of the GR to interact with the complex.
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tion (6). We observe two lines of evidence that point to the
physiological significance of GR and the N-terminal BAF60a
interactions. First, the GR(R488Q) mutant, which is unable to
interact with the N terminus of BAF60a, has impaired chro-
matin-remodeling activity and shows deficient transactivation
from the chromatin-assembled template (Fig. 3 and 4). Sec-
ond, expression of N-terminal BAF60a mutant protein disrupts
GR interaction with the BRG1 complex, and therefore
BAF60a4-140 functions as a dominant-negative mutant (Fig.
5). These results are significant in light of a recent report that
shows that BAF57 interacts with ER�, requiring the ER DBD
for the association (5). However, while we know that BAF57
also interacts with the GR, the significance of any BAF57-
mediated GR/BRG1 complex interactions remains to be inves-
tigated. In addition, BAF250 is known to interact with the LBD
of the GR (34), suggesting that in vivo, the GR has at least
three BAF proteins with which to associate. Therefore, multi-
ple interaction surfaces may be present within the BRG1 com-
plex and may independently be able to interact with the indi-
vidual domains of GR. Nevertheless, a critical role for the
BAF60a/GR interaction is suggested by the ability of the
BAF60a4-140 mutant to disrupt the GR-BRG1 interactions
and chromatin remodeling (Fig. 5). This result lends support
for one of two potential explanations for the ability of
BAF60a4-140 to act as a dominant-negative mutant. Coexpres-
sion of BAF60a4-140 with endogenous BAF60a might result in
a hybrid or heterogeneous BRG1 complex that could interact
with the GR either through the endogenous BAF60a or
BAF57 and BAF250. The results in Fig. 6A seem to support an
alternative view where BAF60a4-140 prevents the interaction
with the complex (Fig. 6). Unfortunately, it does not rule out
the possibility that the GR fails to interact due to an alteration
in the putative hybrid BRG1 complex.

Viewed from the perspective of the GR, it is clear that the
interaction of GR with the BRG1 complex in itself is not
sufficient to efficiently activate transcription from chromatin
templates (Fig. 3). While GR interaction with BRG1 complex
was seen in both GR(R488Q) and GR1-556 mutants, a de-
crease in chromatin remodeling was observed with both mu-
tants (Fig. 4). However, transcriptional activation from a chro-
matin template is severely impaired, reflecting the diminished
level of chromatin remodeling (Fig. 3 and 6). Thus, we suggest
that multiple interactions between the receptors and BAF sub-
units contribute to the activation on chromatin remodeling.
The binding data presented demonstrate that both hormone-
dependent and -independent interactions are observed be-
tween the GR and the BRG1 complex. Previous observations
and our current data show that for full-length GR, the inter-
actions with the remodeling complex require hormone in vivo
(Fig. 5). In contrast, the truncated receptor that lacks the LBD
(GR1-556) exhibits hormone-independent interactions with
the complex. Further, both the full-length and truncated re-
ceptors show hormone-independent interactions in vitro. Con-
sidering both the nature of the interactions with the BRG1
complex and the subcellular localization of the full-length and
truncated receptors, we can reconcile the current and previous
observations. In vivo, while full-length GR depends on hor-
mone to translocate into the nucleus, GR1-556 migrates to the
nucleus independently of hormone (35). In vitro, no hormone-
dependent transitions are required for either the GR1-556 or

the GRwt to bind, suggesting that the interactions with the
BRG1 complex are distinct from the hormone-dependent
changes in the LBD structure required for coactivator binding.
The extent to which hormone-dependent and -independent
interactions contribute to in vivo transcriptional activation
from chromatin by other NHRs that are predominantly nu-
clear, such as the ER and PR, remains to be determined.

The functional significance of the BAF60a-GR interactions
is also consistent with previous work that demonstrated that
the PR could sequester the BRG1 complex in the presence of
anti-progestins (11). Here, we demonstrate that N-terminal
BAF60a also interacts with PRb, suggesting that both the PR
and GR may compete for binding to this region (Fig. 2B).
Moreover, we observed only a subset of nuclear receptors that
interact with the N-terminal BAF60a, suggesting it to be a
common, but not universal, mechanism of interaction among
nuclear receptors. An examination of the sequences from the
limited number of receptors assayed suggested that a three-
amino-acid RRK motif located in the second zinc finger of the
receptor DBD correlated with receptor-BAF60a interactions
(Fig. 2C). In support of this idea, a GR mutated at the first R
residue, QRK, failed to interact with BAF60a and appeared to
be a chromatin-specific mutant with respect to transcription.
This suggests that it might be possible to subdivide the nuclear
receptor superfamily into BAF60a-dependent and -indepen-
dent families. In addition, we propose that the flexible helix 2
structure of GR DBD, where the RRK motif is located, is a
BAF60a binding surface.

The in vitro binding experiments show that both the GR and
BRG1 bind to the same region of BAF60a, namely, N-terminal
residues 4 to 128 (Fig. 2). In addition, BAF60a appears to
interact with the GR at least in part via the RRK motif in the
second zinc finger of the receptor DBD by using its amino
terminus, while its C terminus can interact with BAF155 and
170 (Fig. 2). This raises the possibility that BRG1 protein, with
its ATPase domain, will be in close proximity to the DBD of
the GR and hence adjacent to the hormone response element
within the chromatin template. The binding data also suggest a
geometric model where BAF60a plays a critical role in allow-
ing the GR to interact with the BRG1 complex by making
possible interactions among at least four molecules, namely,
BRG1, BAF170, BAF155, and the GR (Fig. 6B).

We have made extensive use of cell lines transfected both
stably and transiently with the MMTV promoter to investigate
contributions of a defined chromatin structure to GR regula-
tion of transcription. In this light, it is interesting that the
impairment of GR interactions with the BRG1 complex by
mutation of either the GR, using GR(R488Q), or BAF60a,
using BAF60a4-140, leads to opposing effects on the transient
and chromatin templates. While we lack an explanation for this
divergent response, the rapid recycling of the GR may support
a model wherein the GR, prevented from interacting with the
BRG1 complex, may be a more potent activator on a template
that does not require remodeling. Support for such a view
comes from recent experiments that suggest that protein-pro-
tein interactions may constrain receptor mobility and localiza-
tion (29).

Based on the preceding studies, we propose that via different
surfaces, the GR interacts with noncore subunits of the BRG1
complex, including BAF250, BAF57, and BAF60a. A direct
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GR DBD region interaction with N-terminal BAF60a appears
to be required to recruit the BRG1 complex and to promote
efficient chromatin remodeling. In turn, BAF60a, through N-
and C-terminal domains, interlaces BRG1 with BAF170 and
BAF155, which forms the core remodeling complex. In addi-
tion, GR, via an N-terminal portion, can also recruit coactiva-
tors such as SRC-1 and SRC-3 for activating transcription.
These interactions do not preclude the well-established role
for the LBD in recruiting both chromatin remodeling ma-
chines and coactivators but rather suggest an additional and
complementary set of interactions. The interactions of BAF60a
with BRG1, BAF170, BAF155, and the GR indicate the first
evidence for specific geometrical arrangement of BAF subunits
within the BRG1 complex and provide insight into the mech-
anisms by which a subset of nuclear receptors recruits chro-
matin-remodeling complexes. In this way, the pattern of ex-
pression of noncore components of chromatin-remodeling
machines may provide a mechanism to regulate the delivery of
these multiprotein complexes to specific promoters in vivo.
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