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Yeast and mammalian SWI-SNF complexes regulate transcription through active modification of chromatin
structure. Human SW-13 adenocarcinoma cells lack BRG1 protein, a component of SWI-SNF that has a
DNA-dependent ATPase activity essential for SWI-SNF function. Expression of BRG1 in SW-13 cells poten-
tiated transcriptional activation by the glucocorticoid receptor, which is known to require SWI-SNF function.
BRG] also specifically repressed transcription from a transfected c-fos promoter and correspondingly blocked
transcriptional activation of the endogenous c-fos gene. Mutation of lysine residue 798 in the DNA-dependent
ATPase domain of BRG1 significantly reduced its ability to repress c-fos transcription. Repression by BRG1
required the cyclic AMP response element of the c-fos promoter but not nearby binding sites for Sp1, YY1, or
TFII-1. Using human C33A cervical carcinoma cells, which lack BRG1 and also express a nonfunctional Rb
protein, transcriptional repression by BRG1 was weak unless wild-type Rb was also supplied. Interestingly,
Rb-dependent repression by BRG1 was found to take place through a pathway that is independent of tran-

scription factor E2F.

The modification of chromatin structure is increasingly rec-
ognized to be an important facet of transcriptional regulation.
Such alterations likely occur in concert with the actions of the
general transcription factors and promoter-specific activators
and repressors in order to allow regulatory changes to take
place. Several multiprotein complexes with roles in this kind of
regulation have been identified, including the yeast SAGA (23,
72) and RSC (9) complexes, the Drosophila ISWI-containing
complexes (16, 29, 67, 69), and the yeast and human SWI-SNF
complexes (YSWI-SNF and hSWI-SNF) (8, 14, 28, 32, 35, 37,
50, 55, 73, 74). The regulation of chromatin structure is likely
to influence specific cellular processes that rely heavily on
transcriptional events, including the control of cellular prolif-
eration.

Several studies have suggested a role for hSWI-SNF com-
ponents BRG1 (32), hBRM (50), and hSNF5-INI1 (49) in the
control of cellular proliferation. BRG1 and hBRM, human
homologues of yeast SNF2, bind to members of the retinoblas-
toma (Rb) tumor suppressor protein family and can trigger
cellular growth arrest (15, 32, 61, 62). Recently, the hSNF5-
INI1-encoding gene was found to be mutated in multiple ma-
lignant rhabdoid tumors, strongly suggesting that hSWI-SNF
has a tumor suppressor function (71). In addition, we have
reported that the N-terminal domain of the adenovirus E1A
oncoprotein specifically blocks SWI-SNF-dependent transcrip-
tion in budding yeast, suggesting that disruption of human and
mouse SWI-SNF function may be important in oncogenic
transformation by E1A (46).

The ySWI-SNF and hSWI-SNF complexes have been stud-
ied extensively in vitro and have been demonstrated to trigger
chromatin remodeling and facilitation of sequence-specific
DNA binding (reviewed in references 7, 31, and 35). In addi-
tion, genetic approaches have resulted in the identification of
several yeast cellular genes whose transcriptional regulation
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requires a functional SWI-SNF complex (10, 38, 39, 41, 56). In
higher eukaryotic systems, transfected promoters under the
control of the glucocorticoid receptor (GR) (17, 50, 61) or
transcription factor E2F (66) have been shown to be regulated
by BRG1 or the related hBRM protein, but regulation of the
corresponding endogenous genes has not yet been reported.

The c-fos proto-oncogene is regulated at the transcriptional
level during mitogenesis and other cellular processes and is
subject to both activation and repression of transcription.
Rapid activation of c-fos transcription can be followed closely
by transcriptional inactivation, resulting in transient expression
of the c-fos mRNA (5, 12, 57, 70). Based on the importance of
c-fos in cellular proliferation (36, 53) and the pivotal role of
transcriptional regulatory mechanisms in c-fos expression, we
tested the hypothesis that the BRG1 protein (and hSWI-SNF
activity) regulates transcription of c-fos in vivo. Here we report
that BRG1 specifically represses transcription of a transfected
c-fos promoter construct and correspondingly inhibits tran-
scriptional induction of the endogenous c-fos mRNA. Repres-
sion by BRG1 correlates with its activity as a functional com-
ponent of the hSWI-SNF complex. Interestingly, this repression
takes place through an Rb-mediated pathway that is independent
of transcription factors E2F and GR.

MATERIALS AND METHODS

Plasmids. The following plasmids were described previously: hBRG1 and
hBRG1K798R (32); pPCMVRb and E2 CAT (27); pGRneo (J. Mymryk); pMSG-
CAT (Pharmacia); pCMV-HA-DP-1, pPCMV-HA-DP-1'?-*1%  and pCMV-HA-
DP-14193-126 (75); —76/+10 fos-CAT and pm87 (19); pm27 and pm28 (77);
pm82 (18); EF-1a luciferase (47); pSV2CAT (21); pTKM (65); pCMV VP16-E2
(42); pCMVS (1); and 3 X 22 EIBCAT, 3 X 22 mutCRE, 3 X 22 mutYY1, and
E1BCAT (19).

To make pCMV-BRG1 and pCMV-K798R, we first constructed pCMV5-
BRG1 and pCMV5-HA. For pCMV5-BRG1 (or pCMVS5-K798R), plasmid
hBRG1 (or hBRG1K798R) was digested with Narl and BamHI, and the two
fragments containing BRG1 (or K798R) sequences were ligated to pCMVS5 that
had been digested with Clal and BamHI. For pCMV5-HA, a double-stranded
oligonucleotide (coding strand, CGACGCGTGCCATGGCCTACCCATATGA
TGTTCCAGATTACGCAAGCTTGTAGGATCCGC) was multimerized by in-
cubation with deoxynucleoside triphosphates, T4 ligase, T4 polynucleotide ki-
nase, and T4 DNA polymerase; digested with Mlul and BamHI; and ligated with
pCMVS5 that had been digested with MIuI and BamHI. BRG1 (or K798R) from
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FIG. 1. Transcriptional repression by BRG1. SW-13 cells were transfected by the calcium phosphate method with pCMV-BRG1 and either pfos-CAT, EF-la-
luciferase, or pSV2-CAT (A); pPCMV VP16-E2, pCMV-BRG1, and pTKM (indicated as BPV-E2 (B); pGR, pCMV-BRG]1, and pMSG-CAT (indicated as MMTV) (C).
Cells were harvested 48 h after transfection and assayed for CAT or luciferase activity as described in Materials and Methods. Two micrograms of each reporter plasmid
and 4 ug of each expression plasmid were used, except in panel B, where 2 ug of pPCMV-BRG1 was used. (A) Average assay values for the promoter plasmids in the
absence of BRG1 were 80,000 cpm (pfos-CAT), 400,000 light units (EF-1a-luciferase), and 100,000 cpm (pSV2-CAT). Data from BRG1-expressing cells are plotted
as a percentage of these averages. The amount of pPCMV-BRGI transfected is indicated below each bar (in micrograms). The data are averages of three to six (A),
three (B), or four (C) independent experiments, each performed in duplicate. dex, 1 pM dexamethasone. SV40, simian virus 40; CMV, cytomegalovirus.

pCMV5-BRG1 (or pPCMV5K798R) was inserted into pCMV5-HA in two cloning
steps, as follows. The 3’ end of BRG1 (or K798R) was amplified by PCR with the
oligonucleotides 5'-ACCCCAGCCGCGACAA and 5'-TTTACGCGTCTCTTG
TTCCTCCTCACTG, resulting in the insertion of a downstream Mlul site and
the ablation of the native stop codon. The products were multimerized as de-
scribed above and then digested with NorI and Miul. The purified NotI-Miul
fragment was ligated to the Bg/II-Notl fragment from pCMVS5-BRG1 plus
pCMV-HA that had been digested with Bg/II and Mlul. The resulting clone
(pBRG1-C) was digested with Bg/II and ligated to the Bg/II fragment from
pCMV5-BRG1 (or K798R) containing the 5’ two-thirds of the cDNA. All oli-
gonucleotides were from Oligos, etc.

To make pBlcfos, a 2.1-kb Apal fragment, including all of exons 2 and 3, and
the most 5’ 600 bp of exon 4, was excised from pc-fos-1 (American Type Culture
Collection catalog no. 4102) and ligated into the Apal site of pBluescript KS+
(Stratagene).

To make pAdloxtetBRG1 and pAdloxtetK798R, we first constructed pAdlox
BRGI and pAdloxK798R; pCMV5-BRG1 or pCMV5-K798R was digested with
Ndel (complete) and BamHI (partial). The resulting 5.5-kb fragment containing
BRG1 or K798R was purified and ligated into pAdlox (24) that had been
digested with Ndel and BamHI. pAdloxBRG1 (or pAdloxK798R) was digested
with Mlul, blunt ended with Klenow polymerase, and then digested with Clal to
liberate a 5.4-kb fragment containing the BRG1 (or K798R) cDNA. This was
ligated into pAdloxtet (23a) that had been digested with EcoRV and Clal.

Cell culture and transfections. SW-13 and C33A cells were grown in Dulbec-
co’s modified Eagle medium containing 10% fetal calf serum, and HeLa cells
were grown in Dulbecco’s modified Eagle medium containing 10% newborn calf
serum. All cultures were supplemented with penicillin and streptomycin. All cell
culture materials were from GIBCO/BRL. Twenty hours prior to transfection,
trypsinized cells from confluent cultures were pooled, diluted 1 to 20, and
replated. Transfections were performed by calcium phosphate coprecipitation as
previously described (2). They contained 2 g of promoter plasmid with various
amounts of expression constructs plus empty pCMV5 vector to bring the total
amount of DNA to 25 wg per dish. All transfections were performed in duplicate.

CAT and luciferase assays. For chloramphenicol acetyltransferase (CAT)
assays, cells were washed twice in phosphate-buffered saline, harvested by scrap-
ing in 1 ml of phosphate-buffered saline, pelleted at 700 X g in a microcentrifuge,
and resuspended in 100 pl of 250 mM Tris (pH 7.8). The cells were lysed and
assayed as previously described (19), except that half of each extract was assayed.
For some assays, less extract was added in order to preserve linearity. For
luciferase assays, lysates were prepared as directed by Analytical Luminescence
Laboratory and assayed directly in a Monolight 2010 luminometer (Analytical
Luminescence Laboratory).

Viruses. AdtTa was previously described (52). AJBRG1 and AdK798R were
constructed as previously described (24), by using plasmids pAdloxtetBRG1 and
pAdloxtetR798 (see above) and by using helper virus ¢9 (23a) instead of ¢5. $9
is the same as ¢35, except that it contains a larger deletion in the E3 region from
nucleotide 28133 to nucleotide 33818 (4). Viruses were propagated and purified
as already described (24).

Infections and RNase protection assay. Cells (6 X 10° to 10 X 10° per
10-cm-diameter dish) were infected with virus in 1 ml of medium (see figure
legends for multiplicities of infection [MOIs]) for 1 h at 37°C with intermittent
rocking, after which 9 ml of medium was added. After 48 h, the cells were treated
with 5 uM forskolin or 2 nM interleukin-6 (IL-6). Cells were harvested by mild
trypsinization and gentle scraping, washed repeatedly, pelleted, and frozen.
Preparation of total cytoplasmic RNA and RNase protection assays were per-
formed as previously described (19). c-fos probe was transcribed from Narl-
digested pBlcfos, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
probe was transcribed from HindIII-digested HHCMC32 (American Type Cul-
ture Collection catalog no. 78105). Probe (10,000 to 15,000 cpm) and 10 pg of
RNA were added to the hybridization mixtures. For infections followed by
transfections, 3 X 10° to 4 X 10° cells were infected, transfected 20 h later, and
harvested after an additional 40 h. Alternatively, nuclei were separated from
cytoplasmic extract by centrifugation at 575 X g and suspended in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer.

Western blotting. Lysates (50 g of protein) prepared as for CAT assay were
mixed with sample buffer, boiled and subjected to SDS-PAGE. Separated pro-
teins were transferred to nitrocellulose and assayed for the presence of BRG1
with antibody J1 (from Gerald Crabtree) or for hemagglutinin (HA)-tagged
BRG1 with antibody 12CAS5 (from BABCO). Immunoreactivity was determined
by using horseradish peroxidase-conjugated protein A or '*I-labeled protein A
and detected by enhanced chemiluminescence assay or autoradiography, respec-
tively.

RESULTS

BRGI1 specifically represses c-fos promoter activity. SW-13
cells, derived from a human small-cell carcinoma of the adre-
nal cortex, were used to study the effect of BRG1 on c-fos
transcription. These cells lack endogenous BRG1 protein as
well as the related protein hBRM but express other members
of the hSWI-SNF complex (15, 73). Expression of BRG1 in
SW-13 cells results in a flat cell morphology following pro-
longed incubation (15 and data not shown).

The reporter plasmid —76/+10 fos-CAT (hereafter referred
to as pfos-CAT), containing nucleotides —76 to +10 of the
mouse c-fos promoter linked to the CAT gene, was transfected
into SW-13 cells along with a cytomegalovirus (CMV) promot-
er-driven, HA-tagged BRG1 ¢cDNA construct, pPCMV-BRGI1.
The parental pCMVS5 vector was transfected as a control for
pCMV-BRGI. pfos-CAT was transcriptionally active in the
absence of BRG1 expression, routinely producing approxi-
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FIG. 2. Repression requires the DNA-dependent ATPase domain of BRG1.
(A) SW-13 cells were transfected with the indicated expression plasmids along
with 2 pg of pfos-CAT. Cells were harvested after 48 h and assayed for CAT
activity as described in Materials and Methods. Data (averages of six indepen-
dent experiments) are plotted as fold repression calculated against pfos-CAT
cotransfected with the parental pCMVS5 expression plasmid. (B) SW-13 cells
were transfected with 6 ug of pPCMV-BRG1 or pCMV-K798R or left untrans-
fected. After 48 h, they were harvested and subjected to Western blot analysis
using anti-BRG1 antibody J1 (lanes 1 to 3) as described in Materials and Meth-
ods. HeLa cells were assayed similarly for endogenous BRG1 protein (lane 4).

mately 80,000 cpm during a standard 1-h CAT assay incuba-
tion. As shown in Fig. 1A, BRGI expression caused 5- to
20-fold repression of CAT activity. The extent of the repres-
sion depended on the input DNA concentration and correlated
with increasing amounts of detectable HA-tagged BRG1 pro-
tein by Western blot analysis (data not shown). In addition,
transfection of a construct containing the BRG1 ¢cDNA in the
reverse orientation failed to significantly repress transcription
(data not shown).

To explore the specificity of this effect, three other promoter
constructs were tested for an effect of BRG1. The human
EF-1a promoter and the simian virus 40 enhancer-promoter
were both found to be active in SW-13 cells but were only
weakly affected by BRG1 expression, and this weak effect oc-
curred only when the highest input plasmid amount was used
(Fig. 1A). In addition, a fusion protein consisting of the DNA-
binding domain of the bovine papillomavirus E2 protein (42)
and the transcriptional activation domain of the herpes simplex
virus VP-16 protein was used to activate transcription of a
minimal thymidine kinase promoter containing bovine papil-
lomavirus E2 binding sites (65). As shown in Fig. 1B, transcrip-
tion activated by the VP16-E2 fusion protein was likewise
unaffected by BRG1. In addition to these experiments with the
mouse c-fos promoter, transcription of a similar construct con-
taining the proximal human c-fos promoter was also repressed
by BRGI, as was a longer murine c-fos promoter construct
containing nucleotides —356 to +109 (data not shown). We
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conclude that the c-fos promoter is specifically repressed by
BRGI1 in SW-13 cells.

Expression of BRG1 reconstitutes hSWI-SNF activity in
SW-13 cells. Previously, ySSWI-SNF and hSWI-SNF have been
implicated in transcriptional activation by GR (17, 32, 50, 61,
76). To test if expression of BRG1 in SW-13 cells results in a
functionally active hANSWI-SNF complex, we examined the effect
of BRG1 on GR-dependent transcription. Cells were tran-
siently cotransfected with pCMV-BRG1, the GR expression
construct pGRneo, and the reporter plasmid pMSG-CAT,
which contains the GR-responsive mouse mammary tumor
virus (MMTYV) promoter. Figure 1C shows that GR-dependent
transcription was potentiated fivefold by pCMV-BRG1, con-
firming that hSWI-SNF function was indeed reconstituted in
SW-13 cells.

Since BRG1 expression alone (i.e., in the absence of GR and
dexamethasone) had no effect on MMTV promoter activity
(Fig. 1C), we can rule out the possibility that expression of
BRGI alone in SW-13 cells somehow results in activation of
GR-dependent transcription and that such activation could
lead indirectly to repression of c-fos transcription through un-
known intermediate events.

The DNA-dependent ATPase domain of BRG1 is involved in
repression. Chromatin remodeling by the hSWI-SNF complex
requires a DNA-dependent ATPase activity supplied by BRG1
(28, 32, 37). If transcriptional repression by BRG1 involves the
function of the hSWI-SNF complex, then mutation of the AT-
Pase domain would be expected to reduce this activity. To test
this possibility, we constructed plasmid pCMV-K798R, which
encodes BRG1 with a lysine-to-arginine mutation in the
ATPase domain that has been shown previously to impair
BRG1 function and also that of ySWI-SNF and hSWI-SNF
(32, 40). SW-13 cells were cotransfected with pfos-CAT and
increasing amounts of either the wild-type or mutant BRG1
expression constructs. As shown in Fig. 2A, expression of mu-
tant K798R had a much reduced effect on pfos-CAT compared
with wild-type BRGL1. Figure 2B shows the results of a Western
blot analysis of a representative transfection experiment. No
endogenous BRG1 was detected in untransfected cells (lane
2), and BRG1 and the K798R mutant were expressed at com-
parable levels (lanes 1 and 3). Also shown in Fig. 2B is a
Western blot of an equivalent amount of extract from unin-
fected HeLa cells. We conclude that the DNA-dependent AT-
Pase activity of BRG1 is required for transcriptional repression
of c-fos. These data, together with those in Fig. 1C, strongly
argue that BRG1 is functioning here as a component of the
hSWI-SNF complex.

BRG1 blocks transcriptional activation of the endogenous
c-fos gene. Because of the potential physical differences be-
tween transiently transfected DNA and normal chromatin, it
was unclear if the physical configuration of the pfos-CAT plas-
mid represented a physiologically relevant substrate for BRG1
and hSWI-SNF in the cell. We therefore wanted to test if the
endogenous c-fos gene could also be repressed by BRG1. To
address this issue, we constructed a replication-deficient ade-
novirus vector, AABRG1, capable of expressing the BRG1
protein in all cells of an experimental population. This reagent
allowed us to measure the effect of BRG1 on the endogenous
c-fos gene.

AdBRGT1 consists of a full-length BRG1 cDNA placed in the
E1 region of adenovirus vector ¢$9 (23a, 24) under the control
of a minimal CMV promoter containing binding sites for the
tet repressor (TetR) protein (22). In our experiments, cells
were coinfected with this vector along with AdtTa, an adeno-
virus vector expressing a tetR-VP16 fusion protein which ac-
tivates transcription from the promoter containing TetR bind-
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FIG. 3. BRG1 blocks induction of the endogenous c-fos gene. (A) tTa-induced expression of BRG1. SW-13 cells were infected with the indicated viruses and
analyzed by Western blot analysis using anti-BRG1 antibody J1. (B) SW-13 cells were uninfected (lanes 1 and 5), infected with AdtTa alone (lanes 2 and 6), or infected
with AdtTa in combination with either AABRG1 (lanes 3 and 7) or AdK798R (lanes 4 and 8). Tetracycline (2.5 pg/ml), which abolishes tTA activator activity, was added
4 h p.i. (lanes 5 to 8). The MOI was 60 for AdtTa and 240 for AABRG1 and AdK798R. Infection with AdtTa alone at an MOI of 300 produced no effect on c-fos
induction (data not shown). After 48 h, cells were harvested for RNase protection assay with c-fos and GAPDH probes as described in Materials and Methods.
RNase-resistant products were separated by electrophoresis through urea-polyacrylamide. They were visualized and quantified by using a PhosphorImager (Molecular
Dynamics). The data shown are representative of three independent experiments (two in the case of the tetracycline addition experiments). (C) Cells were infected with
the indicated viruses (same MOI as in panel A) and transfected on the following day with pfos-CAT or EF-la-luciferase. After an additional 40 h, the cells were
harvested and assayed for CAT or luciferase activity. Data are plotted as fold repression averaged from three independent experiments. wt, wild type.

ing sites on the coinfected vector (22). In control experiments
with an adenovirus vector expressing green fluorescent protein,
we noted that 100% of the cells in an SW-13 population could
be infected (data not shown).

To test for an effect on endogenous c-fos transcription, cells
were infected for 48 h with AdtTa alone or with AdtTA in
combination with AJBRGI. Tetracycline, which inhibits the
activity of the TetR-VP16 activator (22), was added to some of
the cultures to block the expression of BRG1. At 45 min prior
to harvesting, the cells were treated with 5 wM forskolin, which
activates transcription of the c-fos gene via the cyclic AMP
(cAMP) pathway. Total cytoplasmic RNA was isolated and
assayed for c-fos mRNA by the RNase protection method. To
accurately quantify the results, the RNA samples were also
assayed for GAPDH mRNA as an internal control. As shown
in Fig. 3A, coinfection of AdtTa and AdBRGI resulted in
induced expression of BRG1 protein. Figure 3B shows that
expression of BRG1 caused sevenfold inhibition of cAMP-
induced c-fos transcription (compare lanes 1 and 3). This effect
required expression of BRG1, since addition of tetracycline to
the culture medium completely abolished the effect (compare
lanes 3 and 7) and efficiently blocked BRG1 expression, as
judged by Western blot analysis (see Fig. 4A). Infection with
AdtTa alone had no effect on endogenous c-fos expression
(compare lanes 1 and 2), even at an MOI of 300 (data not
shown).

We also constructed AdK798R, expressing the correspond-

ing ATPase-deficient mutant. Consistent with our transfection
results, AdK798R showed a diminished ability to repress
endogenous c-fos transcription compared with wild-type
AdBRGI. No effect of BRG1 on the endogenous GAPDH
mRNA was observed, consistent with our earlier observation
that the effect on the c-fos promoter is specific. In other ex-
periments, we observed that virally expressed BRGI1 also
blocked IL-6-induced transcriptional activation of the endog-
enous c-fos gene to an extent similar to that observed for
forskolin-induced transcription (data not shown).

We broadened the analysis of virally expressed BRG1 to
compare this system more fully with our earlier transfection
results. SW-13 cells were infected with AABRG1 and AdtTa
and transfected on the following day with either pfos-CAT or
EF-la-luciferase. The cells were harvested 40 h later and as-
sayed for CAT or luciferase activity. As shown in Fig. 3C,
infection with the combination of AdBRG1 and AdtTa re-
sulted in significant repression of transcription from pfos-CAT,
with only a marginal effect on the EF-1a promoter. Thus, the
promoter specificity observed in our earlier transfection exper-
iments (Fig. 1) was reproduced with virally expressed BRG1.
The experiments shown in Fig. 3 demonstrate that the endog-
enous c-fos gene is indeed regulated by BRG1 and that this
process is similar or identical to that underlying repression of
the transfected c-fos promoter.

Additionally, we compared the appearance of the BRG1
protein with the onset of repression of endogenous c-fos.
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FIG. 4. Time course of BRG1 protein expression and BRG1-induced repres-
sion. SW-13 cells were infected with AdBRGI1 plus AdtTa as described in the
legend to Fig. 3 and incubated for the indicated times in the presence or absence
of 2.5-pg/ml tetracycline (TET). Cells were stimulated with forskolin for 45 min
prior to harvesting. Harvested cells were processed for Western blot analysis of
BRGI1 (A) and RNase protection assay of c-fos mRNA (B). For lanes 13 of A
and B, cells were first incubated for 48 h in the absence of tetracycline, and then
tetracycline was added for the remaining 12 h of the 60-h period. For lanes 16 of
A and B, cells were first incubated for 48 h in the absence of tetracycline, and
then tetracycline was added for the remaining 24 h of the 72-h period. The
designations 12h and 24h indicate this.

SW-13 cells were coinfected with AdBRG1 and AdtTa and
maintained in either the presence or the absence of 2.5-pg/ml
tetracycline. The cells were stimulated with 5 uM forskolin for
45 min prior to harvesting at 12, 24, 30, 36, 48, 60, and 72 h

A
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postinfection (p.i.) and then analyzed for c-fos mRNA and
BRGI1 protein as described above. As shown in Fig. 4A, ex-
pression of BRG1 was barely detectable at 12 h p.i., and con-
tinued to increase until 48 h p.i., after which it remained high.
Weak repression was reproducibly observed beginning at 30 h
p.i., and repression increased thereafter in a manner that cor-
related with increased BRG1 expression (Fig. 4B). Impor-
tantly, cells that were treated with tetracycline starting at 48 h
p-i. showed complete loss of repression within the next 24 h
(Fig. 4B, compare lane 15 with lane 16). Interestingly, this
corresponded to a decrease in BRG1 protein expression down
to the level seen at 30 h p.i. in the absence of tetracycline (Fig.
4A, compare lane 16 with lane 5). These data clearly indicate
that a threshold amount of BRG1 protein is required to cause
repression and that this amount is achieved at around 30 to
36 h p.i.

Repression by BRG1 requires the —67 ATF/CREB binding
site in the c-fos promoter. The —76 to +10 region of the c-fos
promoter contains binding sites for transcription factors ATF/
CREB (3), YY1 (51), and TFII-I (33) and also contains a
TATA box and a consensus SP1 (20) binding site (Fig. 5SA). We
employed a series of linker substitution and point mutants to
test the possible involvement of these factors in the observed
response to BRG1. As shown in Fig. 5B, mutation of the
TATA box resulted in complete loss of transcriptional activity
in the absence of BRG1, and mutation of any of the other
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FIG. 5. Mutational analysis of the c-fos promoter. (A) The —76 to +10 sequence of the mouse c-fos promoter region is shown. Bars below the sequence indicate
the binding sequences of the indicated transcription factors. There are two adjacent sites for YY1, whose core CCAT sequences are indicated. Except for SP1, all of
the indicated factors have been demonstrated to bind to the mouse c-fos promoter. The SP1 site is a perfect match to the consensus SP1 binding site, and as shown
here, mutation of this site results in a significant decrease in promoter activity. Sequences of pfos-CAT derivatives are also shown, with a solid line representing the
wild-type sequence. (B) SW-13 cells were cotransfected with pCMV-BRG1 (3 pg) and pfos-CAT (2 pg) derivatives with mutations in the TATA box (pm87),
ATF/CREB site (pm28), overlapping YY1 and TFII-I sites (pm27), or consensus SP1 site (pm 82). Cells were harvested 48 h after transfection and assayed for CAT
activity. Data are plotted as percent wild-type promoter activity to show the effect of each mutation in the absence and the presence of BRG1. Each mutant was tested
along with the wild-type promoter three to six independent times, and the percent wild-type activities were averaged. A dash for fold repression indicates that the
promoter-only value divided by CMV-BRG1 equals 1. (C) SW-13 cells were transfected with the indicated fosCAT derivatives along with CMV-BRG1 and assayed as
described above. This experiment was performed four times, each time in duplicate.
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binding sites resulted in various decreases in transcription from
pfos-CAT. Interestingly, whereas the YY1/TFII-I and SP-1 site
mutants (pm27 and pm82, respectively) were sensitive to re-
pression by BRG1, the ATF/CREB site mutant (pm28) was
unaffected. We note that the overall activity of the pm28 mu-
tant was low in the absence of BRG1. However, this activity
was readily detectable (approximately 3,000 cpm compared
with 50 to 100 cpm for the TATA mutant). We conclude that
ATF/CREB-dependent transcription is necessary for BRG1 to
repress transcription at the c-fos promoter. These data suggest
that BRG1 specifically targets ATF/CREB-dependent tran-
scription, although they do not rule out other possibilities (see
Discussion).

To further assess this issue, we employed a second set of
CAT reporter constructs, each containing three copies of a
22-bp region of the c-fos promoter (positions —72 to —51),
encompassing the cAMP response element (CRE) and YY1
sites, placed upstream of a minimal adenovirus E1B promoter
sequence (19). Plasmid 3 X 22-E1BCAT contains the wild-type
c-fos sequence. Plasmids 3 X 22 mutCRE and 3 X 22 mutYY1
contain inactivating mutations in the CRE and YY1 DNA-
binding sites, respectively, as described previously (19). Each
construct was cotransfected into SW-13 cells with 2 ug of a
BRG1 expression construct. As shown in Fig. 5C, all constructs
produced readily detectable amounts of CAT activity, albeit
much lower than those observed with the —76 to +10 wild-type
construct. Again, the activity of each construct, with the excep-
tion of plasmid 3 X 22mutCRE, was repressed by BRG1 ex-
pression. These data are consistent with involvement of the
CRE in BRG1-mediated repression.

Repression of c-fos by BRG1 depends on Rb. BRG1 and the
related hBRM protein have been shown to interact directly
with the Rb gene product pRb (15, 61). Interaction with Rb
has been implicated in the ability of BRG1 to activate GR-
dependent transcription (61) and in the ability of hBRM to
repress E2F-dependent transcription (66). We therefore want-
ed to test the hypothesis that repression of c-fos transcription
by BRG1 is an Rb-mediated event. To do this, we performed
transfection experiments with the human cervical carcinoma
line C33A, which encodes a mutant, nonfunctional Rb protein
and also fails to produce the BRG1 protein (50). C33A cells
were transiently transfected with pfos-CAT, along with ei-
ther pCMV-BRG1, pCMV-Rb, or the two expression con-
structs combined. The cells were harvested 48 h later for
CAT assay.

As in SW-13 cells, pfos-CAT was active in C33A cells, rou-
tinely producing at least 25,000 cpm during a 1-h CAT assay.
As shown in Fig. 6, expression of BRG1 alone resulted in only
a modest decrease in pfos-CAT activity, consistent with the
idea that full transcriptional repression of the c-fos promoter
requires the combination of BRG1 and Rb. Indeed, cotrans-
fection of increasing amounts of the Rb expression construct
significantly potentiated the effect of BRG1 on pfos-CAT ac-
tivity. The combined effect on transcription was 5-fold, com-
pared with 1.7-fold repression in the absence of pCMV-Rb.
The effect of Rb on the c-fos promoter was clearly dependent
on the presence of BRGI, since transfection of pCMV-Rb
alone had no effect on pfos-CAT activity, at either 4 or 8 pg of
input DNA. Again, mutant K798R produced only a slight effect
on c-fos promoter activity, in either the presence or the ab-
sence of Rb. Western blot analysis demonstrated that expres-
sion of Rb had no effect on the level of BRG1 expression in
these experiments (data not shown). We concluded that Rb
acts together with BRG1 to repress transcription of the fos
promoter. Recently, gel supershift experiments with an an-
ti-Rb antibody have provided evidence that Rb from a HelLa
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FIG. 6. Repression of the c-fos promoter by BRG1 depends on Rb. C33A
cells were transfected with the indicated expression constructs, along with 2 pg
of pfos-CAT. Cells were harvested after 48 h and assayed for CAT activity. The
amount of input DNA (in micrograms) for each expression construct is given
below each bar. The activity of pfos-CAT transfected along with the pCMV5
parental expression vector served as 100% activity for calculation of percent
promoter activity. The data are presented as averages from five independent
experiments. CMV, cytomegalovirus.

cell extract can interact with the —123 to +45 region of the
c-fos promoter (54). These and other aspects of c-fos regula-
tion make it likely that the combined action of BRG1 and Rb
is directed to the c-fos promoter (see Discussion).

Repression of c-fos by BRG1 is independent of transcription
factor E2F. As noted above, the BRG1-related protein hBRM
has been shown to block E2F-stimulated transcription through
interaction with Rb (66). We therefore considered the hypoth-
esis that repression of c-fos transcription by BRG1 is an indi-
rect consequence of the combined action of BRG1 and Rb on
E2F-dependent transcription. If the c-fos promoter were under
the direct or indirect control of E2F, then repression of E2F-
dependent transcription by Rb and BRG1 would lead to the
observed decrease in c-fos transcription.

To test this hypothesis, we first employed two dominant-
negative DP-1 expression constructs in order to abolish E2F-
dependent transcription independently of the action of Rb or
BRG1. DP-1 protein normally heterodimerizes with E2F to
activate transcription at E2F DNA-binding sites (25). If the
c-fos promoter is controlled by E2F, then expression of the
dominant-negative DP-1 protein would be expected to result in
loss of c-fos promoter activity.

To perform this experiment, we employed two different
dominant-negative DP-1 expression clones. Each clone was
cotransfected along with pfos-CAT into C33A cells, and the
cells were harvested after 48 h for assay of CAT activity. To
demonstrate that dominant-negative DP-1 protein can, in fact,
abolish cellular E2F activity, clones pCMV-HA-DP-1127-410
and pCMV-HA-DP-141%3-12¢ (75) were first cotransfected with
the E2-CAT reporter, containing the adenovirus E2 gene pro-
moter under the control of E2F/DP-1. As shown in Fig. 7A,
E2-CAT activity was significantly blocked when either of the
dominant-negative DP-1 proteins was expressed, demonstrat-
ing that E2F activity was effectively blocked during the exper-
iment. Overexpression of wild-type DP-1 caused a greater-
than-twofold increase in E2-CAT activity. Importantly, Fig. 7A
illustrates that dominant-negative DP-1 had absolutely no ef-
fect on transcription from the pfos-CAT construct, and the
wild-type DP-1 protein also produced no effect. This indicates
that the activity of the c-fos promoter is not controlled by E2F,
either directly or indirectly.



2730 MURPHY ET AL.

A

[l promoter only

7 []+DP1
T + DP-1 103126
o 200+ I:l +DP-1 127-410
e =
= ] B +Rb
2
| o)
< -]
)
oy 4
g 1007
o -
o
o .
B 4
i N
promoter E2F E2F c-fos
C33A cells
- [l promoter only
. []+DP-1
200 + DP-1 103126
Fal [C] +Dp-1 127410
e .
B
9] 4
&
= 4
5
100
g
o]
=
g A
=
promoter E2F c-fos

SW13 cells

FIG. 7. Repression of c-fos by BRG1 is E2F independent. C33A (A) or
SW-13 (B) cells were transfected with 5 g of the indicated expression plasmids
along with the indicated promoter constructs. Cells were harvested 48 h after
transfection and assayed for CAT activity. The activity of pfos-CAT or E2-CAT
transfected along with the pCMV5 parental expression vector served as 100%
activity for calculation of percent promoter activity. The data are presented as
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We also blocked cellular E2F activity by expressing Rb in
C33A cells, which normally express a mutant, nonfunctional
Rb protein. As shown in Fig. 7A, expression of Rb severely
diminished the activity of the transfected E2-CAT construct
in these cells, again demonstrating inhibition of cellular E2F
activity. In contrast, as already presented in Fig. 6, expres-
sion of Rb alone in C33A cells had no effect on the c-fos
promoter.

The DP1 dominant-negative mutants were also used to
transfect SW-13 cells, along with either E2-CAT or pfos-CAT
(Fig. 7B). Again, there was a clear effect of both proteins on
E2F-dependent transcription but no effect on the c-fos pro-
moter.

We conclude, therefore, that repression of the c-fos pro-
moter by the combined action of BRG1 and Rb clearly does
not take place through an E2F-mediated mechanism in C33A
cells or SW-13 cells.

MoL. CELL. BIOL.

DISCUSSION

The complexity of transcriptional regulation at the c-fos lo-
cus is well established. The complete transcriptional control
region of c-fos contains numerous cis-acting elements that re-
spond rapidly to serum, growth factors, cAMP, and other sig-
nals (reviewed in reference 30). In addition to the binding of
sequence-specific transcription factors controlled by these sig-
naling pathways, there is in vivo and in vitro evidence for
precisely positioned nucleosomes in the proximal promoter
region of c-fos, including the region of the CRE (26, 60).
Chromatin remodeling could therefore have a role in estab-
lishing or altering the physical state of the gene in relation to
the transcriptional apparatus. We have presented evidence
that BRG1, functioning as a component of the hSWI-SNF
complex, specifically represses transcription directed by a tran-
siently transfected mouse c-fos promoter and also of that di-
rected by the endogenous human c-fos gene. A human c-fos
proximal promoter construct was also repressed by BRG1 in
SW-13 cells (data not shown). This is the first report docu-
menting regulation of an endogenous gene by BRGI1 and
hSWI-SNF. Using transfected promoters, we also demon-
strated that repression requires Rb, which is known to bind
directly to BRG1. It remains to be determined if repression of
the endogenous (as opposed to transfected) c-fos promoter
also depends on Rb. We have shown that endogenous
GAPDH mRNA is unaffected by BRG1, consistent with the
data presented in Fig. 1 demonstrating that BRG1 acts specif-
ically. It will be interesting to determine if the effect of BRG1
on endogenous c-fos is highly selective or if additional genes
are regulated similarly.

We demonstrated that ectopic expression of BRG1 results in
potentiation of GR-dependent transcription and that repres-
sion of the c-fos promoter involves the DNA-dependent
ATPase domain of BRG1. These results strongly suggest that
BRGTI acted in our experiments as a component of the SWI-
SNF complex. It should be pointed out, however, that under
our transfection conditions (approximately 30% of the cells are
transfected), there could be an excess of free BRGI in the
transfected cells and that this population of BRG1 could func-
tion to repress transcription. It remains to be determined if
c-fos transcription is repressed by intact SWI-SNF or by free
BRGL.

RD has previously been implicated in two types of BRG1 (or
hBRM)-mediated transcriptional regulation: activation of GR-
dependent transcription and repression of E2F-dependent
transcription. Despite the involvement of Rb, we found that
GR-dependent transcription and E2F-dependent transcription
do not have a role in the repression of c-fos. For instance,
expression of BRG1 alone (i.e., in the absence of GR and
dexamethasone) had no effect on transcription of the GR-
dependent MMTV promoter (Fig. 1). This indicates that re-
pression of c-fos (which only requires BRG1) is not mediated
through a GR-dependent process. Similarly, we found that
ablation of E2F-dependent transcription using dominant-neg-
ative DP-1 mutants had no effect on c-fos transcription (Fig. 7),
demonstrating that BRG1 cannot repress c-fos simply through
inhibition of E2F activity. These results strongly suggest that
the BRG1-Rb interaction leads to repression of c-fos by way of
a distinct mechanism, possibly through interactions with other
Rb-binding proteins. Since Rb is itself a highly regulated pro-
tein, our data also suggest that the Rb-BRG1 complex dictates
a number of important cell cycle-related transcriptional changes.

Considering the —76 to +10 region of the c-fos promoter in
isolation, mutation of the CRE (in pm28) resulted in complete
loss of sensitivity to BRG] in our assays. A CRE is also located
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in the corresponding location of the human promoter. Thus, a
possible model for the effect of BRG1 on c-fos could involve
nucleosomal rearrangement of the c-fos promoter (already oc-
cupied by ATF/CREB) and repression of ATF/CREB-depen-
dent transcription by an Rb-associated histone deacetylase (6,
44, 45). Interestingly, the CRE is known to bind transcription
factor ATF-2, which was reported to interact directly with Rb
(34) (in that case, the ATF-2-Rb interaction correlated with
transcriptional activation, not repression). We have detected
ATF-2 in extracts of SW-13 cells by Western blot analysis using
a specific antibody against ATF-2 (data not shown), and ex-
periments are now in progress to examine its role in BRG1-
mediated repression. However, the lack of responsiveness of
pm28 to BRG1 could simply be due to the fact that the tran-
scriptional activity of this mutant is very low, thus preventing
the observation of an effect of BRG1 acting through some
other component of the transcriptional machinery.

In transgenic mice carrying fos-lacZ fusion genes, transcrip-
tion was found to be critically dependent on several distinct
regulatory elements, suggesting that they act in an interdepen-
dent manner. This interdependency is consistent with our
observation that BRG1 can affect both cAMP, and IL-6-stim-
ulated transcription, even though the signaling pathways in-
volved appear quite distinct (59, 63). Therefore, h\SWI-SNF,
possibly acting through the CRE, may act on the endogenous
gene in a broader context. These questions are currently under
investigation, as is the precise role of Rb in this process.

Transcriptional repression of c-fos by an Rb control element
(RCE), located between positions —102 and —71 of the human
c-fos promoter, has been previously described (11, 58, 68). The
RCE contains an SP1-like binding site which is critical for its
function, and a consensus SP-1 site is found in the —76 to +10
region of the mouse promoter studied here. In our experi-
ments, the SP1 site played little or no role in BRG1-mediated
repression. Replacement of this site with a heterologous se-
quence resulted in a significant drop in c-fos promoter activity,
but the remaining activity was still largely sensitive to repres-
sion by BRG1 (Fig. 5). Consistent with this, the simian virus 40
enhancer-promoter, which contains several binding sites for
SP1 (20), was unaffected by BRG1 expression (Fig. 1). How-
ever, it is intriguing that Rb can trigger repression through a
homologous sequence in the human promoter, and we do not
know if BRG1 is involved mechanistically with the RCE.

A recent report has implicated hSWI-SNF in a tumor su-
pressor function (71), and earlier it was shown that expression
of BRG1 in SW-13 cells results in growth arrest with a flat cell
morphology after a prolonged 10-day incubation (15). It is
interesting that growth arrest does not typically result in inhi-
bition of c-fos transcription. For instance, cells arrested in G,
or other phases of the cell cycle are able to support rapid
transcriptional activation of the c-fos gene by various inducers,
including serum, growth factors, and cAMP (5, 13, 43, 48, 64).
This feature of c-fos regulation is inconsistent with the idea
that repression by BRG1 is a simple consequence of growth
arrest. In fact, since c-fos is required for normal mitotic growth,
as well as the G-to-G, transition (36), it is likely that repres-
sion of c-fos plays an important role in subsequent growth
arrest. As noted above, the findings that Rb can associate with
the c-fos promoter in vitro and that BRG1 can bind to Rb
make it highly likely that repression of c-fos transcription by
BRG1 is due to direct action at this promoter. In addition, data
presented in Fig. 4 support this idea. These data establish that
a threshold level of BRGI is required for repression to occur.
Specifically, we observed that when ongoing BRG1 synthesis
was limited by addition of tetracycline, repression was com-
pletely abolished even though the level of BRG1 protein only
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decreased to about a third of its maximal level. This level of
BRGT1 protein corresponds to that seen 30 to 36 h p.i. in the
absence of tetracycline. Since this time period is precisely when
repression is initially observed, there seems to be a close link
between BRG1 protein and transcriptional repression of c-fos.

As noted by Trouche et al., repression by BRG1 or hBRM
may be considered problematic in that these proteins are usu-
ally credited with a coactivator function (66). Along with their
results, ours suggest that the nucleosome remodeling activity
of SWI-SNF can favor either activation or repression. As such,
the effect of nucleosome remodeling on transcription might
depend on whether binding by an activator or a repressor is
facilitated by this activity at any particular locus.
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