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In mammalian cells, the SWI-SNF chromatin-remod-
eling complex is a regulator of cell proliferation, and
overexpression of the catalytic subunit Brm interferes
with cell cycle progression. Here, we show that treat-
ment with histone deacetylase (HDAC) inhibitors
reduces the inhibitory effect of Brm on the growth of
mouse fibroblasts. This observation led to the identifi-
cation of two carboxy-terminal acetylation sites in the
Brm protein. Mutation of these sites into non-acetyla-
table sequences increased both the growth-inhibitory
and the transcriptional activities of Brm. We also
show that culture in the presence of HDAC inhibitors
facilitates the isolation of clones overexpressing Brm.
Removal of the HDAC inhibitors from the growth
medium of these clones leads to downregulation of
cyclin D1. This downregulation is absent in cell trans-
formed by oncogenic ras.
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Introduction

The SWI-SNF complex is a chromatin-remodeling com-
plex that uses the energy of ATP hydrolysis to alter the
accessibility of promoter regions embedded in nucleoso-
mal structures. The complex has been associated with both
transcriptional activation and repression, as it may favor
recruitment to the DNA of both activators and repressors.
In mammals, the SWI-SNF complex appears to play a
central role in the control of cell proliferation. The SNF5/
INI1 subunit is encoded by a tumor suppressor gene
inactivated in malignant rhabdoid tumors, a very aggres-
sive form of pediatric cancer (Versteege et al., 1998). Two
other subunits, Brm and Brgl, are also involved in
regulation of cell growth. Both these proteins are DNA-
dependent ATPases, harboring the catalytic activity of the
SWI-SNF complex. Each is associated with different
subpopulations of SWI-SNF complexes diverging by one
or more subunits and possibly having different cellular
functions (for a review see Klochendler-Yeivin et al.,
2002). Brm and Brgl are frequently downregulated,
silenced or mutated in malignant cells, including cells
derived from several bladder, lung and prostate tumors
(Wong et al., 2000; Decristofaro et al., 2001; Reisman
et al., 2002, 2003). Brm is also systematically down-
regulated in rhabdoid tumors lacking SNF5/INII
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(Muchardt and Yaniv, 2001). Inactivation of Brgl by
homologous recombination in mouse is embryonic lethal
at a pre-implantation stage but tumors are detected in
animals heterozygous for the mutation (Bultman et al.,
2000). Mice lacking a functional Brm gene are viable, as
inactivation of this gene causes upregulation of the Brgl
gene, possibly compensating for the absence of Brm.
However, the mice show increase body weight and a clear
deregulation of cellular growth control (Reyes et al.,
1998).

The SWI-SNF complex appears to affect the cell cycle
control machinery at several levels. First, Brm and Brgl
interact with the Retinoblastoma family of proteins and
can cooperate with pl0O5Rb to induce G-growth arrest in
Brm/Brgl-deficient cells (Dunaief er al., 1994; Strober
et al., 1996; Strobeck et al., 2000). Brm was also shown to
cooperate with pl10O5SRb for repression of E2F-mediated
transcription, and several lines of evidence suggest that the
SWI-SNF complex is a regulator of cdc 2, cyclin A and
cyclin E (Trouche et al., 1997; Zhang et al., 2000).
Inversely, the Brgl growth-arresting activity is controlled
by cyclin E by a mechanism apparently independent of Rb
(Shanahan et al., 1999). Also, transcriptional regulation by
the tumor suppressor p53 requires intact SWI-SNF
complex (Lee et al., 2002a). More indirectly, Brgl has
been shown to function as a transcriptional repressor of the
API1 family member c-fos (Murphy et al., 1999).

In earlier studies, we reported that expression of
exogenous Brm prevents proliferation of normal mouse
fibroblasts. Upon transformation by oncogenic ras,
fibroblasts become less sensitive to Brm overexpression,
and exogenous Brm does not lead to growth arrest of the
transformed cells but rather reverts the transformed
phenotype (Muchardt et al., 1998; Bourachot et al.,
1999). These observations pinpoint a possible role for
the Brm protein in cellular transformation by ras.

Interestingly, in the ras-transformed cells, as well as in
cells transformed by other oncogenes such as raf and
Polyoma middle T, the levels of endogenous Brm are
strongly reduced (Muchardt et al., 1998). Such gene-
silencing events are frequently observed in tumor cells
and, in many cases, are due to hypo-acetylation of the
chromatin embedding the gene (Farias et al., 2002; Guo
et al., 2002; Abdollahi et al., 2003). This prompted us to
investigate the effect of HDAC inhibitors on Brm expres-
sion in ras-transformed cells. We found that expression of
Brm is indeed stimulated in the presence of either
trichostatin A (TSA) or sodium butyrate (NaBut).
However, treatment with HDAC inhibitors was also
correlated with a decreased growth-controlling activity
of Brm. This observation led to the characterization of an
unexpected negative regulation mechanism of Brm activ-
ity through acetylation of its carboxy-terminal region.
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Results

Expression of Brm is upregulated in
ras-transformed mouse fibroblasts in the

presence of HDAC inhibitors

We previously showed that DT cells, derived from NIH
3T3 by stable expression of Ki-ras, display strongly
decreased levels of Brm compared with the parental mouse
fibroblasts. Expression of Brgl, the alternative catalytic
subunit of the SWI-SNF complex, is not affected by
transformation (Muchardt et al., 1998). To determine
whether the reduced expression of Brm was linked to
hypo-acetylation, we investigated the effect of HDAC
inhibitors on Brm expression in DT cells. Elevated levels
of Brm in the presence of HDAC inhibitors have
previously been observed in human adrenal adenocarci-
noma-derived SW13 cells (Yamamichi-Nishina, 2003).
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Both trichostatin A (TSA) and sodium butyrate (NaBut)
caused increase in the levels of Brm protein, correlated
with increased levels of mRNA (Figure 1A, DT, compare
lane 1 with lanes 2 and 3, and Figure 1B, compare lanes 2,
4 and 6). HDAC inhibitors had no effect on RNA stability
(data not shown) and the expression levels of two other
SWI-SNF subunits, Brgl and BAF155, were unchanged
(Figure 1A, DT). We next tested the effect of HDAC
inhibitors on a DT-derived clone expressing an HA-tagged
version of Brm under the control of the viral MoMuLV
LTR (DT21 cells). In this cell line, which has partially lost
its transformed phenotype, the total level of Brm is ~20-
fold higher than in the parental DT cells; levels of Brgl
and BAF155 are not significantly different between the
two cell lines (Figure 1C). Expression of the Brm
transgene, detected via the epitope tag, was, like the
endogenous Brm, strongly increased in the presence of
TSA/NaBut (Figure 1A, DT21). We also examined two
DT-derived cell lines expressing a Brm protein either
mutated in its ATP-binding site or deleted in its carboxy-
terminal region (DTAATP and DTACter cells, respect-
ively). These two mutants were previously shown to be
defective in reversing the transformed phenotype of DT
cells. Expression of these two mutant proteins was not
increased in the presence of HDAC inhibitors (Figure 1A,
DTACter and DTAATP).

Owing to the presence of oncogenic ras, growth of the
DT cells is only moderately slowed when the cells are
cultured in medium containing reduced concentrations of
serum (~2-fold reduction, see Figure 1D). In contrast,
growth of the derived DT21 cells expressing exogenous
wild-type Brm is severely impaired at low serum concen-
trations (10-fold reduction). Culture of the DT and DT21
cells in the presence of NaBut also reduced the growth
rate. However, we noted that the effect was more
pronounced in the DT cells that express very low levels
of Brm than in the DT21 cells that express very high levels
of the protein under these conditions. Surprisingly, this
suggested that the Brm protein accumulating in the DT21

Fig. 1. HDAC inhibitors cause re-expression of Brm in transformed
mouse fibroblasts. (A) DT, as well as cell lines derived from DT and
expressing HA-Brm constructs either wild-type (DT21), mutated in the
ATP-binding site (DTAATP) or lacking amino acids 1342-1586
(DTACter), were cultured in the absence (lane 1) or presence of either
NaBut (lane 2) or TSA (lane 3). DT cells: 60 ug of total extract was
analyzed by western blot using anti-Brm, anti-Brgl or anti-BAF155
antibodies. DT21, DTAATP and DTACter cells: 20 pg of total extract
was analyzed by western blot using anti-HA, anti-Brgl or anti-BAF155
antibodies. It should be noted that, under these conditions, detection of
Brm in DT cells required ~10-fold longer exposure times compared
with DT21 cells. (B) Total RNA extracted from DT cells grown in
either the absence (lanes 1 and 2) or the presence of NaBut (lanes 3
and 4) or trichostatin A (lanes 5 and 6) was used to prepare cDNA in
either the absence (— lanes) or the presence (+ lanes) of reverse tran-
scriptase. cDNAs were then amplified in semiquantitative PCR using
primers specific for either Brm or B-actin as indicated. PCR products
were detected by Southern blot. (C) Extracts from either ras-trans-
formed mouse fibroblasts (DT, lane 1) or ras-transformed mouse fibro-
blasts expressing an HA-Brm transgene (DT21, lane 2) were analyzed
by western blot with anti-Brm, anti-Brgl or anti-BAF155 antibodies as
indicated. (D) Cells (10%) were inoculated in medium containing 7%
serum (control), 7% serum and 1 mM NaBut (NaBut), 0.25% serum
and no NaBut (low serum) or 0.25% serum and 1 mM NaBut (NaBut +
low serum). Live cells were counted after 5 days. Indicated measures
are averages from two independent experiments.



Table I. Mutation of Brm acetylation sites is incompatible with colony
formation

Transfected plasmids Number of clones

Without NaBut With NaBut

Selection of
neomycin-resistant clones?
neo’ 269 (100%)
neo’ + HA-Brm wt 48 (16%)
neo’ + HA-Brm mutK 9 3%)
Brm expression in
neomycin-resistant clones®
neo" + HA-Brm wt
neo” + HA-Brm mutK

181 (67.3%)
44 (24%)
14 (7%)

13/35 (37.1%)
0/14 (0%)

1/18 (5.5%)
0/9 (0%)

*WT HA-Brm and HA-Brm mutK constructs were inserted in an
expression vector harboring a neomycin resistance gene. NIH 3T3 cells
were transfected with either vector without insert or the indicated Brm
constructs. After 14 days of selection in the presence of neomycin and
in the absence or in the presence of 1 mM NaBut, colonies were
counted. The experiment was repeated three times. The table shows a
representative experiment

bSeveral neomycin-resistant clones were isolated and assayed by
western blot for expression of the transgene.

cells upon treatment with HDAC inhibitors was poorly
effective in reducing cell growth.

Taken together, our observations show that HDAC
inhibitors can at least partially relieve repression of Brm
expression in ras-transformed cells. However, the mech-
anism leading to increased levels of Brm is not promoter
specific and only affects expression of wild-type active
Brm, but not mutants that fail to affect cell growth. Finally,
the pool of Brm protein expressed in the presence of
HDAC inhibitors seems to show reduced growth-inhibi-
tory activity. These observations favor a model in which
HDAC inhibitors do not directly control Brm expression,
but rather increase the cellular tolerance for augmented
levels of partially inactive Brm.

HDAC inhibitors reduce the ability of Brm to affect
cell growth

To address more directly the effect of HDAC inhibitors on
Brm activity, we used the non-transformed NIH 3T3
mouse fibroblasts. Unlike the ras-transformed DT cells,
NIH 3T3 display a poor tolerance for overexpression of
Brm, and generation of clones expressing exogenous Brm
is very inefficient. Therefore these cells provide a good
model for evaluation of the effect of HDAC inhibitors on
the growth-suppressing properties of Brm. Cells were
transfected with either a plasmid expressing HA-Brm or
an empty plasmid. In both cases, the constructs included a
selective marker (neomycin resistance). Selection was
carried out for 2 weeks in either the absence or the
presence of NaBut. Although less specific, NaBut was
chosen over TSA as it appeared less deleterious for cell
growth during long-term treatment. Results are summar-
ized in Table I. In the absence of NaBut, ~6-fold fewer
neomycin-resistant colonies were detected in the presence
of HA-Brm. Western blot analysis showed that out of 18
colonies tested, only one expressed the HA—Brm protein,
and only at very low levels. In the presence of NaBut,
approximately the same number of neomycin-resistant
colonies was detected but in this case more than one third

Acetylation of Brm

of these expressed the HA-Brm protein. These observa-
tions clearly indicate that in non-transformed cells, HDAC
inhibitors increase the tolerance to overexpressed Brm.

Brm is a substrate for acetylation

The decreased growth-inhibitory activity of Brm in the
presence of HDAC inhibitors led us to investigate whether
the Brm protein may itself be a substrate for factor
acetyltransferases (FATs). Brm was immunopreciptated
from NIH 3T3 extracts, resolved by SDS-PAGE and
blotted on membrane. The immunoprecipitated protein
could be detected with antibodies specific for acetylated
lysines (anti-AcK antibodies), indicating that Brm is
acetylated in vivo (Figure 2A). Transfection of several
deletion mutants, followed by immunoprecipitation and
detection with the anti-AcK antibodies, showed that
acetylation sites were distributed throughout the protein
(Figure 2B). As a control, we observed that the anti-AcK
antibodies did not detect a large non-modified carboxy-
terminal fragment of Brm expressed in Escherichia coli as
a GST fusion (Figure 2B, lanes 5-7; see also a schematic
of GST—Cter, Figure 2C). To determine whether Brm
could associate with FATs in a cellular context, we
prepared extracts from cells cotransfected with expression
vectors for HA-Brm and the PCAF acetyltransferase.
Using these extracts, we found that PCAF was co-
immunoprecipitated with HA-Brm but not with HA-USF
used as a control (Figure 2D).

Examining the Brm amino acid sequence, we identified
several G/SK motifs throughout the protein, corresponding
to putative acetylation sites (Bannister et al., 2000). Two
of these sites matched the extended recognition motif
GKXXP (Kouzarides, 2000; Roth et al., 2001). These two
sites were clustered in the carboxy-terminal region,
immediately downstream of the Bromo-domain (see
diagram in Figure 2C). This region has previously been
shown to be essential for reversion of the ras-induced
transformed phenotype in mouse fibroblasts by Brm
(Bourachot et al., 1999). To determine whether the two
sites could actually be acetylated, we used the GST—Cter
fusion protein as a substrate for a GST-PCAF construct
containing the catalytic domain of the acetyltransferase.
The GST—Cter protein was found to be acetylated in vitro,
the reaction being ~50-fold less efficient than with histone
H4 (Figure 2E). This level of acetylation is comparable
with that previously reported for pS3 (Liu et al., 2000). We
then mutated the lysine residues present in the two putative
acetylation sites into arginines, conserving the overall
charge but rendering the sites non-acetylatable (GST-Brm
mutK construct). This construct was not acetylated by
GST-PCAF (Figure 2F, lane 2).

To determine whether the carboxy-terminal consensus
acetylation sites were acetylated in vivo, we raised
polyclonal rabbit antibodies directed against a peptide
spanning amino acids 1531-1546 and acetylated on lysine
residues 1532, 1534, 1535, 1541 and 1543. These
antibodies (anti-BrmAcK) detected only the acetylated
peptide and not a non-modified peptide with the same
sequence (Figure 3A). We then transfected 293T cells with
expression vectors for full-length WT or mutK Brm in
either the absence or the presence of NaBut. Using the
anti-BrmAcK antibodies, we detected WT Brm upon
treatment with NaBut. Under the same conditions, the
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Fig. 2. The Brm protein is acetylated in vivo. (A) Brm was immunoprecipitated from NIH 3T3 cell extracts and analyzed by western blot using either
anti-Brm antibodies (lane 1) or antibodies specific for acetylated lysines (lane 2). (B) C33A cells were transfected with the indicated constructs. Brm
proteins were immunoprecipitated using anti-HA antibodies and then analyzed by western blot using either anti-Brm or anti-acetyl lysine antibodies as
indicated. In lane 3, the Brm protein is indicated by an asterisk. Specificity of the anti-acetyl lysine antibodies was tested on the indicated amounts of
bacterially produced non-modified GST-Cter fusion protein (lanes 5 and 6). (C) Upper panel: schematic representation of the Brm constructs. The
black box represents the HA epitope tag, and the shaded box represents GST. Lower panel: carboxy-terminal region of either wild-type Brm (Brm) or
Brm mutated in consensus acetylation sequences (mutK). Consensus acetylation sequences are boxed. (D) C33A cells were transfected with a
Flag-PCAF expression vector and expression vectors for either HA-Brm (lanes 1 and 3) or HA-USF (lanes 2 and 4). Immunoprecipitations were per-
formed using anti-HA antibodies. The presence of PCAF in the extracts (lanes 1 and 2) and in the immunoprecipitate (lanes 3 and 4) was analyzed by
western blot using anti-flag antibodies. (E) Carboxy-terminal GST fusion protein spanning amino acids 1189-1569 (GST—Cter) or purified histone H4
from calf thymus was incubated in the presence of the catalytic domain of PCAF produced in E.coli and radioactively labeled acetyl coenzyme A.
Reactions were then resolved by SDS-PAGE and protein acetylation was detected by autoradiography. (F) GST—Cter either WT or mutated in the
consensus acetylation sequences shown in panel C (GST-mutK) was incubated as above in the presence of the catalytic domain of PCAF. Reactions
were then resolved by SDS-PAGE and protein acetylation was detected by autoradiography (top). The protein content of the reactions was visualized

by Coomassie blue staining (bottom).

mutK construct was not detected (Figure 3B). These compared it with the adrenal cortex carcinoma cell line
experiments show that treatment with the HDAC inhibitor SW13 that expresses neither Brgl nor Brm (Figure 3C).
leads to increased acetylation of the carboxy-terminal Using the anti-BrmAcK, we observed a strong increase in
consensus acetylation sites. To address acetylation of the nuclear signal detected when OV1063 but not SW13
endogenous Brm, we used the OV1063 cell line derived cells were treated with NaBut (compare Figure 3D and E
from an ovarian carcinoma. This cell line fails to express with Figure 3F and G). Consistent with mitotic degrad-
endogenous Brgl but contains high levels of Brm. We ation of Brm in human cells (Muchardt et al., 1996), the
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Fig. 3. The carboxy-terminal consensus acetylation sites are acetylated in vivo. (A) The indicated amounts of either non-modified or acetylated peptide
were spotted onto nitrocellulose membrane. The peptides corresponded to amino acids 1531-1546 of the Brm sequence. The acetylated peptide was
acetylated on all its lysine residues. The peptides were detected using the polyclonal rabbit anti-BrmAcK antibodies raised against the acetylated
peptide. (B) 293T cells were transfected with expression vector for either WT Brm (lanes 3 and 4) or Brm mutK mutant carrying non-acetylatable
carboxy-terminal acetylation sites (lanes 1 and 2). Extracts were resolved by SDS—-PAGE and proteins were detected first using the anti-BrmAcK
antibodies (bottom panel) and then using anti-Brm antibodies (top panel). (C) Extracts from either SW13 or OV1063 cells were resolved by
SDS-PAGE and western blots were performed with the indicated antibodies. (D-K) OV1063 or SW13 cells were cultured for 12 h in the presence of
10 mM NaBut, and then fixed and stained with anti-BrmAcK antibodies. DNA was stained with DAPI. Scale bar, 10 um.

anti-BrmAcK antibodies did not label mitotic OV1063
cells (Figure 3E and I, bottom cell). We concluded from
these experiments that endogenous Brm is also acetylated
at its carboxy-terminal sites.

Mutation of the carboxy-terminal acetylation sites

modifies the growth controlling properties of Brm

To address the function of Brm acetylation, we first
immunoprecipitated the SWI-SNF complex from
OV1063 cell extracts using anti-Brm antibodies in either
the absence or the presence of NaBut. Treatment with the
HDAC inhibitor did not dissociate Brm from the BAF155
and SNF5/INI1 subunits, suggesting that acetylation of Brm
does not lead to dissociation of the SWI-SNF complex. We
then concentrated our efforts on the carboxy-terminal
acetylation sites. These sites are located in a protein region
that has not been associated with any specific function.
However, they are neighboring the acetyl-histone-binding
bromo-domain, the DNA binding AT-hook and the LXCXE
motif binding the pocket domain of the Retinoblastoma
family of protein. Therefore we questioned whether the
acetylated region was involved in proper folding of the
carboxy-terminal domain of Brm. To address this issue, we
expressed in E.coli either GST—Cter, a construct lacking
amino acids from 1528 to the end of the protein, and a
version of GST—Cter carrying six histidine residues at the
carboxy-terminus. These proteins were tested under native
conditions for DNA binding using gel mobility shift assays.
All constructs bound the labeled DNA probe under these
conditions (Figure 4B, lanes 2, 6 and 10). However, when
challenged with polydAdT competitor DNA, the additional

histidine tail was strongly destabilizing (compare lanes 4—5
and 12-13), whereas deletion of the acetylated domain was
moderately stabilizing (compare lanes 5 and 9). These
experiments suggested that the carboxy-terminal tail of
Brm, substrate for acetylation, plays arole in the folding of a
larger area containing several domains of interaction with
structural or regulatory chromatin components. To illus-
trate this issue further, we tested pl0OSRb pocket binding-
activity of Brm expressed in vitro as a 33S-labeled protein.
Association of Brm with the p105Rb pocket was not visibly
affected by deletion of a large carboxy-terminal region
spanning amino acid 1341 to the end, indicating that this
region is not strictly required for binding to pl05Rb
(Figure 4C). However, when Brm binding was challenged
with Brm(1531-1546) peptide, we observed partial elution
of the pl05Rb-associated Brm. Interestingly, elution was
not obtained when using either the acetylated version of the
peptide or an unrelated peptide (Figure 4D). When coupled
to beads, the non-modified Brm(1531-1546) peptide was
also found to bind p105Rb weakly independently of the rest
of the Brm protein. This interaction was strongly decreased
when using acetylated Brm(1531-1546) peptide
(Supplementary figure 1 available at The EMBO Journal
Online). These observations suggest that the carboxy-
terminal acetylation sites are involved in interaction of Brm
with Rb, possibly with a stabilizing role. They also suggest
that acetylation of Brm may weaken the pl05Rb-Brm
interaction.

To further address the role of the carboxy-terminal
acetylation sites in vivo, an HA—Brm construct containing
the lysine to arginine mutations (HA-Brm mutK) was
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Fig. 4. The carboxy-terminal region of Brm in its non-acetylated form interferes with the Brm—p105Rb interaction. (A) OV1063 cells were cultured in
the absence or presence of 10 mM NaBut and then used for the preparation of total extracts. Immunoprecipitation was performed using polyclonal
goat anti-Brm antibodies. Extracts (lanes 1 and 2) and immunoprecipitates (lanes 3 and 4) were resolved by SDS-PAGE and western blots were
performed using the indicated antibodies. (B) GST—Cter (lanes 2-5), or a shorter version lacking amino acids from 1528 to the end (lanes 6-9) or a
version carrying an additional 6xHIS carboxy-terminal tag (lanes 10-13) were used in gel mobility shift assays. Competition was performed using
synthetic polydAdT at the indicated amounts. Migration of the probe in the absence of protein is shown in lane 1. (C) Either GST (lane 2) or
GST-Rb(379-792) (lane 3) were bound to glutathione—agarose beads and assayed for binding of either full-length (top panel) or ACter (bottom panel)
Brm proteins synthesized in vitro and labeled with [33S]methionine. Lane 1 shows a tenth of the Brm/ACter input. (D) As in (C), in vitro labeled WT
Brm was incubated with beads associated with either GST (lanes 1-3) or GST-Rb(379-792) (lanes 4—-6). Brm—Rb binding was then challenged with
2 pg/ul of HA peptide (lanes 1 and 4), Brm 1531-1546 peptide (lanes 2 and 5) or the acetylated version of this peptide (lanes 3 and 6). Eluate was
collected (top panel) and the beads were then heated in loading buffer to obtain quantitative elution (middle panel). Bound proteins were detected by
autoradiography or Coomassie brilliant blue staining. Lane 8 shows the Brm input.

transfected into 293T cells. These cells were then used to
prepare extracts. Immunoprecipitation assays showed that
the mutant protein was not impaired in its ability to
associate with BAF155 and SNF5/INI1 (data not shown).
We next transfected the HA-Brm mutK construct into
NIH 3T3 cells, and colony formation was scored as
described above (Table I). With this construct harboring
non-acetylatable sites, 30-fold less neomycin-resistant
colonies were obtained compared with the vector without
insert in the absence of NaBut. This corresponded to a 5-
fold decrease in the number of colonies compared with
wild-type HA-Brm. Western blot analysis showed that
none of these colonies expressed the mutant HA-Brm
protein. These observations show that mutation of the
carboxy-terminal acetylation sites into non-acetylatable
sequences potentiates the negative effect of Brm on cell
growth. Further, we found that in the presence of NaBut,
expression of Brm in neomycin-resistant colonies was not
improved when using the HA-Brm mutK construct. This
contrasted with the increased number of neomycin-resist-
ant colonies expressing Brm in the presence of NaBut
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observed with the wild-type HA-Brm construct. These
results suggested that, unlike the wild-type Brm construct,
NaBut does not reduce the growth-inhibitory effect of the
HA-Brm mutK mutant.

Transient accumulation of Brm in NIH 3T3 cells
causes downregulation of cyclin D1

As described above, selection of stably transfected clones
in the presence of NaBut allowed the isolation of NIH
3T3-derived clones expressing HA—Brm. Such cells have
not been previously available because of the negative
effect of Brm on cell growth. Removal of the NaBut from
the growth medium caused silencing of the transgene
within ~5 days (Figure 5B). This contrasted with the DT
cells where exogenous Brm could be detected for several
weeks under normal NaBut-free growth conditions.
During the transition phase, expression of HA-Brm in
NIH 3T3 showed a mosaic pattern, and uniform expression
in all cells could be recovered within 4 days after re-
addition of NaBut (Figure 5A). Removal of the NaBut
from the growth medium also correlated with increased
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Fig. 5. Overexpression of Brm in non-transformed mouse fibroblasts. (A) NIH 3T3-derived clones expressing WT HA-Brm were cultured in either the
absence or the presence of NaBut. Cells were fixed with paraformaldehyde and indirectly stained with anti-HA antibodies. DNA was stained with
DAPI. Identical results were obtained with two different clones. The panel shows clone NIHS. (B) NIHS cells were transferred from medium contain-
ing 1 mM NaBut to medium without NaBut. Extracts were prepared at the indicated time-points (lanes 1-4). NIHS cells were also cultured for 6 days
in the absence of NaBut (lane 5) and then the medium was supplemented with 1 mM NaBut for 4 days. Extracts were analyzed by western blot using
either anti-HA tag or anti-BAF155 antibodies as indicated. (C) Parental NIH 3T3 or DT cells (lanes 3—4) or derived clones expressing WT HA-Brm
(lanes 1-2) were cultured in the presence of 1 mM NaBut (lanes 1 and 3). Then the NaBut was removed from the medium and cells were harvested
after 4 days (lanes 2 and 4). Extracts were analyzed by western blot using the indicated antibodies. (D) As in (C), cells expressing WT HA-Brm were
cultured in the presence of NaBut (lane 1) and then NaBut was removed from the medium for 4 days (lane 2). Extracts were analyzed by western blot
using the indicated antibodies. An extract from parental NIH 3T3 cells cultures in the absence of NaBut is shown in lane 3.

levels of dephosphorylated p105Rb and p130, frequently
associated with a prolonged G; phase of the cell cycle
(Figure 5D). However, levels of cyclin A, cyclin E and
HDACI did not appear to be affected (Figure 5C). A
recent study demonstrated that re-expression of the SWI-
SNF subunit SNF5/INI1 in tumor cells lacking this subunit
induced growth arrest and repression of cyclin DI
transcription (Zhang et al., 2002). Therefore we examined
the levels of cyclin D1 during the transition phase after
removal of the NaBut from the medium. As shown in
Figure 5C, a clear decrease in the level of cyclin D1 was
observed in the cell line expressing HA—Brm, but not in
the parental NIH 3T3 cells (for cyclin D1 in NIH 3T3,
compare lanes 1-2 and 3-4). Interestingly, cyclin D1 was
unaffected in the ras-transformed DT cells expressing
HA-Brm (Figure 5C, bottom panel). Possibly, stimulation

of cyclin D1 transcription by activated ras may overcome
the repressive effect of Brm.

HDAC inhibitors negatively regulate transcriptional
activation by Brm

Growth control by Brm has been associated with negative
regulation of E2F-mediated transcription in cooperation
with Rb family members. However, Brm also functions as
a transcriptional activator and can cooperate with the
glucocorticoid receptor (GR) to activate the MMTV LTR
(Muchardt and Yaniv, 1993). To determine whether the
activator function of Brm is also affected by HDAC
inhibitors, we cotransfected human cervical carcinoma
C33A cells with GR and Brm expression vectors in either
the absence or the presence of NaBut. The C33A cells
were chosen because they are efficiently transfected and
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Fig. 6. Increased transcriptional activity of a non-acetylatable Brm mutant. (A) An MMTV-luciferase reporter construct (1 pg) was cotransfected in
C33A cells in either the absence or the presence of expression vectors for the glucocorticoid receptor (GR, 50 ng), WT Brm (3 pg), Brm mutated in
the ATP binding site within the catalytic domain (AATP, 3 ng) or Brm mutated within two carboxy-terminal consensus acetylation sequences (mutK,
3 ug) as indicated. Transfections were performed in either the absence (black bars) or the presence (shaded bars) of 10 mM NaBut. Results were aver-
aged from three independent experiments. Insert: expression levels WT Brm (lanes 1 and 2) and mutK (lanes 3 and 4) in transfected C33 cells in the
absence (lanes 1 and 3) or the presence (lanes 2 and 4) of 10 mM NaBut were analyzed by western blot using anti-Brm antibodies. (B) Transfections
were performed as in (A) using 1 ug of expression vectors for GCNS5 or PCAF, or 3 pg of expression vector for p300 as indicated.

fail to express endogenous Brm and Brgl (Muchardt and
Yaniv, 1993; Dunaief ef al., 1994). As shown in Figure 6,
GR activation itself was moderately increased by NaBut
treatment. In the presence of Brm, GR activation was
further stimulated 10—fold. This stimulation was entirely
inhibited in the presence of NaBut and activation became
similar to that observed with GR alone. A Brm construct
mutated in the ATP-binding site stimulated GR-mediated
activation less efficiently. This activity was also decreased
in the presence of NaBut. These observations indicate that
NaBut does not affect the Brm-independent activation by
GR, but inhibits the ability of Brm to cooperate with the
nuclear receptor. A similar result was obtained when
NaBut was replaced by TSA (data not shown). Finally, we
tested a Brm construct mutated in the two carboxy-
terminal acetylation sites. This construct was more active
than wild-type Brm and produced an 18—fold stimulation
of GR-mediated activation. However, activation by this
construct remained inhibited by NaBut, even though the
resulting activity was higher than that of wild-type Brm
under the same conditions. These observations suggest
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that the carboxy-terminal acetylation sites are involved in
the control of the transcriptional activity of Brm. However,
they also clearly indicate that other regions of Brm, or
molecular partners of this protein, are affected by the
HDAC inhibitor treatment.

To address the effect of different FATs on Brm activity,
we tested expression vectors for GCNS, PCAF and p300
for their ability to repress the transcriptional activity of
Brm. All constructs had little or no repressing effect on
activation by GR in the absence of Brm. p300 reduced
Brm-mediated activation ~4-fold. Best repression was
obtained with the two related acetyl-transferases GCN5
and PCAF that lead to 7- to 8-fold repression. To
determine whether the repressing effect of GCNS5 and
PCAF was associated with their FAT activity, we tested
GCNS5 and PCAF constructs mutated in their catalytic
domain. Surprisingly, the GCNS5 mutant construct retained
most of its repressing activity, suggesting that it represses
by sequestering Brm cofactors rather than by acetylating
the protein. Mutation in the PCAF construct was more
deleterious and this construct repressed transcription only



2-fold. These experiments suggested that only PCAF
repressed Brm activity through a mechanism involving
Brm acetylation.

Discussion

Negative regulation of Brm by acetylation

In the present study, we show that the activity of the Brm
protein is regulated by acetylation. Although the protein is
acetylated at multiple locations, two sites of acetylation,
clustered in the carboxy-terminal region of the protein,
appear to play a central role in this mechanism of
regulation. Mutation of these sites into non-acetylatable
versions creates a Brm protein with increased activity in
terms of inhibition of colony formation and transcriptional
activation. Therefore acetylation of Brm appears to be a
negative regulatory event. Negative regulation by acetyla-
tion has previously been reported for other proteins like
Sp3, HMGI/Y and Drosophila TCF (for review see
Kouzarides, 2000; Sterner and Berger, 2000; Braun ef al.,
2001).

Mouse fibroblasts transformed by ras can be partially
de-transformed in the presence of HDAC inhibitors
(Sugita et al., 1992; Lim et al., 2002). This process of
de-transformation can be correlated with an increased
accumulation of Brm protein. However, as Brm appears to
be partially inactive in its hyper-acetylated form, it is
likely that increased levels of Brm protein play only a
minor role in the process of de-transformation induced by
TSA or NaBut. This is consistent with the apparent
increased tolerance for exogenous Brm that we observe in
both transformed and non-transformed cells in the pres-
ence of HDAC inhibitors.

Studies using chromatin immunoprecipitations have
shown that the SWI-SNF complex is present on certain
promoters together with histone acetyltransferases.
Histone acetylation appears to facilitate recruitment of
Brm and Brgl that both contain bromo-domains believed
to form acetyl-histone binding modules (Agalioti et al.,
2002). We find that Brm can interact with the PCAF
acetyltransferase and, in vitro, this enzyme can acetylate
Brm. Furthermore, PCAF, but not GCNS5, when cotrans-
fected with Brm, reduces its transactivation potential
through a mechanism that is dependent on the acetyl-
transferase domain. In the same assay, p300 was less
efficient than PCAF at repressing Brm transcriptional
activity. However, we can not rule out that this FAT is also
involved in acetylation of Brm. At the level of the
promoters, the association of Brm with FATs and its
subsequent inactivation by acetylation may limit the
activity of the SWI-SNF complex in time and space, and
may restrict chromatin remodeling once the pre-initiation
complex has been recruited.

As mentioned earlier, the carboxy-terminal acetylation
sites are located in the vicinity of several domains
interacting with molecular partners of Brm. Our DNA
binding assays further suggest that the carboxy-terminal
region of Brm has a three-dimensional organization that
can easily be perturbed by modifying the most carboxy-
terminal residues. It is possible that one of the functions of
Brm acetylation is the modification of this carboxy-
terminal structure. Along that line, we observed that a
small peptide encompassing the sites of acetylation could

Acetylation of Brm

function as a competitor for Brm binding to the p105Rb
pocket domain. Folding of the carboxy-terminal domain of
Brm may bring the acetylatable region in proximity of the
associated p105SRb and stabilize its interaction with Brm.
Interestingly, the competition was only observed when the
lysines of the peptide were not acetylated, suggesting that
acetylation could destabilize Brm interaction with Rb
family members. It is noteworthy here that plOSRb is
involved in both the growth-controlling effect of Brm
(Strober et al., 1996) and its activation of the MMTV
promoter (Singh et al., 1995). Therefore it is possible that
a similar mechanism mediated by Rb family members
allows the mutK Brm construct not acetylatable on the
carboxy-terminal sites to be more active than WT in both
the colony formation assays and in the transcription
assays.

We have not yet investigated the possible acetylation of
other SWI-SNF subunits. However, we note that the
carboxy-terminal acetylation sites identified in Brm are
not present in the otherwise highly homologous Brgl
protein. Further studies will be required to determine
whether acetylation sites are located elsewhere in the Brgl
sequence, for example within its TSA-sensitive repressive
domain that was mapped to the helicase homology region
(Lee et al., 2002b). Brgl may also be indirectly regulated
by Brm acetylation as the abundant inactive acetylated
Brm present in cells treated with HDAC inhibitors may
compete with Brgl for binding to the rest of the complex
and thereby function as a dominant negative.

Interestingly, several SWI-SNF subunits, including
Brgl and SNF5/INII1, are also found associated with
HDACs within a corepressor complex known as Nco-R
(Underhill et al., 2000). In addition, repression of the c-Fos
promoter by Brgl is favored in the presence of HDACI
(Lee et al., 2002b). Similarly, we have observed that
HDACI1 is co-immunoprecipitated with Brm (data not
shown). It is likely that the main function of the HDAC
activities associated with the SWI-SNF complex is the
regulation of histone acetylation. However, the association
of the HDACs and SWI-SNF subunits within the same
complex suggests that the HDACs could also favor the
catalytic activity of the complex by maintaining Brm in a
de-acetylated state.

Brm regulates expression of cyclin D1

In earlier studies, we described ras-transformed cell lines
expressing exogenous Brm. However, we never succeeded
in expressing this transgene in the absence of activated ras.
Our current studies on Brm acetylation led us to select
Brm-expressing cells in the presence of NaBut. These
growth conditions that apparently caused reversible
inactivation of Brm activity allowed us to isolate numer-
ous NIH 3T3-derived clones expressing the Brm protein.
Unexpectedly, removal of the NaBut from the medium did
not cause growth arrest of these clones, but rather a rapid
downregulation of the Brm expression. Therefore it is
likely that the cells have means of neutralizing the Brm
pathway downstream of Brm, allowing them to overcome
transitory deregulation of Brm expression. During the
transition period, when the NaBut is removed from the
medium but Brm still persists, we observed that levels of
cyclin A and cyclin E were unchanged, consistent with the
fact that the cells were still cycling. However, we detected
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decreased levels of cyclin D1, as well as its likely
consequence: decreased phosphorylation of the pocket
proteins pl0O5Rb and p130. Interestingly, ras is a well-
characterized activator of cyclin D1 activity (Stacey and
Kazlauskas, 2002) and, in our cells, it appears to overrule
the negative regulation of the cyclin D1 by the SWI-SNF
complex. This mechanism may explain why Brm can be
overexpressed in ras-transformed but not non-transformed
cells.

Several lines of evidence now converge to suggest that
the SWI-SNF complex regulates cyclin D1. For instance,
in SWI13 adrenal cortex carcinoma cells that lack
endogenous Brm and Brgl, cyclin D1 can overcome the
formation of flat growth-arrested cells induced by re-
introduction of Brgl (Shanahan et al., 1999). Similarly,
one study on overexpression of SNF5/INI1, another SWI-
SNF subunit, shows that the growth arrest induced by this
protein in rhabdoid tumor-derived cell lines is overcome
by overexpression of cyclin D1. The study also provides
evidence that the SWI-SNF complex is recruited to the
cyclin D1 promoter in vivo, leading to its repression
(Zhang et al., 2002). These observations all point toward
repression of the cyclin D1 promoter by the SWI-SNF
complex. However, we cannot rule out that, upon
activation of ras, SWI-SNF also serves as an activator
of this promoter. In particular, we note that the Jun—Fos
APl complex that is downstream of the ras signal
transduction pathway and regulates the cyclin D1 pro-
moter positively, is known to cooperate with the SWI-
SNF complex in transcriptional activation (Ito et al.,
2001). More indirectly, PIP2, an end-product of the ras/
PI3K pathway, was shown to target the SWI-SNF
complex to chromatin, suggesting that ras activates rather
than represses SWI-SNF activity (Zhao et al., 1998). The
possible dual role of the SWI-SNF complex on the cyclin
D1 promoter depending on activation of ras is currently
under investigation.

Materials and methods

Cell culture

C33A, SW13, 0V1063, NIH 3T3, DT and derived cell lines were grown
at 37°C under 7% CO, in Dulbeco’s modified Eagle’s medium (DMEM)
supplemented with 7% fetal calf serum and antibiotics (penicillin and
streptomycin). When indicated, cells were cultured in the presence of
1 mM NaBut or 16.5 nM TSA. Drugs and medium were renewed
regularly. Neomycin-resistant clones were selected in medium supple-
mented with G418 (Muchardt et al., 1998) in either the presence or the
absence of NaBut. Brm expression in these clones was detected by
western blot.

Transient transfection assays

C33 cells were transfected by calcium phosphate precipitation as
previously described (Muchardt and Yaniv, 1993). Plasmid constructs
were previously described (Bourachot et al., 1999). When the cells were
transfected with GR expression vector, 10-° M dexamethasone was added
to the medium. When indicated, 10 mM NaBut was added to the medium
12 h after the transfection. Forty hours post-transfection, luciferase assays
were performed using the Promega luciferase kit according to the
manufacturer’s instructions.

Cell extracts, immunoprecipitation, western blot analysis
and gel mobility shift assays

Whole-cell extracts were prepared in p300 buffer containing 20 mM
NaH,PO,, 250 mM NaCl, 30 mM NaPPi, 0.1% NP-40, 5 mM EDTA,
5 mM dithiothreitol and protease inhibitors (Complete from Roche). After
lysis, protein concentrations were determined with Bio-Rad Bradford
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reagent. For western blot analysis, unless otherwise indicated, 20 pug of
protein were fractionated by SDS—PAGE and transferred to nitrocellulose
membranes. Enhanced chemiluminescence (ECL) reagents were used for
detection. For immunoprecipitations, after a pre-clear the extracts were
incubated with the indicated antibodies bound to Protein A (with the
12CAS anti-HA antibodies) or Protein G (with the goat anti-Brm N19
antibodies) in p300 buffer. After washing, immunoprecipitated proteins
were eluted in SDS-PAGE sample buffer. The immunoprecipitates were
then analyzed by western blot analysis with the indicated antibodies.
Various antibodies are described in the Supplementary data. Gel mobility
shift assays were performed as previously described (Bourachot et al.,
1999).

Immunofluorescence

The cells, grown on polylysine-treated coverslips, were fixed with 3.7%
paraformaldehyde for 10 min and then permeabilized with PBS Triton
X-100 0.5% for 15 min at room temperature. After washing with PBS—
Tween 20 0, 1%, the cells were incubated with the indicated primary
antibodies in PBS-Tween 20 0,1% supplemented with 10% serum.
Fluorescein-linked anti-rat or anti-rabbit secondary antibodies were used
for detection. The DNA was labeled with DAPI at 150 ng/ml.

RNA preparation and RT-PCR

Total RNA from DT cells was purified on CsCl cushion as previously
described (Sambrook et al., 1989). cDNA was synthesized from 2 pg of
RNA as described (Muchardt et al., 1998). One tenth was amplified for
30 cycles in a two-step PCR using Taq polymerase and mouse Brm and 3-
actin-specific primers to a total of 100 pl. Ten microliters of the PCR were
resolved on a 1.5% agarose gel and analyzed by Southern blotting using a
BamH1-Sac1 restriction fragment from the Brm cDNA and an EcoRI-
BamH1 restriction fragment from [-actin cDNA.

In vitro acetylation assays

Acetylation assays were performed as previously described (Gu and
Roeder, 1997). A typical reaction was performed in 50 pl containing 1—
2 ug of purified recombinant protein, 200 ng of PCAF HAT, 1.25 nmol
80 mCi/mmol ['“CJacetyl-CoA (NEN) in a buffer containing 50 mM
Tris—HCI pH 8, 1 mM EDTA and protease inhibitors. After incubation for
1 h at 30°C, the reactions were stopped by addition of SDS-PAGE sample
buffer and analyzed by SDS-PAGE. The gels were stained with
Coomassie brilliant blue and autoradiographed.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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