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ABSTRACT Forced expression of the retinoblastoma
(RB) gene product inhibits the proliferation of cells in culture.
A major target of the RB protein is the S-phase-inducing
transcription factor E2F1. RB binds directly to the activation
domain of E2F1 and silences it, thereby preventing cells from
entering S phase. To induce complete G1 arrest, RB requires
the presence of the hbrmyBRG-1 proteins, which are compo-
nents of the coactivator SWIySNF complex. This cooperation
is mediated through a physical interaction between RB and
hbrmyBRG-1. We show here that in transfected cells RB can
contact both E2F1 and hbrm at the same time, thereby
targeting hbrm to E2F1. E2F1 and hbrm are indeed found
within the same complex in vivo. Furthermore, RB and hbrm
cooperate to repress E2F1 activity in transient transfection
assays. The ability of hbrm to cooperate with RB to repress
E2F1 is dependent upon several distinct domains of hbrm,
including the RB binding domain and the NTP binding site.
However, the bromodomain seems dispensable for this activ-
ity. Taken together, our results point out an unexpected role
of corepressor for the hbrm protein. The ability of hbrm and
RB to cooperate in repressing E2F1 activity could be an
underlying mechanism for the observed cooperation between
hbrm and RB to induce G1 arrest. Finally, we demonstrate that
the domain of hbrm that binds RB has transcriptional acti-
vation potential which RB can repress. This suggest that RB
not only targets hbrm but also regulates its activity.

The retinoblastoma (RB) gene is often inactivated in a wide
variety of human tumors (1). It encodes a protein that is
regulated in a cell cycle-dependent manner (2). During the G1
phase of the cell cycle, RB is in an hypophosphorylated form,
which is presumably the active form of the protein. At the end
of the G1 phase, RB is phosphorylated by the cell cycle-
dependent protein kinases cyclin Dycdk4 or cdk6 (3).

The RB protein plays a central role in the control of the
G1yS transition (2) and can be inactivated by a variety of
S-phase-inducing viral transforming proteins such as the ad-
enovirus E1A protein (1, 4). Furthermore, ectopic expression
of RB in some transformed cell lines induces a growth arrest
into the G1 phase of the cell cycle (5). The domain of RB
responsible for this growth inhibitory activity consists of the
E1A interaction domain called the ‘‘pocket domain,’’ which
RB shares with two other proteins targeted by E1A, the p107
and p130 proteins (6). In addition to the pocket, the extreme
C terminus is also required for RB-induced growth arrest (5,
7).

RB is thought to inhibit cell proliferation, at least in part,
through its effect on transcription (3, 8). One of the major

targets of RB is the E2F transcription factor which is activated
at the G1yS transition and transactivates genes whose products
are required during the S phase of the cell cycle, such as the
dehydrofolate reductase or the DNA polymerase a genes (9).
E2F plays an important role in cell cycle control because
deregulated expression of the E2F1 protein induces cell entry
into S phase and can lead to transformation (10–12). The E2F
transcription factor is composed of heterodimers between one
of the five ‘‘E2F’’ proteins and one of the three ‘‘DP’’ proteins
(13). RB targets E2F1-, E2F2- and E2F3-containing het-
erodimers, where as p107 and p130 target E2F4- and E2F5-
containing heterodimers (14).

The RB protein contacts directly the E2F1 activation do-
main and silences it (15, 16). Furthermore, the E2F1yRB
complex is able to bind to promoters bearing E2F sites and
represses transcription mediated by these promoters (17). This
repression is likely to be mediated by an inhibitor domain
within the RB protein, because RB represses transcription
when targeted to a promoter through an heterologous DNA
binding domain (18, 19). In addition to repressing E2F poly-
merase II-regulated promoters, RB is also able to repress
transcription mediated by the RNA polymerases I and III (20,
21).

Several lines of evidence indicate that repression of E2F-
regulated promoters is responsible, at least in part, for RB-
induced growth arrest. Domains of RB responsible for repress-
ing E2F1 activity are indeed required for RB to inhibit cell
proliferation (5), and overexpression of E2F1 relieves the cell
cycle block induced by RB (22). Furthermore, an E2F1
mutant, which cannot activate transcription or bind RB, is
oncogenic, presumably because it is unable to recruit RB to
repress E2F-regulated promoters (23).

To efficiently block cells into the G1 phase of the cell cycle,
RB requires the presence of hbrmyBRG-1 activity (24). hbrm
and BRG-1 are the two known human homologues of the yeast
SWI2ySNF2 protein (25–27). They contain a helicase-like
domain, which exhibits DNA-dependent ATPase activity, and
a bromodomain located at the C terminus of the protein. These
proteins belong to two distinct large multimolecular SWIySNF
complexes, which are able to remodel chromatin structure in
vitro in the presence of ATP (28, 29). Through chromatin
remodeling, it can assist transcription factors such as GAL4 to
bind in vitro to their target DNA sequence on nucleosomal
DNA (30, 31). The SWIySNF complex possesses some prop-
erties of a specific coactivator, presumably by helping tran-
scription factors to bind promoters, thereby removing the
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nucleosome-induced transcriptional repression (28). In addi-
tion, the yeast SWIySNF complex is under certain conditions
detected within the RNA polymerase II holoenzyme (32).
However, recent studies on mammalian cells failed to detect
colocalization or cofractionation of brmyBRG-1 with the
RNA polymerase II (33). In mammalian cells, SWIySNF is
clearly involved in transcriptional activation by some members
of the nuclear receptor superfamily, including the glucocorti-
coid receptor, as shown in transient transfection experiments
(25, 27, 34). This activity requires several distinct domains on
hbrm, including the ATP binding site and the N-terminal part
of the molecule, but the bromodomain seems dispensable (25).

The hbrmyBRG-1 proteins possess some growth-inhibitory
properties that are dependent on the presence of RB (24, 35).
Conversely, a dominant-negative mutant of hbrmyBRG-1
relieves RB-induced growth arrest of SAOS2 cells, indicating
that RB and hbrmyBRG-1 cooperate to block cells in G1 (24).
This functional cooperation requires a physical interaction
between RB and hbrmyBRG-1, mediated through a domain
within hbrmyBRG-1 related to the RB binding site of the viral
transforming protein E7 (24, 34).

In this paper, we show, by coimmunoprecipitation from
transfected cells, that RB is able to target hbrm to E2F1. We
also demonstrate that E2F1 and hbrm are present within the
same complex in vivo. In transfection experiments, RB and
hbrm cooperate to repress E2F1 activity, indicating that,
besides the glucocorticoid receptor, E2F1 could be another
common target for these two proteins. This cooperation
requires several distinct functional domains on hbrm, including
the E7-like RB binding domain. Taken together, our results
show that hbrm can act as a corepressor for RB. Repressing
E2F1 may be responsible, at least in part, for the functional
cooperation between hbrm and RB to repress cell prolifera-
tion.

MATERIALS AND METHODS

Cell Culture, Transfections and Chloramphenicol Acetyl-
transferase (CAT) Assays. SAOS2 and U2OS human osteo-
sarcoma cells, C33A human epithelium cervical cells, and
WI-38 cells were maintained in DMEM supplemented with
10% fetal calf serum and grown at 37°C (5% CO2). Cells were
transfected overnight using the calcium phosphate coprecipi-
tation technique. After 24-h incubations, extracts from trans-
fected cells were used for CAT assays. Results were quantified
by PhosphorImager.

In Vivo Expression Plasmids. (E2F)3TK-CAT, CMV-E2F1,
and CMV-DP1 have been described (36). CMV-RB and
mutant are gifts from W. Kaelin (Harvard Medical School).
CMV-HA-hbrm and mutants have been described (25). The
reporter construct G5E1b-CAT was a gift from M. Green
(University of Massachusetts Medical Center). GAL4-hbrm
protein was expressed from a cytomegalovirus (CMV)-driven
promoter and contains amino acids 1206 to 1304 from hbrm.
GAL4-E2F1 was described previously (37).

Coimmunoprecipitation from Transfected Cells. U2OS hu-
man osteosarcoma cells were transfected as described above.
Twenty-four hours after transfection cells were lysed in 1 ml
lysis buffer (50 mM Tris, pH 8y300 mM Kcly30 mM MgCl2y10
mM EDTAy0.5% Nonidet P-40y0.1 mM phenylmethylsulfonyl
f luoride, aprotinin, leupeptin, and pepstatin). The lysis mix-
ture was incubated on ice for 20 min and cleared by centrif-
ugation at 12,000 3 g for 10 min at 4°C. Relevant antibodies
were added to 1 ml of extract and incubated at 4°C for 2 h.
Protein A-Sepharoseyprotein G-Sepharose (a 50y50 mix) was
added and the mixture rotated slowly overnight at 4°C. The
immune complexes were pelleted and washed three times with
lysis buffer. Immunoprecipitates were eluted by competition
with a hemagglutinin (HA) peptide (1 mM final) in 50 mM Tris
(pH 8), 150 mM NaCl, 1 mM EDTA, and 0.2% Nonidet P-40.

Immunoprecipitates were then analyzed by SDSyPAGE, trans-
ferred to a nitrocellulose membrane, and subjected to Western
blot analysis with either RB antibody XZ55 (PharMingen) HA
antibody 12CA5 (Boehringer Mannheim) or E2F1 antibody
KH95 (PharMingen). Immunoreactive bands were detected
with an ECL kit (Amersham) according to the manufacturer’s
instructions.

Preparation of Anti-hbrmyBRG-1 Antibodies. Polyclonal
rabbit anti-hbrmyBRG-1 antibodies were generated using
full-length HA-hbrm protein that was produced with a bacu-
lovirus system and immunopurified using and anti-HA mono-
clonal antibody. To produce polyclonal chicken anti-hbrmy
BRG-1 antibodies, we inserted a fragment of the mouse
mBRG-1 cDNA in pGEX2T in-frame with glutathione S-
transferase. The fragment of mouse cDNA encoded amino
acids 39–333 in the corresponding human sequence. The
mouse and the human amino acid sequence are 92% identical
in this region. The fusion protein was expressed in Escherichia
coli and affinity purified on glutathione-Sepharose 4B under
conditions recommended by the manufacturer (Pharmacia).
The antibodies were collected from the egg yolk by PEG
precipitation then affinity purified.

Cell Extracts and Immunoprecipitations. WI-38 cells were
grown to confluency, lysed in IP0.1 buffer (20 mM Hepes, pH
7.6y10% glyceroly25 mM MgCl2y0.1 mM EDTAy0.2% Non-
idet P-40y0.1 M potassium acetatey2.25 mg/ml pepstatiny10
mg/ml leupeptiny10 mg/ml aprotininy2 mM phenylmethylsul-
fonyl f luoridey0.1 mM DTT), and then sonicated for 5 min
followed by vigorous vortex mixing. The extracts were finally
cleared by centrifugation. For immunoprecipitations, 50 ml of
rabbit anti-hbrmyBRG-1 antibody were prebound to 10 ml of
protein A-Sepharose beads (Pharmacia). The beads were then
washed extensively in IP0.1 buffer and added to precleared
extract from one 10-cm plate. Washing and elution of the
immunoprecipitate was performed as described (38). For
Western blot analysis, the membrane was blocked with PBSy
0.2% Tween 20y10% horse serum and incubated with chicken
anti-hbrm/BRG-1 and mouse monoclonal anti-E2F antibodies.
Horseradish peroxidase-coupled secondary antibodies were
obtained from Biocytex (Marseille, France) (rabbit anti-
chicken IgY) and Amersham (sheep anti-mouse). Enhanced
chemiluminescence (ECL) reagents (Amersham) were used
for detection.

RESULTS

RB can induce growth arrest, at least partly, by repressing the
activation capacity of the S-phase-inducing transcription factor
E2F1. RB has been shown to induce growth arrest in coop-
eration with hbrm (24). One possible explanation for this
cooperativity is that RB and hbrm cooperate to repress E2F1
activity.

To investigate such a mechanism, we first sought evidence of
an in vivo complex containing RB, hbrm, and E2F1. The RB
protein has been shown to form independent complexes in vivo
with either E2F1 (39, 40) or hbrm (24, 34). We used an indirect
immunoprecipitation assay to establish whether RB is able to
bind both E2F1 and hbrm simultaneously. This is potentially
possible because hbrm and E2F1 possess distinct RB binding
motifs.

Fig. 1A shows that an interaction between E2F1 and hbrm
is not readily detected in human cells lacking RB. Following
transfection of U2OS cells with CMV-E2F1 and CMV-HA-
hbrm, precipitation of hbrm by HA antibodies does not result
in the indirect precipitation of E2F1, as detected by an
E2F1-antibody Western blot (Fig. 1 A, line 2). However, when
a CMV-RB expression vector is included in the transfection,
the E2F1 and RB proteins are readily detected in the hbrm
immunoprecipitate (Fig. 1A, line 1). Omission of the CMV-
HA-hbrm expression vector (Fig. 1A, line 3) or substitution of
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the HA antibody with an E1A-specific antibody (Fig. 1A, line
4) does not result in the precipitation of E2F1. This experiment
indicates that RB can stimulate complex formation between
the E2F1 and hbrm proteins.

We next tried to establish whether E2F1 and hbrm exist in
a single complex in vivo. We used an antibody that recognizes
hbrm and the closely related protein BRG-1 in immunopre-
cipitation assays. Fig. 1B shows that the E2F1 protein is present
in an immunoprecipitate of hbrm and BRG-1 from a normal
human fibroblast extract, as shown by a Western blot using an
E2F1-specific antibody (Fig. 1B Lower, line 4). This immuno-
precipitate also contains the hbrmyBRG-1 proteins (Fig. 1B
Upper, line 4). The interaction between E2F1 and hbrmy
BRG-1 is specific because omission of the hbrmyBRG-1
antibody (Fig. 1B, line 3), or usage of a nonspecific antibody
(Fig. 1B, line 5) does not result in the coprecipitation of E2F1.
We estimate that '2.5% of endogenous E2F is complexed with
hbrm. The interaction between E2F1 and hbrm is likely to be
mediated by RB (Fig. 1 A), but we cannot exclude the possi-
bility that other proteins are involved in mediating or aug-
menting this interaction.

We next investigated the possibility that hbrm is involved in
RB-induced repression of E2F1. We first tested whether RB
would repress E2F1 in the absence of hbrm. Human epithe-
lium cervical C33A cells contain no hbrm, present a low level
of BRG-1, and lack functional pRB (25). The glucocorticoid
receptor, whose activity is SWIySNF-dependent, is largely
inactive in these cells (25). As already described by others,
when expressed at high levels, RB is able to repress E2F1
transcription in C33A cells (refs. 18, 41, and 42, and data not
shown). However, as shown in Fig. 2, low, limiting levels of
transfected RB were largely ineffective in repressing the
activity of E2F1 activation domain in C33A cells (Fig. 2 Upper
Left). However, similar amounts of RB as assayed by Western
blot analysis (Fig. 2 Lower), repressed E2F1 activity in hbrmy
BRG-1-expressing SAOS2 cells very efficiently (Fig. 2 Upper
Right). This experiment suggested that hbrm could participate
in E2F1 repression by RB.

We next tried to establish whether exogenous expression of
hbrm in C33A cells would restore normal repression by RB.
Fig. 3A shows that transfection of an hbrm expression vector
slightly stimulates the activity of a GAL4 E2F1 fusion protein.
However, in the presence of low, limiting amount of exog-
enously expressed RB, the presence of hbrm results in the
repression of GAL4 E2F1 activity. The repressive effect of RB
is thus increased in the presence of hbrm, going, for example,
from 1.5-fold in the absence of hbrm up to 7-fold in the
presence of hbrm (Fig. 3A). This effect is not due to a change
in the status of RB, because the amount of hypophosphory-
lated transfected RB remains constant whether or not hbrm is
coexpressed, as assessed by Western blot analysis using the
hypophosphorylated form-specific anti-RB antibody XZ55
(data not shown). This experiment shows that, in the presence
of RB, hbrm is able to repress the activation capacity of
GAL4–E2F1 fusion protein.

Because RB and hbrm interact in vivo, their cooperation to
repress E2F1 may depend on their ability to form such a
complex. If this is so, then we would expect hbrm mutants
lacking the RB binding site to be defective in E2F1 repression.
We therefore tested a panel of hbrm mutants in the E2F1
repression assay. Fig. 3B shows that an hbrm mutant lacking
the RB binding site (DE7) does not cooperate with RB to
repress E2F1 activity. Instead, like the wild-type hbrm protein
in the absence of RB, DE7 can slightly stimulate E2F1 activity.

FIG. 1. (A) RB can bind E2F1 and hbrm simultaneously. U2OS
cells were transfected with 6 mg of the indicated expression vectors and
6 mg of DP1 expression vector. Whole-cell extracts were then immu-
noprecipitated using either a HA or a E1A antibody as indicated.
Immunoprecipitates were assayed by Western blot analysis for the
presence of hbrm (Top), RB (Middle), and E2F1 (Bottom) proteins.
(B) hbrmyBRG-1 are associated with E2F1 in vivo. WI-38 cells were
lysed in IP0.1 buffer and immunoprecipitated either in the absence
(lane 3) or in the presence (lane 4) of anti-hbrmyBRG-1 antibodies
from rabbit. Control immunoprecipitations were also performed in the
presence of WI-38 extract and pre-immune serum (lane 5) and in the
presence of anti-hbrmyBRG-1 antibodies, in the absence of WI-38
extract (lane 2). After analysis by 6% PAGE, proteins were transferred
to nitrocellulose membrane and analyzed by Western blot with either
anti-hbrmyBRG-1 antibodies from chicken (Upper) or an anti-E2F1
monoclonal antibody (Lower).

FIG. 2. RB represses less efficiently in C33A hbrm-negative cell
line. C33A (Left) and SAOS2 cells (Right) were transfected with 1 mg
of G1E1B-CAT, 2 mg of GAL4-E2F1, and with 25 and 50 ng (C33A)
or 50 and 250 ng (SAOS2) of CMV-RB as indicated. Following a CAT
assay, results were quantified using a PhosphorImager. The activity of
the reporter in the absence of RB is normalized for both cell lines to
a value of 1 (Upper). The level of expressed RB protein was assayed
by immunoprecipitation followed by Western blot analysis using XZ55
antibody (Lower). Result of typical experiments is shown.

11270 Biochemistry: Trouche et al. Proc. Natl. Acad. Sci. USA 94 (1997)



Two other mutants of hbrm were also defective in E2F1
repression. The DN mutant, which lacks the N terminus and
­NTP that has a point mutation in the NTP binding site, were
unable to cooperate with RB to repress E2F1. However, a
mutant carrying a deletion of the hbrm bromodomain (DC)
was still able to repress E2F1, although at slightly reduced
capacity compared with wild-type hbrm. These results confirm
that an interaction between hbrm and RB is important for
E2F1 repression and indicate that other functions of hbrm,
including its NTPase activity, play a role in the repression of
E2F1.

We next tested whether hbrm would also cooperate with RB
to repress the E2F transcription factor. For these experiments,
we monitored the effect of RB and hbrm on the activity of the
E2F1yDP1 complex as assayed on an E2F-site bearing pro-
moter. Fig. 3C shows that as on GAL4–E2F fusion protein,
hbrm has a small activating effect E2F1yDP1 by itself. How-
ever, under conditions of limiting RB concentrations (i.e.,
concentrations that will not fully repress E2F1 activity), hbrm
is able to repress E2F1yDP1. Thus RB represses the activity of
the E2F1yDP1 transcription factor more efficiently in the
presence of hbrm.

RB has the capacity to repress basal transcription when
tethered to the promoter (18, 19). This result suggests that RB
may negatively regulate the functions of a protein(s) present on
most promoters. Given that hbrm may participate in activation
of many genes, we hypothesized that one of the targets for
RB-induced repression of promoter activity may be hbrm. This
lead us to examine the sequences around the LXCXE motif in
hbrm for any clues as to how RB may regulate the activity of
hbrm. This lead to the observation that sequences directly
N-terminal to the LXCXE motif possess similarity to se-
quences found in the related activation domains of E2F1 and
E1A (37). Fig. 4A shows that the part of the sequence similarity
overlaps the RB binding residues in E1A CR1, and in E2F1 as
well as one of the p300yCBP binding sites characterized in E1A
CR1. This observation raised the possibility that this region of
hbrm may represent a transcription activation domain. To test
this hypothesis, we took a 98-residue region of hbrm, which
contains the E2F1yE1A homology and the characterized
LXCXE-motif binding site for RB, and linked it to the GAL4
DNA binding domain to test for activation capacity. Fig. 4B
shows that indeed this small region of hbrm has the ability to

activate transcription of a GAL4-bearing promoter. Given that
this region contains an LXCXE motif and possibly an addi-
tional RB binding motif related to that in E2F1, we tested the
ability of RB to repress its activity. As seen in Fig. 4B, the
activation capacity of hbrm is dramatically repressed by the
presence of RB. This repressive capacity is dependent on an
intact RB-pocket domain because a pocket mutant RB D22 is
unable to repress hbrm. These results indicate that RB has the
potential to repress transcriptional activation induced by the
E7 domain of hbrm.

DISCUSSION

In this report, we provide evidence that in the presence of RB,
the hbrm protein has the capacity to repress the activation
functions of the E2F1 transcription factor. This cooperativity
is likely to be the result of the direct interaction between RB
and hbrm for several reasons: (i) hbrm sequences containing
the RB-binding LXCXE motif are required for the coopera-
tion, (ii) RB has the capacity to contact both hbrm and E2F1
simultaneously, (iii) in vivo hbrm is found complexed with
E2F1.

In the cell, hbrm is found in association with a set of other
proteins that together make up the SWIySNF chromatin
remodeling complex. We do not know whether hbrm is part of
this complex when it cooperates with RB to repress E2F1, or
whether hbrm has functions outside SWIySNF. Our results
suggest that some of the properties of hbrm that are observed,
while it is part of SWIySNF, such as the NTPase activity, is
required for its ability to repress E2F1. In addition, immuno-
precipitation of hbrm can coimmunopurify other components
of SWIySNF. We therefore have to entertain the possibility
that hbrm may be part of the SWIySNF complex during its
repression of E2F1 activity.

Coactivator functions are usually assigned to hbrmyBRG-1
and more generally to the SWIySNF complex. However, we
show here that hbrm can act as a specific corepressor of E2F1.
Furthermore, the glucocorticoid receptor and E2F1 are par-
adoxically regulated in an opposite way by RB and hbrm. RB
and hbrm collaborate to enhance activation by the glucocor-
ticoid receptor (34) and for repressing E2F1 activity (this
paper).

FIG. 3. hbrm cooperates with RB to repress the activation functions of E2F1. (A) C33A cells were transfected with 1 mg of G1E1B-CAT and
2 mg of GAL4-E2F1 (amino acids 380–437). Where indicated, 100 ng of CMV-RB and 0.5 or 1 mg of CMV-hbrm was added. The activity of the
promoter in the absence of hbrm and RB is normalized to a value of 1. (B) Same as in A using 100 ng of CMV-RB and 0,5 mg of CMV-hbrm wild-type
or mutant DE7 (deletion of the E7 homology domain), DN (deletion of the N-terminal domain), ­NTP (NTP binding site mutant), and DC (deletion
of the C-terminal domain). The activity of the promoter in the absence of hbrm and RB is normalized to a value of 1. (C) C33A cells were transfected
with 1 mg of 33 E2F-CAT reporter vector and 100 ng of CMV-E2F1 and CMV-DP1. Where indicated, 100 ng of CMV-RB and 0.5 or 1 mg of
CMV-hbrm was added. The activity of the promoter in the absence of hbrm and RB is normalized to a value of 1.
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One explanation for this paradox could be that hbrm is part
of distinct complex that represses transcription when it inter-
acts with E2F1-RB. Consistent with this hypothesis is the fact
that different SWIySNF complexes exist in mammalian cells
(43). Interestingly, RB has been shown to be capable of
repressing transcription when tethered to the promoter via a
GAL4 DNA binding domain (18, 19). These intrinsic repres-
sive functions suggest that RB may negatively regulate some
activity which is present on most promoters. This activity may
be that of hbrm, when it is part of SWIySNF. The SWIySNF
complex is required for the activity of a number of promoters
in yeast and is found under certain conditions in the holoen-
zyme (32). These data suggest that SWIySNF may be part of
the ‘‘promoter complex.’’ Therefore, it is a possibility that RB
can repress promoters by repressing the activity of hbrm. The
fact that RB binds and represses an activation domain within
hbrm is consistent with such a scenario.

Alternatively, the opposite functions of hbrm on the glu-
cocorticoid receptor and on E2F1yRB could both reflect an
increased binding to DNA of these factors, due to the nucleo-
some remodelling activity of the SWIySNF complex. It is
known that the SWIySNF complex can help transcription
factors such as GAL4 to bind in vitro to nucleosomal DNA
(30). That mechanism has been proposed to explain the
coactivator functions of the SWIySNF complex observed in
vivo on activating sequence-specific transcription factors, such
as the glucocorticoid receptor (25). The E2F1yRB transcrip-
tion factor is a repressor of transcription (17). By helping it to
bind DNA, the SWIySNF complex would be a corepressor of
E2F1, as we observed in cotransfection experiments (Fig. 3).

If that hypothesis was correct, RB would inhibit the transcrip-
tion machinery by a mechanism independent of the SWIySNF
complex, but the presence of the SWIySNF complex would be
required for a stronger binding of RB to the promoter.

Repression of E2F-containing promoters by RB is consid-
ered to be one of the key mechanisms by which RB induces G1
arrest. The ability of hbrm to cooperate with RB in the
repression of E2F1 may therefore be an underlying mechanism
for the observed cooperation between RB and hbrm in the
induction of G1 arrest. The LXCXE motif RB binding region
of hbrm is also important for hbrm G1-arrest functions (24, 35).
Indeed, in yeast cells there is a highly related hbrm homologue,
SNF2, that is lacking the LXCXE motif, consistent with the
fact that yeast cells do not possess RB or E2F1 proteins.
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