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The retinoblastoma susceptibility gene product, the
Rb protein, is a key regulator of mammalian cell prolif-
eration. One of the major targets of Rb is the S phase
inducing E2F transcription factor. Once bound to E2F,
Rb represses the expression of E2F-regulated genes.
Transcriptional repression by Rb is believed to be cru-
cial for the proper control of cell growth. Recently, we
and others showed that Rb represses transcription
through the recruitment of a histone deacetylase. Inter-
estingly, we show here that the Rb-associated histone
deacetylase complex could deacetylate polynucleosomal
substrates, indicating that other proteins could be pres-
ent within this complex. The Rb-associated protein
RbAp48 belongs to many histone deacetylase complexes.
We show here that the histone deacetylase HDAC1 is
able to mediate the formation of a ternary complex con-
taining Rb and RbAp48. Moreover, less deacetylase ac-
tivity was found associated with Rb in cell extracts de-
pleted for RbAp48 containing complexes, demonstrating
that Rb, histone deacetylase, and RbAp48 are physically
associated in live cells. Taken together, these data indi-
cate that RbAp48 is a component of the histone deacety-
lase complex recruited by Rb. Finally, we found that
E2F1 and RbAp48 are physically associated in the pres-
ence of Rb and HDAC1, suggesting that RbAp48 could be
involved in transcriptional repression of E2F-respon-
sive genes.

The retinoblastoma susceptibility gene is frequently altered
in human tumors (1). It encodes a protein that plays a key role
in regulating cell proliferation (1). The Rb protein shares a
domain with two other proteins, the p107 and p130 proteins,
and they are collectively referred to as pocket proteins (for
recent reviews see Refs. 2 and 3). These pocket proteins are
critical cellular targets of viral transforming proteins such as
the adenoviral E1A protein (4). Viral transforming proteins

induce S phase entry at least in part through the inhibition of
pocket proteins function, indicating that pocket proteins are
negative regulators of cell proliferation. Indeed, the presence of
active Rb prevents cell entry into S phase (5). During progres-
sion in G1, Rb is phosphorylated by cyclin-dependent kinases,
first cyclin D/cdk4 or 6 and then cyclin E/cdk2 (6). This phos-
phorylation results in Rb inactivation, thus allowing cells to
enter S phase.

Many potential targets of Rb for its antiproliferative effects
have been proposed (7). However, it is clear at present that one
of the major targets of Rb during G1 is the E2F transcription
factor (8, 9). E2F is involved in the activation at the G1/S
boundary of a subset of genes whose products are required for
S phase progression, such as DNA polymerase a, dihydrofolate
reductase, or Cdc6 (10–12). The E2F transcription factor is
composed of heterodimers between one E2F protein and one DP
protein (for recent reviews see Refs. 13 and 14). There are six
E2F proteins characterized so far, named E2F1 to E2F6 (15,
16). The various E2Fs contain a conserved dimerization and
DNA-binding domain. Furthermore, apart from E2F6, they
also share a C terminus domain responsible for transcriptional
activation and pocket protein binding. Each E2F protein can
heterodimerize with one of the two DP (DP1 and DP2) proteins
known at the moment. The respective role of these complexes in
the regulation of specific genes remains unclear.

During G1, pocket proteins interact directly with the E2F
activation domain and repress its activity (17, 18). Rb is able to
repress E2F1-, E2F2-, E2F3-, and in some cases E2F4-contain-
ing complexes, whereas p107 and p130 repress E2F4 and E2F5
(13, 14). Inactivation of pocket proteins either by phosphoryl-
ation, by viral transforming proteins, or, in the case of Rb, by
mutations such as those found in tumors leads to the accumu-
lation of free E2F, able to activate transcription.

Once recruited to E2F-regulated promoters, pocket proteins
act as transcriptional repressors (19). Transcriptional repres-
sion by pocket proteins is thought to be very important for their
activity, because many E2F sites within promoters, such as
b-myb or cyclin E promoters, have mainly a negative effect on
transcription (20, 21). Furthermore, inactivation of pocket pro-
teins relieves their transcriptional repressor functions (19, 22).
Finally, various experiments suggest that a basal unrepressed
level of transcription of E2F-regulated genes is sufficient to
induce cell transformation (23–26).

Many mechanisms have been proposed for transcriptional
repression by Rb. It is clear that Rb can inhibit the transacti-
vating capacities of E2F1, for example by preventing TBP
recruitment by E2F1 (27, 28). Recent data indicate that repres-
sion of basal transcription by Rb, p107, and p130 involves the
recruitment of a histone deacetylase complex (29–35). This
histone deacetylase could be HDAC1, because Rb interacts
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directly with HDAC1 through a classical Rb-binding motif
used by many viral or cellular proteins, the so-called “LXCXE
motif” (31).

Histone deacetylases or histone acetyltransferases regulate
the acetylation of core histones N-terminal tails. Acetylation is
generally thought to alter nucleosomes structure, thus allow-
ing transcription (36, 37). Therefore, histone acetyltransferases
are mostly transcriptional co-activators, whereas histone
deacetylases are often associated with transcriptional repres-
sors (38). Histone modifying enzymes are targeted at specific
promoters through their association with specific transcription
factors. Unliganded nuclear receptors recruit a histone
deacetylase complex through their corepressor N-Cor, which
interacts directly with Sin3, a histone deacetylase-associated
protein (39, 40). This complex also contains the highly related
RbAp48 and RbAp46 proteins. RbAp48 and RbAp46 are com-
ponents of many chromatin-remodelling complexes (41–43).
They are generally thought to target histone modifying com-
plexes to nucleosomes, because they can interact directly with
histone H4 (44–46).

Interestingly, these two proteins have been cloned as Rb-
associated molecules (47, 48). Binding of RbAp48 correlates
with the ability of Rb to block cell proliferation (47, 49). Fur-
thermore, the Caenorhabditis elegans homologues of both Rb
and RbAp48 were recently cloned as two proteins that belong to
the same Ras-inhibitory pathway (50). Although these studies
clearly show that RbAp48 is functionally linked to Rb, little is
known about the molecular mechanisms involved.

In an attempt to identify proteins that could be important for
transcriptional repression by Rb, we decided to further charac-
terize the Rb-associated histone deacetylase complex. We show
here that the Rb-associated histone deacetylase complex could
deacetylate nucleosomal substrates. Because purified HDAC1
cannot function on polynucleosomes (51), this result indicates
that other proteins besides HDAC1 are likely to be present.
Indeed, our data indicate that RbAp48 is a component of the
histone deacetylase complex recruited by Rb. We also show that
in the presence of Rb and HDAC1, RbAp48 was able to associ-
ate with E2F1. Taken together, these results suggest that
RbAp48 could be involved in the transcriptional repression of
E2F-responsive genes that occurs throughout most of G1.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfections—Jurkat cells were maintained in
RPMI 1640 medium with glutamax and SAOS2 cells in Dulbecco’s
modified Eagle’s medium high glucose with glutamax, each of them
supplemented with 10% fetal calf serum and antibiotics. SAOS2 cells
were transfected at a density of 3 3 106 cells/10-cm dish by calcium
phosphate coprecipitation. The amount of cytomegalovirus promoter in
the transfection was kept constant using empty vectors.

Vectors—pCMV HA-RbAp481 was constructed by inserting the
RbAp48 coding sequences in frame in the empty vector pCMV 2N3T (a
kind gift from Dr. T. Kouzarides). pGEM-RbAp48 is a kind gift from Dr.
E. Y. Lee. pCMV E2F1, pCMV Rb 379–928, pCMV HA-HDAC1, pGEX
2T Rb 379–928, and pGEX 2T Rb 379–928 706 C-F (Rb Mut) were
described previously (31, 32).

Immunoprecipitations—Total cell extracts were prepared from tran-
siently transfected SAOS2 cells. Cells were resuspended in 0.5 ml of
lysis buffer (50 mM Tris, pH 8, 0.4% Nonidet P-40, 300 mM NaCl, 10 mM

MgCl2, supplemented with protease inhibitors (complete, Roche Diag-
nostics), and phosphatase inhibitors 10 mM NaF, 0.1 mM NaVO4, 10 mM

b-glycerophosphate, 10 mM okadaic acid) and incubated for 15 min on
ice. Samples were cleared by centrifugation, and supernatants were
collected and diluted with 0.5 ml of dilution buffer (50 mM Tris, pH 8,
0.4% Nonidet P-40). Extracts were precleared with 20 ml of packed
protein A beads (Sigma) for 1 h at 4 °C under gentle rotation. Immu-
noprecipitation was then performed by adding 1 mg of antibody and 20

ml of packed protein A/protein G beads for 1 h at 4 °C under gentle
rotation. Beads were then washed three times with washing buffer (50
mM Tris, pH 8, 150 mM NaCl, 5 mM MgCl2, 0.4% Nonidet P-40), and
bound proteins were subjected to Western blot analysis. Western blot-
ting was performed by standard procedures and revealed by Lumi-Light
Plus Substrate (Roche Molecular Biochemicals). For immunoprecipita-
tion of endogenous Rb, 500 ml of Jurkat nuclear extracts (prepared
according to Ref. 52) were incubated with 5 mg of the anti-Rb antibody
(C15G, Santa Cruz) or a control antibody (anti-Flag M2, Kodak) and 20
ml of protein A/protein G beads overnight at 4 °C in buffer D (52).

Purification of GST Fusion Proteins—Expression in Escherichia coli
of GST, GST-Rb, and GST-Rb706C-F were performed by standard pro-
cedures. Cells were then disrupted by sonication at 4 °C in 20 ml of TBS
(50 mM Tris, pH 8, 150 mM NaCl) supplemented with 1% Triton and
protease inhibitors (complete, Roche Diagnostic). The soluble fraction
was collected by centrifugation and added to 300 ml of preswollen
glutathione agarose beads (Sigma). After 1 h of incubation at 4 °C,
beads were washed extensively with TBS-1% Triton and TBS. Purifi-
cation and recovery of the recombinant proteins was monitored by
SDS-polyacrylamide gel electrophoresis and Coomassie staining.

GST Pull-down Experiments—Beads (corresponding to about 1 mg of
fusion proteins) were washed once with washing buffer and preincu-
bated when necessary for 30 min at 4 °C with 1, 3, 10, or 30 mg of either
the HDAC1 peptide (SDKRIACEEEFSDSEE), the LXCXE containing
SV40 T-antigen peptide (NEENLFCSEEMPSSDD), or an irrelevant
peptide (YVEPTKEYDVALLKLDC). Beads were then incubated for 1 h
at 4 °C with 25 ml of Jurkat nuclear extracts then washed three times
with washing buffer. The presence of RbAp48 was assayed by Western
blot analysis. For GST pull-downs followed by deacetylase assays, the
reaction was scaled up eight times.

Immunodepletion of RbAp48—Binding of the anti-RbAp48 antibody
(11G10, Genetex) or control antibody (anti-Flag M2) to protein A/pro-
tein G beads (Sigma) was performed overnight in phosphate-buffered
saline. Jurkat nuclear extracts (200 ml for GST pull-down experiments
or 500 ml for immunoprecipitation of endogenous proteins) were incu-
bated 4 h or overnight with the bead-bound antibodies (20 or 33 mg of
antibodies, respectively). This depletion step was performed three
times. An aliquot of supernatants from each step was kept to monitor
the immunodepletion efficiency by Western blot. Supernatants from the
third step were then used for GST pull-down experiments or
immunoprecipitations.

Chromatin Labeling and Purification—For histones labeling, Jurkat
cells (1.3 3 109) were incubated for 1 h at 37 °C in 20 ml of phosphate-
buffered saline supplemented with 3H-labeled acetic acid (25 mCi),
trichostatin A (100 ng/ml), and cycloheximide (100 mg/ml). Permeabi-
lized nuclei were treated with micrococcal nuclease, and polynucleo-
somes were purified using a sucrose gradient by standard methods.
Free histones were purified by hydroxyapatite chromatography.

Deacetylase Assays—Beads from immunoprecipitation of endogenous
Rb or GST pull-down experiments were washed twice with TBS and
then assayed for deacetylase activity for 2 h at 37 °C using 20,000 cpms
of the indicated substrate (purified histones or a peptide as described
(53)). Assays with polynucleosomes were performed in 50 mM Tris, pH
8.0, NaCl 20 mM. Assays were performed in duplicate. Trichostatin A
(100 ng/ml) was used to check the specificity of the assay.

RESULTS

The Rb-associated Histone Deacetylase Complex Can
Deacetylate Polynucleosomal Substrates—Transcriptional re-
pression by Rb is mediated, at least in part, through a histone
deacetylase (29, 30, 31). Chromatin immunoprecipitation ex-
periments suggest that the Rb-associated histone deacetylase
complex could deacetylate nucleosomal substrates (30). How-
ever, these experiments were performed using transiently
transfected templates, which are thought not to be correctly
arranged in chromatin. To clarify this point, we prepared la-
beled chromatin from Jurkat cells, and we purified polynucleo-
somes (Fig. 1A, fraction 1). We then tested whether the Rb-
associated deacetylase complex could deacetylate histones in
polynucleosomes. Incubation of Jurkat nuclear extracts with
GST-Rb beads led to the retention on beads of significant
polynucleosomes deacetylase activity (Fig. 1B). This retention
was specific, because no activity could be seen using control
GST beads or beads harboring an inactive point mutant of Rb
(RbMut, Fig. 1B). Similar results were obtained using fraction

1 The abbreviations used are: HA, hemagglutinin; GST, glutathione
S-transferase.
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3 (mainly mononucleosomes or dinucleosomes) as a substrate
(data not shown). This result indicates that the Rb-associated
histone deacetylase complex could deacetylate histones in
nucleosomes. Note, however, that the activity was about
10-fold lower than with purified histones as a substrate (data
not shown).

The Rb-associated Histone Deacetylase Complex Contains a
HDAC1-related Protein and Accessory Factors—HDAC1 has
been proposed to contact Rb through a direct interaction. Pu-
rified HDAC1 is not able to deacetylate polynucleosomal sub-
strates (51). One explanation of Fig. 1 results could be that Rb
recruits a multimolecular complex containing proteins allowing
accessibility of HDAC1 to polynucleosomes, such as the Mi-2
containing complex (54, 55). Alternatively, the Rb associated
histone deacetylase activity could rely on another histone
deacetylase that would be active on polynucleosomes. We thus
tested by peptide competition experiments whether the Rb-
associated histone deacetylase activity relies mainly on

HDAC1. HDAC1 is thought to interact directly with Rb
through an LXCXE-like motif, a known Rb-binding motif by
which a number of viral or cellular proteins interact directly
with Rb. Incubation of GST-Rb beads with nuclear extracts
resulted in the specific retention of significant histone deacety-
lase activity assayed using purified histones (Fig. 2). Preincu-
bation of Rb beads with a peptide corresponding to the Rb-
binding site of HDAC1 (Fig. 2, HDAC1) led to a strong decrease
of the Rb/histone deacetylase interaction, whereas addition of
an irrelevant peptide had no effect (Fig. 2, Irr). In the presence
of the HDAC1 peptide, the activity was indeed nearly down to
background levels (Fig. 2, GST-Rb Mut). The residual activity
could be due to residual binding of HDAC1 in the presence of
the HDAC1-derived peptide (31). Although we cannot rule out
the possibility that other histone deacetylases interact indi-
rectly with Rb through an LXCXE-containing protein, these
data suggest that most, if not all, of the Rb-associated histone
deacetylase activity is due to a complex containing HDAC1 or a
HDAC1-related protein (for example HDAC2, which is the only
other known deacetylase related to HDAC1 in this region).
Taken together, results from Figs. 1 and 2 suggest that other
proteins besides the histone deacetylase are likely to be present
within the Rb-associated histone deacetylase complex.

HDAC1 Can Act as a Bridge between Rb and RbAp48—
Members of the Rb-associated histone deacetylase complex are
likely to play an important role in cell cycle control. In an
attempt to better define this complex, we first studied the
Rb-associated RbAp48 protein. Indeed, RbAp48 is often found
within histone deacetylase complexes (41), and its binding to
Rb appears to be functionally important (47, 49, 50). Moreover,
RbAp48 can interact directly with histone H4 (44–46), and so
might possibly be involved in targeting HDAC1 to nucleosomes.

We reasoned that RbAp48 could be targeted to Rb through
the histone deacetylase HDAC1, which is thought to interact
directly with Rb (31). Co-immunoprecipitations of extracts
from transfected cells were used to determine the parameters
of the Rb/RbAp48 interaction. Rb negative cells (SAOS2 cells)
were transiently transfected with a vector expressing RbAp48

FIG. 1. The Rb-associated histone deacetylase complex
deacetylates polynucleosomal substrates. A, nucleosomes were
prepared from [3H]acetic acid-labeled Jurkat cells using a sucrose gra-
dient and pooled in three fractions. The DNA was extracted and ana-
lyzed by agarose gel electrophoresis followed by ethidium bromide
staining. In the lane labeled MWM, 5 ml of the 1 kilobase plus DNA
ladder (Life Technologies, Inc.) were loaded. B, GST-Rb, GST-Rb Mut,
or GST beads (corresponding to approximately 2 mg of fusion proteins)
were incubated with Jurkat nuclear extracts (200 ml). After extensive
washing, histone deacetylase activity associated with beads was meas-
ured using polynucleosomal substrates (fraction 1 from A) in the pres-
ence (1) or absence (2) of a histone deacetylase inhibitor (Trichostatin
A (TSA), 100 ng/ml).

FIG. 2. The Rb-associated histone deacetylase complex con-
tains HDAC1 or a HDAC1-related protein. GST-Rb or GST-Rb Mut
beads (corresponding to approximately 0.5 mg of fusion proteins) were
preincubated with 10 mg of the HDAC1-derived peptide or the irrele-
vant (Irr) peptide as indicated, prior to the incubation with Jurkat
nuclear extracts (200 ml). After extensive washing, histone deacetylase
activity associated with beads was measured using labeled purified
histones in the presence (1) or absence (2) of a histone deacetylase
inhibitor (Trichostatin A (TSA), 100 ng/ml).
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tagged with a HA epitope. Transfected RbAp48 protein was
detected by Western blot as a doublet (Fig. 3A). These two
bands represent two different phosphorylation states of trans-
fected RbAp48.2 Immunoprecipitation of Rb from extracts
transfected with Rb and RbAp48 expression vectors resulted in
the co-immunoprecipitation of the hypophosphorylated form of
RbAp48 (Fig. 3B, lane 3). This co-immunoprecipitation was
specific, because in the absence of transfected Rb, no RbAp48
was immunoprecipitated with the anti-Rb antibody (lane 1),
although RbAp48 was produced at a similar level (compare
lanes 2 and 4).

Immunoprecipitation of Rb from cells transfected with Rb,
HDAC1, and RbAp48 expression vectors resulted as expected
in the co-immunoprecipitation of HDAC1 and RbAp48 (Fig. 3C,
lane 5, top panel). Significantly more RbAp48 (about 4.5-fold
more in the experiment shown) was found associated with Rb

in the presence of the HDAC1 expression vector than in its
absence (compare lanes 3 and 5, top panel), although the levels
of transfected RbAp48 (compare lanes 4 and 6, top panel) or of
Rb (compare lanes 3 and 5, bottom panel) were similar in all
samples. This result suggests that the histone deacetylase
HDAC1 can mediate the interaction between Rb and RbAp48
in live cells, leading to the formation of a ternary complex
containing Rb, HDAC1, and RbAp48.

Endogenous RbAp48 Is Recruited on Rb Beads by an LXCXE-
containing Protein—RbAp48 has been cloned as a cellular pro-
tein which is specifically retained on a Rb affinity column, and
the possibility of direct contacts between Rb and RbAp48 has
been shown, at least in vitro (47). In contrast, our results (Fig.
3) suggest that the retention of cellular RbAp48 on Rb beads
could reflect the binding to Rb of an HDAC1-containing
complex.

Because HDAC1 interacts with Rb through a LXCXE motif,
we tested whether a peptide containing this motif, derived from
the T antigen, could block the recruitment of RbAp48 by Rb-
coated beads (Fig. 4A). As expected, and as previously shown
(47), RbAp48 was retained on GST-Rb beads (lane 2) and not on
control GST beads (lane 3). Preincubation of GST-Rb beads
with various doses of the T antigen peptide resulted in the
complete inhibition of cellular RbAp48 recruitment (lanes 4–7),
even at the lower dose tested (30 mg/ml). This competition was
specific, because a similar treatment with an unrelated peptide
had no significant effect (lanes 8–11). This result indicates that
the recruitment of endogenous RbAp48 by Rb involves an
LXCXE motif. As already noted (47, 48), RbAp48 does not
contain any sequence related to a known LXCXE-like motif,
suggesting that its binding to Rb involves another cellular
protein.2 E. Nicolas and D. Trouche, unpublished results.

FIG. 3. HDAC1 mediates the Rb/RbAp48 interaction in trans-
fected cells. A, SAOS2 cells were transiently transfected with 10 mg of
pCMV HA-RbAp48 expression vector as indicated. Whole cell extracts
from transfected cells were immunoprecipitated (IP) using the anti-HA
12CA5 antibody (Roche Diagnostic). Immunoprecipitates were assayed
for the presence of transfected RbAp48 by Western blot using the
12CA5 antibody. B, SAOS2 cells were transfected with 10 mg of
pCMV-Rb and pCMV HA-RbAp48 expression vectors as indicated.
Whole cell extracts were immunoprecipitated using an anti-Rb antibody
(C15G, Santa Cruz) (lanes 1 and 3) or the anti-HA antibody (lanes 2 and
4). Immunoprecipitates were then tested for the presence of HA-
RbAp48 by Western blot. C, SAOS2 cells were transfected with pCMV
Rb, pCMV HA-RbAp48, and pCMV HA-HDAC1 expression vectors as
indicated. Whole cell extracts were immunoprecipitated using the an-
ti-Rb antibody (lanes 1, 3, and 5) or the anti-HA antibody (lanes 2, 4,
and 6). Immunoprecipitates were then tested by Western blot for the
presence of HA-RbAp48 and HA-HDAC1 (top panel) or Rb (bottom
panel).

FIG. 4. The in vitro interaction between recombinant Rb and
cellular RbAp48 is mediated through HDAC1. A, nuclear extracts
(25 ml) from Jurkat cells were incubated with GST Rb or control GST
beads, as indicated (lanes 2 and 3). In the right panel, GST-Rb beads
were preincubated with 1, 3, 10, or 30 mg of the LXCXE-containing T
antigen peptide (lanes 4–7) or 1, 3, 10, or 30 mg of an unrelated peptide
(lanes 8–11). After extensive washing, the presence of RbAp48 on the
beads was tested by Western blot using the anti-RbAp48 antibody
RB-BP (Transduction Laboratories). In lane 1, in vitro translated (IVT)
RbAp48 was loaded. B, nuclear extracts (25 ml) from Jurkat cells were
incubated with GST Rb beads preincubated with 1, 3, 10, or 30 mg of the
HDAC1-derived peptide (lanes 5–8) or 1, 3, 10, 30 mg of the irrelevant
(Irre) peptide (lanes 1–4). After extensive washing, the presence of
RbAp48 on the beads was tested by Western blot using the anti-RbAp48
antibody RB-BP. In lane 9, 1 ml of Jurkat nuclear extracts was directly
loaded.
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To test whether this protein could be HDAC1, we performed
competition experiments using the peptide derived from the
HDAC1 site of interaction with Rb (Fig. 4B). Preincubation of
GST-Rb beads with increasing doses of this peptide led to a
dose-dependent decrease in RbAp48 recruitment (lanes 5–8),
whereas a similar treatment with an unrelated peptide had no
significant effect (lanes 1–4), as already shown in Fig. 4A. Note
that the competition with the peptide derived from HDAC1 was
less efficient than with the T antigen peptide (Fig. 4, compare
A and B), in agreement with our previous results (31). This
probably reflects the fact that to interfere with normal Rb
functions, viral transforming proteins bind to Rb more strongly
than cellular proteins. Nevertheless, it indicates that HDAC1,
or a related protein, mediates the recruitment of cellular
RbAp48 to Rb beads.

The Histone Deacetylase Complex Recruited in Vitro by Re-
combinant Rb Contains RbAp48—Recombinant Rb has been
shown to recruit histone deacetylase activity from cell extracts
(29, 31). The formation of the RbzHDAC1zRbAp48 ternary com-
plex that we demonstrated above (Figs. 3 and 4) could account
for this activity. To test this possibility, we assessed the ability
of Rb to recruit histone deacetylase activity from cells extracts
immunodepleted for RbAp48-containing complexes.

As previously shown, incubation of GST-Rb-coated beads
with Jurkat nuclear extracts resulted in the retention of sig-
nificant histone deacetylase activity, which was sensitive to the
presence of inhibitors (Fig. 5A). This retention was specific,
because less deacetylase activity, if any, could be detected
using GST-coated beads.

Extracts were incubated with an anti-RbAp48 antibody
bound to protein A beads, resulting in lower levels of RbAp48
(Fig. 5B). Depletion was already evident after one step (com-
pare lanes 1 and 2) and increased with three steps (lane 3),
whereas a similar treatment with an unrelated antibody (lanes
5 and 6) had only a marginal effect, if any. These immunode-
pleted extracts (shown in lane 3) or control extracts (shown in
lane 6) were then used for GST pull-down experiments using
recombinant Rb as in Fig. 5A (Fig. 5C). The ability of GST-Rb-
coated beads to recruit histone deacetylase activity (measured
using a histone H4-derived peptide) from RbAp48 immunode-
pleted extracts was significantly lower (by 60%) than from
control extracts (Fig. 5C). Thus, the immunodepletion of
RbAp48-containing complexes decreased the amount of histone
deacetylase activity recruited by Rb. Similar results were ob-
tained using purified histones as a substrate (data not shown).

The significant activity that was found to associate with Rb
using immunodepleted extracts could be due to residual
RbAp48 (Fig. 5B, lane 3) or to the RbAp48-related protein
RbAp46, which was not recognized by the antibody used for the
immunodepletion (48) and could be detected by our Western
blotting antibody after three rounds of depletion (Fig. 5B).
Nevertheless, this result indicates that RbAp48 is a component
of the histone deacetylase complex recruited by Rb from cell
extracts.

Endogenous RbAp48, Rb, and Histone Deacetylase Are Phys-
ically Associated—In live cells, Rb is found complexed with
RbAp48 (47), suggesting that RbAp48 could also be present
among the histone deacetylase complex associated with endog-
enous Rb (29, 31). To test this hypothesis, we performed as
above an immunodepletion of the RbAp48-containing com-
plexes. (Fig. 6). Immunoprecipitation of Rb from control ex-
tracts resulted as expected in the co-immunoprecipitation of a
significant histone deacetylase activity (Fig. 6, upper panel).
This co-immunoprecipitation was specific, because no deacety-
lase activity was found in control immunoprecipitates. Immu-
nodepletion of RbAp48 led to a decrease (to 40%) of the Rb-

associated histone deacetylase activity. This result indicates
that a large proportion (at least 60%) of the endogenous
Rbzhistone deacetylase complexes contains RbAp48. Again, the
residual Rb-associated histone deacetylase activity could de-
pend on RbAp46-containing complexes or could be due to re-
sidual RbAp48-containing complexes, because both proteins
could still be detected in the immunodepleted extracts used for
the experiment (Fig. 6, lower panel). Whatever the explanation,
this result indicates that endogenous Rb, RbAp48 and a histone
deacetylase, likely HDAC1, are physically associated in live
cells.

E2F1 Can Recruit a Complex Formed of Rb, HDAC1, and
RbAp48—Rb has been shown to mediate a physical interaction
between E2F1 and HDAC1 (29, 31), resulting in the recruit-
ment via E2F1 of a complex that mediates transcriptional
repression (29, 31). Direct contacts between Rb and RbAp48

FIG. 5. RbAp48 is a component of the Rb-associated histone
deacetylase complex. A, GST-Rb or GST beads were incubated with
Jurkat nuclear extracts (200 ml). After extensive washing, histone
deacetylase activity associated with beads was measured in the pres-
ence (1) or absence (2) of a histone deacetylase inhibitor (Trichostatin
A (TSA), 100 ng/ml). B, Jurkat nuclear extracts were incubated once
(lanes 2 and 5) or three times (lanes 3 and 6) with beads covered with an
anti-RbAp48 antibody (11G10, Genetex) (RbAp48) or an irrelevant an-
tibody (anti-Flag M2 antibody, Kodak) (Irr). Supernatants were then
subjected to Western blot analysis with the anti-RbAp48 antibody RB-
BP. In lanes 1 and 4, 5 ml of Jurkat nuclear extracts were directly loaded
onto the gel. The extracts from lanes 3 and 6 were used for the exper-
iment shown in C. C, GST-Rb beads were tested as in A for their ability
to recruit an histone deacetylase activity (measured using a labeled
histone H4-derived peptide) from extracts depleted three times with the
anti-RbAp48 antibody (left) or control antibody (right).
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have been documented (47, 48) that could interfere with E2F1
binding to Rb. To test the possibility of the formation on the
E2F1 transcription factor of a multimolecular complex contain-
ing Rb, HDAC1 and RbAp48, we performed co-immunoprecipi-
tation experiments using extracts from transfected cells (Fig.
7A). In the presence of both Rb and HDAC1 expression vectors,
immunoprecipitation of E2F1 led to the co-immunoprecipita-
tion of HDAC1 (left panel, lane 2). In addition, the hypophos-
phorylated RbAp48 was also detected in the immunoprecipi-
tates. This co-immunoprecipitation was specific, because in the
absence of exogenous E2F1, no RbAp48 could be detected in the
E2F1 immunoprecipitate (left panel, lane 4). This result indi-
cates that E2F1 and RbAp48 are able to associate in trans-
fected cells.

In the absence of exogenous Rb or HDAC1, binding of
RbAp48 to E2F1 was strongly reduced (left panel, lanes 6 and
8). This decrease was not due to a difference in the expression
of transfected RbAp48 (left panel, compare lanes 1, 5, and 7) or
E2F1 (right panel). Thus, it indicates that the presence of Rb
and HDAC1 allows the formation of a multimolecular complex
containing E2F1, Rb, HDAC1, and RbAp48 (Fig. 7B). Note that
at higher exposure, a weak band corresponding to the hy-
pophosphorylated RbAp48 could be detected in the absence of
exogenous HDAC1 (lane 8), likely reflecting the presence of
endogenous HDAC1 and thus confirming results from Fig. 3.

DISCUSSION

In this paper, we present evidence that RbAp48 belongs to
the histone deacetylase complex recruited by Rb, because: (i)
the interaction between RbAp48 and Rb requires a motif ho-

mologous to the Rb binding motif of HDAC1; (ii) HDAC1 can
mediate the formation of a multimolecular complex containing
Rb and RbAp48; and (iii) immunodepletion of RbAp48 de-
creases the Rb-associated histone deacetylase activity.

To our knowledge, RbAp48 is the first identified component
of this complex apart from the histone deacetylase. Recently, it
has been proposed that the Rb-associated histone deacetylase
complex could also contain the product of the c-ski proto-onco-
gene (56). However, although this study clearly showed that
c-Ski interacts with Rb, there was no direct demonstration that
it is a component of the Rb-associated histone deacetylase
complex. The presence of Sin3 has also been documented (56),
but this result is in disagreement with previous studies (30),
and more experiments are required to clarify this point. Fi-
nally, although a report points out that the BRCA1 protein
could be part of this complex (57), we were unable to detect any
Rb/BRCA1 interaction using conditions in which Rb recruits
histone deacetylase activity from cell extracts (data not shown).

HDAC1 and HDAC2 have been proposed as the Rb-associ-
ated histone deacetylases (29, 30, 31, 58). Our results (Fig. 2)
suggest indeed that HDAC1 or a related protein (for example,
HDAC2) mediates the formation of the complex. HDAC3 or
histone deacetylases from the other class (HDAC4, HDAC5,
and HDAC6) do not interact with HDAC1 in live cells (59),
suggesting that they are not present within the Rb-associated
complex. However, the possibility exists that the Rb-associated
histone deacetylase activity involves a still unknown HDAC1-
related histone deacetylase or that other known histone
deacetylases associate with Rb in other cell types or through
indirect interactions with a LXCXE-containing protein. Indeed,
it has recently been shown that RBP1 can recruit HDAC3 to Rb
through an LXCXE motif (60).

RbAp48 has been previously shown to directly contact Rb, at
least in vitro (47, 48). However, our results (Fig. 4) clearly show
that cellular RbAp48 interacts with Rb, at least in part,
through another protein that could be HDAC1 (Figs. 3 and 4).
We cannot exclude that direct contacts between Rb and
RbAp48 also exist in live cells. However, our results suggest
that these direct contacts are not involved in the interaction
between Rb and HDAC1, because the presence of exogenous
RbAp48 did not affect the amount of HDAC1 that was co-
immunoprecipitated with Rb (data not shown). This result
suggests that the decrease in the histone deacetylase activity
associated with Rb in RbAp48-depleted cell extracts (Fig. 5) is
likely to be due to the depletion in RbAp48-containing histone
deacetylase complexes. Consistent with this hypothesis, immu-
noprecipitation of RbAp48 with the antibody used in the deple-
tion experiment resulted in the co-immunoprecipitation of a
high level of histone deacetylase activity (data not shown).
Furthermore, the total histone deacetylase activity present in
the extracts decreased during RbAp48 immunodepletion (data
not shown), indicating that extracts have indeed been depleted
in histone deacetylase complexes.

Recent data indicate that the Rb-associated histone deacety-
lase complex is involved in transcriptional repression of E2F
responsive genes (29, 30, 31, 32, 33–35). Our results (Fig. 7)
indicate that the presence of Rb and HDAC1 allows the forma-
tion of a multimolecular complex containing RbAp48 and E2F1.
It is thus possible that RbAp48 belongs to the Rb-associated
transcriptional repressor complex that forms on E2F sites dur-
ing G1 (Fig. 7B). Overexpression of RbAp48 did not have any
effect on E2F1 repression by Rb (data not shown), likely re-
flecting that endogenous RbAp48 is present in excess. Indeed,
previous results suggest that HDAC1 is the limiting factor in
SAOS2 cells for E2F1 repression by Rb (29, 31). The role of
RbAp48 in transcriptional repression by Rb is likely to be

FIG. 6. Endogenous Rb, RbAp48, and histone deacetylase are
physically associated. Jurkat Nuclear extracts (500 ml) were sub-
jected to three steps of immunodepletion with either an anti-RbAp48
antibody (11G10, Genetex) or an irrelevant (Irr) antibody (anti-Flag M2
antibody, Kodak) as in Fig. 4. Immunodepletion efficiency was moni-
tored by Western blot analysis using the anti-RbAp48 antibody RBBP
(bottom panel). Immunodepleted extracts were subjected to immuno-
precipitation (IP) with either an anti-Rb antibody (C15-G, Santa Cruz)
or an irrelevant antibody (anti-Flag M2 antibody, Kodak), as indicated.
Immunoprecipitates were then assayed for histone deacetylase activity
(measured using a labeled histone H4-derived peptide). ivt, in vitro
translated.
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important; the C. elegans homologues of both Rb and RbAp48
were recently cloned as two functionally related genes that
antagonize a C. elegans Ras pathway (50). Regulating the bind-
ing of RbAp48 to the Rb-associated histone deacetylase com-
plex could thus be a mean of modulating transcriptional repres-
sion by Rb.

What could be the role of RbAp48 in the Rb-associated his-
tone deacetylase complex? RbAp48 is often seen as a molecular
platform, allowing the formation of various different multimo-
lecular complexes. Interestingly, histones modifying complexes
are generally thought to be functionally linked to another class
of chromatin remodelling factors, the ATP-dependent chroma-
tin remodelling complexes of the SWI/SNF family. It has re-
cently been shown that the auto-antigen Mi2, which possesses
an ATP-dependent chromatin remodelling activity, is a compo-
nent of some histone deacetylase complexes, providing a phys-
ical relationship between these two families of chromatin-mod-
ifying enzymes (55, 61). It is generally thought that the
presence of nucleosome remodelling activity allows the histone
deacetylase to be active on nucleosomal substrates (54, 55).
RbAp48 is found not only in histone deacetylase complexes but
also in ATP-dependent remodelling complexes (42). It could
thus play a role in the sequential formation of these complexes.
Consistent with this hypothesis is the fact that the Rb-associ-
ated histone deacetylase complex could deacetylate polynucleo-
somal substrates (Fig. 1). Such a role for RbAp48 would require
some ways of regulating its association with the different com-
plexes. It also raises the question of the involvement of ATP-
dependent chromatin remodelling complexes in transcriptional
repression by Rb.

Interestingly, RbAp48 has also been proposed to target his-
tone-modifying enzymes to nucleosomes, because it can inter-
act with histone H4 (44, 45). RbAp48 contacts directly the helix
1 of the histone fold, a region that is unlikely to be accessible in
chromatin (45). ATP-dependent chromatin remodelling com-
plexes could be involved in the unmasking of the RbAp48
interacting domain within nucleosomes. Consistent with this
hypothesis, overexpression of Hbrm, the catalytic subunit of an
ATP-dependent chromatin remodelling complex was found to
increase the efficiency of E2F1 repression by Rb (62).
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