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The E2F transcription factor controls the cell cycle-dependent expression of many S-phase-specific genes.
Transcriptional repression of these genes in G0 and at the beginning of G1 by the retinoblasma protein Rb is
crucial for the proper control of cell proliferation. Rb has been proposed to function, at least in part, through
the recruitment of histone deacetylases. However, recent results indicate that other chromatin-modifying
enzymes are likely to be involved. Here, we show that Rb also interacts with a histone methyltransferase, which
specifically methylates K9 of histone H3. The results of coimmunoprecipitation experiments of endogenous or
transfected proteins indicate that this histone methyltransferase is the recently described heterochromatin-
associated protein Suv39H1. Interestingly, phosphorylation of Rb in vitro as well as in vivo abolished the
Rb-Suv39H1 interaction. We also found that Suv39H1 and Rb cooperate to repress E2F activity and that
Suv39H1 could be recruited to E2F1 through its interaction with Rb. Taken together, these data indicate that
Suv39H1 is involved in transcriptional repression by Rb and suggest an unexpected link between E2F regu-
lation and heterochromatin.

The retinoblastoma protein Rb is a key regulator of mam-
malian cell proliferation. In its active hypophosphorylated
form, it prevents the cell from progressing to the S phase (22).
This block must be relieved to allow cells to progress into the
S phase. During a normal cell cycle, Rb is inactivated at the
end of G1 through the concerted phosphorylation by cyclin D-
and cyclin E-dependent kinase complexes (40). The gene en-
coding the retinoblastoma protein is subjected to inactivating
mutations in a great variety of human tumors. In addition, viral
transforming proteins such as the adenovirus E1A protein in-
hibit Rb functions through a direct physical interaction. The
mechanisms by which Rb controls cell proliferation have been
extensively studied in the past few years.

One of the major protein targets of Rb is the E2F transcrip-
tion factor (34). E2F binding sites are present within the pro-
moters of many genes whose products are required for S-phase
progression. The E2F transcription factor binds to these sites
as a heterodimer between a so-called E2F protein and a
DRTF1 polypeptide (DP) protein (26). So far, six E2F proteins
(E2F1 to E2F6) and two DP proteins have been described. At
the end of G1 and the beginning of S phase, E2F-DP het-
erodimers (free E2F) activate transcription of their target
genes through a transcriptional activation domain present
within the E2F protein. The only exception is E2F6 (33, 49),
which does not harbor any activation domain but rather re-
presses transcription. At G0 and at the beginning of G1, pro-
teins from the Rb family (called pocket proteins) bind directly
to the activation domain of the E2F protein. Rb itself interacts

with E2F1, E2F2, and E2F3, whereas the two related proteins,
p107 and p130, target E2F4 and E2F5 (22).

Through their interaction with E2F, proteins of the Rb fam-
ily are recruited to E2F sites. This binding leads to transcrip-
tional repression of E2F-regulated genes through a transcrip-
tional repression domain present within the pocket protein
(12, 55). Many bits of evidence indicate that transcriptional
repression by pocket proteins is crucial for the proper control
of cell proliferation. First, E2F sites play mainly a repressive
role on transcription (22). Second, inactivation of pocket pro-
tein function, either by phosphorylation, mutation, or viral
transforming proteins, results in the loss of transcriptional re-
pression properties (12, 44). Finally, a basal unrepressed level
of transcription of E2F-regulated genes can be sufficient in
some instances to induce cell transformation (16, 23).

Transcriptional repression by pocket proteins is mediated
through their conserved domain, which is called the pocket
(11). This domain of Rb is a hot spot of mutations in cancer.
Recently, transcriptional repression by Rb has been shown to
correlate with the ability of Rb to interact with proteins con-
taining the so-called LXCXE motif (14). This motif has been
first described as the Rb interaction site of viral transforming
proteins such as E1A. Since then, a very large number of
cellular proteins that use this motif to interact with Rb have
been described (19). Consistent with the presumably important
role of transcriptional repression by Rb, the domain responsi-
ble for the interaction with LXCXE-containing proteins is re-
quired for Rb to induce permanent cell cycle arrest (9, 14).

Several different molecular mechanisms for transcriptional
repression by Rb have been proposed (21, 54). However, re-
cent reports indicate that, at least in some instances, it involves
recruitment of histone deacetylases (HDs) (6, 30, 31). Indeed,
Rb has been shown to interact directly with the histone
deacetylase HDAC1, through an LXCXE-like motif present
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within this protein (31). Furthermore, transcriptional repres-
sion of some E2F target genes can be relieved by HD inhibitors
(30). Consistent with this model, histones on E2F-regulated
promoters evolve during G1 from a hypoacetylated state to a
hyperacetylated state (47).

Acetylation is a common posttranslational modification of
nucleosomal histones which has long been known to correlate
with activation of transcription (53). Histone acetylation status
is controlled through a balance between histone acetyltrans-
ferase (HATs) and HDs. HATs are generally transcriptional
activators, whereas HDs are often transcriptional repressors.
They are believed to be recruited to specific promoters through
physical interaction with coactivators and corepressors (24).
Little is known about the molecular consequences of histone
acetylation. A likely model is that acetylation of histones in-
duces a decompaction of chromatin structure, thereby allowing
a greater accessibility of transcription factors to DNA. An
alternative hypothesis, called the histone code hypothesis, was
recently proposed (45). This hypothesis relies on the fact that
histone N-terminal tails are extensively modified, not only by
acetylation but also by phosphorylation and methylation (45).
According to the histone code hypothesis, a precise combina-
tion of modifications would lead to a specific consequence for
chromatin function. Consistent with this, although histone
acetylation is generally linked with transcriptional activation,
acetylation of K12 of histone H4 in Saccharomyces cerevisiae is
important for the formation of compact silenced heterochro-
matin (5).

If the histone code hypothesis is correct, then the other
histone modifications could be as important as acetylation for
chromatin function. Indeed, phosphorylation of histone H3 or
the histone variant H2AX is likely to play a major role in cell
cycle control (10, 29) and DNA repair (42), respectively. The
discovery of the first histone methyltransferase (HMT) has also
recently renewed our interest in histone methylation (41). This
HMT was previously known as the human homologue of the
Drosophila Su(Var)3.9 protein (1). The Su(Var)3.9 protein
and its homologue in Schizosaccharomyces pombe Clr4 have
been cloned as proteins involved in centromer function and
pericentric heterochromatin silencing (3, 50). Suv39H1 also
localizes at heterochromatin foci and centromers (1). Suv39H1
and the closely related Suv39H2 protein methylate specifically
K9 from histone H3 (39, 41). Recent results suggest that meth-
ylation of K9 from histone H3 induces the formation of a
high-affinity binding site on chromatin for proteins of the het-
erochromatin protein 1 (HP1) family (4, 25). These proteins
are present in organisms from yeasts (Swi6 in S. pombe) to
humans (HP1�, -�, and -�) and like the members of the
Suv39H1 family, they localize at heterochromatin foci and they
are involved in pericentric heterochromatin silencing (15). The
results of these studies indicate that histone H3 methylation
very likely plays a major role in chromatin structure and function.

Importantly, the various posttranslational modifications of
nucleosomal histones occur dependently on each other. For
example, phosphorylation of S10 of histone H3 increases the
efficiency of K14 acetylation (10, 29). Similarly, methylation of
K9 interferes with phosphorylation of S10 (41). Furthermore,
we recently described a physical interaction between the HAT
CBP and an HMT (51). These data led us to test whether other
histone-modifying enzymes could also be involved in Rb-me-

diated transcriptional repression. Indeed, it has been shown
recently that in vitro, transcriptional repression by Rb requires
nucleosomes but not HDs (43). Here, we found that Rb inter-
acts through its growth-regulating domain with an HMT that
we identified as Suv39H1. Furthermore, through this interac-
tion, Suv39H1 could be targeted to E2F1. In transient-trans-
fection experiments, the E2F1-Rb-Suv39H1 ternary complex
repressed transcription. Taken together, these results indicate
that Suv39H1 could be important for transcriptional repression
by Rb. To our knowledge, it is the first demonstration of an
HMT functioning as a promoter-specific transcriptional regu-
lator. Finally, our findings suggest the existence of a functional
link between E2F-regulated genes and heterochromatin.

MATERIALS AND METHODS

Plasmids. pCMV NeoBam Rb 379-928 (pCMV Rb), pCMV NeoBam E2F1,
pGEX2TK-Rb 379-928, pGEX2TK-Rb 379-928 706 C-F (Rb Mut) and empty
vectors, E2F-luciferase and pCMV lacZ reporter vectors were described previ-
ously (31). Vectors allowing the expression of cyclin D, cyclin E, cdk4, and cdk2
were kind gifts from A. Harel-Bellan. Gal4-luc and TK-luc reporter vectors were
kind gifts from H. G. Stunnenberg and H. Richard-Foy, respectively. pCMVGT,
pHKGT, pHKG E2F1 380-437 (pHKG E2F1-AD), pGEX2TKp-E2F1 359-437
(E2F1 AD), pGEX-p53, pGEX-MyoD, and pGEX-pCAF were kind gifts from
T. Kouzarides. pSG5 Rb was a kind gift from W. G. Kaelin. Myc-Suv39H1
expression vector was a kind gift from T. Jenuwein. The vector expressing
GAL4-Suv39H1 fusion protein was made by inserting myc-Suv39H1 cDNA in
frame in the pCMVGT expression vector. Suv39H1 1-332 was constructed by
PCR and fully sequenced. pCMV2N3T Suv39H1 and pCMV 2N3T Suv39H1
1-332 were constructed by inserting the corresponding fragment into the pCMV
2N3T empty vector. They express the corresponding protein with N-terminal
nuclear localization signal and hemagglutinin (HA) tags. Details of constructions
are available upon request.

Cell culture and transfection. U2OS, SAOS2, and HeLa cells were maintained
in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum.
Jurkat cells were maintained in RPMI medium supplemented with 10% fetal calf
serum. U2OS and SAOS2 cells were transfected by the calcium phosphate
coprecipitation procedure, whereas HeLa cells were transfected using Fugene
Reagent (Roche Diagnostics), according to the manufacturer’s instructions. For
coimmunoprecipitation experiments, transfections were performed using 2 � 106

cells in 10-cm-diameter dishes. For reporter activity assays, transfections were
performed using 4 � 105 cells in six-well plates. The amount of cytomegalovirus
(CMV) promoter in the transfection was kept constant using empty vectors. Cells
were harvested 24 or 48 h after transfection. For luciferase assays, pCMV lacZ
was included in each experiment as a control for transfection efficiency. Lucif-
erase and �-galactosidase activities were measured using Promega and Tropix
kits, respectively, according to the manufacturer’s instructions.

Immunoprecipitations and GST pulldown experiments. Immunoprecipita-
tions were performed by the method of Nicolas et al. (37). For glutathione
S-transferase GST-pulldown experiments, Jurkat cell nuclear extracts or whole-
cell extracts from transfected cells (prepared by the method of Nicolas et al. [37])
were diluted using IPH buffer (51) and subjected to a preclearing step with
glutathione beads. Beads containing the various GST fusion proteins (prepared
as described previously [37]) and with the amount of fusion protein standardized
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) fol-
lowed by Coomassie blue staining) were added to the precleared nuclear ex-
tracts, and reaction mixtures were incubated for 1 h at 4°C on a rotating wheel.
For peptide competition experiments, beads were preincubated with peptides
(simian virus 40 [SV40] T-antigen peptide, NEENLFCSEEMPSSDD; irrelevant
peptide, GKEKSKEPRDPDQLYC) for 1 h at 4°C. After extensive washing,
bound proteins were analyzed by Western blotting or were assayed for HMT
activity. For phosphorylation experiments, GST-Rb beads were incubated for 1 h
at 37°C in phosphorylation buffer (25 mM Tris [pH 7.5], 0.1 mM NaOV, 0.1 mM
EGTA, 10 mM MgCl2, 0.04 mM dithiothreitol, 0.1 �M ZnCl2, 0.1 mM ATP)
with purified baculovirus-expressed cyclin E-cdk2 (kind gift from B. Ducommun)
(2). After extensive washing, beads were used in GST pulldown experiments.

HMT assays. Beads from GST pulldown experiments or immunoprecipita-
tions were resuspended in 30 �l of IPH buffer supplemented with 0.8 �M of
S-adenosyl [methyl-3H]methionine (Amersham) and either 2 �g of histones (pre-
pared from duck erythrocytes as described previously [51]) or 30 �M histone
H3-derived peptides. The sequences of peptides were as follows: ARTKQTA
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RKSTGGKAPRKQLATKA for H3 wt(1–24); the same sequence for K4Mut,
K9Mut, and K14Mut, except that K4, K9, or K14 was replaced by an alanine; and
ARTKQTARKSTGGKAPR for H3 wt(1–17). Methylation was then quantified
using the filter binding assay as described previously (8).

Western blots and antibodies. Western blots were performed using standard
procedures. We used the following antibodies: 9E10 (Roche Diagnostics) as an
anti-myc antibody (to detect myc-Suv39H1), KH95 (Santa Cruz) as an anti-E2F1
antibody, either C15 or C15G (Santa Cruz) as an anti-Rb antibody for immu-
noprecipitations, and either XZ55 or G3-245 (both from Pharmingen) for West-
ern blots. Other antibodies are indicated in figure legends. To produce the
anti-Suv39H1 antibody, a rabbit was immunized with two peptides derived from
Suv39H1 (amino acids 67 to 82 and 101 to 115). Immune serum efficiently
immunoprecipitated transfected myc-tagged Suv39H1 (data not shown).

RESULTS

Rb interacts with an HMT. Recent reports have emphasized
the notion that various chromatin modifications work in an
interdependent manner (10, 18, 29, 36, 41, 48, 52, 56). Since Rb
can repress E2F activity through HDs (6, 30, 31), we tested the
possible involvement of other histone-modifying enzymes in
Rb function.

In order to test whether Rb interacts with an HMT activity,
we incubated Jurkat cell nuclear extracts with beads containing
either bacterially produced GST-Rb fusion protein or control
GST. After extensive washing, bound proteins were assayed for
HMT activity by adding S-adenosyl [methyl-3H]methionine and
purified histones. Transfer of the methyl group to histones was
then analyzed by SDS-PAGE. Fluorography results (Fig. 1A)
indicated that Rb could physically recruit a histone H3-specific
HMT from cell extracts. In control experiments, GST-Rb fu-
sion protein did not show any HMT activity by itself (data not
shown).

We also used a more quantitative assay, in which we directly
spotted the reaction product on P81 chromatographic What-
man paper, and we performed the classical filter binding assay
(8). Using this assay, we were able to show that a peptide
derived from the first 24 amino acids from the histone H3 was
efficiently methylated (Fig. 1B), indicating that the histone H3
N-terminal tail is the target of methylation. In addition, we
found that the ability to recruit an HMT from cell extracts is
specific to Rb, since neither recombinant MyoD, pCAF, nor
p53 significantly interacted with any HMT activity.

These experiments relied on the use of large amounts of
recombinant Rb protein. We thus tested whether the endoge-
nous Rb protein was also complexed with an HMT. We found
that immunoprecipitation of endogenous Rb from Jurkat cell
nuclear extracts led to the coimmunoprecipitation of a high
level of HMT activity (Fig. 1C), which was specific since it was
not seen using an irrelevant antibody. Taken together, these
results indicate that Rb is physically associated with a histone
H3-specific HMT in living cells.

The ability to interact with an HMT correlates with the
growth inhibitory properties of Rb. The retinoblastoma sus-
ceptibility gene is a hot spot of mutations in cancer, leading to
the expression of an inactive protein. We tested whether a
tumor-derived mutation abolishes the ability of Rb to interact
with an HMT. As already shown (Fig. 1B), incubation of
GST-Rb with Jurkat cell nuclear extracts led to the recruit-
ment of a robust HMT activity (Fig. 2A). In a similar experi-
ment, a tumor-derived point mutant of Rb was not able to
recruit any significant HMT activity from cell extracts (GST-
RbMut). This mutation resides in the so-called pocket domain

of Rb, which is targeted by viral transforming proteins such as
the SV40 T antigen. This domain is responsible for Rb binding
to E2F and to proteins containing an LXCXE motif, a se-
quence found in many Rb-binding proteins of viral or cellular
origin (22). To test which binding site of Rb was involved in the
interaction, we performed peptide competition experiments
(Fig. 2B). We found that preincubation of Rb beads with an
LXCXE-containing peptide derived from the SV40 T antigen
led to a specific decrease in the Rb-associated HMT, whereas
an irrelevant peptide had no effect. This result suggests that the
cellular HMT interacts with Rb through an LXCXE motif.
Interestingly, Rb represses transcription and induces a perma-
nent cell cycle arrest through the binding to LXCXE-contain-
ing proteins (9, 14). Thus, these data suggest that the ability to
associate with an HMT could be important for transcriptional
repression and growth suppression by Rb. Furthermore, the
Rb-HMT interaction could be an important target of S-phase-
inducing viral transforming proteins, such as the SV40 T antigen.

The Rb-associated HMT is the heterochromatin-associated
Suv39H1 protein. As a first step towards the identification of

FIG. 1. Physical interaction between Rb and an HMT. (A) Gluta-
thione-agarose beads containing 2 �g of recombinant bacterially ex-
pressed GST Rb 379–928 (Rb) or control GST (GST) were incubated
with 200 �l of Jurkat cell nuclear extracts. After extensive washing,
beads were subjected to an HMT assay using 2 �g of purified histones.
Histones were then separated by SDS-PAGE (18% polyacrylamide)
and were detected by Coomassie blue staining or fluorography. (B)
Beads containing the indicated GST fusion proteins were incubated
with 25 �l of Jurkat cell nuclear extracts and, after extensive washing,
were subjected to an HMT assay using the histone H3 peptide [wt(1–
24)] as a substrate (final concentration, 30 �M). Methylation was
quantified using the filter binding assay. (C) Jurkat cell nuclear extracts
(150 �l) were subjected to immunoprecipitation (IP) using 5 �g of
either a control anti-HA antibody (Irr) (Santa Cruz) or an anti-Rb
antibody. Immunoprecipitates were then assayed for HMT activity as
described above for panel B.
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the Rb-associated HMT, we determined its substrate specific-
ity. As already shown in Fig. 1B, a peptide containing the first
24 amino acids from histone H3 [wt(1–24)] was efficiently
methylated by the Rb-interacting enzyme (Fig. 3A). By using a
shorter peptide, we were able to demonstrate that the main
methylation events occurred within the first 17 amino acids of
histone H3 [wt(1–17)] (Fig. 3A). We then individually mutated
each of the three lysines present within this peptide. When
peptides mutated either at K4 or at K14 were used as sub-
strates, no significant difference in the methylation efficiency
could be detected (Fig. 3B). In contrast, a peptide mutated at
K9 could not be methylated at all, indicating that K9 is the
major methylation site of the Rb-interacting enzyme. This
strict substrate specificity is reminiscent of the newly described
Suv39H1 HMT (41). Suv39H1 is a mammalian homologue of
Drosophila Su(Var)3.9, which is involved in pericentric hetero-
chromatin formation (50). We thus tested whether Suv39H1
could interact with Rb. Immunoprecipitation of Rb from trans-
fected-cell extracts led to the coimmunoprecipitation of trans-
fected Suv39H1 (Fig. 4A, top gel, lane 1). This interaction was

specific, since it was not detected in the absence of exogenous
Rb (lane 3) or in the absence of transfected Suv39H1 (lane 2).
Taken together, these data indicate that Rb interacts with
Suv39H1 in transfected cells.

The latter experiment was performed by overexpressing pro-
teins. To test whether Rb and Suv39H1 produced at physio-
logical levels were also physically associated in living cells, we
performed coimmunoprecipitation experiments from Jurkat
cell nuclear extracts.

Immunoprecipitation of endogenous Suv39H1 (Fig. 4B) led
to the coimmunoprecipitation of endogenous Rb, whereas the
control immunoprecipitation performed with the preimmune
serum did not. These results indicate that endogenous Rb and
Suv39H1 are physically present within the same complex.

The interaction between Rb and the cellular HMT is depen-
dent upon Rb pocket integrity and is competed away by an
LXCXE-containing peptide (Fig. 2B). We thus tested whether

FIG. 2. Binding of the HMT correlates with Rb antiproliferative
activity. (A) Beads containing bacterially expressed GST Rb 379–928
(GST-Rb), GST Rb 379–928 706C-F (GST-Rb Mut), or control GST
were incubated with 25 �l of Jurkat cell nuclear extracts and, after
extensive washing, were subjected to an HMT assay using the histone
H3 peptide [wt(1–24)] as a substrate (final concentration, 30 �M).
Methylation was quantified using the filter binding assay. (B) Beads
containing either fusion protein GST-Rb or GST-RbMut were used in
pulldown reactions as described above for panel A, except that, prior
to the addition of Jurkat cell nuclear extracts, beads were incubated
with or without (�) 5 or 10 �g (amount indicated by the height of the
white triangle) of an SV40 T-antigen-derived peptide or an irrelevant
peptide (Irr), as indicated. Bound HMT activity was measured as
described in the legend to Fig. 1B.

FIG. 3. The Rb-associated HMT specifically methylates K9 from
histone H3. (A) Beads containing either GST-Rb or control GST
fusion protein were incubated with 25 �l of Jurkat cell nuclear extracts
and were assayed for bound HMT activity using peptides containing
either the first 24 amino acids [wt(1–24)] or the first 17 amino acids
[wt(1–17)] of histone H3. (B) Beads containing either GST-Rb or
control GST fusion protein were incubated with 25 �l of Jurkat cell
nuclear extracts and were assayed for bound HMT activity using either
the wild-type H3 peptide [wt(1–24)] or the same peptide with the
indicated lysine mutated.
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Rb interacts with Suv39H1 using the same domain. When
incubated with whole-cell extracts, GST-Rb beads were able to
recruit specifically transfected myc-Suv39H1 (Fig. 4C, lanes 4
and 6), whereas beads harboring the Rb point mutant RbMut
were not (lane 3). Furthermore, this interaction is abolished in
the presence of the LXCXE-containing SV40 peptide (com-

pare lanes 6 and 7). Thus, Suv39H1 interacts with Rb through
an LXCXE motif. Taken together, these data suggest that
Suv39H1 is likely to be the Rb-associated HMT. Strikingly,
Suv39H1 does not contain any sequence resembling the
LXCXE motif, suggesting that it interacts with Rb indirectly
(see Discussion).

FIG. 4. Suv39H1 physically associates with Rb. (A) U2OS cells were transfected with 10 �g of pCMV myc-Suv39H1 and/or pCMV-Rb 379–928
as indicated. Total cell extracts were then immunoprecipitated using an anti-Rb antibody, and immunoprecipitates (IP) were tested for the
presence of myc-Suv39H1 by Western blotting (WB) (top gel). The position of the immunoglobulin heavy chain of the immunoprecipitating
antibody is indicated by an asterisk. The expression levels of transfected Rb or myc-Suv39H1 are shown in the lower gels. (B) Jurkat cell nuclear
extracts (200 �l) were immunoprecipitated with the indicated antibody (anti-Suv39H1 [Suv] or preimmune serum [PI]), and immunoprecipitates
were tested for the presence of endogenous Rb by Western blotting using the G3-245 antibody (Pharmingen). In lane 1, 2 �l of Jurkat nuclear
extracts was directly loaded as input (inp). (C) Beads containing 0.2 �g of GST, GST-Rb Mut, or GST-Rb fusion protein (middle gel) or 2 �g of
GST-Rb (Rb) or control GST (GST) fusion protein (right gel) were incubated with whole extracts (80 �l) from cells transfected with 2.7 �g of
myc-Suv39H1 expression vector. Competitor peptides (10 �g) were added where indicated (right gel). After extensive washing, the amount of
myc-Suv39H1 pulled down was tested by Western blotting. In lane 1, whole-cell extracts (13 �l) were directly loaded as input.
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The Rb-Suv39H1 interaction is abolished by Rb phosphor-
ylation. The activity of the retinoblastoma protein is controlled
by its phosphorylation by cyclin D- and cyclin E-dependent
kinases (40). Consequently, protein-protein interactions criti-
cal for the growth inhibitory functions of Rb are abolished
upon Rb phosphorylation. We thus tested the effect of Rb

phosphorylation on its ability to interact with Suv39H1. As
already shown (Fig. 4C), incubation of transfected-cell extracts
with GST-Rb beads led to the specific recruitment of exoge-
nous myc-Suv39H1 (Fig. 5A, left gel, compare lane 2 and lane
3). When GST-Rb beads phosphorylated in vitro by purified
recombinant cyclin E-cdk2 complex were used, we found that

FIG. 5. Phosphorylation of Rb abolishes its interaction with Suv39H1. (A) Beads containing GST-Rb or GST proteins were phosphorylated in
vitro using purified cyclin E-cdk2 kinase complex. The extent of Rb phosphorylation was assessed by Coomassie blue staining. Note the slight
change in the migration velocity of GST-Rb upon cyclin E-cdk2 treatment. These beads were used in GST pulldown experiments with whole
extracts from cells transfected with the myc-Suv39H1 expression vector, as described in the legend to Fig. 4C (left gel). Bound proteins were
detected by Western blotting (WB) using the anti-myc antibody. In lane 4, whole-cell extracts (13 �l) were loaded directly as input (inp). (B) U2OS
cells were transfected as described in the legend to Fig. 3B with 10 �g of the indicated expression vectors. Total cell extracts were immunopre-
cipitated with the anti-myc antibody, and immunoprecipitates (IP) were tested for the presence of Rb by Western blotting (WB) (top gel). In the
middle and bottom gels, expression levels of transfected Rb and myc-Suv39H1 are shown. Exogenous Rb migrates at about 60 kDa because the
N-terminal part of the protein was deleted (see Materials and Methods). Note that addition of cyclin-cdk expression vectors led to a shift in the
migration of transfected Rb (phosphorylated Rb [phospho-Rb] in the middle gel).
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the amount of Suv39H1 retained on the beads was largely
reduced (compare lanes 1 and 2), although the amount of
recombinant Rb protein was similar (right gel). Thus, in vitro
phosphorylation of Rb by cyclin E-cdk2 reduces its ability to
interact with Suv39H1.

To test whether the same was true in living cells, we trans-
fected U2OS cells with Rb and Suv39H1 expression vectors in
the presence or absence of exogenous cyclin-cdk’s. As ex-
pected, in the absence of exogenous kinase, immunoprecipita-
tion of myc-Suv39H1 led to the coimmunoprecipitation of ex-
ogenous Rb (Fig. 5B, top gel, lanes 3 and 7). In the presence
of exogenous kinases, exogenous Rb was efficiently phosphor-
ylated, as indicated by the shift in its migration (middle gel,
compare lanes 3 and 7 to lanes 1, 4, 5, and 8). Phosphorylated
Rb was not significantly coimmunoprecipitated with myc-
Suv39H1 (lanes 1 and 5), although Rb and Suv39H1 were
expressed at high levels (middle and bottom gels, lanes 1 and
5). Thus, phosphorylation of Rb by cyclin-cdk’s abolishes its
ability to interact with Suv39H1 in living cells.

Suv39H1 functions as a transcriptional corepressor of the
E2F transcription factor. One of the major targets of Rb is the
E2F transcription factor (22). To test whether Suv39H1 could
be involved in transcriptional regulation by E2F, we trans-
fected HeLa cells, which express low levels of endogenous
Suv39H1 (1), with a reporter construct in which the luciferase-
encoding gene is cloned downstream of E2F sites (Fig. 6A).
Increasing amounts of Suv39H1 expression vector led to a
dose-dependent repression of this reporter vector, indicating
that Suv39H1 repressed E2F activity (measured as the ratio
between the activity of the E2F-TK luciferase reporter vector
to the activity of the empty thymidine kinase [TK] luciferase
reporter vector).

Since Suv39H1 interacts with Rb (see above), we wondered
whether Suv39H1 could cooperate with Rb for transcriptional
repression. In order to test this hypothesis, we transfected
HeLa cells with a GAL4 luciferase reporter vector and an
expression vector for Gal4-E2F1AD (E2F1 activation domain)
fusion protein (Fig. 6B). Increasing doses of an expression
vector for myc-tagged Suv39H1 did not have any effect in the
absence of Gal4-E2F1 and induced a slight repression in its
presence (two fold at most). In contrast, in the presence of
exogenous Rb, Suv39H1 led to an important decrease in Gal4-
E2F1 activity (up to 10-fold repression in the presence of 5 �g
of pSG5 Rb). This decrease is unlikely to be due to changes in
the expression of the transfected proteins, since both Rb and
Gal4-E2F1 were expressed from the SV40 promoter, which
was not affected by overexpressed Suv39H1 (data not shown).
Furthermore, the expression of exogenous Suv39H1 was
slightly lower in the presence of Rb than in its absence (data
not shown). Similarly, the efficiency of transcriptional repres-
sion by Rb increased in the presence of exogenous Suv39H1.
For example in Fig. 6B, for 2 �g of Rb expression vector, the
efficiency went from less than twofold in the absence of exog-
enous Suv39H1 up to sixfold with 2 �g of Suv39H1 expression
vector. Taken together, these data indicate that Rb and
Suv39H1 cooperate to repress E2F activity and support
Suv39H1 acting as a corepressor of E2F.

In order to test whether the methyltransferase activity of
Suv39H1 is involved in this corepressor activity, we constructed
an expression vector for either Suv39H1 fl (Suv39H1) or

Suv39H1 1-332, in which some amino acids critical for its HMT
activity have been deleted (41), both tagged with HA epitopes
and nuclear localization signals. As expected, we found that,
like myc-Suv39H1 in Fig. 6B, HA-Suv39H1 was able to coop-
erate with Rb to repress E2F activity (Fig. 6C). The version of
Suv39H1 with a deletion (Suv39H1 1-332) had hardly any ef-
fect on E2F activity, either in the absence or presence of Rb.
Since this mutant was well expressed (Fig. 6C) and bound Rb
as efficiently as the wild type in GST pulldown assays (data not
shown), this result suggests that the HMT activity of Suv39H1
is required for its ability to cooperate with Rb.

Rb targets Suv39H1 to the E2F1 activation domain. We
then hypothesized that Suv39H1 could be recruited to E2F-
regulated promoters through its physical interaction with Rb.
To test this possibility, we first investigated whether E2F1
could interact with a cellular HMT. We produced beads har-
boring recombinant bacterially produced fusion proteins in
which the activation domain of E2F1 is fused to GST. When
these beads were used in GST pulldown experiments, as in Fig.
1B, we found that they efficiently recruited HMT activity from
cell extracts (Fig. 7A). Thus, the E2F1 activation domain,
which binds Rb, interacts with a cellular HMT.

We then intended to test whether this last result was due to
the formation of a ternary complex containing E2F1, Rb, and
Suv39H1. To that end, we transfected U2OS cells with expres-
sion vectors encoding E2F1, Rb, and GAL4-myc-Suv39H1 fu-
sion protein. We used this larger protein version rather than
myc-Suv39H1, because the latter protein could not be ade-
quately detected in the immunoprecipitates due to its comi-
gration with the strong band of the heavy chain of the immu-
noprecipitating anti-E2F1 antibody (Fig. 7B, top gel). In the
presence of all three expression vectors, immunoprecipitation
of E2F1 led to the coimmunoprecipitation of GAL4-myc-
Suv39H1 (Fig. 7B, top gel, lane 1). This coimmunoprecipita-
tion was specific, since it was not seen in the absence of exog-
enous E2F1 (lane 3) or GAL4-myc-suv39H1 (lane 4).
Interestingly, this coimmunoprecipitation was also dependent
upon the presence of exogenous Rb (lane 2), although GAL4-
myc-Suv39H1 and E2F1 expressions were similar (lower pan-
els). Taken together, these results indicate that Rb can recruit
Suv39H1 to the E2F1 protein through physical interactions
with both proteins.

Suv39H1 represses transcription once recruited on a pro-
moter. We therefore tested the effect on transcription of
Suv39H1 recruitment to a heterologous promoter. U2OS cells
were transfected with a reporter vector in which the luciferase
gene is cloned downstream of GAL4 sites. Increasing amounts
of an expression vector for Suv39H1 fused to the Gal4 DNA
binding domain led to a dose-dependent repression of lucif-
erase activity (Fig. 8A, left panel), which required the Gal4
DNA binding domain (data not shown). Furthermore, it had
no effect on the same reporter vector without GAL4 sites (data
not shown). These data indicate that the HMT Suv39H1 re-
presses transcription when targeted to a promoter, as already
shown by others in a different cell type (17). Similar repression,
albeit less efficient, was also observed in Rb-negative SAOS2
cells (right panel), indicating that transcriptional repression by
Suv39H1 is not a mere consequence of binding to Rb.
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FIG. 6. Suv39H1 represses E2F activity. (A) HeLa cells were transiently transfected with 2 �g of E2F-TK luc or control TK-luc reporter vectors,
20 ng of pCMV NeoBam, and 100 ng of pCMV lacZ to monitor transfection efficiency, and with increasing amounts of myc-Suv39H1 expression
vector (0, 0.5, 1, and 2 �g [amount indicated by the height of the white triangle]). Luciferase and �-galactosidase activities were measured 48 h
later. E2F activity (normalized to that of empty reporter construct) was calculated relative to 100% in the absence (�) of exogenous Suv39H1. The
means of four independent experiments are shown. (B) HeLa cells were transiently transfected with 2 �g of GAL4-luc reporter construct, with the
indicated amount of SV40 promoter-driven Gal4 E2F1-AD (pHKGal4 E2F1-AD) and/or Rb (pSG5 Rb) expression vectors and with either 0, 1,
or 2 �g of pCMV myc-Suv39H1 expression vector. Luciferase activity (in relative light units [RLU]) was measured 48 h later. The result of a typical
experiment is shown. Note that transcriptional repression by Rb is more efficient in the presence than in the absence (�) of exogenous Suv39H1.
(C) HeLa cells were transiently transfected with 2 �g of GAL4-luc reporter construct, 2 �g of pHKGal4 E2F1-AD, the indicated amount of pSG5
Rb, and various amounts (0, 1, or 2 �g) of either pCMV 2N3T Suv39H1 (HA-Suv39H1) or pCMV 2N3T Suv39H1 1–332 (HA-Suv39H1 1–332),
as indicated. Luciferase activity was measured 48 h later. The result of a typical experiment is shown. In the lower panels, the expression levels
of HA-tagged Suv39H1 fl or Suv39H1 1–332 were assayed by anti-HA Western blotting.
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DISCUSSION

In this paper, we show that Rb physically interacts with an
HMT, which is likely to be Suv39H1. This interaction could be
important for the function of Rb, since (i) it is dependent upon
the integrity of the pocket domain of Rb (Fig. 2 and 4), (ii) it
is competed away by peptides derived from viral transforming
proteins (Fig. 2 and 4), and (iii) it is lost upon phosphorylation
of Rb by cyclin-dependent kinases (Fig. 5). Through this phys-
ical interaction, Rb could recruit Suv39H1 to the E2F tran-
scription factor (Fig. 7), leading to the repression of E2F-
regulated promoters (Fig. 6). Taken together, our results
suggest a model in which transcriptional repression of E2F-
regulated promoters could involve the recruitment of the
HMT Suv39H1 (Fig. 8B). Consistent with this model, Rb in-
teracts with Suv39H1 through its transcriptional repression
domain (LXCXE-dependent) (Fig. 4C) (14). It has to be
noted, however, that we did not succeed in directly demon-
strating the recruitment of Suv39H1 to E2F-regulated promot-
ers by chromatin immunoprecipitations.

Many other proteins, including HDs, have been proposed to
be involved in the transcriptional repression by Rb (6, 30, 31).

Thus, it is important to understand to what extent Suv39H1 is
important for transcriptional repression by Rb. Transcriptional
repression by Rb in vitro requires the DNA template to be
assembled in nucleosomes (43). However, HD inhibitors have
no effect on this repression (43). Thus, these results indicate
that Rb represses transcription through a mechanism involving
nucleosomes but independent of the acetylation status of his-
tones. Our results suggest that histone methylation could be
involved in this in vitro repression. What about in vivo? No
specific inhibitors of HMTs are available so far. Furthermore,
we did not manage to inhibit Suv39H1 expression by using
antisense RNA or double-stranded RNA (data not shown).
However, most importantly, in mouse embryo fibroblasts de-
rived from Suv39H1 and Suv39H2�/� mice, cyclin E expres-
sion is deregulated (T. Kouzarides, personal communication).
Since cyclin E is regulated through E2F sites, this experiment
strongly suggests that Suv39H1 is important for Rb function.
Consistent with that, overexpression of Suv39H1 in 3T3 cells
induces a slight decrease in the percentage of cells that enter S
phase (17).

The interaction of Suv39H1 and Rb is competed away by an

FIG. 7. Ternary complex formation between E2F1, Rb, and Suv39H1. (A) Beads containing 10 �g of either GST-E2F1 359–437 (E2F1 AD)
or control GST fusion proteins were incubated with 200 �l of Jurkat cell nuclear extract, and bound proteins were assayed for HMT activity. (B)
U2OS cells were transfected as described in the legend to Fig. 3B with 5 to 15 �g of the indicated expression vectors. Note that the Gal4-Suv39H1
fusion protein is tagged with the myc tag. Total cell extracts were immunoprecipitated with the anti-E2F1 antibody, and immunoprecipitates were
tested for the presence of Gal4-Suv39H1 by Western blotting (WB) (top gel). The position of the immunoglobulin heavy chain of the immuno-
precipitating antibody is indicated by an asterisk. In the lower gels, expression levels of transfected Rb, Gal4-Suv39H1, and E2F1 are shown.
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LXCXE-containing peptide. However, analysis of the primary
structure of human Suv39H1 does not show any sequence
resembling a known LXCXE motif (data not shown). Al-
though at this stage we cannot rule out the possibility of direct
contacts between Rb and Suv39H1, this result suggests that the
interaction between Suv39H1 and Rb is indirect and is medi-
ated through an LXCXE-containing protein.

Suv39H1 is thought to be involved in heterochromatin for-
mation. Indeed, it localizes at heterochromatic foci in mam-
malian interphase cells (1, 15, 32). Furthermore, Drosophila
and S. pombe homologues of Suv39H1 have been cloned in
genetic screens for proteins involved in silencing through het-
erochromatin (3, 15, 50). The fact that Suv39H1 physically
interacts with Rb suggests a link between Rb and heterochro-
matin. Transcriptional repression by Rb could thus involve the
formation on E2F-regulated genes of a heterochromatin-like
structure. Such a mechanism has already been proposed for
transcriptional repression by the repressor KAP1 (also called
TIF1�) (38). Through their interaction with Suv39H1, E2F-
regulated genes could be relocalized within the cell nuclei to a
heterochromatic compartment. A similar silencing through re-
localization has already been described for transcriptional re-
pression by the differentiation-associated protein Ikaros (7).
Indeed, subnuclear localization appears to be an important
feature of transcriptional regulation (13).

To our knowledge, our results are the first example of an
HMT being involved in transcriptional regulation by sequence-
specific transcription factors. What could be the molecular
basis for this repressing effect? The methyltransferase activity

of Clr4, the S. pombe homologue of Suv39H1, is required for
silencing through heterochromatin formation (4). Suv39H1
specifically methylates K9 from histone H3. Recent results
indicate that the histone H3 methylated on K9 is a binding site
for proteins from the HP1 family (4, 25). According to these
studies, HP1 would recognize methylated histone H3 through
its chromo-domain. HP1�, a member of the HP1 family, also
interacts with Suv39H1 (1). Thus, the presence of Suv39H1 on
a promoter could induce the formation of a high-affinity bind-
ing site for proteins of the HP1 family, resulting both from the
methylation of histone H3 (4, 25) and from the physical inter-
action with Suv39H1 itself (1). Transcriptional repression
would then result from HP1 recruitment, consistent with pre-
vious observations (27, 28, 38).

Another important question raised by our results deals with
the relationship between HDs and HMTs. Indeed, Rb has
been shown to repress transcription through the recruitment of
HDs, including the histone deacetylase HDAC1 (6, 30, 31).
Our results suggest that it also involves the HMT Suv39H1.
Furthermore, silencing through heterochromatin involves
Suv39H1 homologues (3, 50), and histones within heterochro-
matin are largely hypoacetylated (20). Finally, we found that
transcriptional repression by Suv39H1 of a heterologous pro-
moter requires HDs (our unpublished results). What could be
the basis of this cooperation? A likely possibility invokes the
existence of a physical interaction between Suv39H1 and HDs.
Alternatively, since both enzymes modify the same substrate, it
is tempting to speculate that one modification might affect the
efficiency of the other. Indeed, such influences between various
histone posttranslational modifications have already been doc-
umented (10, 29, 41). Thus, methylation of histone H3 could
favor its deacetylation, or conversely, methylation of deacety-
lated histones could be more efficient. Consistent with this
explanation, acetylation of K9 of histone H3 blocks methyl-
ation by Suv39H1 (41). Thus, deacetylation of K9 by HDs
could be required for histone H3 methylation on K9. Such a
mechanism would be consistent with the observation that lo-
calization of HP1 proteins, which is dependent upon histone
H3 K9 methylation, is slowly lost upon inhibition of HDs (46).
Also, recent results indicate that, in S. pombe, K9 methylation
by Clr4 is dependent upon the activity of the histone deacety-
lase Clr3 (35).
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