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Summary: The Polycomb group protein (PcG) SUZ12 forms Polycomb repressive complexes together with his-
tone methyltransferase EZH2. Although the complexes have been demonstrated to be involved in epigenetic main-
tenance of gene expression in a transcriptional repressive state, it is unclear how they are recruited to the target
genes. Here we report that SUZ12 directly interacts with site-specific transcriptional repressor E2F6 and forms a
complex together with EZH2. SUZ12 interacts with E2F6 selectively among the E2F family proteins and E2F6-
containing SUZ12-EZH?2 complex was biochemically purified from HEK293 cells stably expressing Flag-tagged
SUZ12. Chromatin immunoprecipitation assays revealed the target genes of the E2F6-SUZ12-EZH2 complex.
Contrary to expectation, the promoter regions of these genes are not or only weakly tri-methylated at histone
H3-K27, and their expression is down-regulated by depletion of EZH2. Given that the transactivation function of
SUZ12-EZH?2 has been previously reported, the inhibitory effect on E2F6-mediated transcriptional repression by
physical interaction can be considered a candidate mechanism of gene activation by these PcGs.

Keywords E2F transcription factor, polycomb group protein, histone methylation, chromatin immunoprecipi-
tation, transcriptional regulation

served from the fruit fly to humans [4-13]. The PRC2

INTRODUCTION complexes contain core components EZH2, which

Polycomb group (PcG) proteins have been recog-
nized as transcriptional repressors that play a crucial
role in maintaining the correct spatial and temporal
expression of homeotic genes during development
[1-3]. Several lines of biochemical evidence indicate
that PcG proteins function in multimeric protein
complexes, Polycomb repressive complexes PRC1
and PRC2, the core components of which are con-

possesses methyltransferase activity to histone H3
lysine 9 (H3-K9), H3-K27 and H1-K26, zinc-finger
protein SUZ12, and WD-repeat proteins EED and
RBBP4/7 (or the Drosophila counterparts, Su(z)12,
Ezh2, Esc and Nurf55). SUZ12 was shown to be es-
sential for the stability of enzymatic activity of EZH2
in the complexes [14,15].

The tri-methylation of H3-K27 by PRC2 pro-
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vides a binding site for PRC1 on nucleosomes, and
the occupation of PRC1 on target genes facilitates
the condensation of chromatin structure and the inhi-
bition of chromatin remodeling by SWI/SNF com-
plexes to establish gene silencing [4,8,10,11,16]. In
addition to the methyltransferase activity of PRC2
complexes, the catalytic subunit EZH2 interacts with
DNA methyltransferase (DNMTs) and associates
with DNMT activity [17]. The link of central molec-
ular events in epigenetic transcriptional regulation,
histone and DNA methylation, suggests a broad
range of molecular functions for PcG proteins in pro-
cesses of development, hematopoiesis, X chromo-
some inactivation, and oncogenesis [18-22].

Although an attractive model of gene repression
orchestrated by PRCs has been proposed, it remains
unclear how the PRC2 are recruited onto the nucle-
osomes of target genes. Among Drosophila PcG
genes, Pleiohomeotic (Pho) and Pho-like (Phol) en-
code sequence specific DNA-binding proteins
[23,24] and the binding sites are identified in Poly-
comb response elements (PRE) that are required for
silencing by PcG proteins [23-26]. However, Pho
and Phol, and the mammalian counterpart YY1 are
not purified as a component of PRC2/3/4 so far. A
DNA-binding protein AEBP2 was identified in PRC2
complex [10] but it is not clear how this factor re-
cruits the complex to the specific sites. A previous
study reported that Su(z)12 and Nurf55 form a mini-
mal nucleosome-binding module of the PRC2 com-
plexes in vitro [27]. This suggests that PRC2 is capa-
ble of accessing nucleosomes in a DNA sequence
independent manner. In contrast, studies of genome-
wide searches for target genes of PRC2 revealed that
these complexes are preferentially associated with
developmental regulators in embryonic cells [28-32].
This functional bias of the target genes might be ex-
plained, in part, by a mechanism in which certain
sequence-specific DNA binding proteins transiently
interact with a component of PRC2 and invite the
complex to the relevant regions of the genome. Such
proteins need to be identified to allow a better under-
standing of the biological functions of PRC2.

In the present study, we found that among the
E2F family members, only E2F6 directly interacts
with SUZ12 in vitro and in over-expressed cells. We
biochemically purified an E2F6-containing SUZ12-
EZH?2 complex on immunoaffinity purification from
HEK?293 cells expressing Flag-tagged SUZ12. Chro-
matin immunoprecipitation (ChIP) assays revealed
the target genes of this complex. Contrary to expecta-
tion, the promoter regions of these genes are not or

weakly tri-methylated at histone H3-K27, and their
expression is down-regulated by depletion of EZH2.
Our data suggest that SUZ12 inhibits, but not inter-
mediates, trans-repression function of E2F6 through
physical interaction.

MATERIALS AND METHODS

Plasmid constructs

Details of individual plasmid constructs, which
were all verified by sequencing, are available upon
request. The human cDNA of SUZ12 has been de-
scribed before [33]. Human cDNA of E2F1, E2F2,
E2F4, E2F5, E2F6 and DP1 were cloned from cDNA
of HeLa or MCF-7 cells. We used pCMV-HA or pC-
MV-Myc (Clontech) to express the proteins in mam-
malian cells, pGEX-2T (Amersham Biosciences) to
express GST-fusion proteins in E. coli, and pGADT7
(Clontech) to produce HA-tagged proteins in in vitro
transcription/translation. Full-length and mutant
SUZ12 (amino acid residues 1-599), which lacks the
C-terminal half of the VEFS (VRN2-EMF2-FIS2-
SUZ12) box, were cloned into pCI-neo (Promega) to
generate HEK293 cells stably expressing each pro-
tein.

Immunoprecipitation and in vitro binding assays
Non-synchronous COS-7 or HEK293 cells were
transiently transfected with indicated plasmids using
PolyFect Transfection Reagent (QIAGEN). Co-im-
munoprecipitation experiments, preparation of GST
fusion proteins, and GST pull-down assays were
done as previously described [33,34]. In brief, after
36 hours of transfection, the cells were washed with
cold phosphate-buffered saline and harvested in
RIPA buffer (50 mM Tris—HCI, pH 7.5, 150 mM
NaCl, 0.1% (w/v) SDS, 1.0% (v/v) Nonidet P-40,
0.5% (w/v) sodium deoxycholate). Cell extracts were
prepared by incubating at 4 °C for 1 hour followed by
centrifugation at 12,000 rpm for 10 minutes at 4 °C.
The cell extracts were then incubated with 10 pl of
anti-myc, anti-Flag or anti-E2F6 monoclonal anti-
body-coupled protein G beads for 2 hours at 4 °C.
The immunoprecipitates were washed three times
with cold RIPA buffer and suspended in 2 X SDS
sample buffer. The samples were applied onto an
SDS-PAGE and transferred onto nitrocellulose mem-
brane. Western blots were prepared by a standard
protocol. Anti-E2F6 (sc-8366, Santa Cruz Biotech-
nology), anti-Flag antibody M2 (F-9291, Sigma),
anti-Myc antibody (9E10, Santa Cruz), and anti-HA
antibody (F7, Santa Cruz) were used for immunopre-
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cipitation and/or Western blot analysis. For GST
pull-down experiments, the full-length E2F6, the
E2F6-N (residues 1-173) containing the DNA-bind-
ing domain and the leucine zipper motif, the E2F6-C
(residues 171-282) containing the marked domain
and the E2F6-D (residues 130-240) containing the
leucine zipper and the marked domain, were fused to
GST and produced in E. coli DH5a. In vitro trans-
lated HA-tagged, full-length SUZ12 and mutant
SUZ12 including SUZI12-N (residues 1-402),
SUZ12-ZV (residues 403-739) containing Zn-finger
motif and VEFS box, SUZ12-N1 (residues 1-201),
SUZ-N2 (residues 202-402), SUZ12-Z (residues
403-506) containing Zn-finger, SUZ12-V (residues
537-739) containing VEFS box, and SUZ-C (resi-
dues 640-739) were incubated with GST fusion E2F6
proteins in binding buffer (GPB: 50 mM Tris-HCl,
pH 7.5, 10 mM MgCl,, 10% glycerol, 0.1% NP40,
and 0.5 mM DTT) with 100 mM NaCl for 1 hour at 4
°C, washed GPB with 500 mM NaCl, and pulled
down SUZ12s were detected on Western blot analy-
sis using anti-HA-tag antibody.

Purification of SUZI2-containing complex

Nuclear extracts from Flag-SUZ12 expressing
HEK?293 or control HEK293 cells were incubated
with anti-Flag M2-agarose beads (Sigma) in binding
buffer (20 mM HEPES, pH 7.9, 0.21 M KCl, 25%
glycerol, 1.5 mM MgCl,, 0.2 mM EDTA, 0.1% Non-
idet P-40, 0.5 mM DTT, and a protease inhibitor
cocktail) for 1 hour. The beads were packed into a
column, washed with washing buffer (20 mM
HEPES, pH 7.9, 10% glycerol, 1.5 mM MgCl,, 0.2
mM EDTA, 0.5 mM DTT, 0.01% Nonidet P-40, and
a protease inhibitor cocktail) containing 0.35 M NaCl
(buffer W-0.35), and then with buffer W-0.15 as a fi-
nal step. The bound proteins were eluted with buffer
W-0.15 containing 0.4 mg/ml of Flag peptide (Sig-
ma). To isolate the protein complex, the elution frac-
tions 2-4 that contained Flag-SUZ12 were applied to
sucrose bed sedimentation. The fractions were load-
ed onto a 40% sucrose cushion in the buffer contain-
ing 20 mM HEPES, pH 7.9, 50 mM NaCl and 1 mM
DTT. After ultra-centrifugation at 32,000 rpm for 16
hrs in a TLS-55 rotor (Beckman), the fractions were
recovered from the top of the tube. Part of the recov-
ered samples was concentrated by precipitation with
10% TCA. Anti-Flag M2, anti-EZH2 (07-689, Up-
state), anti-EED (07-368, Upstate), and anti-E2F6
(sc-22823, Santa Cruz) were used for Western blot
analysis.

Chromatin immunoprecipitation

ChIP was performed using the ChIP assay kit
(Upstate). Asynchronously growing HEK293 cells
were fixed, and the chromatin was sheared to an av-
erage size of ~3000 bp. Antibodies used in the ChIP
assays included anti-E2F6 (sc-22823), anti-SUZ12
(Ab12201, Abcam), anti-EZH2 (07-689), and anti-
histone H3 tri-methylated at K27 (05-851, Upstate).
Rabbit normal serum was used as control IgG. The
immunoprecipitates were examined by gene-specific
PCR. The following primers were used: EIF3S10 for-
ward (5’-CTCACCCTTCCCACCCTAAT-3), reverse
(5-CAGAGACGGAAAGGAAGGAG-3’); HSPC228
forward (5’-CGGGTCTTCTGTGGGTTCTA-3"),
reverse  (5’-CTCCGAACTCACCACTTCCT-3’);
MEFAP1 forward (5’-TCACTGTCGCCTGAGTTTCTT=3),
reverse  (5’-GAAGTCGAGTCGGTTTCTGC-3");
TRIMS2 forward (5’-CGGAATGTGCAGCACTAGC-3),
reverse (5’-CGACGCAAAATGACGTCTC-3’); MYT1
forward (5’-AGGCACCTTCTGTTGGCCGA-3’),
reverse  (5’-GCGAACTCCTAAGCCAGCTA-3%);
KCNAL forward (5’-GACCTGCTCGTGTTGAAGC-3’),
reverse  (5’-ACGTTCTCCCCAGACATCAC-3);
WNT1 forward (5’-ACCCGTCAGCTCTCGGCTCA-3’),
reverse (5’-GCACCGCCTCTTATAGTTGC-3);
COASTER forward (5’-GGCGCATGGTTCTITTTCCTC-3’),
reverse (5’-GGAAAGAGACGCAAAACCTC-3%);
RECQL forward (5’-CTTCCTATTGGCGAAACCTG-3),
reverse (5°’-CGAGCAGATCTTTCCGCTAC-3’); FNTB
forward (5’-CCTTGCGCTTCAGGACTCTA-3’), reverse
(5’-TGCTTCGTTAAGCAACAACG-3’); CAMTA2
forward (5’-GAGGGCTCCTTTCGCTTTCT-3’), re-
verse (5’-AGCTCGGCCGACTGACTC-3’); TA-WDRP
forward (5’-GTTTCCATCTCCAAGGCGTC-3’), reverse
(5’-GTTCCGAGGGCCAAGGTC-3’); HPla forward
(5’-TAGACAAGCAGCCAGGAGGT-3’), reverse
(5’-GCGCAAAGCTAGGACAAACT-3"); BRCALI
forward (5’-GACGCTTGGCTCTTTCTGTC-3’), reverse
(5’-TACCCAGAGCAGAGGGTGAA-3’); CTIP for-
ward (5’-CTCTGGGTCGGAGCGACT-3’), reverse
(5’-GCGGGAGACCCAGAAGTAGT-3’); Cyclin A2
forward (5’-ACCCTGTCGCCTTGAATG-3’), re-
verse (5’-CCGAGGAGGTTGCGAAAG-3’). The
genomic regions of the PCR product in ChIP are as
follows: EIF3S10, -263 to -15; HSPC228,-183 to 10;
MFAP1, -241 to -30; TRIMS2, -192 to -22; MYT]I,
-186 to 83; KCNALI, -151 to 26; WNTI, -150 to 7;
COASTER, -87 to 90; RECQL, -178 to 22; FNTB,
-61 to 132; CAMTAZ2, -440 to -251; TA-WDRP, -91
to 76; HPla, -282 to -89; BRCAI, -406 to -160;
CTIP, 268 to 450; Cyclin A2, -255 to -76. The loca-
tions are numbered from the transcription start site
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according to the following reference sequences:
EIF3S10, NM_003750; HSPC228, NM_016485;
MFAP1, NM_005926; TRIMS2, NM_032765;
MYTI1,NM_004535; KCNA1,NM_000217; WNT1,
NM_005430; COASTER, NM_015555; RECQL,

NM_002907; FNTB, NM_002028; CAMTA2,
NM_015099; TA-WDRP, NM_139281; HPIa,
NM_012117;  BRCA1l, NM_007294; CTIP,
NM_002894.

RNA interference and RT-PCR

The HEK?293 cells were transfected with 40 nM
of siRNAs in 12-well plates using HiPerFect (QIA-
GEN). The siRNAs were purchased from B-Bridge
International, Inc.: siGL3 (S20C-0200) for control,
siE2F6 (THF27A-188), siSUZ12 (THF27A-146),
and siEZH2 (THF27A-189). At indicated time points
after transfection, the cells were harvested for West-
ern blot analysis or RNA preparation. Total RNA was
isolated using the RNeasy mini kit (QIAGEN). Two
micrograms of total RNA were reverse transcribed
by SuperScript Il RT and oligo-dT primers (Invitro-
gen). PCR was performed with Pyrobest DNA poly-
merase (TaKaRa) for 20-33 cycle amplification. The
primer sequences for RT-PCR are as follows: GAP-
DH forward (5’-TGGCCAAGGTCATCCATGAC-3’),
reverse (5’-ATGTAGGCCATGAGGTCCAC-3’); E2F6
forward (5’-CGTTTTGATGTATCGCTGGTT-3’), reverse
(5’-TCTGGTTTCTGCTGGAGCTT-3%); SUZI12 for-
ward (5’-TGCAGTTCACTCTTCGTTGG-3’), reverse
(5’-GGTTGGCGATGAATATCCTG-3’); EZH2 for-
ward (5~ AGAATGGAAACAGCGAAGGA-3’), reverse
(5’-GCATTCACCAACTCCACAAA-3%); EIF3S10 for-
ward (5-GACAGAGGAAGCTGGCGAAC-3’), reverse
(5’-TGAGTCATCACCCCGTCTGG-3’); HSPC228
forward (5’-TGGAAGGCAACATACATCCA-3’), reverse
(5’-CTGGGGTTAGACGAACATCC-3’); MFAP1 for-
ward (5-AGCGCTCTCATGAAGCAACC-3’), reverse
(5’-CGCCAAGCATCTCCTTCTAC-3’); TRIMS2
forward (5’-GAGGACGAAGATGAAGAGCTG-3"),
reverse (5’-TTACTGATTATAGGCCTTGCTGTG-3");
MYT1 forward (5°’-GTTTGTCTGGGTGTCCCATT-3’),
reverse (5’-TAGGTGAGGTTTCGCTGGTC-3’); KCNALI
forward (5’-CGGGGTCATCCTGTTTTCTA-3’), reverse
(5°’-CGCAGTTTTGGTTAGCTGTG-3’); WNTI1 for-
ward (5’-CGTCTGATACGCCAAAATCC-3’), reverse
(5’-GCCTCGTTGTTGTGAAGGTT-3"); COASTER
forward (5’-GGACCATTACGACCTGTTCTTG-3"),
reverse (5°-GCCTCCTCTTCGGAATGAAC-3’); RECQL
forward (5’-TCAGAATAAGTTCAATGGTGGTG-3’),
reverse (5’-ACTGCTGTATTAGAAAGTGTGCAA-3’);
ENTB forward (5°-TTTGTACTCCCTGAAGCAACC-3’),

reverse (5’-CCAGAAGGAGTAGCAGCCATC-3%);
CAMTA?2 forward (5’-AGTGACGAAGCTCCAAGCAT=3’),
reverse (5-TCCAGTGACAGCCAGTCAAG-3’);
TA-WDRP forward (5’-GCCGGTTCTATGTAACAACCI=3),
reverse (5-TGTTCACTGCCCAGAAGTATTTT-3’); HPla
forward (5’-GACCTGGTGGCCTTAGTCTT-3’), re-
verse (5’-TCTGGTTCCAGTCCTCTCTC-3’); BRCA1
forward (5’-GGTGTCCACCCAATTGTGGT-3"),
reverse (5’-GCCCTAAGCCAACAACAGCC-3%); CTIP
forward (5’-GAAGCAAGAGCAGAAGGGAG-3’),
reverse  (5’-GGAATGTAGCGGAATCGGTG-3’),
For the siRNA-ChIP experiments, HEK293 cells
were harvested after 72 hours of transfection with the
particular siRNAs, and ChIP experiments were per-
formed as described above.

RESULTS

SUZ12 interacts with E2F 6 directly and specifically

We focused on the E2F family proteins in the
process of searching for site specific DNA-binding
factors that interact with SUZ12 because these mol-
ecules have been well recognized to control a wide
variety of gene transcription including cell division
and differentiation to which PcGs also contribute
[35]. We found that transcriptional repressor E2F6
interacts with SUZ12 in transient transfection assays
(Figure 1A). HA-tagged E2F6 and Myc-tagged
SUZ12 were co-expressed in HEK293 and E2F6 was
shown to be co-immunoprecipitated with SUZ12
(Figure 1A, lane 4, third panel). We confirmed the
interaction by the reverse direction of immunopre-
cipitation; SUZ12 was co-immunoprecipitated with
E2F6 from the cell extract (Figure 1A, lane 4, bottom
panel). It has been shown that E2F6 diverges from
other E2F-family members on the basis of its struc-
ture [36]. Amino acid residues involved in DNA-
binding and dimerization activities of the other E2F
members are conserved in E2F6, but E2F6 lacks the
C-terminal sequences that are responsible for both
the interaction with pocket-proteins and transactiva-
tion. We further investigated the interaction between
SUZ12 and E2F6 with respect to specificity among
the family. Co-immunoprecipitation assays using
over-expressed HEK293 cells showed that other
E2Fs, including E2F1, E2F2, E2F4, and E2F5, do not
interact with SUZ12 (Figure 1B). This indicates that
there is an E2F6-specific interaction with this PcG
protein. To exclude the possibility that this interac-
tion was indirect and was mediated by other proteins,
such as EPC1, which was recently shown to interact
with both E2F6 and EZH2 [37], we tested interaction
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using mutant SUZ12 that lacks the interaction site to
EZH?2. First, we generated HEK293 cells stably ex-
pressing Flag-SUZ12 or mutant SUZ12 that lacks the
C-terminal half of the VEFS box (SUZ12AVEFS),
which is shown to be the important region for inter-
action with EZH2 [33] and examined interaction
with endogenous EZH2. Indeed, SUZ12AVEEFS did
not interact with endogenous EZH?2; this again dem-
onstrates that the VEFS box is essential for interac-
tion with EZH2 (Figure 1C, lower panel). Base on
this observation, SUZ12AVEFS was examined to
interact with E2F6 in transient transfection assays.
As shown in Figure 1D, E2F6 was co-immunopre-

A
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cipitated with this mutant SUZ12, indicating, at least,
that EZH2 was not involved in the interaction. In ad-
dition, the direct interaction was re-confirmed by a
GST pull-down assay using in vitro translated full-
length SUZ12 and GST fusion full-length E2F6 (Fig-
ure 1E).

Since there are several functional domains in
SUZ12 and E2F6, we next mapped the interaction
sites by GST pull-down assays using truncated mu-
tant proteins. We found that interaction requires the
dimerization domain for DRTF proteins (DP) which
encompasses both the leucine zipper and the marked
box motifs, since E2F6-D (residues 130-240) con-
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Fig. 1. SUZ12 directly and selectively interacts with E2F6 among the E2F family members. (A) Interaction
between E2F6 and SUZI12 in transiently transfected cells. Myc-tagged SUZ12 was co-transfected with
HA-tagged E2F6 into COS-7 cells. Cell extracts were prepared and incubated with anti-Myc or anti-E2F6
antibody-coupled protein G beads for immunoprecipitation. The result indicated association of SUZ12 with
E2F6 (lane 4 in third and bottom panels). (B) SUZ12 selectively interacts with E2F6 among the E2F family
members. Flag-SUZ12 was co-transfected with Myc-E2F1, 2, 4, 5, and 6 into HEK293 cells. The results
indicated that only E2F6 is associated with SUZ12 (bottom panel, lane 6). (C) The carboxyl-terminal half of
the VEFS box (residues 600-639) in SUZ12 is essential for the interaction with EZH2 in cells. The HEK293
cells stably expressing Flag-SUZ12 or the deletion mutant lacking the C-terminal half of the VEFS box
(Flag-SUZ12AVEFS) was used. Endogenous EZH2 was associated with wild type SUZ12 but not with
SUZ12AVEFS (lower panel, compare lanes 2 and 3). (D) EZH2 is not required for the interaction between
SUZ12 and E2F6. Myc-E2F6 was co-transfected with Flag-SUZ12AVEFS into HEK293 cells. The final
immunoprecipitates with anti-Flag beads were analyzed for E2F6 by Western blot using an anti-Myc anti-
body. The results from (C) and (D) indicate that EZH2 is not involved in the SUZ12-E2F6 interaction. (E)
Interaction between E2F6 and SUZ12 in vitro. In vitro translated HA-SUZ12 was tested for interaction with

GST-E2F6 by GST pull-down assay.
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taining both motifs clearly interacted with SUZ12
(Figure 2A). On the other hand, the constructs which
contained either the leucine zipper (E2F6-N) or the
marked box (E2F6-C) showed a weak or background
level of interaction in vitro (Figure 2A). To date, the
components of PRC2/3/4 complexes, namely EZH?2,
EED, AEBP2, and RbAp48, and HP1, methylosome
component MEP50 were shown to directly interact
with SUZ12 in vitro [14,33,38]. SUZ12 consists of
at least two functional sequences that are conserved
from plant to mammals: the Zinc-finger motif and the
VEFS box domain [39]. With respect to the interac-
tion with E2F6 in this study, in vitro experiments
have found that multiple sites, including at least two
N-terminal parts (SUZ12-N1 and —-N2) and a middle
part that contains Zinc-finger motif (SUZ12-Z), are
involved (Figure 2B). This indicates a mode of inter-
action that differs from that seen with HP1 and EZH?2.

Since SUZ12 shares the interaction domain in
E2F6 with DP (Figure 2A), we examined if the inter-
action interferes with E2F6-DP dimer formation.
HEK?293 cells were transiently transfected with Flag-
SUZ12, Myc-E2F6 and Myc-DP1, and co-immuno-
precipitation assays were done using anti-Flag beads.
As shown in Figure 3A, lower panel, almost equal
amounts of E2F6 and DP1 were co-immunoprecipi-
tated with SUZ12 (lane 8), whereas DP1 was not or
weakly detected in the immunoprecipitate with
SUZ12 prepared from the cells not transfected with
E2F6. These data indicate that SUZ12 does not inter-
fere with E2F6-DP1 interaction, and suggest that
SUZ12,E2F6, and DP1 can form a tripartite complex
in cells. In addition, we found that endogenous
SUZ12 and EZH2 were co-immunoprecipitated with
transfected E2F6 in the presence of over-expressed
DP1 (Figure 3B, lane 4). Taken together, our data
suggest that SUZ12 may have a role in transcription-
al regulation of E2F6 through direct interaction.

Isolation of E2F 6-containg SUZ12-EZH?2 complex

To further investigate if E2F6 is present in the
SUZ12-EZH2 complex, immunoaffinity purifica-
tions were performed using Flag-SUZ12 expressing
cells. Nuclear extracts were prepared from Flag-
SUZ12 expressing HEK293 cells or control cells and
were loaded onto a Flag-M2 affinity resin, and bound
proteins were eluted by an excess amount of Flag
peptides. Western blot analyses revealed that E2F6
was co-eluted with Flag-SUZ12 in the elution frac-
tions 2-4 that also contained EZH2 and EED, which
are known components of PRC2/3/4 complexes (Fig-
ure 4A). The amount of eluted E2F6 was low, since it

could be detected in the materials concentrated by
TCA precipitation. In previous reports, E2ZF6 was not
observed in the SUZI12-containing complexes iso-
lated from mammalian cells [10,11]. Therefore, it
seems likely that a small fraction of SUZ12 is associ-
ated with E2F6 in cells. The elution fractions 2-4
were further subjected to sucrose bed sedimentation
in order to examine whether E2F6 forms a complex
with SUZ12, EZH2, and EED. As shown in Figure
4B, the eluted Flag-SUZ12 was detected in the frac-
tions 6-18 with a peak at fraction 10 or 12 (third pan-
el), whereas free SUZ12 protein generated by in vitro
translation migrated to fractions 4-14, with a peak at
fraction 8 (second panel). When the fractions 6-16
were analyzed for migration of E2F6, EZH2 and
EED, fraction 10 contained a low but definite amount
of E2F6, as well as EZH2 and EED (Figure 4B).
Since free E2F6 was primarily detected in fractions
4-8 with a peak at fraction 6 (Figure 4B, upper pan-
el), our data indicate that E2F6 forms a multi-protein
complex with SUZ12, EZH2, and EED, at least
through interaction with SUZ12.

Identification of common target genes of E2F6 and
SUZI2-EZH2

We next examined whether E2F6 target genes are
transcriptionally regulated by EZH2, or whether
known SUZ12 or EZH?2 target genes are regulated by
E2F6. Previous studies have reported several SUZ12
and E2F6 target genes [40,41]. However, we could
not find common genes in the two groups. Therefore,
we chose several genes from them: EIF3S10,
HSPC228, MFAP1, TRIM52, MYT1, KCNA1, and
WNTI1 as SUZ12 targets, in addition to COASTAR,
RECQL, FNTB, CAMTA2, TA-WDRP, HPla,
BRCALI, and CTIP as E2F6 targets. We performed
ChIP assays using anti-E2F6, -SUZ12, -EZH?2 anti-
bodies, and non-specific IgG control to identify the
common target genes in HEK293 cells. The Cyclin
A2 promoter was analyzed as a negative control.
Since gene silencing mediated by SUZ12-EZH2-
containing PRC2/3/4 complexes is associated with
tri-methylation of H3-K27 [41], anti-tri-methylated
H3-K27 antibody was also included in our assay. All
primers were designed within 500 bp upstream or
downstream of the transcription initiation sites of
each gene to examine the binding of E2F6, SUZ12,
and EZH2 near the promoter region.

Consistent with a previous report, we detected
binding of SUZI2 to all of the known target genes
that were analyzed (Figure 5, lane 4, panels of SUZ12
target genes) [41]. In addition, EZH2 co-localized
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with SUZ12 on these promoters (Figure 5, lane 5, the
same panels), suggesting that SUZ12-EZH2-contain-
ing complexes are involved in transcriptional regula-
tion of these genes. In our assay, we found that E2F6
binds to promoter of four SUZI2 target genes
(EIF3S10,HSPC228, MFAP1, and TRIMS2) (Figure
5, lane 3, the same panels). Contrary to expectation,

177

tri-methylation of H3-K27 of these four genes is
weak or nil in comparison with the other SUZ12 tar-
get genes, MYT1, KCNAI1, and WNT1 (Figure 5,
lane 6, the same panels). As further support for these
findings, ChIP for EZH2 gave stronger signals in
these three genes than in the other four genes (Figure
5, lane 5, the same panels). Next, we analyzed eight
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Fig. 2. Mapping of interaction sites in E2F6 and SUZ12. (A) The dimerization domain in E2F6 is involved
in the interaction with SUZ12. In vitro translated HA-SUZ12 was tested for interaction with the three trun-
cated mutants of GST-E2F6 (GST-E2F6-N, -C and -D) by GST pull-down assay. The E2F6-N (residues
1-173) contains the DNA-binding domain and the leucine zipper motif. The E2F6-C (residues 171-282) con-
tains the marked domain, and the E2F6-D (residues 130-240) contains the leucine zipper and the marked
domain, both of which are known to be required for dimerization with the DP molecule. A summary of inter-
actions is given in the panel on the right of the schematic representation of E2F6 constructs. (B) Multiple
sites in SUZ12 are involved in the interaction with E2F6. Mutants of HA-SUZ12 were generated by in vitro
translation and tested for interaction with GST-E2F6. The mutants include SUZ12-N (residues 1-402),
SUZ12-ZV (residues 403-739) containing Zn-finger motif and VEFS box, SUZ12-N1 (residues 1-201),
SUZ-N2 (residues 202-402), SUZ12-Z (residues 403-506) containing Zn-finger, SUZ12-V (residues 537-
739) containing VEFS box, and SUZ-C (residues 640-739). Pulled down SUZ12 was detected on Western
blot analysis using anti-HA-tag antibody. A summary of interactions is given in the panel on the right.
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reported E2F6 target genes and found that E2F6
binds to these genes (Figure 5, lane 3, panels of E2F6
target genes) as has been previously described [40].
We found that, in our assay, SUZ12 and EZH2 bind
to the promoter of six genes among them (COASTAR,
RECQL, FNTB, CAMTA2, TA-WDRP and HPla)
(Figure 5, lanes 4 and 5, the same panels). As is the
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Fig. 3. SUZ12, E2F6, and DP1 can form a tripartite com-
plex. (A) DP1 is associated with SUZ12 in the presence of
E2F6 in transiently transfected cells. Flag-SUZ12 was co-
transfected with Myc-E2F6 and Myc-DP1 into HEK293
cells. The final immunoprecipitates with anti-Flag beads
were subjected to Western blot analysis using an anti-Myc
antibody. Almost equal amounts of E2F6 and DP1 were co-
immunoprecipitated with SUZ12 (bottom panel, lane 8).
(B) Enhancement of association between SUZ12 and E2F6
by DP1. Flag-E2F6 was co-transfected with Myc-DP1 into
HEK?293 cells. The final immunoprecipitates with anti-Flag
beads were tested for co-immunoprecipitation of endoge-
nous SUZI12 and EZH2 with E2F6 by Western blots. The
results indicated that endogenous SUZ12 and EZH2 were
associated with E2F6 in the presence of DP1.

case of the SUZ12 target genes to which we detected
binding of E2F6, H3-K27 is not at all or only weakly
tri-methylated in the six SUZ12-EZH2 bound E2F6
target genes (Figure 5, lane 6, the same panels). We
examined di- or tri-methylation of H3-K9, which is
also known to occur with EZH2-mediating histone
modification, by ChIP assays, but none of them were
subjected to this modification (data not shown). To
exclude the possibility that E2F6 and SUZ12-EZH?2
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Fig. 4. A purified SUZ12-complex contains E2F6. (A)
Western blot for Flag-purified SUZ12-complex. Nuclear
extracts were prepared from HEK293 cells stably express-
ing Flag-SUZ12 or control HEK293 cells, and which were
subjected to immunoaffinity chromatography with an anti-
Flag-M2 resin. Ten elution fractions were collected and
analyzed by Western blot analysis using the indicated anti-
bodies. E2F6 was detected in fractions 2-4 concentrated by
TCA precipitation (fourth panel). (B) Sucrose bed sedi-
mentation of Flag-SUZ12-containing elution fractions. The
elution fractions 2-4 described in (A) were combined and
loaded onto a 40% (v/v) sucrose bed. After ultra-centrifu-
gation, the samples were recovered from the top of the tube
and subjected to Western blot analysis using the indicated
antibodies. The E2F6 and SUZI12 generated by in vitro
translation were used as a control to monitor the migration
of free proteins. The results revealed that E2F6, as well as
Flag-SUZ12, migrated to different fractions from free pro-
teins, and that they were both co-sedimented with EED and
EZH2 at fraction 10.
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independently bind to different regions of the same
target gene, E2F6 was depleted and ChIP assays were
done for the common target genes, EIF3S10,
HSPC228, CAMTA2, and TA-WDRP in HEK293
cells. The siRNA efficiently depleted E2F6 after 72
hours of transfection at the mRNA level and at the
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NP

> o
\QQ\Q Q:L%

EIF3S10
HSPC228
MFAP1
TRIM52
MYT1
KCNA1
WNT1

SUZ12 target genes

COASTER
RECQL
FNTB

CAMTAZ2
TA-WDRP
HP1a
BRCA1
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Cyclin A2

Fig. 5. The promoters bound by both E2F6 and SUZ12-
EZH2 are not at all or only weakly tri-methylated at
H3-K27. Several SUZ12 and E2F6 target genes were cho-
sen based on the previous reports for the ChIP assays in
order to identify genes regulated through the interaction
between E2F6 and SUZI2. We tested seven SUZ12
(EIF3S10, HSPC228, MFAP1, TRIM52, MYT1, KCNAI
and WNT1) and eight E2F6 (COASTER, RECQL, FNTB,
CAMTA2, TA-WDRP, HPla, BRCA1 and CTIP) target
genes that have been reported previously. The Cyclin A2
gene was analyzed as a negative control. The ChIP assays
were performed in HEK293 cells using antibodies to E2F6
(lane 3), SUZ12 (lane 4), EZH2 (lane 5), and tri-methyl
H3-K27 (lane 6). Rabbit non-specific IgG was used as a
negative control (lane 2). The immunoprecipitated chroma-
tin was analyzed by PCR using primers specific to the pro-
moters of the indicated genes. Details on the primers are
available in “Material and Methods”. The ChIP assays were
repeated five times, and representative results are presented.

protein level (Figure 6A and B). As shown in Figure
6C, siRNA for E2F6 led to a reduction of EZH?2 bind-
ing to the common target genes, whereas binding to
KCNAI, a non-E2F6 target, was not affected. Col-
lectively, these results suggest that E2F6 recruits
SUZ12-EZH2 onto particular target genes (e.g.,
EIF3S10) where the complex has a role in transcrip-
tional regulation in a manner that is different from
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Fig. 6. Depletion of E2F6 by siRNA reduced the binding of
EZH2 to the common target genes. (A) RT-PCR analysis of
total RNA extracted from HEK293 cells 24 or 72 hours
after transfection with 40 nM of siRNA for GL3 (negative
control), E2F6, SUZ12 or EZH2. Primers specific to
GAPDH mRNA were used in the RT-PCR to ensure that the
mRNA was correctly quantitated. (B) Western blot analysis
for whole cell extracts from HEK293 cells transfected with
siRNA as described in (A). Antibody against [3-tubulin was
used to demonstrate equal loading of protein samples. (C)
ChIP assays were performed using the indicated antibodies
in HEK293 cells 72 hours after transfection with siRNA
specific for GL3 or E2F6. The common target genes of
E2F6 and EZH2 (EIF3S10, HSPC228, CAMTA2 and
TA-WDRP), and the EZH2-specific target (KCNA1), which
were identified in the experiments presented in Figure 5,
were analyzed. The ChIP assays were repeated five times,
and representative results are presented.
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H3-K27 tri-methylation and H3-K9 di- or tri-methyl-
ation.

SUZI12-EZH? inhibits transcriptional repression of
E2F6

Based on ChIP experiments, we found that tri-
methylation of H3-K27 of the common target genes
for E2F6 and SUZ12 is weak. This might provide in-
formation about a unique group of SUZI12 target
genes. In order to investigate whether SUZ12-EZH?2
regulates E2F6-mediated transcriptional repression,
the expression of E2F6, SUZ12, and EZH2 were de-
pleted using siRNA, and a change in the expression
level of the target genes described above was exam-
ined by RT-PCR. The siRNAs for SUZ12 and EZH2
used in our experiments efficiently depleted SUZ12
and EZH?2, respectively, after 72 hours of transfec-
tion at the mRNA level and at the protein level (Fig-
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times, and representative results are presented.

ure 6A and B). As expected, the depletion of E2F6
resulted in an elevation of the transcripts of its target
genes identified in this study (EIF3S10, HSPC228,
MFAPI1, and TRIMS52) and previously reported
(RECQL, FNTB, TA-WDRP, HP1a and CTIP) (Fig-
ure 7, lanes 1 and 2), though there were some excep-
tions (COASTER, CAMTA2, and BRCA1). On the
other hand, depletion of SUZ12 and EZH2 showed
various effects on the alteration of target gene ex-
pression. Consistent with previous reports [41], the
expression of the genes strongly tri-methylated at
H3-K27 (MYTI1, KCNAI1, and WNT1) was induced
by the reduction of SUZ12 or EZH2 (Figure 7, lanes
3-6), which were not identified as E2F6 targets in this
study. The expression of BRCA1 and CTIP, which
were not identified as SUZ12 and EZH?2 targets in
this study, was not affected. Interestingly, contrary to
our prediction, the expression of common targets of
E2F6,SUZ12, and EZH2 was not elevated, but rather
decreased by the reduction of SUZ12 and EZH2, ex-
cept that RECQL exhibited the same pattern of ex-
pression change as MYT1. Because it is not unlikely
that SUZ12-EZH?2 directly transactivates transcrip-
tion, these data may suggest blocking effect on tran-
scriptional repression of E2F6 via physical interac-
tion.

DISCUSSION

In this report, we characterized the functional in-
teraction between SUZ12 and E2F6. We isolated
E2F6-containing SUZ12-EZH2 complex and identi-
fied several target genes of this complex. Since both
E2F6 and SUZ12 have been shown to be transcrip-
tional repressors, it was predicted that SUZ12 inter-
mediates transcriptional repression of E2F6. Unex-
pectedly, reduction of SUZ12 and EZH2 by siRNA
resulted in decreased expression of the target genes.
Bracken et al. [42] showed that siIRNA-mediated de-
pletion of EZH2 and EED in mammalian cells re-
sulted in decreased expression of several genes, al-
though it was unclear whether these genes are
directly regulated by EZH2 or not. Other studies re-
ported that a SUZ12-containing complex can activate
gene expression of its direct target genes [41,43].
Our findings provide support for the hypothesis that
SUZ12-EZH?2 complexes can function as a trans-ac-
tivator for particular genes which, as was identified
in this study, might be among the E2F6 target genes.

The precise molecular mechanism of trans-acti-
vation by SUZ12-EZH2 is unclear. However, the re-
ciprocal effect of siE2F6 and siEZH2 on gene ex-
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pression implies a mechanism in which SUZ12-EZH?2
blocks trans-repression of E2F6 through a physical
interaction between SUZ12 and E2F6. It was as-
sumed that when the E2F6-SUZ12-EZH2 complex
was abrogated by depletion of SUZ12 or EZH?2, the
blocked repression function of E2F6 was restored,
resulting in gene expression being turned off. The
EZH?2 possesses methyltransferase activity toward
H3-K27,H3-K9, and H1-26; however, this activity is
regulated by another component of the complexes to
which EZH2 belongs [12,14,15,37]. Moreover the
EZH2 in the E2F6-EPC1-EZH2 complex does not
show H3 methylation activity [37]. In this study, we
were not able to examine the E2F6-containing
SUZ12-EZH?2 complex for HMTase activity because
the amount of this complex was extremely low in the
purified SUZ12-EZH2 complex. However, since the
common target genes of E2F6, SUZ12, and EZH2
showed weak or no tri-methylation at H3-K27, it is
likely that the EZH2 on SUZ12 associated with E2F6
could not display methyltransferase activity, at least
toward H3-K27.

One may argue that the E2F6-containg SUZ12-
EZH?2 complex identified in the present study is iden-
tical to the E2F6-EPC1-EZH2 [37]. Since it is not
known if SUZ12 is involved in formation of E2F6-
EPC1-EZH2, we cannot completely distinguish
them. However, our experiments showing that EZH2
is not required for an interaction between SUZ12 and
E2F6 strongly suggest that the complex in our study
diverged from E2F6-EPC1-EZH2. E2F6 has been
identified as a component of the complex which con-
sists of PRC1 associated PcG proteins including
Bmil, Mell8, Mphl and Ringl [44]. Another E2F6-
containg complex, termed PRC1.6 was identified
[20,21]. Consistent with biochemical isolation of
E2F6-containing PcG complexes, E2F6-deficient
mice displayed homeotic transformations that are
similar to those observed in PcGs-deficient mice [45-
49]. Thus, it is possible that E2F6 can be a compo-
nent of several PcG complexes, including SUZ12-
EZH2, which are formed to function at different
stages of cell differentiation and/or proliferation.

The target genes of SUZ12 were uncovered at the
genome-wide level using the ChIP-on-chip technique
in human and mouse cell lines, embryonic stem cells
and human embryonic fibroblasts [28-30,32]. These
studies revealed that the genes occupied by SUZ12
contain nucleosomes which are tri-methylated at H3-
K27 and are associated with transcriptional repres-
sion. On the other hand, the authors also observed
that this histone modification was not detected in

20%-25% of SUZ12-bound genes. In addition, it was
reported that RNA polymerase Il occupied 57 of 274
genes which are not tri-methylated at H3-K27 in
spite of SUZ12-binding, and that the expression was
confirmed in more than half of these genes [30]. This
suggests another role for SUZ12 in gene regulation
in addition to mediating transrepression by tri-meth-
ylation of H3-K27 as a component of PRC2 com-
plex. Although it is as yet unclear whether these
genes are targets of E2F6 and could be up-regulated
by depletion of SUZ12-EZH2, the findings presented
in this study may provide a candidate mechanism of
gene activation mediated by SUZ12 and EZH?2.

Deregulation of SUZ12 as well as EZH?2 gene has
been implicated in conferring the phenotype of vari-
ous tumors including prostate, breast, liver, colon,
stomach, bladder and hematological cancer [50-52].
Because our data suggest that SUZ12-EZH2 modu-
lates E2F6 function, expression of a subset of E2F6
target genes might be altered in such tumor cells. In-
terestingly, both SUZ12 and EZH2 genes are tran-
scriptionally regulated by E2F pathway [40,42]. It
has been shown that E2F6 can repress a set of target
genes in human cancer cell lines by competing for
activating E2Fs [40]. Because it is also believed that
E2F pathway is frequently deregulated in tumor cells
[53], the interaction between E2F6 and SUZ12-
EZH?2 presented in this study implicates tumorigenic
transcriptional networks: for example, elevated
SUZ12-EZH2 blocks E2F6 repression function to-
ward SUZ12 and/or EZH2 genes.

Our results raise questions that remain to be ad-
dressed. Because we purified E2F6-containing
SUZ12-EZH complex from non-synchronous
HEK?293 cells, cell cycle-dependent formation of this
complex is not clear. It has been shown that another
E2F6 containing PcG complex, named E2F6.com-1,
could be formed in cells in GO [54], suggesting E2F6.
com-1 regulates its target genes at this cell cycle
stage. Previous study indicated that E2F6 binds to the
promoters of G1/S-regulated gene by activating E2Fs
during S phase of the cell cycles [55]. Thus, it can be
postulated that SUZ12-EZH2 interacts with E2F6 to
modulate its activity at a particular cell cycle stage.
In addition, it remains unclear if E2F6-containing
SUZ12-EZH2 complex regulates transcription in a
cell type-specific manner or not. Further characteri-
zation of this complex is required to understand the
biological relevance of the blocking effect of SUZ12-
EZH?2 on E2F6 trans-repression function.
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