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Methylation of histone H3 on lysine 9 is critical for diverse biological processes including transcriptional
repression, heterochromatin formation, and X inactivation. The biological effects of histone methylation are
thought to be mediated by effector proteins that recognize and bind to specific patterns of methylation. Using
an unbiased in vitro biochemical approach, we have identified ICBP90, a transcription and cell cycle regulator,
as a novel methyl K9 H3-specific binding protein. ICBP90 and its murine homologue Np95 are enriched in
pericentric heterochromatin of interphase nuclei, and this localization is dependent on H3K9 methylation.
Specific binding of ICBP90 to methyl K9 H3 depends on two functional domains, a PHD (plant homeodomain)
finger that defines the binding specificity and an SRA (SET- and RING-associated) domain that promotes
binding activity. Furthermore, we present evidence that ICBP90 is required for proper heterochromatin

formation in mammalian cells.

Covalent modifications of the histone tails regulate virtually
all aspects of chromatin biology. In addition to affecting his-
tone-histone and histone-DNA interactions, posttranslational
marks on the histone tails exert their modulatory role by gen-
erating docking sites for downstream effectors. Such mole-
cules, often possessing enzymatic activities, serve as readers of
histone modifications and participate in vital cellular pro-
cesses, including transcription, replication, chromosome segre-
gation, recombination, and DNA repair (15, 30, 58).

One of the most extensively studied histone tail modifica-
tions is methylation of histone H3 on lysine 9 (2). Histone H3
K9 methylation has been shown to be critical for regulation of
gene expression, and it is enriched in transcriptionally inactive
regions of the genome. It is considered a molecular mark of
heterochromatin, the cytologically defined, gene-poor, and
highly compacted regions of the chromatin. Interplay between
H3 K9 methylation and DNA methylation has also been pro-
posed in various models of heterochromatin formation and
maintenance (32, 43, 51, 65). Furthermore, H3 K9 methylation
is implicated in gene silencing phenomena such as X chromo-
some inactivation in female mammals and DNA elimination in
the microscopic protozoon Tetrahymena (4, 60).

Several mammalian proteins, including SUV39H1, SUV39H2,
G9a, ESET/SETDBI1, and EuHTMasel, have been shown to
have methyltransferase activity toward K9 of H3 (46, 47, 54, 56,
59, 72). Though they target the same histone residue, impor-
tant differences exist among the above enzymes regarding their
chemistry and distribution and consequently their biological
roles. The reversibility of H3 K9 methylation has been an
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object of speculation for many years. Evidence for the removal
of this covalent mark was obtained recently with the identifi-
cation of specific histone demethylases (10, 17, 34, 40, 66, 67,
71). Although reversible, methylation appears to be much
more stable compared to other histone modifications. There-
fore, it is considered to play a major role in the establishment
and maintenance of cellular memory.

In addition to the enzymes that write and erase this modi-
fication, identification of proteins that read the H3 K9 methyl
mark is equally important in understanding its biology. Iden-
tification of heterochromatin protein 1 (HP1) as a protein that
recognizes and interacts with methyl K9 H3 via its chromodo-
main provided a mechanistic link between H3 K9 methylation
and heterochromatin formation, as well as related phenomena
such as position effect variegation (3, 27, 35, 37, 44, 45).

To identify novel effectors of H3-K9 methylation, we under-
took an unbiased in vitro biochemical approach using pull-
down experiments. We identified ICBP90 as a protein that
specifically binds to the histone H3 N-terminal tail when meth-
ylated on K9. Consistent with its specific binding of the K9-
methylated H3 tail in vitro, ICBP90 and its murine homologue
Np95 localize preferentially to pericentric heterochromatin in
mouse cells in an H3K9me3-dependent fashion. Experiments
addressing the biological function of ICBP90 in cultured mam-
malian cells suggest that ICBP90 is required for proper higher-
order chromatin organization. Furthermore, ICBP90 possesses
E3 ligase activity toward H3 both in vitro and in cells and its E3
ligase activity appears to be involved in heterochromatin for-
mation and/or maintenance.

MATERIALS AND METHODS

Pull-down assays. Nuclear extracts were prepared from HeLa cells by the
protocol of Dignam et al. (11) and precleared with streptavidin-coated agarose
beads. Biotinylated histone tail peptides were synthesized and purified by Gene-
med Synthesis Inc. For pull-down assays, the histone tail peptides were immo-
bilized on streptavidin-coated beads, and after washing to remove the unbound
peptide, they were incubated with HeLa cell nuclear extracts diluted once with
binding buffer (20 mM HEPES [pH 7.9], 150 mM KCI, 1 mM dithiothreitol
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[DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF], 10% glycerol, 0.1% NP-40,
proteinase inhibitors) for 3 h at 4°C. Unbound proteins were removed by washing
the beads with washing buffer (20 mM HEPES [pH 7.9], 150 mM KCI, 1 mM
DTT, 1 mM PMSF, 0.1% NP-40, proteinase inhibitors). The proteins that re-
mained bound to the peptides were boiled in sodium dodecyl sulfate (SDS)
loading buffer and analyzed by polyacrylamide gel electrophoresis (PAGE). Mass
spectrometry (53) was used to identify the proteins that preferentially bound to
methyl K9 H3 versus unmodified H3. For competition assays, 2.5, 10, or 40 p.g of
nonbiotinylated peptide (H3 or H3K9me3) was included in the pull-down assay
mixture with 0.25 pg of biotinylated H3K9me3. These peptides (residues 1 to 18
or 1 to 20; W. M. Keck Biotechnology Resource Center), as well as the H4 and
H4K20me peptides, were a kind gift from M. Bedford. Radiolabeled proteins
were generated with the TNT coupled reticulocyte lysate system (Promega).

Plasmid constructs and antibodies. Human ICBP90 cDNA (full length and
delta RING) cloned in vector pcDNA3.1 was a kind gift from M. Unoki (64).
Mutant RING and deletion constructs were generated by site-directed muta-
genic PCR and cloned into vector pSG5 with an N-terminal MS2-Flag. The
JMID2A construct has been previously described (34). For generation of the
short hairpin RNA (shRNA) stable cell lines, oligonucleotides targeting ICBP90
were annealed and cloned into the pSuper vector (OligoEngine) by following the
manufacturer’s protocol. The following antibodies were obtained commercially:
anti-H3K9me3 (Upstate), anti-H3 (Novus), anti-ICBP90 (BD Transduction), anti-
HPla and -B (Chemicon), anti-HA (anti-hemagglutinin; Cell Signaling), anti-B-
actin, and anti-Flag (Sigma). Anti-Np95 was a kind gift from I. M. Bonapace (9).
Polyclonal rabbit anti-JMJD2A antibody has been described previously (74). Flag-
conjugated beads were purchased from Sigma.

Cell culture and transfection. Cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum and antibiotics. Stable
cell lines were maintained in Dulbecco’s modified Eagle’s medium containing 5
pg/ml puromycin. Transfections were performed with Lipofectamine 2000 (In-
vitrogen) by following the manufacturer’s protocol. For small interfering
RNA (siRNA) treatment, SMART-pool against Np95 was purchased from
Dharmacon.

Preparation of whole cell extracts and immunoprecipitation. Cells were har-
vested 2 days posttransfection and lysed with IP lysis buffer (150 mM NaCl, 1%
Triton X-100, 1 mM EDTA, 10 mM Tris [pH 7.6], 0.5% NP-40, 10% glycerol, 0.2
mM PMSF, leupeptin, pepstatin, aprotinin) for 30 min at 4°C with gentle shak-
ing. Lysates were passed through a syringe with a needle and centrifuged for 15
min at maximum speed. The supernatant was used in an immunoprecipitation
reaction with 0.5 to 1 pl of antibody and 5 pl of protein A/G+ agarose beads
(Santa Cruz) for 2.5 h with rotation at 4°C, followed by five 10-min washes with
IP lysis buffer. Samples were boiled in SDS loading buffer and analyzed by
Western blotting.

In vitro ubiquitination assays. Purified histones and recombinant H3 were
obtained commercially (Upstate), and HeLa nucleosome preparations were a
kind gift from Y. Zhang. Recombinant ICBP90 protein was generated with the
Bac-to-Bac baculovirus expression system (Invitrogen) as described by Feng et
al. (13). Immunoprecipitated or recombinant ICBP90 was used in an in vitro
ubiquitination reaction with E1, E2, ubiquitin, and ATP purchased from Boston
Biochem. Standard ubiquitination reaction mixtures contained 600 ng of recom-
binant ICBP90 protein, 10 pg of ubiquitin, 100 ng of E1, 300 ng of E2, 3 mM
Mg-ATP, and 2 pg of histones as a substrate in ubiquitination reaction buffer (25
mM HEPES [pH 7.4], 10 mM NaCl, 3 mM MgCl,, 0.05% Triton X-100, 0.5 mM
DTT). The mixture was incubated at 37°C for 1 h, and the reaction was stopped
by adding an equal volume of 2X SDS loading buffer. The reaction was resolved
by SDS-PAGE, followed by Western blotting.

Preparation of core histones from mammalian cells. Cells were lysed with IP
lysis buffer and centrifuged at maximum speed. Two hundred microliters of water
was added to the pellet, which was vortexed vigorously. Two hundred microliters
of 25% trichloroacetic acid was added, and the samples were left on ice for 15
min. After centrifugation, the supernatant was discarded and 1 ml of ice-cold
acetone was added to the pellet. The samples were vortexed, left at —20°C for 20
min, and centrifuged again. The supernatant was discarded, and the samples
were air dried. Following the addition of 1X SDS loading buffer, the samples
were boiled for 5 min, vortexed, and centrifuged. The supernatant was used for
SDS-PAGE and Western blot analysis.

Immunocytochemistry. Cells were grown on glass coverslips. Staining was
performed at room temperature. Cells were washed with phosphate-buffered
saline (PBS), fixed in 4% paraformaldehyde in PBS for 10 min, and subsequently
washed with PBS. Following permeabilization with 0.5% Triton X-100 in PBS for
10 min, cells were washed with PBS and incubated in blocking solution (5%
bovine serum albumin [BSA] in PBS) for 30 min. Primary antibody staining was
performed in 1% BSA in PBS for 1 h, followed by three washes with 1% BSA in
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PBS. Cells were then incubated with Alexa Fluor-conjugated secondary antibod-
ies (Molecular Probes) for 1 h and washed with 1% BSA in PBS. DNA was
stained with 4',6’-diamidino-2-phenylindole (DAPI). Following washing with 1%
BSA in PBS and one final wash with water, the coverslips were mounted on the
slides and sealed with nail polish. Images were captured with a Zeiss Axioskop2
plus microscope and a Zeiss Axiocam MRc camera with a 63X oil objective.
Alternatively, slides were visualized with an Applied Precision deconvolution
microscope (DeltaVision). Images were processed with Adobe Photoshop (ad-
justment of brightness and contrast). Antibodies were used at the following
dilutions: anti-ICBP90, 1:3,000; anti-Np95, 1:500; anti-H3K9me3, 1:3,000; anti-
Flag, 1:5,000; anti-HP1a, B 1:5,000; anti-JIMJD2A, 1:1,000.

RESULTS

ICBPI0 selectively binds to di- and trimethyl K9 histone H3
peptides. To identify proteins that selectively bind to methyl-
ated H3 K9, we performed in vitro pull-down assays. Similar
approaches have previously identified effectors of other his-
tone marks (69, 73). Biotinylated synthetic histone H3 peptides
(amino acids 1 to 27), unmodified or dimethylated on K9, were
immobilized on streptavidin-coated agarose beads and incu-
bated with HeLa cell nuclear extracts. After washing, the pro-
teins that remained bound to the peptides were dissolved in
SDS loading buffer, resolved by SDS-PAGE, and visualized by
Coomassie staining. Several proteins (Fig. 1A, arrows) bound
preferentially to the dimethyl K9 versus the control H3 pep-
tide. These bands were excised, digested with trypsin, and
subjected to mass spectrometric analysis. The analysis identi-
fied HPla and HP1y (low-molecular-weight bands indicated
by the arrows in Fig. 1A) among the proteins enriched in the
H3K9me?2 pull-down, providing a positive control for the assay.
A polypeptide migrating at ~90 kDa, enriched in the dimethyl
K9 H3 pull-down assays, was identified as ICBP90 (Fig. 1A), a
793-amino-acid protein previously implicated in transcrip-
tional regulation and cell cycle control. The identities of all of
the other proteins in Fig. 1A will be described elsewhere. The
specific binding of ICBP90 to the immobilized H3K9me?2 pep-
tide was confirmed by Western blotting with a specific anti-
ICBP90 antibody (Fig. 1B).

Pull-down assays with various immobilized synthetic histone
peptides revealed that the binding of ICBP90 is highly selective
for H3K9me?2 and H3K9me3 (Fig. 1C, D, E, and F), whereas
additional acetylation or methylation on lysine 4 reduces the
affinity of the protein for the methyl K9 H3 tail (Fig. 1C).
Furthermore, ICBP90 did not bind the H3K27me3 peptide
(Fig. 1D), despite the similarity between the flanking amino
acid sequences of H3K9 and H3K27. No interaction was de-
tected with mono-, di-, or trimethyl K20 histone H4 tail pep-
tides either, suggesting that the observed interaction is highly
selective for methyl K9 H3 and not a general interaction with
the methyl group (Fig. 1E). The specificity was also demon-
strated in a competition assay where the binding of ICBP90 in
HeLa cell nuclear extracts to immobilized H3K9me3 peptide
was challenged with increasing amounts of free unmodified or
trimethyl K9 H3 peptide. Western blot analysis showed that
only the H3K9me3 peptide was able to compete for the bind-
ing of ICBP90 (Fig. 1G).

To address whether the physical interaction of ICBP90 with
the histone H3 tail is direct, baculovirus-expressed ICBP90
protein was used in pull-down reactions in the presence of
excess BSA. The recombinant protein also interacted prefer-
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FIG. 1. ICBPY0 interacts specifically with di- and trimethyl K9 H3 in vitro. (A) Pull-down assays were performed with HeLa cell nuclear extracts
and unmodified (unmod.) or dimethyl K9 H3 peptides. Bound polypeptides were analyzed by SDS-PAGE and stained with Coomassie. Arrows
indicate polypeptides enriched in the H3K9me?2 pull-down. A polypeptide of ~90 kDa enriched in the dimethyl K9 reaction was identified by mass
spectrometry as ICBP90. (B) Pull-down assays were performed as described for panel A and analyzed by Western blotting (WB) with anti-ICBP90
antibody. (C, D, E, and F) Western blotting with anti-ICBP90 following pull-down of HeLa cell nuclear extracts with various histone tail peptides,
as indicated. (G) Competition assays using pull-down of HeLa cell nuclear extracts with immobilized trimethyl K9 H3 and increasing amounts of
free unmodified or trimethyl K9 H3 peptides. Bound polypeptides were analyzed by Western blotting with anti-ICBP90. (H) Pull-down of
baculovirus-expressed ICBP90 with various histone tail peptides. Excess BSA was included as a blocking medium.

entially with di- and trimethyl K9 H3 peptides, suggesting that
the interaction is direct (Fig. 1H).

ICBP90 and Np95 localize in heterochromatic regions in
interphase nuclei. Since ICBP90 specifically bound to the
H3K9me3 peptides in vitro, we wanted to determine if the
same binding activity could be observed in cultured cells. In
mammalian cells, H3K9 trimethylation is enriched in hetero-
chromatic regions. In mouse cells, pericentric heterochromatin
can be visualized by its intense DAPI staining. In interphase
nuclei, these regions cluster into bright, DAPI-dense foci. We
transfected human ICBP90 into NIH 3T3 cells and examined if
transfected ICBP90 localized to the DAPI-dense foci. Immu-
nostaining of NIH 3T3 cells for transfected human ICBP90
revealed predominantly heterochromatic localization of the
protein (see Fig. 4D). Thus, in agreement with the in vitro
binding data, ICBP90 localizes to pericentromeric heterochro-
matin, which is highly enriched in H3K9me3.

We also analyzed the localization of endogenous murine

Np95 by immunostaining of NIH 3T3 cells with an anti-Np95-
specific antibody. This analysis revealed enrichment of Np95
protein in pericentric heterochromatin (see Fig. 3C), consis-
tent with previous studies on the subcellular localization of
Np95 (9, 48).

The above results indicate that ICBP90 and Np95 exhibit
similar localization with HP1, particularly the alpha and
beta isoforms (3, 35), and thus support ICBP90 and Np95 as
a family of novel methyl K9 H3 binding proteins. However,
a notable distinction exists between the localization of HP1
and that of Np95 and ICBP90 during mitosis. More specif-
ically, HP1 dissociates from the mitotic chromosomes as a
result of H3 serine 10 phosphorylation by mitotic kinases
(14, 19). Immunostaining of murine NIH 3T3 cells for Np95
indicates that the protein remains associated with the mi-
totic chromosomes (9, 63; data not shown). Similar obser-
vations have also been previously reported for green fluo-
rescent protein-fused ICBP90 (29). We were not able to
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FIG. 2. Heterochromatic localization of ICBP90 and Np95 depends on H3K9 methylation. (A) Immunostaining of Suv39h wild-type (left) and
double-null (dn; right) MEFs with anti-trimethyl K9 H3 (green) and DAPI (blue). Representative interphase nuclei are shown. (B) Suv39h
wild-type and double-null MEFs stained with anti-Np95 (green) and DAPI (blue). Np95 displays diffuse nuclear localization in Suv39h double-null

fibroblasts.

detect chromosome-bound endogenous ICBP90 by immu-
nocytochemistry, perhaps due to epitope masking or modi-
fication of ICBP90 during mitosis, which may interfere with
antibody recognition.

Methylated H3 K9 signals heterochromatic localization of
ICBP90 and Np95. To examine whether heterochromatic lo-
calization of ICBP90 and Np95 depends on the H3K9me3
modification, we first used Suv39h double-null mouse embry-
onic fibroblasts (MEFs). These cells display a significant re-
duction of H3 K9 methylation at pericentric heterochromatin,
whereas the broad H3 K9 methylation in other regions is not
severely impaired (50) (Fig. 2A). Heterochromatic enrichment
of Np95 is disrupted in Suv39h double-null MEFs. In these
cells, the protein exhibits a granular staining pattern through-
out the nucleoplasm, excluding the nucleoli (Fig. 2B). A sim-
ilar effect has been described for HP1 (35, 38).

We then analyzed the effect of acute reduction of H3K9
methylation on the localization of Np95 to heterochromatin by
overexpressing an H3K9 demethylase, IMID2A/JHDM3A, in
NIH 3T3 cells (Fig. 3A). In addition to the reduction of
H3K9me3, overexpression of JMJD2A in these cells resulted
in diffuse HP1a and -B localization (Fig. 3B; also see reference
34). Similarly, cells transfected with JMJD2A alone also dem-
onstrated reduced intensity and a diffuse localization pattern of
Np95 staining in the nucleus (Fig. 3C).

We then cotransfected NIH 3T3 cells with JMJD2A and
ICBP90 to determine if acute reduction of H3K9me3 affected
the localization of ICBP90 to heterochromatin. Because the
antibodies against ICBP90 and the Flag tag (for detection of

transfected JMJD2A) were both mouse monoclonal antibod-
ies, we indirectly determined cells overexpressing JMID2A by
immunostaining against H3K9me3. While ICBP90 exhibited
heterochromatic enrichment in cells with normal levels of
H3K9me3 (Fig. 3D, arrowhead), it displayed diffuse localiza-
tion in cells with significantly reduced H3K9me3, presumably
due to JIMID2A overexpression (Fig. 3D, arrow). We conclude
that in these cell culture models, H3K9me3 is required for
proper localization of ICBP90 and Np95 to heterochromatin,
consistent with the in vitro binding data.

The PHD (plant homeodomain) and the SRA domain of
ICBP90 are required for specific binding to methyl K9 H3.
ICBP90 contains a ubiquitin-like domain in the amino termi-
nus, a PHD, a SET- and RING-associated (SRA) domain, and
a carboxy-terminal RING finger motif (Fig. 4A). Since ICBP90
lacks a conserved chromodomain, which is known to interact
with methyl K9 H3, we were interested in identifying the struc-
tural domain(s) that mediates its interaction with the K9-meth-
ylated H3 tail. To this end, different ICBP90 deletion con-
structs were expressed in mammalian cells and their binding
specificity was tested in pull-down assays with unmodified or
H3K9me3 peptides, followed by Western analysis (Fig. 4B).
Deletion of the RING domain had no significant effect on the
binding of ICBP90 to the H3K9me3 peptide. Endogenous
ICBP90 (marked by asterisks) was also detected, serving as an
internal control for comparison of the efficacy of binding be-
tween full-length ICBP90 and the deletion mutant forms. De-
letion of the SRA domain resulted in reduced binding of the
H3K9me3 peptide. Previous studies have implicated the SRA
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FIG. 3. Overexpression of JMJID2A demethylase results in diffuse nuclear ICBP90 and Np95 staining. (A) NIH 3T3 cells were transfected with
Flag-tagged JMJD2A and stained with anti-Flag and anti-H3K9me3 antibodies. Overexpression of the demethylase results in reduced H3K9me3
in transfected nuclei. (B) NIH 3T3 cells were transfected with Flag-TMJD2A and stained with anti-JTMJD2A and anti-HP1a antibodies. Transfected
cells display reduced levels and diffuse localization of HP1a. (C) NIH 3T3 cells were transfected with Flag-JMJD2A and stained with anti-Flag
and anti-Np95 antibodies. Transfected cells display reduced levels and diffuse localization of Np95. (D) NIH 3T3 cells were cotransfected with
ICBP90 and JMJD2A. Two days posttransfection, the cells were stained with anti-ICBP90 (red), anti-trimethyl K9 H3 (green), and DAPI (blue).
An arrow indicates a nucleus with reduced trimethyl K9 H3 signal, as a result of JMJD2A overexpression. An arrowhead indicates a cell with
normal H3K9me3 levels, transfected with ICBP90. Brightness and contrast were adjusted with Adobe Photoshop.

domain as a chromatin- and methylcytosine-binding domain
(9, 31, 64, 68). Our data indicate that the SRA domain also
contributes to the binding of ICBP90 to H3K9me3. Interest-
ingly, deletion of the PHD resulted in complete loss of binding
specificity for the H3K9me3 peptide. The resulting molecule
bound equally well, but with reduced affinity, to both unmod-
ified and H3K9me3 peptides. Furthermore, deletion of both
the PHD and the SRA domain completely abolished the bind-
ing of ICBP90 to either H3 peptide. The same set of ICBP90
mutants were also expressed by in vitro transcription and trans-
lation reactions, and their binding to control and H3K9me3

peptides was tested (Fig. 4C). The results were essentially
identical to the data in Fig. 4B, with the exception of a weak
binding to the unmodified H3 peptide observed for full-length
ICBP90 and most of the deletion mutants. Together, these
results define the PHD as a major determinant for binding of
ICBP90 to H3K9me3, with the SRA domain contributing to
the overall H3 binding affinity.

The PHD and the SRA domain are required for localization
of ICBPY0 to pericentric heterochromatin. We then examined
the subcellular localization of the above ICBP90 deletion mu-
tants. Constructs encoding full-length ICBP90 and ICBP90
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deletion constructs used in panels B, C, and D. (B) Pull-down assays with whole extracts of cells transfected with different ICBP90 deletion
constructs (indicated on the right). Western blotting (W.B.) was done with anti-ICBP90 antibody. An asterisk indicates endogenous (full-length)
protein. (C) Autoradiography following SDS-PAGE analysis of pull-down assays using different in vitro-translated, **S-labeled ICBP90 deletion
constructs (indicated on the right), with unmodified or trimethyl K9 H3 peptides. Input is 5%. (D) Immunolocalization of full-length ICBP90 (red)
or ICBP90 deletion constructs (red) transfected into NIH 3T3 cells. Cells were also stained with anti-H3K9me3 (green) and DAPI (blue). Staining

was performed 2 days posttransfection.

with the PHD deleted, with the SRA domain deleted, with the
PHD and the SRA domain deleted, and with the RING do-
main deleted were transfected into NIH 3T3 cells. All of the
proteins were Flag tagged, and their localization was analyzed
by immunocytochemistry with an anti-Flag antibody (Fig. 4D).
The immunostaining analysis revealed that, similar to the full-
length protein, ICBP90 with the RING domain deleted localized
predominantly to the DAPI-dense chromocenters in interphase
nuclei. In contrast, ICBP90 protein lacking the SRA domain, the
PHD, or both the SRA domain and the PHD did not exhibit
enrichment in pericentromeric heterochromatin. Instead, all of
the above domain deletions resulted in diffuse localization of
ICBP90 throughout the nucleoplasm. These results suggest that
the PHD and the SRA domain of ICBP90 are required for proper
heterochromatic localization of the protein.

Downregulation of ICBP90 and Np95 disrupts the distribu-
tion of H3K9me3 and HP1«, respectively, in interphase nuclei.
To address the biological significance of the interaction be-

tween ICBP90 and the methylated histone H3 tail, we stably
transfected HeLa cells with a construct encoding shRNA
against ICBP90. As a control, we used cells stably transfected
with the empty vector (pSuper). We note here that in HeLa
cells, endogenous ICBP90 exhibits a punctate pattern through-
out the nucleus (see Fig. 8A) that is different from the focal
enrichment in the heterochromatic regions of NIH 3T3 nuclei.
In spite of that, we used HeLa cells for this assay because they
provide a relatively easy system for stable transfection. Effi-
cient downregulation of ICBP90 protein was confirmed by
Western blot analysis and immunocytochemistry (Fig. SA and
D). Since there are several paradigms of proteins that recog-
nize a histone modification and also affect the levels of this
modification in the cell (1, 55, 69), we asked whether down-
regulation of ICBP90 had any effect on the global H3 K9
methylation levels. We prepared crude core histones from the
control and ICBP90 shRNA stable cells. Coomassie blue stain-
ing showed similar levels of core histones from the two samples
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FIG. 5. Downregulation of ICBP90 disrupts the heterochromatic distribution of trimethyl K9 H3. (A) Analysis of whole cell extracts from a
stable control (empty pSuper vector) and shRNA against ICBP90 cells by Western blotting (WB) with anti-ICBP90 and anti-B-actin. Coomassie
staining (B) and anti-trimethyl K9 H3 Western blotting (C) of crude chromatin preparations from control and shRNA stable cells. (D) Stable
control and shRNA against ICBP90 cells stained with anti-ICBP90 (red) and anti-trimethyl K9 H3 (green). The cell in the upper left corner (vector
stable) is in mitosis. Mitotic HeLa cells show reduced staining by anti-ICBP90 antibody. (E) Higher magnification of representative cells stably

transfected with sShRNA against ICBP90.

(Fig. 5B). Western blot analysis with an H3K9me3-specific
antibody did not reveal any change in the levels of H3K9me3
between control cells and cells stably expressing shRNA
against ICBP90 (Fig. 5C). However, analysis of cells stably
transfected with shRNA against ICBP90 revealed that, in con-
trast to the focal heterochromatic enrichment of H3K9me3 in
control cells and shRNA cells with normal levels of ICBP90
protein, shRNA cells with low levels of ICBP90 displayed a
diffuse granular pattern of H3K9me3 staining (Fig. 5D and E).
Note that the cell in the upper part of Fig. 5D is in mitosis;
therefore, as mentioned above, endogenous ICBP90 is hardly
detectable by immunostaining.

Similar to the effect of siRNA-mediated downregulation of

ICBP90, siRNA-mediated downregulation of endogenous
Np95 in NIH 3T3 cells resulted in disruption of the hetero-
chromatic localization of HP1a (Fig. 6). It is noteworthy that
this effect was observable only after long-term siRNA treat-
ment (at least 5 days). Based on these observations, we pro-
pose that ICBP90 and Np95 contribute to the establishment
and/or maintenance of the specific organization of H3K9me3
and HPla in heterochromatic regions of the nucleus.
ICBP90 promotes H3 ubiquitination in transfected cells and
acts as an E3 ubiquitin ligase for H3 in vitro. Np95 has been
shown to ubiquitinate core histones, especially H3 in vitro (9).
ICBP90 has not been reported to have E3 ligase activity for
histones but possesses autoubiquitination activity, dependent
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FIG. 6. siRNA-mediated downregulation of Np95 disrupts heterochromatic localization of HP1a. NIH 3T3 cells were transfected with sSiRNA
against Np95 and stained with anti-Np95 (green), anti-HP1a (red), and DAPI (blue) at 5 days posttransfection.

on its RING domain (29). To test if ICBP90 can ubiquitinate
its binding substrate, H3, full-length ICBP90 or ICBP90 with
the RING domain deleted was immunoprecipitated from
transfected HeLa cells (Fig. 7A) and incubated with core his-
tones in the absence or presence of recombinant E1, E2, and
ubiquitin. Immunoprecipitated ICBP90 could ubiquitinate his-
tone H3 in vitro in a RING domain-dependent fashion (Fig.
7B). Similarly, when used in an in vitro ubiquitination reaction,
recombinant ICBP90 protein also exhibited strong autoubig-
uitination activity (Fig. 7C and reference 29), as well as E3
ligase activity for H3. Inclusion of histones in the reaction
mixture greatly diminished the autoubiquitination of ICBP90
(Fig. 7C), indicating a possible competition between the sub-
strates (histone versus self). Recombinant ICBP90 protein ex-
hibited E3 ligase activity for H3 in vitro when tested with core
histones (Fig. 7D), nucleosomes (Fig. 7E), or recombinant H3
(Fig. 7F and G) as a substrate. Among these forms, nucleoso-
mal H3 appears to be a better substrate for ICBP90 (Fig. 7E).

We next tested if ICBP90 could ubiquitinate histone H3 in
cultured cells. HA-tagged ubiquitin was cotransfected with or
without either full-length ICBP90 or ICBP90 with the RING
domain deleted into 293T cells similar to a previous report
(41). Crude chromatin fractions were analyzed by Western
blotting with anti-HA to detect ubiquitinated proteins (Fig.

8A) or with anti-H3 to detect modified forms of H3 (Fig. 8B).
Higher levels of ubiquitination in cells transfected with HA-
ubiquitin alone are most likely due to increased HA-ubiquitin
expression in these cells compared to cells cotransfected with
full-length ICBP90 or ICBP90 with the RING domain deleted
(Fig. 8A, compare lanes 2 and 3 with lanes 4 and 5). Cotrans-
fection of ICBP90 and HA-ubiquitin altered the pattern of
ubiquitinated proteins, suggesting that these proteins were ubig-
uitinated in an ICBP90-dependent manner (Fig. 8A, lane 4). A
band of approximately 25 kDa was detected by both the anti-HA
and anti-H3 antibodies. We conclude that this band corresponds
to ubiquitinated H3 (Fig. 8A and B, lanes 4). The level of ubiq-
uitinated H3 was substantially lower in cells cotransfected with
HA-ubiquitin and ICBP90 with the RING domain deleted (Fig.
8A and B, lanes 5), indicating that the ubiquitination of H3 is
dependent on ICBP90 E3 ligase activity. In addition to H3, an-
other chromatin-associated protein (Fig. 8A, arrow and upper
question mark) was also abundantly ubiquitinated in an ICBP90-
dependent manner. The identity of this protein is unknown. We
conclude that ICBP90 can function as an E3 ubiquitin ligase for
histone H3 both in vitro and in transfected cells.
Overexpression of an enzymatically inactive ICBP90 mutant
in mouse cells disrupts the higher-order chromatin structure.
To understand whether the observed effect of ICBP90 on het-
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FIG. 7. ICBPY0 functions as an E3 ubiquitin ligase for H3 in vitro. (A) HeLa cells were transfected with full-length ICBP90 or ICBP90 with
the RING domain deleted. Immunoprecipitation reaction mixtures were analyzed by Western blotting (WB) with anti-ICBP90. IgG, immuno-
globulin G. (B) The immunoprecipitated proteins from panel A were used in an in vitro ubiquitination reaction with core histones (hist.), ubiquitin
(Ub), E1, and E2, as indicated at the top. The reaction products were analyzed by SDS-PAGE, and Western blot analysis was performed with
anti-H3 antibody. (C) Recombinant ICBP90 has autoubiquitination activity. Western blotting with anti-ICBP90 was done following the in vitro
ubiquitination reaction. Lower autoubiquitination levels are observed in the presence of histones in the reaction mixture. (D and E) In vitro
ubiquitination reaction with baculovirus-expressed ICBP90, ubiquitin, E1, E2, and core histones or nucleosomes as the substrate. Results were
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antibody (F). UR, ubiquitination reaction; M.W., molecular mass; hist., histones; nucleos., nucleosomes.

erochromatin depends on its E3 ligase activity, we generated a
point mutant (H741R) that is enzymatically inactive due to
disruption of the ability of the RING domain to complex with
zinc (25, 29). Since all of the other domains of the protein
remain intact, we predicted that overexpression of this mutant
might exert a deleterious effect toward the endogenous wild-
type protein and potentially act as a dominant-negative form.
Indeed, NIH 3T3 cells highly overexpressing ICBP90 H741R
displayed a phenotype characterized by loss of the distinct
DAPI-dense heterochromatic regions (Fig. 9A and B). Instead,

the DAPI staining of interphase nuclei became homogeneous.
Note here that upon high overexpression, localization of
ICBPY0 is no longer limited to the heterochromatic regions but
can be detected throughout the nucleoplasm. Moderate or
lower overexpression of the mutant did not cause any observ-
able change in the DAPI staining of the transfected cells (data
not shown). As a control, overexpression of the wild-type
ICBPY0 protein, at any level, did not disrupt the normal het-
erochromatic pattern (Fig. 9C and D). Note here that we are
looking at cells highly overexpressing either wild-type or RING
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mutant ICBP90, which is why the proteins are localized
throughout the nucleus. These results support the idea that
overexpression of a RING mutant ICBP90 form disrupts high-
er-order organization of heterochromatin in interphase mouse
cells.

DISCUSSION

Identification of ICBP90 as a novel methyl K9 H3 effector.
The critical role of H3 K9 methylation in cellular processes,
combined with the small number of known proteins recogniz-
ing this mark, led us to screen for new interacting partners for
this modification. We report here the identification of ICBP90
as a novel di- and trimethyl K9 H3 binding protein. This prop-
erty of ICBP90 is added to an already long list of interesting
functions of this protein, such as regulation of topoisomerase
Il and Rb levels (20, 21, 22, 28), cell cycle regulation (5, 29),
binding to methylated CpG islands, and interaction with
HDACI (64). It has been previously reported that the nor-
mally fluctuating expression of ICBP90 in cycling cells is per-
turbed in most cancer cell lines (5, 18, 21, 42). Since there is
increasing evidence suggesting a role for epigenetic mecha-
nisms in carcinogenesis (12, 62), it would be interesting to
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FIG. 9. Overexpression of RING mutant ICBP90 results in diffuse DAPI staining of transfected nuclei. (A) NIH 3T3 cells were transfected with
ICBPY0 carrying a point mutation in the RING finger and stained with anti-ICBP90 (red) and DAPI (blue). (B) Enlarged pictures of transfected
cells from panel A. (C) NIH 3T3 cells were transfected with wild-type ICBP90 and stained with anti-ICBP90 (red) and DAPI (blue). Brightness
and contrast were adjusted with Adobe Photoshop. (D) Graphic representation of the percentage of cells transfected with RING point mutant
(mut.) or wild-type (wt) ICBP90 displaying diffuse DAPI staining. Fifty-seven percent of the cells transfected with the RING mutant (H741R) show
normal DAPI staining, and 43% show diffuse DAPI staining. Ninety-seven percent of the cells transfected with wild-type ICBP90 show normal

DAPI staining.
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determine if the role of ICBP90 in cancer is dependent upon
its methyl K9 H3 binding activity.

Our results outline several similarities of ICBP90 and Np95
and HP1, particularly the alpha and beta isoforms, such as
recognition of methyl K9 H3, heterochromatic localization,
and involvement in the establishment and/or maintenance of a
higher-order chromatin organization. Analogously to HPI,
ICBP90 and Np95 also appear to participate in a self-propa-
gating circuit by recognizing a histone mark and aiding its
stabilization. However, the difference in the mitotic localiza-
tion of these proteins is intriguing. By remaining attached to
the mitotic chromosomes, ICBP90 and Np95 may have a role
in protecting the methyl marks throughout a phase of dramatic
changes in chromatin organization and be involved in the
maintenance of cellular memory.

Recently, Woo and colleagues reported a phenotype char-
acterized by defective heterochromatin formation, upon deple-
tion of VIM1, an ICBP90-related protein in Arabidopsis (68).
Furthermore, murine Np95 has also been suggested to have a
role in the replication of pericentric heterochromatin (48). It
would be interesting, therefore, to examine whether other pro-
teins with a similar domain organization, such as NIRF, have
functions in common with ICBP90 and its homologues.

The PHD in the recognition of methylated histone marks.
Recent studies have revealed the PHD as a binding motif for
methylated H3 K4 (36, 37, 39, 49, 57, 61, 70). In addition, a
PHD motif from the SMCX demethylase was shown to bind
H3K9me3 in vitro (26). Our data also support a role for the
PHD of ICBP90 in the preferential interaction with H3K9me3,
although the minimal PHD of ICBP90 may not be sufficient for
this interaction (data not shown). These observations may aid
in the discovery of new methyl K9 H3 effectors. The ability of
the PHD to read different methylated lysines is reminiscent of
the behavior of the other known methyl-lysine-recognizing mo-
tif, the chromodomain, which has been shown to interact with
both methyl K4 and methyl K9 H3 (6, 7, 16, 52). Thus, varia-
tions of the same motif may exert different biological effects.
Combination of different modules, such as the SRA domain
and PHD of ICBP90, appears to further increase diversity in
the reading of chromatin modifications.

ICBP90 may provide a link between histone methylation
and DNA methylation. The SRA domains of several proteins,
including ICBP90, have been shown to interact with methyl-
ated DNA (65). Our results also support the idea that the SRA
domain may also contribute to histone tail recognition. Mutant
ICBP90 lacking the SRA domain maintains specific interaction
with H3K9me3, though with reduced affinity compared to the
full-length protein. However, ICBP90 with the SRA domain
deleted, similar to ICBP90 with the PHD deleted, is not pref-
erentially enriched in pericentromeric heterochromatin. Given
that the PHD appears to be required for specific interaction
between ICBP90 and H3K9me3, we propose that in vivo het-
erochromatic localization of ICBP90 depends on interaction
with both H3K9me3 and methylated DNA. Interestingly, Bo-
stick and colleagues recently reported that ICBP90 interacts
with DNMT1 and is involved in the maintenance of DNA
methylation in mammalian cells (6). Therefore, ICBP90 may
provide a link between histone methylation and DNA methyl-
ation.
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Chromatin ubiquitination and heterochromatin formation.
Genetic and biochemical studies of Schizosaccharomyces
pombe have revealed a critical role for protein ubiquitination
in heterochromatin formation and H3K9 methylation (8, 23,
24). In this unicellular eukaryote, Clr4 is considered the sole
enzyme responsible for H3K9 methylation (43). Clr4 was
found to associate with Cul4, a member of the cullin family,
which acts as a scaffold for the assembly of ubiquitin ligases
(33). Ubiquitin ligase-active Cul4 is required for proper Clr4
localization, H3K9 methylation, and heterochromatin forma-
tion (33).

The results obtained in this study suggest a role for ubig-
uitination in heterochromatin formation in mammalian cells.
Our present data are not sufficient to establish whether H3 is
the physiological in vivo substrate for ICBP90 and its principal
biological effector, although the binding specificity for methyl-
ated H3 may be accompanied by an in vivo preference for this
histone. Finally, we can only speculate about the potential
outcome of ICBP90-dependent chromatin ubiquitination. It is
possible that the modification might target its substrate for
degradation. Alternatively, attachment of a bulky moiety like
ubiquitin might affect molecular interactions or change the
local chromatin structure. Based on our observations, we favor
a model in which ICBP90 binds to H3K9me3 and promotes
local chromatin ubiquitination. This event could subsequently
signal the recruitment of downstream molecules, such as meth-
yltransferases and deacetylases, which will induce spreading of
heterochromatin. Notwithstanding several remaining mecha-
nistic questions, the present studies establish the importance of
ICBP90 and implicate its ubiquitin ligase activity in the main-
tenance of heterochromatin in mammalian cells.
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