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Class II histone deacetylases (HDACs) 4, 5, 7, and 9 repress muscle differentiation through associations with
the myocyte enhancer factor 2 (MEF2) transcription factor. MEF2-interacting transcription repressor (MITR)
is an amino-terminal splice variant of HDAC9 that also potently inhibits MEF2 transcriptional activity despite
lacking a catalytic domain. Here we report that MITR, HDAC4, and HDAC5 associate with heterochromatin
protein 1 (HP1), an adaptor protein that recognizes methylated lysines within histone tails and mediates
transcriptional repression by recruiting histone methyltransferase. Promyogenic signals provided by calcium/
calmodulin-dependent kinase (CaMK) disrupt the interaction of MITR and HDACs with HP1. Since the
histone methyl-lysine residues recognized by HP1 also serve as substrates for deacetylation by HDACs, the
interaction of MITR and HDACs with HP1 provides an efficient mechanism for silencing MEF2 target genes
by coupling histone deacetylation and methylation. Indeed, nucleosomal histones surrounding a MEF2-binding
site in the myogenin gene promoter are highly methylated in undifferentiated myoblasts, when the gene is
silent, and become acetylated during muscle differentiation, when the myogenin gene is expressed at high levels.
The ability of MEF2 to recruit a histone methyltransferase to target gene promoters via HP1-MITR and
HP1-HDAC interactions and of CaMK signaling to disrupt these interactions provides an efficient mechanism
for signal-dependent regulation of the epigenetic events controlling muscle differentiation.

The assembly of chromatin into higher-order structures
plays a critical role in the control of gene transcription. The
structure of chromatin is profoundly influenced by posttrans-
lational modifications of the conserved amino-terminal tails of
histones. Acetylation, methylation, and phosphorylation of hi-
stones have been shown to control the on-off states of genes by
creating a code that is interpreted by transcriptional activators
and repressors that recognize these specific histone modifica-
tions (reviewed in reference 14). Emerging data suggest that
extracellular cues alter signal-responsive genes in part by
changing the activities, subcellular localization, and protein-
protein interactions of histone-modifying enzymes.

Acetylation of histone tails by histone acetyltransferases
(HATs) results in chromatin relaxation due to disruption of
histone-DNA and histone-histone interactions. Acetylated hi-
stones also serve as binding sites for bromo-domain proteins,
which possess HAT activity and act as transcriptional activa-
tors (6, 13, 34, 45). Conversely, histone deacetylation by his-
tone deacetylases (HDACs) results in chromatin condensation
and transcriptional repression (reviewed in references 15 and
31). Recent studies have also revealed an important role for
histone methylation as an epigenetic mechanism for the regu-
lation of heterochromatin assembly and gene silencing (27, 30,
35, 36, 39). Methylation of lysine 9 in the tail of histone H3 by
the SUV39H1 histone methyltransferases (HMTases) results

in repression of transcription by creating binding sites for chro-
modomain (CD) proteins such as heterochromatin protein 1
(HP1), which represents a family of adaptor proteins involved
in transcriptional silencing (4, 17, 37). HP1 associates with a
variety of transcriptional repressors and thereby provides a
mechanism for widespread silencing of gene expression in re-
sponse to histone methylation (18, 32, 38).

Since the lysines in histone tails that are methylated by
HMTases are also the substrates for HATs (reviewed in ref-
erence 14), HDACs play an intermediary role in these modi-
fications by removing the acetate group and thereby creating a
substrate site for either HATs or HMTases. Vertebrate
HDACs are categorized into three classes based on homology
with three distinct yeast HDACs (reviewed in reference 10).
The class I HDACs HDAC1, -2, -3, and -8 are expressed
ubiquitously, while the class II HDACs HDAC4, -5, -7, and -9
are expressed in a tissue-restricted manner, with highest ex-
pression in heart, brain, and skeletal muscle. These class II
HDACs are also distinguished by an amino-terminal extension
that mediates association with myocyte enhancer factor 2
(MEF2), which regulates muscle differentiation (7, 19–22, 28,
42, 48; reviewed in reference 24), and C-terminal binding pro-
tein (CtBP), a widely expressed transcriptional corepressor
(47). Class I and II HDACs are also capable of homo- and
heterodimerization, which allow for the formation of multi-
component HDAC complexes (11, 41, 44), and recent evidence
suggests that repression by class II HDACs requires the re-
cruitment of class I HDACs (8, 9).

Another unique characteristic of class II HDACs is their
signal responsiveness. The amino-terminal extensions of
HDAC4, -5, -7, and -9 contain two conserved serine residues
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that are targets for phosphorylation by calcium/calmodulin-
dependent protein kinase (CaMK) (22). When phosphorylated
by CaMK, these phosphoserines in class II HDACs are bound
by 14-3-3 chaperone proteins, resulting in the dissociation of
MEF2-HDAC complexes. HDAC4, -5, -7, and -9 are also ex-
ported from the nucleus to the cytoplasm as a result of their
association with 14-3-3 proteins, which mask the HDAC nu-
clear localization sequence while exposing the HDAC nuclear
export sequence (12, 16, 23, 25, 43). MEF2-interacting tran-
scriptional repressor (MITR) is a naturally occurring splice
variant of HDAC9 that shares high homology with the amino-
terminal extensions of class II HDACs but lacks a catalytic
domain (41, 48, 49). Like class II HDACs, MITR acts as a
transcriptional repressor and is subject to CaMK-mediated
release from MEF2. However, MITR cannot be exported from
the nucleus due to the absence of a nuclear export sequence
(25, 48). Since MITR lacks intrinsic HDAC catalytic activity, it
is thought to repress transcription by recruiting other corepres-
sors, such as CtBP and HDACs (41, 47, 50).

To further understand the mechanisms that regulate the
activities of MITR and class II HDACs, we screened for
MITR-interacting proteins by using the yeast two-hybrid sys-
tem. Here we show that MITR, as well as HDAC4 and -5,
associate with HP1 and that CaMK signaling disrupts these
interactions through a mechanism independent of the phos-
phoacceptors in MITR and HDACs that mediate binding to
14-3-3 proteins. Furthermore, the acetylation and methylation
states of histone H3 lysine 9 at a MEF2 element in the myo-
genin gene promoter, which becomes activated during muscle
differentiation, showed reciprocal changes during skeletal
myogenesis, with the histone H3 lysine 9 being methylated in
undifferentiated myoblasts and acetylated in differentiated
myotubes. The association of MITR and HDACs with HP1
provides a mechanism for efficiently coupling histone deacety-
lation and methylation and for regulating these modifications
in response to signaling events that promote cellular differen-
tiation.

MATERIALS AND METHODS

Yeast two-hybrid screen. A cDNA encoding a mutant of MITR containing
alanines in place of serines 218 and 448 was fused in frame to the yeast GAL4
DNA-binding domain (GAL4-MITR S218/448A) and used as bait to screen a
mouse embryonic day 17 cDNA library (Clontech), as described previously (47).
Positive clones were isolated via growth on selection medium and on the basis of
�-galactosidase expression. Putative positive clones were further tested for spec-
ificity using the GAL4 DNA binding domain alone as the bait. Those clones
specific for interaction with GAL4-MITR S218/448A were subjected to sequenc-
ing. Filter lift and liquid �-galactosidase assays were performed according to the
recommendations of the manufacturer (Clontech).

Plasmid construction. All yeast two-hybrid baits were constructed in the pG-
BKT7 vector (Clontech). Mammalian expression vectors for epitope-tagged de-
rivatives of human HDAC4, HDAC5, HDAC1, and HDAC3 and mouse CtBP1
and MITR have been described previously (47). Complementary DNAs encod-
ing amino-terminally Myc- or FLAG-tagged MITR mutants and mouse HP1�,
-�, and -� were cloned into the pcDNA3.1 mammalian expression vector (In-
vitrogen). T. Kouzarides kindly provided the mammalian expression plasmid for
hemagglutinin (HA)-SUV39H1. Expression of glutathione S-transferase (GST)-
HP1 derivatives or GST-MITR (389 to 506) was achieved by using the
pGEX-KG bacterial expression vector (Amersham Pharmacia Biotech). The
cDNA for constitutively activated CaMKI, which contains a stop codon in place
of isoleucine 294, was provided by A. Means. A derivative of this cDNA encoding
an HA-tagged version of activated CaMKI was constructed in pcDNA3.1. The
integrity of all plasmids was confirmed by sequencing.

Cell culture and transfection. COS, 293T, and C2 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum, 2 mM L-glutamine, and penicillin-streptomycin. For differentiation of C2
cells, confluent myoblasts in growth medium (DMEM containing 10% fetal
bovine serum) were shifted to differentiation medium (DMEM containing 2%
horse serum) for 2 days.

Transfections were performed with the lipid-based reagent Fugene 6 (Roche
Molecular Biochemicals) and cells growing at a density of 5 � 105 to 10 � 105

cells/35-mm-diameter dish. For MEF2-dependent transcription assays, COS cells
in 35-mm-diameter dishes were transfected with a luciferase reporter plasmid
under control of three copies of consensus MEF2-binding site and the E1b
minimal promoter, 3XMEF2-luciferase, and pcDNA3.1-based expression plas-
mids for MEF2C, MITR, and HP1�. A plasmid encoding �-galactosidase under
the control of the cytomegalovirus (CMV) promoter, CMV-lacZ, was included
for transfection normalization. Cells were harvested 36 h after transfection, and
luciferase and �-galactosidase values were measured under conditions of linear-
ity with respect to time and cell extract concentration.

GST interaction assays. GST fusions of wild-type HP1�, -�, and -�, HP1�
deletion mutants, and residues 389 to 506 of mouse MITR were expressed in the
BL21(DE3) strain of Escherichia coli and purified by using glutathione-conjugated
agarose beads (Sigma). 35S-labeled HDACs, HP1�, SUV39H1, or CtBP1 was gen-
erated by using the TNT kit (Promega). Ten microliters (�10,000 cpm) of labeled
protein was mixed with 0.5 to 1 �g of GST fusion protein-bound agarose beads in
GST binding buffer composed of phosphate-buffered saline containing 0.5% Triton
X-100, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitors
(Complete; Roche Molecular Biochemicals) for 1 h at 4°C. Beads were collected by
brief centrifugation and washed five times in GST binding buffer. Bound proteins
were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and analyzed by autoradiography.

Coimmunoprecipitation assays. COS or 293T cells were transiently trans-
fected with plasmids encoding the indicated proteins and were harvested at 48 h
posttransfection in lysis buffer composed of PBS containing 0.5% Triton X-100,
1 mM EDTA, 1 mM PMSF and protease inhibitors (Complete; Roche Molecular
Biochemicals). Following brief sonication and removal of cellular debris by
centrifugation, FLAG-tagged proteins were immunoprecipitated from cell ly-
sates by using anti-FLAG resin (M2; Sigma). Alternatively, Myc-tagged proteins
were precipitated with rabbit polyclonal anti-Myc antibody (A-14; Santa Cruz)
and protein A/G Plus beads (Santa Cruz). The bound proteins were washed five
times with lysis buffer, resolved by SDS-PAGE, and transferred to polyvinylidene
difluoride membranes. Membranes were immunoblotted with either anti-Myc
antibody (9E10; Santa Cruz), anti-HA antibody (Y-11; Santa Cruz), or anti-
FLAG antibody (M2; Sigma), and proteins were visualized with a chemilumi-
nescence detection system (Santa Cruz).

HDAC assays. HDAC activity was assayed as described previously (20).
Briefly, immunoprecipitates were washed twice in HD buffer (20 mM Tris-HCl
[pH 8.0], 150 mM NaCl, 10% glycerol) and incubated with �20,000 cpm of
3H-acetylated histones derived from MEL-TK cells in HD buffer at 37°C for
1.5 h. Reactions were terminated by addition of acetic acid and HCl to final
concentrations of 0.12 and 0.72 M, respectively, and extracted with 600 �l of
ethyl acetate. The released [3H]acetate was measured by scintillation counting of
the organic phase.

ChIP assays. Chromatin immunoprecipitation (ChIP) assays with C2C12 myo-
blasts or multinucleated myotubes were performed as described previously (21).
Briefly, equal amounts of soluble chromatin were immunoprecipitated from each
sample with either an anti-acetyl histone H3 lysine 9-lysine 14 or an anti-dimethyl
histone H3 lysine 9 antibody (Upstate Biotechnology). Ten percent of the im-
munoprecipitated DNA was subjected to PCR for 28 cycles with primers specific
for either the myogenin gene promoter or the glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) gene promoter. Primer sequences that flank the MEF2
site in the myogenin gene promoter have been described previously (21). Primers
were also designed to flank the transcription start site in the GAPDH gene: plus,
5�-GCTCTCTGCTCCTCCCTGTT-3�; minus, 5�-CAATCTCCACTTTGCCAC
TGC-3�. As a control for DNA input, PCR was also performed with chromatin
prior to immunoprecipitation. [�-32P]dCTP was included in the PCRs to facili-
tate visualization and quantitation of DNA. Twenty percent of each PCR mixture
was resolved through a 5% native acrylamide gel, visualized, and quantified using
a phosphorimager (Molecular Dynamics).

RESULTS

Association of HP1� with MITR and class II HDACs. To
investigate the mechanisms involved in transcriptional repres-
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sion by MITR, we performed yeast two-hybrid screens with a
cDNA encoding MITR fused in frame to the GAL4 DNA-
binding domain as bait (Fig. 1A). We initially used a mutant of
MITR containing alanines in place of serines 218 and 448
(MITR S218/448A) to abolish the binding of MITR to 14-3-3
proteins, a family of ubiquitously expressed proteins that as-
sociate with MITR when these serines are phosphorylated
(48). One of the most strongly interacting clones in this screen
encoded full-length HP1�. The HP1�-GAL4 activation do-
main prey identified in the screen did not interact with a variety
of nonspecific GAL4 baits (data not shown), indicating that its
association with the GAL4-MITR S218/448A bait was specific.
The association of HP1� with wild-type MITR in yeast two-
hybrid assays was as efficient as that with the MITR S218/448A
mutant, suggesting that the alanine substitutions did not affect
the binding (Fig. 1A). By using two MITR deletions fused to
the GAL4 DNA-binding domain as baits, the HP1�-interact-
ing region of MITR was localized to residues 351 to 586 (Fig.
1A).

To further test the specificity of the interaction between
MITR and HP1�, we performed binding assays with a bacte-
rially expressed GST-HP1� fusion protein and in vitro-trans-
lated MITR and HDAC proteins (Fig. 1B). GST-HP1� inter-
acted efficiently with 35S-methionine-labeled MITR, as well as
with HDAC4 and HDAC5 (Fig. 1C). No interaction was de-
tected between GST-HP1� and HDAC1, HDAC3, or the
CtBP corepressor, which also associates with class II HDACs
and MITR (47).

The association of HP1� with MITR and class II HDACs
was further tested by coimmunoprecipitation assays using pro-
tein lysates from transfected cells. Consistent with the GST
binding experiments, Myc-tagged HP1� associated with
FLAG-tagged MITR, HDAC4, and HDAC5, and in this assay,
these three proteins bound HP1� with comparable efficiencies
(Fig. 1D). HP1� did not interact with HDAC3 in the coimmu-
noprecipitation assay, but in contrast to the GST binding
experiments, HDAC1 could be coimmunoprecipitated with
HP1� (Fig. 1D). Although the basis for this difference between
the two assays remains unknown, it could reflect a role for
additional cellular proteins that are present in the cell extracts
but absent from GST pull-down assays. For example, class II
HDACs can interact with HDAC1 (11, 41). Thus, endogenous
class II HDACs in COS cells could potentially interact with
Myc-tagged HP1� and recruit FLAG-tagged HDAC1 to the
complex. Notwithstanding this uncertainty, our results reveal
that HP1� is capable of associating with MITR and class II
HDACs in three independent assays: yeast two-hybrid inter-
action, GST pull-down, and coimmunoprecipitation.

As a final test for the interaction between HP1� and
HDACs, we expressed Myc-tagged HP1� in 293T cells, which
express both class I and class II HDACs, and performed
HDAC assays on anti-Myc epitope immunoprecipitates (Fig.
1E). Deacetylase activity was readily detectable in the immune
complex, indicating that HP1� associated with endogenous
HDACs.

Mapping the region of MITR that interacts with HP1�. In
order to map the region of MITR that mediates the association
with HP1�, we initially generated a series of MITR deletion
mutants and assessed their capacities to associate with GST-
HP1� (Fig. 2A, B, and C). Deletion of residues from amino

acid 400 to the carboxyl terminus of MITR had no effect on
HP1� binding, whereas a deletion mutant containing amino
acids 1 to 300 (mutant 1-300) failed to bind HP1�. Deletions
from the amino terminus showed that mutants lacking up to
the first 370 amino acids had no effect on MITR-HP1� inter-
action (see mutant 371-586). Based on these assays, the HP1�-
interacting region was localized to residues 371 to 400 of
MITR. Surprisingly, however, an internal deletion mutant of
MITR lacking residues 371 to 400 (mutant 	371-400) also
bound HP1� (Fig. 2C), indicating that more than one domain
in MITR can mediate HP1� binding.

The HP1�-interacting region of MITR was further delin-
eated by coimmunoprecipitation assays using Myc-tagged
MITR mutants and FLAG-tagged HP1� expressed in trans-
fected cells (Fig. 2C). Progressive extension of mutant 1-300
toward the carboxyl terminus showed that residues through
amino acid 390 were insufficient to mediate HP1� binding,
whereas mutant 1-400 bound HP1� as efficiently as wild-type
MITR. These results are consistent with the GST pull-down
results (Fig. 2A) and further suggest that amino acids 391 to
400 of MITR are important for association with HP1�.

Sequence analysis of MITR failed to reveal amino acids that
were conserved between residues 391 to 400 and elsewhere
in the protein that could account for the association of the
	391-400 mutant of MITR with HP1�; however, through se-
quence analysis by the program NPS@ (http://pbil.ibcp.fr/cgi
-bin/secpred_consensus.pl), the predicted secondary structure
of MITR suggests that amino acids 391 to 400 form an �-helix
and that another �-helical stretch is formed by the amino acids
immediately carboxy terminal to this region (Fig. 2D). Consis-
tent with a role for both putative �-helices in governing the
interaction between MITR and HP1�, the 	391-490 mutant of
MITR, lacking these two helices in the context of the full-
length protein, completely failed to bind HP1� in the GST
pull-down assay (Fig. 2B).

Together, these results indicate that there are at least two
independent HP1�-binding domains in MITR (Fig. 2D), each
of which is sufficient to mediate the HP1� interaction. One
HP1-interacting domain is located between amino acids 390
and 400, and the other is located between amino acids 400 and
490.

Mapping the region of HP1� that interacts with MITR. HP1
proteins contain three distinct domains. The amino-terminal
CD, which binds methyl-lysine 9 of histone H3, is separated
from the carboxy-terminal chromoshadow domain (CSD),
which mediates a variety of protein-protein interactions, by a
central variable hinge region (Fig. 3B). Specific functions have
not been ascribed to the hinge region, although it has been
shown to interact with histone H1 and INCENP (2, 33). There
are three mammalian HP1 proteins, HP1�, -�, and -�, which
are highly homologous in the CSD and CD domains but are
divergent in the hinge regions.

The region of HP1� that bound MITR was mapped by in
vitro binding assays using 35S-labeled MITR and a series of
GST-HP1� deletion mutants. As shown in Fig. 3A, neither the
CD nor the CSD was able to interact with MITR, whereas the
hinge region alone and deletion mutants lacking the CSD or
the CD but containing the hinge region (	CSD and 	CD)
bound to MITR. Mutations that bisected the hinge region
abolished interaction with MITR, suggesting that the interac-
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FIG. 1. Association of HP1� with MITR and class II HDACs. (A) Interaction of HP1� and MITR in yeast. A mutant of MITR containing
alanines in place of serines 218 and 448 (MITR S218/448A) was fused to the GAL4 DNA-binding domain and used as bait in a yeast two-hybrid
screen (see Materials and Methods). A positive clone encoding full-length HP1� was rescued as a prey. The relative association of HP1� with the
indicated MITR baits was determined by measuring the activity of a �-galactosidase reporter in yeast filter lift or liquid culture assays. Values from
the liquid culture assay are expressed as activity relative to that seen with MITR S218/448A and HP1�. (B) Schematic diagrams of MITR and
HDACs. The MEF2-binding region and nuclear localization signals (NLS) of MITR, HDAC4, and HDAC5 are indicated by the blue and green
boxes, respectively. The red boxes indicate the HDAC catalytic domain. The number of amino acids in each protein is shown at the right. (C) GST
pull-down assays. GST-HP1� (top panel) or GST alone (middle panel) was expressed in E. coli, conjugated to glutathione-agarose beads, and
incubated with [35S]methionine-labeled MITR and HDACs, as described in Materials and Methods. Associated proteins were resolved by
SDS-PAGE and analyzed by autoradiography (top and middle panels). In the bottom panel, 10% of the [35S]methionine-labeled protein was
applied directly to the gel to control for input. (D) COS cells were cotransfected with expression vectors encoding Myc-tagged HP1� and the
indicated FLAG-tagged proteins (1 �g each). FLAG-tagged proteins were immunoprecipitated from cell lysates with a monoclonal anti-FLAG
antibody, and coimmunoprecipitating Myc-tagged proteins were detected by immunoblotting with a polyclonal anti-Myc antibody (upper panel).
The positions of Myc-HP1� and the light chain of immunoglobulin (IgL) are indicated. The membrane was reprobed with anti-FLAG antibody
to reveal total immunoprecipitated FLAG-tagged protein (bottom panel). (E) 293T cells were transiently transfected with expression vectors
encoding Myc-tagged HP1� or GFP. At 48 h posttransfection, cell extracts were immunoprecipitated with anti-Myc antibody and immune
complexes were assayed for HDAC activity as described in Materials and Methods. Values represent means 
 standard deviations.
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FIG. 2. Mapping of the HP1�-binding region of MITR. (A) Association of GST-HP1� with amino- and carboxy-terminal MITR deletions.
GST-HP1� (top panel) or GST alone (middle panel) was expressed in E. coli, conjugated to glutathione-agarose beads, and incubated with the
indicated [35S]methionine-labeled MITR deletion mutants. Associated proteins were resolved by SDS-PAGE and analyzed by autoradiography
(top and middle panels). The only MITR mutant that failed to interact with HP1� in this assay (mutant 1-300) is indicated with an asterisk. In the
bottom panel, 20% of the [35S]methionine-labeled protein was applied directly to the gel to control for input. (B) Association of GST-HP1� with
internal deletion mutants of MITR. The ability of GST-HP1� (top panel) to associate with the indicated MITR proteins was determined as
described for panel A. In the bottom panel, 10% of the 35S-labeled MITR was applied directly to the gel to control for input. None of the MITR
proteins exhibited significant binding to GST alone (data not shown). (C) COS cells were cotransfected with expression vectors encoding
FLAG-tagged HP1� and the indicated Myc-tagged MITR proteins or CtBP (1 �g each). Myc-tagged proteins were immunoprecipitated from cell
lysates with a polyclonal anti-Myc antibody, and coimmunoprecipitating FLAG-tagged proteins were detected by immunoblotting with a mono-
clonal anti-FLAG antibody (top panel). The positions of FLAG-HP1� and the light chain of immunoglobulin (IgL) are indicated. The membrane
was reprobed with anti-Myc antibody to reveal the total amount of immunoprecipitated Myc-tagged protein (bottom panel). (D) Schematic
representations of MITR proteins and their interactions with HP1�. There are two adjacent domains that are predicted to form �-helices (I and
II); each is sufficient to mediate HP1�-binding. NLS, nuclear localization signal.
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tion motif extends across this region. These results indicate
that the hinge region of HP1� is necessary and sufficient for
association with MITR.

We also examined whether HP1� and HP1� interacted with
MITR. For this purpose, the � and � isoforms of HP1 were
fused to GST, expressed in E. coli, and tested for the ability to
associate with in vitro-translated MITR, HDACs or the CtBP
corepressor. As shown in Fig. 3C, the interactions of HP1� and
HP1� with MITR and class II HDAC4 and HDAC5 were
comparable to those of HP1�, although GST-HP1� and -HP1�
also modestly associated with HDAC1. In contrast, in coim-
munoprecipitation assays using lysates from transfected cells,
neither HP1� nor HP1� interacted with MITR (Fig. 3D). We
have not further investigated the divergent results between
these assays, although we hypothesize that they reflect roles for
cellular proteins in modulating the interactions.

Complex formation between HP1�, HDACs, and SUV39H1.
HP1 associates with the HMTase SUV39H1 (1), which pro-
vides a potential mechanism for coupling methylation of lysine
9 on histone H3 with the protection of this methyl group by the
binding of HP1. To determine whether HP1 could associate
simultaneously with SUV39H1 and class II HDACs to form a
multiprotein histone modification and protection complex, we
performed coimmunoprecipitation assays with HA-tagged
SUV39H1 and FLAG-tagged versions of HP1�, HDACs, and
MITR (Fig. 4A). HP1� was readily immunoprecipitated with
SUV39H1, consistent with previous studies (1). In addition,
HDAC4, HDAC5, and MITR were detected in SUV39H1
immune complexes, although the efficiency of their association
with SUV39H1 was substantially lower than that of HP1�. The
CtBP corepressor did not associate with SUV39H1, demon-
strating the specificity of the assay. These results were consis-
tent with those from GST pull-down assays (Fig. 4B), where
a GST fusion protein containing amino acids 389 to 506
of MITR efficiently associated with 35S-labeled HP1� or
SUV39H1 individually or in combination. These results sug-
gest that HP1� and SUV39H1 can form a complex with MITR.
However, since the experiments were performed with rabbit
reticulocyte lysates, whether or not MITR associates directly
with SUV39H1 or through an intermediary such as HP1 re-
mains unclear.

Repression of MEF2-dependent transcription by HP1�.
Given the ability of HP1 to associate with MITR and class II
HDACs, we performed experiments to determine whether or
not HP1 contributes to the mechanism by which these factors
repress MEF2-dependent transcription. As shown in Fig. 4C,
HP1� was capable of repressing a MEF2-dependent reporter
gene in a dose-dependent manner, and the inhibitory action of
HP1 was enhanced by a small amount of exogenous MITR.FIG. 3. Mapping of the MITR-binding region of HP1�. (A) Bind-

ing of [35S]methionine-labeled MITR to GST-HP1� deletion mutants.
HP1� and a series of HP1� deletion mutants, as shown in panel B,
were fused to GST, expressed in E. coli, and conjugated to glutathione-
agarose beads. [35S]methionine-labeled MITR was mixed with GST-
HP1�-bound beads, and associated MITR was resolved by SDS-
PAGE. Following electrophoresis, the GST-HP1 fusion proteins were
stained with Coomassie blue dye (bottom panel), and then the amount
of HP1-associated MITR was assessed by autoradiography (top panel).
In lane 1 (top panel), 10% of the input [35S]methionine-labeled MITR
was applied directly to the gel. Lane 2 shows only a low level of MITR
associated with GST alone. (B) Schematic representations of full-
length HP1� (FL) and mutants containing or lacking (	) the CD
(green box), the CSD (blue box), or the hinge region (red box) of the
protein. A summary of the GST pull-down data is shown to the right

(�, association with MITR; �, no significant association with MITR).
(C) Bacterially expressed GST-HP1� and GST-HP1� were used in
GST pull-down assays with 35S-labeled HDAC4, HDAC5, MITR,
HDAC1, HDAC3, or CtBP as described for Fig. 1C. (D) COS cells
were cotransfected with expression vectors encoding Myc-tagged
MITR and FLAG-tagged HP1�, -�, or -�. Ectopic HP1 proteins were
immunoprecipitated from cell lysates with anti-FLAG antibodies, and
associated MITR was detected with a polyclonal anti-Myc antibody
(top panel). The membrane was reprobed with anti-FLAG antibody to
reveal immunoprecipitated HP1 (bottom panel).
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These results suggest that HP1 is recruited to MEF2 via MITR
and class II HDACs to form a more potent transcriptional
repression complex.

Reduced histone methylation during skeletal muscle differ-
entiation. Since MITR, HDAC4, and HDAC5 are capable of
associating with HP1� and SUV39H1, and since MITR and
HDACs are released from MEF2 during muscle differentia-
tion, we hypothesized that the relative states of histone meth-
ylation and acetylation at a MEF2-binding site in muscle-spe-
cific genes would be altered during myogenesis. To test this
hypothesis, we performed ChIP assays. Soluble chromatin was
prepared from proliferating myoblasts or differentiated myo-
tubes and was subjected to immunoprecipitation with antibod-
ies specific for methylated lysine 9 of histone H3 or acetylated
K9 and K14 of histone H3. The amount of precipitated DNA
was determined by PCR using primers that flank a functional
MEF2 site in the myogenin gene promoter, which is dramati-
cally upregulated during muscle differentiation. As shown in
Fig. 5A, histone H3 acetylation on the myogenin promoter was
significantly increased in differentiated myotubes relative to
undifferentiated myoblasts. In contrast, the degree of histone
H3 lysine 9 methylation was significantly higher in proliferating
myoblasts than in myotubes. These dynamic changes in the
modification state of nucleosomal histones correlated precisely
with the expression level of the myogenin gene (data not
shown) and were not due to nonspecific consequences of dif-
ferentiation, since there was no change in the state of histone
acetylation or methylation in the GAPDH promoter, which is
expressed at comparable levels in myoblasts and myotubes.
These data support a model in which MEF2 recruits an
HMTase to target genes via HP1 and HDAC or MITR, result-
ing in transcriptional repression. In response to myogenic cues,
HDACs and MITR are released from MEF2, allowing the
transcription factor to associate with HATs, which acetylate
nucleosomal histones and promote gene expression (see Fig.
6C).

Dissociation of HDACs and HP1� by CaMK signaling. We
have shown previously that CaMK mimics myogenic signals
that release MEF2 from the repressive effects of class II
HDACs and MITR. CaMK phosphorylates HDAC4, HDAC5,
and MITR at two conserved serine residues, creating docking
sites for the intracellular chaperone protein 14-3-3. When
bound to 14-3-3, HDACs and MITR are released from MEF2.
The association of 14-3-3 with HDAC4 and -5 also exposes a
carboxy-terminal nuclear export sequence in the repressors,
which results in their relocalization to the cytoplasm, thereby
allowing MEF2 to stimulate muscle-specific gene expression.
However, since MITR lacks the carboxy-terminal nuclear ex-
port sequence, it is not exported to the cytoplasm in response
to CaMK but is relocalized within the nucleus.

FIG. 4. Association of MITR and class II HDACs with SUV39H1
and HP1�-mediated repression of MEF2C. (A) Coimmunoprecipita-
tion of MITR and HDAC4 and -5 with SUV39H1. COS cells were
cotransfected with expression vectors encoding HA-tagged SUV39H1
and the indicated FLAG-tagged proteins. FLAG-tagged proteins were
immunoprecipitated from cell lysates with a monoclonal anti-FLAG
antibody, and coimmunoprecipitating SUV39H1 was detected by im-
munoblotting with an anti-HA antibody (top panel). The membrane
was reprobed with anti-FLAG antibody to reveal immunoprecipitated
FLAG-tagged proteins (bottom panel). Arrows indicate the positions
of full-length CtBP, HP1�, HDAC4, HDAC5, and MITR. (B) Asso-
ciation of HP1� and SUV39H1 with MITR by GST pull-down assays.
Residues 389 to 506 of MITR were fused to GST and expressed in
bacteria. The GST-MITR fusion protein was then conjugated to glu-
tathione agarose beads and used in pull-down assays with 35S-labeled
HP1� and SUV39H1. The associated proteins were resolved by SDS-
PAGE and visualized using a phosphorimager. GST alone was used as
negative control. Ten percent of the 35S-labeled protein was also di-
rectly applied to the gel to control for protein input. The positions of

labeled HP1� and SUV39H1, which appears as a doublet, are indi-
cated with arrows. (C) Inhibition of MEF2 transcriptional activity by
HP1�. COS cells were transiently transfected with expression vectors
for HP1� (0.1 to 0.8 �g), MEF2C (0.2 �g), MITR (5 ng), a MEF2-
dependent reporter plasmid (3XMEF2-luciferase; 0.1 �g), and a
CMV-lacZ reporter (0.1 �g) to control for differences in transfection
efficiency. Luciferase activity was determined as described in Materials
and Methods. Values represent means 
 standard deviations.
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Given the ability of CaMK to promote myogenesis by im-
pinging on MEF2–HDAC or MEFZ-MITR complexes and the
observed decrease in histone methylation at a MEF2 site in the
myogenin gene promoter during muscle differentiation, we
hypothesized that CaMK may influence the interaction of
HDAC5 and MITR with HP1�. To test this hypothesis, cells
were transfected with expression vectors encoding HDAC5 or
MITR in the absence or presence of a construct for constitu-

tively active CaMKI, and the integrity of HP1–HDAC or HPI-
MITR complexes was assessed by coimmunoprecipitation
analysis. As described above, the association of HDAC5 and
MITR with HP1� was readily detectable in the absence of
activated CaMK (Fig. 5B). In contrast, in the presence of
activated CaMKI, there was no detectable interaction between
HP1� and HDAC5 or MITR (Fig. 5B).

The CaMK phosphorylation sites in HDAC5 and MITR that
are bound by 14-3-3 proteins and mediate MEF2 association
and subcellular redistribution are serines 259 and 498 in
HDAC5 and �218 and �448 in MITR (22, 48). To determine
whether dissociation of HP1� from HDAC5 and MITR in
response to CaMK signaling was mediated by phosphorylation
of these sites or by a different mechanism, we examined the
association of HP1� with a mutant of MITR in which these
CaMK phosphorylation sites were replaced with alanine resi-
dues. As shown in Fig. 5B, the serine-to-alanine mutant of
MITR (MITR S218/448A) associated with HP1� in the ab-
sence of CaMK signaling and, like wild-type MITR, dissociated
from HP1� in response to CaMK. These findings demonstrate
that dissociation of HP1� from HDAC5 and MITR in re-
sponse to CaMK signaling is mediated by a mechanism inde-
pendent of the CaMK phosphorylation sites that are bound by
14-3-3, which controls the subcellular localization of MITR as
well as its association with the MEF2 transcription factor (48).

DISCUSSION

The results of this study reveal previously unrecognized in-
teractions of HP1 with the MITR corepressor and class II
HDACs. The HMTase SUV39H1 is also contained in these
complexes. The association of HDACs, HMTases, and HP1
provides an efficient mechanism for modifying nucleosomal
histone tails and stabilizing the methylated state of histone H3
lysine 9 via the docking of HP1. The integrity of these chro-
matin-remodeling complexes is subject to CaMK-dependent
control, providing a means to regulate histone methylation in
response to extracellular cues that alter intracellular calcium
concentration and promote muscle differentiation.

Heterochromatin assembly and transcriptional silencing by
HP1. Lysine 9 of histone H3 is targeted by both acetylation and
methylation. Thus, HDAC activity serves as an intermediary
between the actions of HATs and HMTases by creating the
substrate site for methylation upon removal of the acetate
group from lysine 9 of histone H3 (Fig. 6A). The competition
between acetylation and methylation of lysine 9, or other ly-
sines in histone tails, has the potential to create a switch to
determine the on-off states of genes to which the histones are
associated.

The association of HDACs with HP1 may result in the prop-
agation of the repressive state of chromatin through two dis-
tinct but related mechanisms. (i) HP1 binding to methylated
histone tails may recruit class II HDACs, which could deacety-
late adjacent nucleosomal histone tails, thus creating sub-
strates for HMTase activity of SUV39H1. Methylation of these
deacetylated histone tails by SUV39H1 would then create new
HP1-binding sites, allowing for the subsequent recruitment of
HDACs, with resulting propagation of the repressive state of
chromatin. (ii) HP1 could be initially recruited to specific
genes via its association with class II HDACs that are bound to

FIG. 5. Effects of promyogenic signals on histone H3 methylation
and MITR or HDAC–HP1 complexes. (A) Methylation and acetyla-
tion states of histone H3 lysine 9 on a MEF2-binding element during
myogenesis. Soluble chromatin from C2 myoblasts in growth medium
(GM) or from confluent myotubes in differentiation medium (DM)
was subjected to immunoprecipitation with antibodies specific for dim-
ethylated lysine 9 of histone H3 [�-MeH3(K9)] or acetylated lysine 9
and 14 of histone H3 [�-AcH3(K9/K14)]. Precipitated DNA was used
as a template for PCR with primers spanning either the MEF2-binding
site on the myogenin gene promoter or the transcription start site of
the GAPDH gene promoter. The positions of the primer-binding sites
(numbers) relative to the transcription start sites (arrows) are indi-
cated. The position of the MEF2-binding element within the myogenin
promoter is shown. PCR was also performed using genomic DNA
prior to immunoprecipitation to control for equal input of chromatin
(bottom panel). (B) CaMK-mediated dissociation of HP1� from
MITR and HDAC5. COS cells were cotransfected with expression
vectors encoding FLAG-tagged HP1� and Myc-tagged HDAC5 or
Myc-tagged versions of wild-type MITR (MITR) or a mutant of MITR
containing alanines in place of serines 218 and 448 (MITR S218/448A)
in the absence or presence of an expression vector encoding activated
CaMKI. Myc-tagged proteins were immunoprecipitated from cell ly-
sates with a polyclonal anti-Myc antibody, and coimmunoprecipitating
FLAG-tagged HP1� was detected by immunoblotting with a monoclo-
nal anti-FLAG antibody (top panel). The membrane was reprobed
with anti-Myc antibody to reveal immunoprecipitated HDAC5 and
MITR (bottom panel).

VOL. 22, 2002 ASSOCIATION OF MITR AND CLASS II HDACs WITH HP1 7309



FIG. 6. Regulation of gene expression by HDAC and MITR–HP1 interactions. (A) Acetylation (Ac) of lysine 9 (K9) on nucleosomal histone
H3 by HATs relaxes chromatin structure, resulting in gene activation. In contrast, removal of the acetyl group from K9 by HDACs results in
chromatin condensation and gene repression. Deacetylated K9 is a substrate for the HMTase SUV39H1. Methylation of K9 by SUV39H1 further
enhances the repressive state of chromatin. (B) Schematic diagram of human HDAC5 showing functional domains and binding regions for
cofactors. These functional domains and binding sites are conserved in HDAC4, HDAC7, HDAC9, and MITR, although MITR lacks an HDAC
catalytic domain and a nuclear export sequence (NES). NLS, nuclear localization signal.(C) Model for the assembly of a corepressor complex by
a class II HDAC or MITR and its disassembly by CaMK signaling. HDAC or MITR, HP1 and the HMTase SUV39H1 form an efficient corepressor
complex. Deacetylation of histone tails by HDAC creates substrates for SUV39H1, which is recruited to the target site by the HDAC- or
MITR–HP1 complex. Methylation of histone tails by SUV39H1 generates a binding signature for HP1, which further recruits HDACs and
SUV39H1 to propagate the repressive effect on the target gene. CaMK phosphorylates class II HDACs and MITR, which results in disruption of
MEF2-HDAC or MEF2-MITR interactions and allows p300, which possesses HAT activity, to associate with MEF2 and acetylate regional
histones. These events lead to the activation of MEF2 target gene expression. CaMK also dissociates HP1-HDAC and HP1-MITR complexes
through an unknown mechanism, providing an efficient means to control histone methylation in response to extracellular cues.
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these genes through interactions with sequence-specific DNA-
binding proteins such as MEF2. Once localized to a specific
genomic region through interaction with HDACs, the HP1-
HDAC complex could also recruit the HMTase, which could
methylate deacetylated histone tails that have been created by
HDACs. In either case, the interactions among class II
HDACs, HP1, and SUV39H1 provide a means of stabilizing
the repressive state of chromatin.

In addition to interacting with SUV39H1 and HDACs, HP1
has been shown to associate with the transcriptional repressor
TIF1b (32), the nuclear body component SP100 (40), the lamin
B receptor (46), and the chromatin assembly factor 1 subunit
p150 (29) through the CSD domain. HP1 also binds histone H3
through its CD region and histone H1 and INCENP through
its hinge region (2, 33).

Assembly of repressive complexes by class II HDACs. Class
II HDACs are being found to associate with a growing number
of proteins involved in transcriptional repression (Fig. 6B).
Class I HDACs interact with an as-yet poorly defined region
within the amino-terminal extensions of class II HDACs, as
well as with the catalytic region of class II HDACs (9, 11, 41,
47). The interactions between class I and II HDACs allow for
the formation of multiprotein HDAC complexes and allow for
cross talk between class II HDACs, which are signal responsive
and cell type restricted, and class I HDACs, which are ubiqui-
tous. The class I HDAC HDAC1 has also been shown to
interact with SU(VAR)3-9 in Drosophila, which leads to per-
manent transcriptional silencing of specific genomic regions
(5).

The CtBP corepressor interacts with a motif near the ex-
treme amino terminus of MITR and class II HDACs (Fig. 6B).
CtBP also associates with class I HDACs and with other core-
pressors, such as N-CoR and SMRT, which have previously
been shown to interact with class I and II HDACs. Thus, the
bridging between multiple types of repressor proteins and
HDACs allows for the formation of large multiprotein repres-
sor complexes. The region of MITR and class II HDACs that
recruits HP1 is distinct from the binding sites for other pro-
teins identified thus far, which further suggests that these re-
pressors can serve as a bridge between multiple transcriptional
regulators.

Regulation of HDAC interactions by CaMK signaling. Pre-
vious studies demonstrated that CaMK signaling leads to the
phosphorylation of two conserved serine residues in the ami-
no-terminal extensions of class II HDACs (22, 48). Phosphor-
ylation of these sites creates docking sites for 14-3-3 chaperone
proteins, which mask the nuclear localization signal and result
in the unmasking of a nuclear export sequence at the carboxy
termini, with resulting export of HDAC–14-3-3 complexes to
the cytoplasm. CaMK-mediated phosphorylation of class II
HDACs and MITR also results in dissociation from MEF2.
Serine-to-alanine substitutions of these sites prevent CaMK-
dependent association with 14-3-3 proteins, disruption of
MEF2-HDAC complexes, and HDAC nuclear export. MITR
also dissociates from MEF2 in response to CaMK signaling.
However, since MITR lacks a nuclear export sequence, it is
redistributed within the nucleus but is not exported to the
cytoplasm in response to CaMK (48).

Like MEF2, HP1 dissociated from HDAC5 and MITR in
response to CaMK signaling. However, a mutant of MITR

lacking the CaMK phosphorylation sites also dissociated from
HP1. These findings indicate the existence of another mecha-
nism that confers CaMK sensitivity to the HDAC-HP1 com-
plex. At present, we do not know the target for CaMK that
mediates this response. We have identified a single CaMK
phosphorylation site in HP1�. However, mutation of this site
to alanine does not prevent dissociation from MITR in re-
sponse to CaMK signaling (data not shown). There are numer-
ous CaMK phosphorylation sites in HDAC5 and MITR, only
two of which are required for binding of 14-3-3 proteins and
dissociation from MEF2 (22, 48). Whether one or more of the
other sites are responsible for signal-dependent dissociation
from HP1 remains to be determined. It is also possible that
other proteins mediate the effects of CaMK on the complex.

Potential role for HP1-HMTase in HDAC-dependent re-
pression of skeletal myogenesis. Previous studies have shown
that class II HDACs play important roles in muscle cell differ-
entiation and myocyte hypertrophy as a consequence of their
association with MEF2 (20, 21). The region of class II HDACs
that mediates interaction with HP1 is distinct from the MEF2-
binding region. Thus, HDACs have the potential to serve as a
bridge between MEF2 and HP1-HMTase (Fig. 6C). In this
way, MEF2 could target the repressive complex to specific
genes that are critical for muscle differentiation. Consistent
with this notion, nucleosomal histones surrounding a MEF2
target site in the myogenin gene promoter, which is transcrip-
tionally active only in differentiating muscle, are differentially
modified by methylation and acetylation during myogenesis.
Specifically, high levels of histone methylation are observed at
this site in undifferentiated myoblasts. Upon differentiation,
the level of histone methylation is decreased at this MEF2
element, with a concomitant increase in histone acetylation.
Since histone methylation is thought to be irreversible, the
reduction in histone methylation observed during myogenesis
may be due to exchange of methylated histones with unmodi-
fied or acetylated histones through DNA synthesis. In this
regard, myoblasts are still capable of synthesizing DNA imme-
diately following serum withdrawal and prior to differentiation
(3). It also remains possible that an as-yet-unidentified histone
demethylase catalyzes the demethylation reaction, thus provid-
ing the substrates for subsequent acetylation by a HAT.

It is also interesting that MEF2 regulates genes involved in
proliferation and differentiation, which are expressed in op-
posing manners (26). Whether the targeting of repressive com-
plexes to some genes and activating complexes to others ac-
counts for the opposing expression patterns of these MEF2
target genes is an intriguing issue to consider.
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