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ABSTRACT
The class II histone deacetylases HDAC4 and HDAC5
interact specifically with the myogenic MEF2 transcription factor and repress its activity. Here we
show that HDAC4 is cytoplasmic during myoblast
differentiation, but relocates to the nucleus once
fusion has occurred. Inappropriate nuclear entry of
HDAC4 following overexpression suppresses the
myogenic programme as well as MEF2-dependent
transcription. Activation of the Ca2+/calmodulin
signalling pathway via constitutively active CaMKIV
prevents nuclear entry of HDAC4 and HDAC4-mediated
inhibition of differentiation. Consistent with a role of
phosphorylation in HDAC4 cytoplasmic localisation,
HDAC4 binds to 14-3-3 proteins in a phosphorylationdependent manner. Together these data establish a
role for HDAC4 in muscle differentiation. Recently,
HDAC5 has also been implicated in muscle differentiation. However, despite the functional similarities of
HDAC4 and HDAC5, their intracellular localisations
are opposed, suggesting a distinct role for these
enzymes during muscle differentiation.
INTRODUCTION
In recent years it has become apparent that transcriptional
regulation and chromatin modification are intricately linked
(1). The most intensively studied chromatin modification is
nucleosomal histone acetylation, which is modulated through
histone acetyltransferases and histone deacetylases. Both
activities have been implicated in a variety of biological
processes, including the cell cycle, differentiation, ageing and
cancer (2,3).
In mammalian cells two classes of histone deacetylases have
been described so far. Class I histone deacetylases HDAC1,
HDAC2, HDAC3 and HDAC8 (4–8) and class II histone
deacetylases HDAC4, HDAC5, HDAC6 and HDAC7 (9–11).
In addition, a second family of NAD+-dependent histone
deacetylases related to the yeast SIR2 protein has recently been

described (12,13). Three of the class II histone deacetylases,
HDAC4, HDAC5 and HDAC7, are highly homologous not
only in their catalytic domains, but also in their extended
N-termini. The N-termini of HDAC4 and HDAC5 specifically
interact with and repress the myogenic transcription factor
MEF2 (14–17). Tissue-specific expression of HDAC4 and
HDAC5, with high levels in heart and skeletal muscle (9),
correlates with a role of HDAC4 and HDAC5 in regulating
MEF2 function. Three members of the class II family of
deacetylases, HDAC4, HDAC5 and HDAC7, have also been
shown to interact functionally with the nuclear hormone corepressor N-CoR/SMRT (11,18). A surprising feature of
HDAC4 is its ability to shuttle between the nucleus and cytoplasm (14). This feature could be unique to the class II
enzymes since class I deacetylases do not show differential
localisation (5,8).
The MEF2 transcription factors belong to the MADS-box
family of DNA-binding transcription factors. In mammalian
cells there are four mef2 genes, mef2a–mef2d, which share
extensive sequence homology (19). Their essential role in
muscle differentiation has been demonstrated in Drosophila,
mouse and mammalian tissue culture cells (20–22). A variety
of signalling pathways have been shown to impinge on MEF2
function. These include the mitogen-activated protein kinases
(MAPKs) p38 and ERK5, which have the potential to phosphorylate MEF2 factors (23–33). In addition, Ca2+-dependent
signalling through calcineurin and Ca2+/calmodulin-dependent
kinases (CaMKs) has also been implicated in regulation of
MEF2 activity (34–39).
In this study we demonstrate a role for the histone deacetylase
HDAC4 in C2C12 muscle differentiation, namely at the step of
myoblast fusion into multinucleated myotubes. HDAC4 translocates from the cytoplasm to the nucleus after myoblast
fusion. Overexpression of HDAC4 in myoblasts represses both
differentiation and MEF2-dependent transcription. Activation
of CaMKIV and the MKK6/MAP kinase pathway overcomes
HDAC4-induced inhibition of myotube fusion and activates
MEF2-dependent transcription. Furthermore, CaMKIV activation, but not MKK6b activation, prevents relocation of
HDAC4 to the nucleus after myoblast fusion, suggesting that
CaMKIV signalling controls HDAC4 function through
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regulating its localisation. Furthermore, we demonstrate that
HDAC4 interacts with 14-3-3 proteins in a phosphorylationdependent manner, suggesting a mechanism for its Ca2+/
calmodulin-dependent
kinase-dependent
localisation.
Together these data identify HDAC4 localisation as a regulatory step in muscle differentiation.
MATERIALS AND METHODS
Recombinant DNA
GFP (40), RSV CaMKIV(1–313) (41), pBJ5-HDAC5-F (9)
and MKK6b(E) (24) have been described previously. The
HDAC5-Flag expression vector was provided by Christina
Grozinger and Stuart Schreiber. The 3×MCK-MEF2luciferase reporter construct was a generous gift from Mona
Nemer. The MKK6b(E) expression plasmid was a gift from
Jiahuai Han. Constitutively active CaMKIV (amino acids 1–313)
was provided by Richard Maurer.
Antibodies
Two rabbit polyclonal antibodies were generated using the
peptide H2N-CKPAEKRPDEEPMEEEPPL-CONH2 corresponding to amino acids 1067–1084 of HDAC4 linked to
keyhole limpet haemocyanin (HD4A and HD4B). Sera were
purified against immobilised peptides using affinity chromatography by standard protocols. The antibodies recognise a band
of the expected molecular size that co-migrates with recombinant and in vitro translated HDAC4 on SDS–PAGE.
Cell culture and transfections
293T and C2C12 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco BRL) with 10%
FBS (Gibco BRL), penicillin, streptomycin and glutamine (all
Gibco BRL). Cells were grown at 37°C in an atmosphere
containing 5% CO2. 293T cells were transfected using the
Ca3(PO4)2 technique as described (42). C2C12 cells were transfected using lipofectamine (Gibco BRL). For differentiation
assays C2C12 cells were transferred to differentiation medium
containing 2% horse serum for the times indicated.
Immunoprecipitations
293T cells in culture dishes (15 cm diameter) were transfected
with 30 µg expression vector. HeLa cells (10 cm dishes) were
transfected with 10 µg DNA. Cells were washed in ice-cold
PBS and lysed in IPH buffer (50 mM Tris–HCl, pH 8.0,
150 mM NaCl, 5 mM EDTA, 0.5% NP-40) at 4°C for 30 min.
Lysates were cleared by centrifugation, diluted five times in
IPH buffer containing 0.1% NP-40 and incubated with 5 µg
anti-Myc mouse monoclonal antibody (Boehringer Mannheim,
Mannheim, Germany) for 1 h. An aliquot of 50 µl of a slurry of
protein A/G–Sepharose beads (Pharmacia) was added and
incubation continued for 2 h with rotation at 4°C. Precipitates
were washed six times in ice-cold IPH and either resuspended
in loading buffer for SDS–PAGE or used for deacetylase
assays.
SDS–PAGE and western analysis
SDS–PAGE and western blotting were performed according to
standard procedures (43). Anti-HA antibody and anti-Myc
antibody (both Boehringer Mannheim) were used at a

concentration of 1 µg/ml. The anti-MEF2A antibody (Santa
Cruz) was used at 1 µg/ml.
Gene reporter assays
HeLa and 293T cells grown in culture dishes (10 cm diameter)
or slide flasks were transfected at 40–60% confluency with a
total of 10 µg DNA. Cells were washed 16 h after transfection
and incubated for an additional 24 h, either in the presence or
absence of TSA (330 nM), before harvesting. Chloramphenicol acetyltransferase and luciferase assays were performed
essentially as described previously (44). Transfection
efficiency was controlled through co-expression of a GFP
reporter plasmid and analysis of GFP expression in each
sample.
Confocal microscopy
Cells were fixed for 20 min in 4% paraformaldehyde and
stained as described previously (45). Anti-HA mouse monoclonal antibody (Boehringer Mannheim) was used at 1:200
dilution. Cy5-conjugated anti-mouse secondary antibody
(Jackson ImmunoResearch Laboratories Inc., USA) was
diluted 1:200. Fixed and mounted cells were analysed by
confocal microscopy using a Bio-Rad MRC 1024 confocal
system on an upright Nikon fluorescence microscope equipped
with a 60× oil lens. Using the argon ion 488 nm line, cells were
scanned using 10% laser power, 2.5× zoom and 10 times
Kalman averaging. Images were exported into Adobe
Photoshop for processing and printing.
Microinjection, fluorescence microscopy and CCD
imaging
Cells were incubated in CO2-free medium without phenol red
(Gibco BRL) and incubated at 37°C using a ∆T 0.15 mm dish
(Bioptechs, PA). Cells were imaged by time-lapse fluorescence microscopy using a Leica DMIRBE microscope
equipped with custom filter sets (Chroma Technology, VE), a
PentaMax camera (Princeton Instruments, NJ) and a Lambda
10-2 filter wheel (Sutter, CA) controlled by a PowerWave
computer (PowerComputing, TX) running IP Lab Spectrum
software (Scanalytics Inc., VA) as described (46). Images were
exported into Adobe Photoshop and printed on a dye sublimation printer (Fuji, USA).
RESULTS
HDAC4 relocates from the cytoplasm to the nucleus during
C2C12 myoblast fusion
As the histone deacetylase HDAC4 is expressed in skeletal
muscle (9) and has the ability to shuttle between the nucleus
and cytoplasm (14), we asked whether HDAC4 localisation
was regulated during C2C12 muscle differentiation. To this
end we microinjected cDNA coding for a HDAC4–GFP fusion
protein into C2C12 myoblasts. Using fluorescence microscopy
on living cells we found that HDAC4–GFP localises to the
cytoplasm when injected into undifferentiated myoblasts
(Fig. 1A, left). In contrast, HDAC4–GFP injected during
myoblast fusion accumulated in the nucleus after myotube
formation (Fig. 1A, right). This feature of HDAC4–GFP
reflects the behaviour of the endogenous protein, as demonstrated using an HDAC4-specific antibody. Figure 1B shows
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cell imaging. HDAC4–GFP was found to be predominantly
cytoplasmic (Fig. 1C, left). However, after addition of
leptomycin B, a crmA-specific inhibitor of nuclear export,
HDAC4–GFP relocated quantitatively to the nucleus in 20 min
(Fig. 1C, right). This experiment demonstrates that the
predominantly cytoplasmic localisation of HDAC4 in C2C12
myoblasts is maintained by rapid nuclear export of the protein.
Overexpression of HDAC4 inhibits C2C12 myotube
formation

Figure 1. HDAC4 relocalises from the cytoplasm to the nucleus after myoblast
fusion. (A) C2C12 myoblasts were microinjected with pcHDAC4-GFP. Four
hours after injection living cells were visualised using fluorescence microscopy. To visualise HDAC4–GFP in myotubes, myoblasts were transferred to
differentiation medium, incubated for 2 days and microinjected with
pcHDAC4-GFP. Living myotubes were visualised using fluorescence microscopy. (B) Cytoplasmic and nuclear extracts were prepared from one 15 cm
dish each of either 40–50% confluent myoblasts or myotubes after 5 days
differentiation. Extracts were mixed with HDAC4-specific antibody (HD4B)
and immunoprecipitated using protein A/G beads. Immunoprecipitates were
separated using SDS–PAGE and western blotting was performed using a
second HDAC4-specific antibody (HD4A). (C) C2C12 myoblasts were
microinjected with pcHDAC4-GFP and living cells were visualised using
fluorescence microscopy. Leptomycin B (LMB) was added to the medium at
20 nM and HDAC4–GFP fluorescence was monitored for 20 min.

that in C2C12 myoblasts HDAC4 protein is localised only in
the cytoplasm. In extracts prepared from differentiated cells
HDAC4 is detected in both the cytoplasm and the nucleus.
Considering that ∼50–70% of myoblasts undergo fusion in a
differentiation assay, this observation is consistent with endogenous HDAC4 being predominantly nuclear in myotubes.
These data demonstrate that endogenous HDAC4 enters the
nucleus after C2C12 differentiation and that HDAC4–GFP
fusions can be used as a marker for HDAC4 localisation.
Recently, the class II histone deacetylase HDAC5 has also
been demonstrated to relocalise during C2 muscle differentiation (47). In contrast to HDAC4, however, HDAC5 was found
to be nuclear in C2 myoblasts and cytoplasmic in C2 myotubes
(47).
HDAC4 shuttles in C2C12 cells
Relocalisation of HDAC4 in C2C12 cells could be achieved
through regulation of the rate of HDAC4 nuclear import and
export. We have previously shown that HDAC4 is actively
exported in HeLa cells (14). To test if HDAC4 can shuttle in
C2C12 cells, myoblasts were injected with HDAC4–GFP and
3 h after injection HDAC4–GFP was visualized by live

Since HDAC4 shuttles in C2C12 cells (Fig. 1C), but is quantitatively held in the cytoplasm before myoblast fusion (Fig. 1A and
B), its localisation might be important for regulation of C2C12
muscle differentiation. As overexpression of HDAC4 results in
partial mislocalisation of HDAC4 to the nucleus in myoblasts
(Fig. 5A) we decided to use overexpression to test this hypothesis.
HDAC4 was overexpressed in C2C12 cells using transient transfection and transferred to differentiation medium. Four days after
transfection cells were fixed and analysed using confocal microscopy. Differentiation of transfected cells was scored using GFP
co-transfection as a marker. Figure 2A (top left) shows that transfection of a control protein, the yeast transcriptional regulator
GAL4, together with GFP allowed myoblast fusion to occur. In
contrast, transfection of the class II histone deacetylases HDAC4
and HDAC5 (9) prevented myoblast fusion (Fig. 2A, right). This
effect was specific for class II histone deacetylases, as the class I
histone deacetylase HDAC1 did not show this effect (Fig. 2A,
bottom left). Thus, class II histone deacetylases have the potential
to block C2C12 muscle differentiation. In agreement with these
data, HDAC4 and HDAC5 overexpression has been shown to
deregulate myogenic markers in differentiating C2 cells (48).
Furthermore, HDAC4 and HDAC5 overexpression was found to
inhibit MyoD-induced differentiation of 10T1/2 cells (48).
Previous studies have shown that HDAC4 has the ability to
repress transcriptional activity of the MEF2 transcription
factor (14–17). We therefore tested whether HDAC4 inhibited
MEF2 activity during C2C12 differentiation. To this end we
transfected C2C12 cells with a luciferase reporter driven by
MEF2 sites (14) along with either HDAC4, HDAC1 or a
vector control. Figure 2B shows that HDAC4 is able to repress
activity of the MEF2-driven promoter. In contrast, HDAC1 is
unable to repress MEF2 activity, which is consistent with its
inability to bind MEF2A (14). Together, these observations
suggest that HDAC4 represses C2C12 differentiation, at least
partly, because of its ability to bind to and silence MEF2
activity, whereas HDAC1 cannot inhibit differentiation or
repress MEF2 activity because it has no access to MEF2.
The MEF2-binding and deacetylase domains of HDAC4
are required for inhibition of C2C12 myotube formation
Previously we have mapped the MEF2-interaction domain on
HDAC4 to its N-terminus (amino acids 118–313) (14),
whereas the histone deacetylase domain is located in the
C-terminal half of the protein (9,15,49). In order to establish
which domain of HDAC4 is required for inhibition of myotube
fusion, we transfected deletion constructs of HDAC4 along
with GFP into myotubes. A diagrammatic representation of the
HDAC4 constructs used is given in Figure 3A. Figure 3B (top)
shows that full-length HDAC4, but not the GAL4 control,
inhibits C2C12 differentiation. In contrast, two N-terminal
HDAC4 constructs [HDAC4(118–611) and HDAC(118–313)],
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Figure 2. HDAC4 inhibits C2C12 differentiation and MEF2 expression.
(A) C2C12 myoblasts were transfected either with pcHDAC4-Flag, pBJ5HDAC5-Flag, pcHDAC1-Flag or pcGAL4 and pEGFP as a transfection
marker (100 ng each plasmid). After transfection cells were transferred to
differentiation medium for 4 days before fixing. GFP staining was visualised
using confocal microscopy. (B) C2C12 myoblasts were transfected with 1 µg
3×MCK-MEF2-luc and 200 ng either pcHDAC4-Flag or pcHDAC1-Flag.
After transfection cells were transferred to differentiation medium for 2 days.
Cell extracts were prepared and analysed for luciferase activity.

which do not possess catalytic activity but can still bind MEF2
protein, are unable to inhibit differentiation (Fig. 3B, middle
two). Expression of the HDAC4 catalytic domain alone was
also unable to repress differentiation (Fig. 3B, bottom left).
These data suggest that both the MEF2-binding and catalytic
domains of HDAC4 are required for an effect on C2C12
differentiation. To test whether the catalytic activity of
HDAC4 was required in this assay, we also transfected a
mutant of HDAC4 (D840N) in the same experiment. Previously we showed that HDAC4 D840N is not associated with
histone deacetylase activity (14). We found that this catalytic
mutant still retained considerable ability to compromise
myotube formation, although its inhibitory potential was
clearly compromised compared to wild-type HDAC4 (Fig. 3B,
bottom right). This result might be explained through the
earlier observation that HDAC4 D840N retains some repressive activity on MEF2-dependent transcription (14). This
residual repressive capacity may stem from a deacetylaseindependent repression domain or perhaps is an indication that

Figure 3. Both the MEF2-binding and catalytic domains of HDAC4 are
required for inhibition of differentiation. (A) Schematic representation of the
HDAC4 deletion constructs used. (B) C2C12 myoblasts were transfected
either
with
pcHDAC4-Myc/His,
pcHDAC4(118–611)-Myc/His,
pcHDAC4(118–313)-Myc/His, pcHDAC4(612–1084)-Myc/His, pcHDAC4D840N-Myc/His or pcGAL4 and pEGFP as a tranfection marker (100 ng each
plasmid). After 4 days in differentiation medium, GFP staining was visualised
using confocal microscopy.

the low level of deacetylase activity associated with HDAC4
D840N is sufficient for repression (14).
Constitutively active forms of CaMKIV and MKK6b
overcome HDAC4-induced inhibition of differentiation
Two major pathways have been shown to positively regulate
muscle differentiation: Ca2+-dependent pathways, mediated for
example through Ca2+/calmodulin-dependent kinases (CaMK)
(17,36,39); the p38 MAP kinase pathway (23–33). Constitutively active enzymes from each of these signalling pathways
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(CaMKIV and MKK6b, respectively) have been shown to
stimulate MEF2-dependent transcription (17,33). We first
asked if expression of either of these enzymes would overcome
the ability of HDAC4 to silence MEF2 transcription. Figure 4A
shows that HDAC4 can repress the activity of a MEF2-driven
promoter (lanes 1–3), whereas constitutively active CaMKIV
and MKK6b stimulate MEF2 activity (lanes 4 and 6). In the
presence of HDAC4 and either CaMKIV* or MKK6b(E)
MEF2 transcriptional activity is not decreased below endogenous levels but is instead elevated several-fold (Fig. 4A,
lanes 5 and 7). These data indicate that CaMKIV, MKK6 and
HDAC4 have opposing effects on MEF2-dependent transcriptional activity (as reported previously) but that in the presence
of both signals the net effect is a slight increase in MEF2
activity.
Since CaMKIV* and MKK6b(E) antagonise HDAC4mediated repression of MEF2 activity, we asked if these two
constitutive kinases would also override HDAC4-mediated
inhibition of differentiation. Figure 4B shows that co-expression of CaMKIV* or MKK6b(E) with HDAC4 allows
myotube formation (Fig. 4B, bottom) to occur to a level comparable to the GAL4 control (top left). In the same experiment
transfection of HDAC4 alone inhibited myoblast
differentiation (Fig. 4B, top right). Thus, the overriding effects
of CaMKIV* and MKK6b(E) on HDAC4-mediated repression
of MEF2-dependent transcription (Fig. 4A) are consistent with
the overriding of HDAC4-mediated inhibition of differentiation (Fig. 4B).
CaMKIV but not MKK6b MAP kinase signalling
regulates HDAC4 localisation
The effects of CaMKIV and MKK6/p38 signalling on MEF2dependent transcription and C2C12 differentiation activity
could be mediated either through a pathway dependent or
independent of HDAC4. To distinguish between the two
possibilities we decided to analyse whether either pathway had
an effect on HDAC4 cellular localisation. For this we made use
of the fact that overexpression of HDAC4–GFP leads either to
cytoplasmic or nuclear localisation of the protein (Fig. 5A; 14).
We therefore asked whether addition of CaMKIV* or
MKK6b(E) affected the proportion of cells containing nuclear
versus cytoplasmic HDAC4–GFP. Figure 5B summarises the
results. Transfection of HDAC4–GFP alone resulted in ∼50%
of the cells with nuclear GFP staining and an equal number
with cytoplasmic staining. Virtually no cells showed both
cytoplasmic and nuclear staining, as reported previously for
HeLa cells (14). Co-transfection of CaMKIV* resulted in an
increase in cells with cytoplasmic staining to >90%. In agreement with this result, treatment of the transfected cells with
staurosporine, a broad specificity kinase inhibitor that also
targets CaMKIV, resulted in nuclear staining of HDAC4–GFP
in 100% of cells (Fig. 5B). In contrast, co-transfection of
MKK6b(E) had no effect on HDAC4 cellular distribution.
Similarly, a specific inhibitor of p38 MAP kinase, SB203580,
did not alter HDAC4–GFP localisation (Fig. 5B).
Given that constitutively active CaMKIV increases the
proportion of cytoplasmic HDAC4 in myoblasts, we asked if it
could inhibit nuclear entry after myoblast fusion. As shown in
Figure 1, GFP–HDAC4 is localised in the nucleus of differentiated myotubes. However, Figure 5C shows that in the
presence of CaMKIV* HDAC4–GFP is predominantly

Figure 4. Activated CaMKIV and MKK6b overcome HDAC4-induced inhibition of MEF2-dependent transcription and C2C12 differentiation. (A) C2C12
myoblasts were transfected with 1 µg 3×MCK-MEF2-luc, 100 ng pcHDAC4Myc/His, 500 ng pRSV-CaMKIV* or 500 ng pMKK6b(E) as specified for
each lane. After transfection, cells were incubated in differentiation medium.
After 24 h cell extracts were prepared and analysed for luciferase activity.
(B) C2C12 myoblasts were transfected either with pcGAL4 or pcHDAC4Myc/His (100 ng each), either in the presence or absence of pRSV-CaMKIV*
or pMKK6b(E) (200 ng each). 100 ng pEGFP was co-transfected as a transfection marker (100 ng each plasmid). After transfection cells were transferred to
differentiation medium for 4 days before fixing. GFP staining was visualised
using confocal microscopy.

cytoplasmic. In contrast, the presence of MKK6b(E) does not
alter the localisation of HDAC4–GFP, which still accumulates
in the nucleus. Collectively, these results indicate that constitutively active CaMKIV increases the cytoplasmic localisation
of HDAC4–GFP in myoblasts and prevents its nuclear entry
after myoblast fusion.
The above results suggest that the cytoplasmic localisation
of HDAC4 is regulated by CaMKIV-mediated phosphorylation pathways, but not by the MKK6b/MAP kinase pathway.
Thus, constitutively active CaMKIV can override HDAC4
inhibition of differentiation by excluding HDAC4 from the
nucleus, whereas MKK6b(E) circumvents the inhibitory
effects of HDAC4 indirectly via a distinct pathway.
HDAC4 associates with 14-3-3 proteins in a
phosphorylation-dependent manner
The dramatic exclusion of HDAC4 from the nucleus mediated
by the CaMKIV signalling pathway suggests that this process
is mediated by phosphorylation. The family of 14-3-3 proteins
share the ability to recognise phosphorylated proteins and can
mediate their localisation in the cytoplasm (50–54). We therefore tested the ability of HDAC4 to bind to 14-3-3 proteins.
GST–14-3-3 fusion proteins bound to glutathione beads were
incubated with extracts from cells expressing HDAC4–Flag.
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The upper panel of Figure 6A shows that Flag–HDAC4
specifically co-precipitates with 14-3-3ε, 14-3-3γ and 14-3-3ζ,
but not with 14-3-3ε carrying a point mutation in the phosphoprotein-binding domain (14-3-3ε mut) or beads alone. 14-3-3
proteins were expressed to approximately equal levels (Fig.
6B). Binding to 14-3-3 proteins is severely impaired after treatment of the cells with staurosporine, an inhibitor of Ca2+/
calmodulin signalling pathways (Fig. 6A, bottom). The staurosporine effect was not due to changes in expression of
HDAC4 (Fig. 6C). Since 14-3-3 proteins are cytoplasmic,
these results suggest that a phosphorylation-dependent interaction of 14-3-3 proteins and HDAC4 may anchor the HDAC4
protein in the cytoplasm following Ca2+/calmodulin signalling.
In agreement with these observations, 14-3-3 proteins have
been shown to associate with HDAC4 in the yeast two-hybrid
system and mammalian cell extracts (55,56).
DISCUSSION
Muscle differentiation is a complex process that involves the
orchestration of a whole gene expression programme.
Although a number of transcription factors and signal transduction pathways involved in this process have been identified,
the picture remains far from complete. In this study we present
a novel mechanism of transcriptional control during C2C12
myoblast differentiation at the step of myoblast fusion, namely
regulation of HDAC4 nucleo-cytoplasmic shuttling. A model
consistent with our observation is depicted in Figure 7.
As reported previously (14), HDAC4 has the surprising
feature of shuttling between the nucleus and the cytoplasm.
There are several examples where cytoplasmic retention is
used to regulate the biological function of a protein, as in the
case of NFκB and NFAT (57,58). Here we show that cytoplasmic retention of HDAC4 may be necessary for correct
regulation of C2C12 myoblast differentiation. We have shown
that inappropriate HDAC4 expression in myoblasts leads to
nuclear entry (Fig. 5B) and inhibition of myoblast fusion
(Fig. 2). Thus, we propose that endogenous HDAC4 is held in
the cytoplasm in C2C12 myoblasts to allow myotube formation to occur (Fig. 7, left). Following myoblast fusion HDAC4
enters the nucleus, presumably because the differentiating
signal, which activates the Ca2+/calmodulin signalling
pathway, has ceased. Once HDAC4 enters the nucleus (Fig. 7,
right) its repressive activity may serve to inhibit a subset of
myogenic promoters (such as MEF2-driven ones) and thus
establish a terminally differentiated state.
We speculate that MEF2 activity is an important, not unique,
target for HDAC4 following its localisation to the nucleus, for
several reasons: MEF2 activity is essential for C2C12 differentiation (20) and HDAC4 can repress MEF2 transcriptional
activity and C2C12 differentiation (Fig. 2). In addition, a
signalling pathway that stimulates MEF2 activity and induces
differentiation (the Ca2+/calmodulin signalling pathway) has
the ability to differentially localise HDAC4 to the cytoplasm
and override HDAC4-mediated differentiation arrest (Figs 4
and 5).
If HDAC4 enters the nucleus after myoblast fusion to target
MEF2-dependent transcription, MEF2-dependent target genes
would be expected to be down-regulated after myoblast fusion.
However, a number of MEF2 gene products have been shown
to be up-regulated during myoblast fusion (19,59,60). This

Figure 5. Active CaMKIV, but not MKK6b, regulates HDAC4 localisation.
(A) C2C12 myoblasts were transfected with 100 ng pcHDAC4-GFP. After
transfection cells were transferred to differentiation medium for 24 h before
fixing. GFP staining was visualised using confocal microscopy. HDAC4-GFP
localised either to the cytoplasm or the nucleus. (B) C2C12 myoblasts were
transfected with 100 ng pcHDAC4-GFP either in the presence or absence of
pRSV-CaMKIV* or pMKK6b(E) (500 ng each). After transfection cells were
transferred to differentiation medium for 24 h before fixing. Prior to fixing
staurosporine (20 µM) or SB203580 (10 µM) was added to the culture medium
for 1 h, as indicated. GFP staining was visualised using confocal microscopy.
Percentages of cells displaying cytoplasmic staining are given (n > 200).
(C) C2C12 myoblasts were transfected with 100 ng pcHDAC4-GFP either in
the presence or absence of pRSV-CaMKIV* or pMKK6b(E) (200 ng each).
After transfection cells were transferred to differentiation medium for 4 days
before fixing. GFP staining was visualised using confocal microscopy.

apparent discrepancy could be explained by the fact that the
increase in RNA and protein levels seen after differentiation
could be a reflection of the integrated amount of gene transcription during fusion rather than the transcriptional activity
after fusion. Alternatively, HDAC4 might only regulate a
subset of MEF2-responsive genes. Evidence for down-regulation
of MEF2-dependent transcription during muscle development
in vivo comes from transgenic mice carrying a MEF2dependent lacZ reporter (61,62). In these mice high levels of
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Figure 6. HDAC4 interacts with 14-3-3 proteins in a phosphorylation-dependent manner. 293 cells were transfected with 5 µg pcHDAC4-Flag. Thirty-six
hours after transfection cells were lysed either with or without prior treatment
with staurosporine (20 µM) for 60 min. (A) Cell lysates were incubated with
1 µg recombinant purified GST–14-3-3 fusion protein pre-bound to glutathione
beads. Bound material was subjected to SDS–PAGE and western analysis
using anti-Flag antibody. (B) Input of GST–14-3-3 fusion proteins separated
using SDS–PAGE and visualised using Coomassie staining. (C) Input of cell
lysates subjected to SDS–PAGE and western analysis using anti-Flag antibody.

MEF2-dependent transcription in the somites of the embryo
ceases after birth.
MEF2 being a central player in the regulation of muscle
differentiation, its activity is regulated through a network of
signalling pathways. Although CaMKs, calcineurin, p38 and
ERK5 have been implicated in regulation of MEF2 activity,
integration of and potential cross-talk between these pathways
is poorly understood. As both p38 and ERK5 have the ability
to phosphorylate MEF2 factors within their transactivation
domain, a putative mechanism of action for this pathway could
be phosphorylation-dependent recruitment of co-activators,
such as CBP/p300 (63). Here we propose a mechanism for
CaMKIV-mediated activation of MEF2-dependent transcription, namely nuclear exclusion of the HDAC4 repressor
protein.
The involvement of CaMKIV in the nuclear exclusion of
HDAC4 suggests the involvement of phosphorylation in this
process. The 14-3-3 proteins are good candidates to mediate
such a phosphorylation-dependent localisation of HDAC4,
since they are able to bind phosphorylated proteins and are
localised primarily in the cytoplasm. This study suggests that
phosphorylation-dependent binding of HDAC4 to 14-3-3
proteins might underlie the cytoplasmic retention of HDAC4
in C2C12 myoblasts. 14-3-3 proteins may mediate the export
of HDAC4 and/or may anchor HDAC4 in the cytoplasm. It is
tempting to speculate that HDAC4 itself is phosphorylated in a
CaMKIV-dependent manner and directly associates with 14-3-3

Figure 7. A model for the role of HDAC4 during C2C12 differentiation. In
myoblasts HDAC4 is held in the cytoplasm, where it associates with 14-3-3
proteins in a phosphorylation-dependent manner. Cytoplasmic retention of
HDAC4, which is stimulated by CaMKIV activity, allows MEF2-dependent
transcriptional activation via CBP/p300 histone acetyltransferases. After myotube fusion HDAC4 relocates to the nucleus, where it associates with MEF2 to
repress transcription.

proteins, although the involvement of an intermediary protein
cannot be excluded at this point.
The results presented here suggest a central regulating role
for HDAC4 in muscle differentiation. This unique role of
HDAC4 is shared by HDAC5 and possibly other members of
the class II family of histone deacetylases, such as HDAC7.
These three enzymes have unique features, which may allow
them to regulate myogenesis. First, they all possess a large
N-terminal extension, which contains the binding site for
MEF2. This N-terminus is not present in the class I enzymes
(HDAC1, HDAC2, HDAC3 and HDAC8) or in the class II
deacetylase HDAC6. Secondly, HDAC4, HDAC5 and
HDAC7 are expressed in a tissue-specific manner with high
levels of expression in muscle cells (9,10,49). In contrast, the
class I enzymes are expressed ubiquitously (4,5,8), whereas
HDAC6 is not expressed in muscle (9,10). The ubiquitous
nature of the class I enzymes may not, however, affect the
myogenic programme because these enzymes do not have
access to MEF2. Indeed, we have shown that HDAC1 protein
is unable to repress myogenic differentiation. Thus, the unique
structural and biological features of HDAC4, HDAC5 and
HDAC7 suggest that they may form part of a distinct deacetylase subgroup.
This study has identified HDAC4 as a crucial regulator of the
myogenic differentiation programme. We demonstrate that
HDAC4 and HDAC5 share the ability to inhibit C2C12
myoblast differentiation when overexpressed, as has also been
shown in the case of the 10T1/2 cell system (48). In contrast,
HDAC4 and HDAC5 localisation changes reciprocally during
C2C12 myoblast differentiation (Fig. 1; 47). This might
suggest that HDAC4 and HDAC5 regulate a distinct subset of
MEF2-dependent and/or MEF2-independent target genes.
Gene expression profiling and chromatin immunoprecipitation
experiments might help us to identify those genes.
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