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Transcription is controlled in part by the dynamic acetylation and
deacetylation of histone proteins. The latter process is mediated by
histone deacetylases (HDACs). Previous analysis of the regulation
of HDAC activity in transcription has focused primarily on the
recruitment of HDAC proteins to specific promoters or chromosomal domains by association with DNA-binding proteins. To
characterize the cellular function of the recently identified HDAC4
and HDAC5 proteins, complexes were isolated by immunoprecipitation. Both HDACs were found to interact with14-3-3 proteins at
three phosphorylation sites. The association of 14-3-3 with HDAC4
and HDAC5 results in the sequestration of these proteins in the
cytoplasm. Loss of this interaction allows HDAC4 and HDAC5 to
translocate to the nucleus, interact with HDAC3, and repress gene
expression. Regulation of the cellular localization of HDAC4 and
HDAC5 by 14-3-3 represents a mechanism for controlling the
transcriptional activity of these class II HDAC proteins.

I

n eukaryotic cells, DNA is packaged into nucleosomes, which
consist of octamers of histone proteins. These nucleosomal
arrays are organized into higher-order structures to form chromatin. The incorporation of DNA into chromatin creates a
barrier to fundamental cellular processes such as replication and
transcription. At least two mechanisms have evolved to regulate
this repressive environment by altering chromatin structure:
nucleosome remodeling and post-translational modification of
histones, including the dynamic acetylation and deacetylation of
the amino termini. The latter process is controlled by histone
acetyltransferase and histone deacetylase (HDAC) enzymes,
respectively (reviewed in ref. 1).
Two distinct histone deacetylase complexes in yeast containing separate HDAC enzymes, Rpd3 and Hda1, have been
purified (2). Seven human HDACs have been identified thus far
and have been divided into two classes based on their primary
structure (3–11). The first class of HDACs (HDAC1, -2, and -3)
is more closely related to yeast Rpd3p whereas the second class
(HDAC4, -5, -6, and -7) is composed of significantly larger
proteins with greater similarity to yeast Hda1p. All contain
conserved catalytic domains and possess the ability to deacetylate histones in vitro (3, 4, 6, 9, 11). However, as in the case of
the yeast enzymes, there is mounting evidence that the two
classes perform distinct functions in cells.
Of the class I HDACs, HDAC1 and HDAC2 are the best
characterized. Along with RbAp46 and RbAp48, these form the
core of the mSin3A and NRD兾NuRD complexes (9, 12–16).
These complexes are recruited by a variety of transcription
repressors, including nuclear hormone receptors (reviewed in
ref. 17) and methylated DNA-binding proteins (18–20). Thus,
HDAC1 and HDAC2 are involved in silencing expression of both
specific genes and entire chromosomal domains.
Of the class II HDACs, HDAC4 has been shown to associate
with transcription factors of the myocyte enhancer factor 2
(MEF2) family (7, 10). MEF2 proteins are involved in several
processes, including muscle cell differentiation and cellular
proliferation (reviewed in ref. 21). MEF2 interacts with the
amino acid 118–188 region in HDAC4 (10), which is related in

sequence (64% similarity) to the amino acid 123–206 region in
HDAC5. Because HDAC4 and HDAC5 have been shown to
interact with HDAC3 (6), it is possible that all three proteins are
involved in mediating transcriptional repression by MEF2.
HDAC4 and HDAC5 are expressed highly in muscle cells (6, 10)
and thus may function in regulating muscle cell differentiation
via MEF2. Furthermore, as with HDAC1 and HDAC2, HDACs
4, 5, and 7 interact with the corepressors NCoR and SMRT and
hence may also repress transcription in association with nuclear
hormone receptors (22, 23).
Aside from recruitment by DNA binding proteins, very little
is known regarding the regulation of mammalian HDAC activity.
In maize, there is evidence that HDAC phosphorylation alters
substrate specificity and activity of the enzymes (24) whereas in
the case of chicken HDACs, substrate specificity is modified by
association with factors in the nuclear matrix (25).
To understand the cellular function of HDAC4 and HDAC5,
complexes of these proteins were isolated by immunoprecipitation. Characterization of the associated proteins revealed the
presence of two isoforms of the 14-3-3 protein. Further analysis
revealed that 14-3-3 associates with HDAC4 and HDAC5 at
three phosphorylation sites and that this interaction sequesters
these proteins in the cytoplasm. Loss of 14-3-3 binding allows
HDAC4 and HDAC5 to shuttle into the nucleus, associate with
HDAC3, and repress gene transcription. Thus, the activity of
both HDAC4 and HDAC5 are regulated by cellular localization,
as mediated by 14-3-3.
Materials and Methods
DNA Constructs. FLAG-epitope-tagged HDAC4 and HDAC5
constructs in the pBJ5 mammalian expression vector have been
described previously (6). The HDAC4–enhanced green fluorescent protein (EGFP) clone in pBJ5 was made by ligation of
a NotI-XbaI HDAC4-FLAG fragment to a XbaI-SalI EGFP
fragment, which was generated by PCR from a plasmid containing EGFP (CLONTECH). The HDAC5-EGFP兾pBJ5 construct
was made similarly by using NotI-XbaI HDAC5-FLAG fragment. The C-terminally myc-epitope-tagged 14-3-3 ␤ and  were
produced by PCR from a Jurkat cDNA library (Stratagene) and
were subcloned into the NotI and SpeI sites of pBJ5. To generate
mutant 14-3-3 proteins, R58 on 14-3-3 ␤ and R57 in 14-3-3  were
mutated to alanine. Note that these residues correlate with R56
of 14-3-3 , which has been shown to be critical for phosphoserine binding (26). The mutations were generated by PCR
overlap extension.
The S246A, S467A, and S632A single, double, and triple
Abbreviations: HDAC, histone deacetylase; MEF, myocyte enhancer factor; EGFP, enhanced
green fluorescent protein.
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mutations in HDAC4 were generated by PCR overlap extension.
The fragments were cloned into the NotI and SacII sites of the
HDAC4-F兾pBJ5 construct and were sequenced to ensure proper
incorporation of the mutations. The reporter used in the luciferase assays contains three copies of the desmin MEF2 site in
pGL2-E1b-luciferase and was generously provided by Eric Olson
(University of Texas Southwestern Medical Center). The mycepitope-tagged MEF2D兾pSCT mammalian expression plasmid
was kindly provided by Jun Liu (Massachusetts Institute of
Technology).
Antibodies, Immunoprecipitation, and Western Blotting. Polyclonal
rabbit antibodies were generated to the N-terminal 19 residues
of HDAC4 (Biosynthesis, Lewisville, TX). Antibodies against
HDAC3 have been described (27). Isoform-specific antibodies
against 14-3-3  and ␤ were obtained from Santa Cruz Biotechnology whereas antibodies to importin ␣ (␣-Rch1) were acquired
from Transduction Laboratories (Lexington, KY). ␣-FLAG M2
antibodies and ␣-mouse IgG Texas-red conjugated secondary
antibodies for immunofluorescence were obtained from Sigma
whereas ␣-c-myc antibodies were purchased from Upstate Biotechnology (Lake Placid, NY).
Forty-eight hours after transfection, cells were lysed in JLB
(50 mM Tris䡠HCl, pH 8兾150 mM NaCl兾10% glycerol兾0.5%
TritonX-100) containing a complete protease inhibitor mixture
(Boehringer Mannheim) and phosphatase inhibitors [20 mM
NaH2(PO4), pH 7.2兾25 mM NaF兾2 mM EDTA]. Lysis proceeded for 10 min at 4°C, after which the cellular debris was
pelleted by centrifugation at 14,000 ⫻ g for 5 min. Recombinant
proteins were immunoprecipitated from the supernatant by
incubation with ␣-FLAG M2 agarose affinity gel (Sigma) for 1 h
at 4°C. For Western blot analysis and silver staining, the beads
were washed three times for 5 min at room temperature with
MSWB (50 mM Tris䡠HCl, pH 8兾150 mM NaCl兾1 mM EDTA兾
0.1% Nonidet P-40), and the proteins were separated by SDS兾
PAGE. For enzyme activity assays, the beads were washed three
times with JLB at 4°C.
Peptide Microsequencing. The sequence analysis was performed at

the Harvard Microchemistry Facility by microcapillary reversephase HPLC nano-electrospray tandem mass spectrometry
(LC兾MS兾MS) on a Finnigan LCQ quadropole ion trap mass
spectrometer. Phosphoserine residues were identified by using
targeted ion MS兾MS.
HDAC Assays. 3[H]acetate-incorporated histones were isolated
from butyrate-treated HeLa cells by hydroxyapitite chromatography as described (12). Immunoprecipitates were incubated
with 1.4 g (10,000 dpm) of histones for 2 h at 37°C. HDAC
activity was determined by scintillation counting of the ethylacetate soluble 3[H] acetic acid (8).
Cell Culture and Transfections. TAg-Jurkat cells were transfected
by electroporation with 5 g of DNA for expression of recombinant proteins or were mock-transfected without DNA as a
negative control. Cells were harvested 48 h post-transfection.
When required, cells were treated with 200 nM staurosporine
(Calbiochem) or 20 nM calyculin A (Calbiochem) for 1.5 h
before harvesting.
Immunofluorescence. COS-7 or U20S cells were transfected with
1–2 g of DNA by using the Lipofectamine PLUS system
(GIBCO兾BRL). Forty-eight hours later, cells were fixed with
paraformaldehyde and were stained with antibodies and
Hoechst dye (Molecular Probes), or live cells were stained with
Hoechst and the EGFP was visualized directly by using a
f luorescence microscope (Spencer Scientific Corporation,
Derry, NH).
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Fig. 1. Association of HDAC4 and HDAC5 with two isoforms of 14-3-3. (A)
Recombinant, FLAG-tagged HDAC1 and HDAC4 were transiently expressed in
TAg Jurkat cells and were immunoprecipitated by using ␣-FLAG agarose
(Sigma). The immunopurified complexes were separated by SDS兾PAGE, and
the proteins were visualized by silver stain. (B) The association between
HDAC4 and HDAC5 with 14-3-3 was confirmed by Western blot analysis. The
recombinant FLAG-tagged proteins were subjected to Western blot analysis
using 14-3-3 isoform specific antibodies.

Reporter Gene Assays. For each sample, 10 million TAg Jurkat
cells were transfected with a total of 5 g of DNA (see Fig. 7).
A constitutive ␤-galactosidase expression vector was used as a
control for protein expression levels in the luciferase assays.
Thirty-eight hours after transfection, the samples were harvested
and split into sets of three. Luciferase activity was determined
according to the manufacturer’s instructions (Promega), and
␤-galactosidase activity was determined by using a standard
␤-galactosidase assay. Luciferase values (relative light units)
were normalized for transfection efficiency by dividing by ␤-gal
activity. These assays were performed four times with similar
results.

Results
Immunoprecipitation of HDAC4 and HDAC5 Complexes. Recombi-

nant, FLAG-epitope tagged HDAC1 and HDAC4 were
transiently expressed in TAg Jurkat cells, and the ␣-FLAG
immunoprecipitates were separated by SDS兾PAGE and were
visualized by silver staining. Comparison with the mocktransfected negative control and the HDAC1 samples revealed
the presence of specific 30- and 32-kDa protein bands in the
HDAC4 immunoprecipitate. Peptides derived from these proteins were analyzed by peptide microsequencing and were found
to correspond to the ␤ and  isoforms of 14-3-3, respectively (Fig.
1A). Because of the high degree of sequence similarity between
HDAC4 and HDAC5 (51% identity), it was hypothesized that
HDAC5 associates with 14-3-3 proteins as well. The presence of
these two 14-3-3 protein isoforms in both HDAC4 and HDAC5
immunoprecipitates was confirmed by Western blot analysis with
isoform-specific antibodies (Fig. 1B). This analysis also confirmed the previously observed association of HDAC3 with both
class II HDACs. These immunoprecipitation experiments suggest that HDAC4 and HDAC5 can associate, either directly or
indirectly, both with HDAC3, which is nuclear (4), and 14-3-3
proteins, which are generally cytoplasmic (28).
Nuclear-Cytoplasmic Shuttling of HDAC4 and HDAC5 Is Regulated by
Binding to 14-3-3. We and other groups (7) have observed by

immunofluorescence that HDAC4 and HDAC5 can be localized
exclusively to either the cytoplasm or the nucleus, often aggregating in discrete foci (Fig. 2A). This nuclear and cytoplasmic
localization is dynamic, and translocation can occur under
normal conditions of cell growth (data not shown). This nuclear-
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cytoplasmic shuttling process could explain the apparent discrepancy observed in the immunoprecipitation experiments, in
which HDAC4 and HDAC5 were found to interact with both
nuclear HDAC3 and cytoplasmic 14-3-3.
Several cases have been reported in which proteins are
sequestered in the cytoplasm by binding to 14-3-3, and disruption
of this interaction allows the proteins to translocate into the
nucleus and perform their function (29–34). It is possible that
binding of HDAC4 and HDAC5 to 14-3-3 sequesters these
proteins in the cytoplasm, where they are presumably unable to
repress transcription. On loss of 14-3-3 binding, HDAC4 and
HDAC5 could translocate into the nucleus, bind to HDAC3 and
MEF2, and repress MEF2-dependent gene expression. To study
the effect of 14-3-3 binding on HDAC4 localization, HDAC4EGFP and myc-tagged 14-3-3 ␤ were co-expressed in U2OS
cells, and the cellular localization of HDAC4 was analyzed by
immunofluorescence. The number of cells with exclusively cytoplasmic localization of HDAC4-EGFP was determined in
triplicate experiments (Fig. 2B). Expression of HDAC4-EGFP
alone results in an exclusively cytoplasmic localization of
HDAC4 in 67 ⫾ 3% of the cells whereas simultaneous overexpression of 14-3-3 ␤ increases this to 97 ⫾ 1% of the cells. This
correlation suggests that 14-3-3 may play a role in sequestering
HDAC4 in the cytoplasm.
Association of HDAC4 and HDAC5 with 14-3-3 and HDAC3. It is known

that 14-3-3 proteins bind to phosphorylated serine or threonine
residues in defined consensus sequences (35, 36). It was hypothesized that phosphorylation of HDAC4 and HDAC5 would
allow association with 14-3-3 and sequestration in the cytoplasm.
Dephosphorylation of these HDACs should result in the loss of
interaction with 14-3-3, with subsequent translocation to the
nucleus and binding to HDAC3. To test this hypothesis, the
effect of phosphorylation of HDAC4 and HDAC5 on their
association with 14-3-3 and HDAC3 was analyzed.
Recombinant FLAG-tagged HDAC4 and HDAC5 were transiently expressed in TAg Jurkat cells that were subsequently
treated with the general serine兾threonine kinase inhibitor staurosporine or the PP1 and PP2A phosphatase inhibitor calyculin
A. The recombinant proteins were immunoprecipitated and
analyzed by Western blot analysis (Fig. 3A). Under dephosphorylating conditions caused by staurosporine treatment, there is
Grozinger and Schreiber

Fig. 3. Phosphorylation-dependent binding of 14-3-3 to HDAC4 and HDAC5.
(A) Association of HDAC4 and HDAC5 with 14-3-3 and HDAC3 depends on the
phosphorylation state of the proteins. HDAC4-FLAG and HDAC5-FLAG were
transiently expressed in TAg Jurkat cells. Forty-eight hours post-transfection,
the cells were treated for 1.5 h with staurosporine and calyculin A. The
immunopurified complexes were subjected to Western blot analysis and were
tested for HDAC activity, as described in Materials and Methods. (B) Association of endogenous HDAC4 with 14-3-3 ␤ in NIH 3T3 cells is phosphorylationdependent. 14-3-3 ␤ immunoprecipitates from NIH 3T3 cells that had been
treated with staurosporine or calyculin A for 1.5 h were analyzed for the
presence of endogenous HDAC4 by Western blotting.

a decrease in binding of HDAC4 and HDAC5 to both 14-3-3
isoforms, and a corresponding increase in HDAC3 association.
In addition, an increase in the overall HDAC activity of the
purified complex was observed (Fig. 3A). Similarly, under hyperphosphorylating conditions caused by calyculin A treatment,
HDAC4 and HDAC5 undergo a notable electrophoretic mobility shift, probably because of direct phosphorylation. An increase in 14-3-3 binding is observed as well, with a concomitant
loss of interaction with HDAC3. This loss of binding to HDAC3
presumably causes the dramatic reduction in immunoprecipitated HDAC activity that is observed, although the activity of
isolated HDAC4 and HDAC5 is still above background. These
data suggest that binding of 14-3-3 to HDAC4 and HDAC5
requires the presence of phosphorylated serine or threonine
residues, and corresponds to a loss of interaction with HDAC3
in the nucleus.
To determine whether this mechanism holds true for the
endogenous proteins, the association of endogenous HDAC4
with 14-3-3 ␤ in NIH 3T3 cells was assessed (Fig. 3B). Immunoprecipitates of 14-3-3 ␤ from NIH 3T3 cells treated with
staurosporine and calyculin A were analyzed by Western blotting
for the presence of endogenous HDAC4. An electrophoretic
shift of endogenous HDAC4 under calyculin A treatment was
observed, suggesting that the protein is directly phosphorylated
under these conditions. Furthermore, there is a notable increase
in amount of endogenous HDAC4 associated with 14-3-3 ␤ on
calyculin A treatment, which is consistent with the data for the
recombinant protein. Note, however, that the total amount of
endogenous HDAC4 is fairly low, and additional studies suggest
that it is expressed in a limited number of cell lines (data not
shown).
The effect of staurosporine and calyculin A treatment of the
localization of HDAC4-EGFP in COS-7 cells was assessed.
COS-7 cells transfected with HDAC4-EGFP were treated for 15
min with staurosporine or calyculin A, and the number of cells
with exclusively cytoplasmic, nuclear, or general staining of
HDAC4-EGFP was determined in triplicate experiments. In the
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Fig. 2. Nuclear-cytoplasmic shuttling of HDAC4 and HDAC5 is correlated to
14-3-3 expression levels. (A) Recombinant HDAC4-EGFP and HDAC5-EGFP
were transiently expressed in U2OS cells, and the localization of the protein
was observed by fluorescence microscopy. (B) Overexpression of 14-3-3 ␤
causes an increased cytoplasmic localization of HDAC4-EGPF. U2OS cells were
transiently transfected with HDAC4-EGFP and either a control plasmid
(pcDNA3.1, Invitrogen) or myc-tagged 14-3-3 ␤. The localization of recombinant HDAC4 and 14-3-3 was analyzed by immunofluorescence.

Fig. 4. Association of 14-3-3 with HDAC4 prevents the binding of importin
␣. (A) The binding of 14-3-3 to HDAC4 prevents interaction with importin ␣.
Forty-eight hours after transfection with HDAC4-FLAG, TAg Jurkat cells were
treated with staurosporine or calyculin A for 1.5 h. HDAC4-FLAG was immunopurified and subjected to Western blot analysis with ␣-importin ␣ antibodies. (B) Overexpression of 14-3-3 blocks binding of importin ␣ to HDAC4. TAg
Jurkat cells were transfected with 1 g of HDAC4-FLAG and 2 g each of
myc-tagged wild-type or mutant 14-3-3 ␤ and . pcDNA3.1 (Invitrogen) was
used to normalize the amount of DNA transfected. Forty-eight hours posttransfection, HDAC4-FLAG was immunoprecipitated and analyzed for binding
to importin ␣ by Western blotting.

absence of drug treatment, 53 ⫾ 3% of the cells had exclusively
cytoplasmic localization of HDAC4 whereas staurosporine
treatment decreased this to 31 ⫾ 7%, and calyculin A treatment
caused cytoplasmic localization in 73 ⫾ 3% of the cells. Note that
the treatment period was short, because of the detachment of the
cells from their substrate during prolonged exposure to calyculin
A, and hence the localization shifts were not complete. However,
this trend is consistent with the observed effect of these treatments on the association of HDAC4 with 14-3-3 and correlates
well with a model in which HDAC4 is sequestered in the
cytoplasm by 14-3-3.
Binding of 14-3-3 to HDAC4 Blocks Binding of Importin ␣. 14-3-3
proteins have been shown to sequester Xenopus Cdc25 in the
cytoplasm by binding near a bipartite nuclear localization sequence and blocking its interaction with the importin ␣兾␤
heterodimer (29, 33, 34), which is required for import into the
nucleus (37). HDAC4 also contains a nuclear localization sequence (38). To determine whether the interaction with 14-3-3
blocks binding of the importin heterodimer, recombinant
FLAG-tagged HDAC4 was immunoprecipitated from untreated, staurosporine-, and calyculin A-treated TAg-Jurkat cells
and was analyzed for binding to importin ␣ by Western blotting.
On binding to 14-3-3 because of calyculin A treatment, HDAC4
fails to associate with importin ␣ (Fig. 4A).
To determine whether the loss of importin ␣ binding to
HDAC4 is indeed caused by masking of the nuclear localization
sequence by 14-3-3, rather than by secondary effects of the
calyculin A treatment, the association of importin ␣ and HDAC4
was analyzed under conditions in which the 14-3-3 proteins were
overexpressed. Recombinant, myc-tagged 14-3-3  and ␤ were
overexpressed in TAg Jurkat cells, and HDAC4 immunoprecipitates were analyzed for importin ␣ binding by Western
blotting. As a control, the effect of overexpression of mutant
forms of both 14-3-3 isoforms was determined as well. These
mutants are incapable of binding to their phosphorylated consensus sequence because of a substitution of a critical arginine
residue in the phosphoserine-binding pocket with alanine (26).
The recombinant wild-type 14-3-3 isoforms bound to HDAC4
and caused a significant decrease in importin ␣ association
whereas the mutant 14-3-3 isoforms, although expressed at
7838 兩 www.pnas.org

Fig. 5. Mutation of 14-3-3 binding sites in HDAC4 causes loss of 14-3-3
binding and increased nuclear localization. (A) Single, double, and triple
serine to alanine mutations in the three putative 14-3-3 binding sites of
HDAC4 were generated. The recombinant proteins were transiently expressed
in TAg Jurkat cells, which were treated with calyculin A for 1.5 h before
harvesting. The immunopurified complexes were subjected to Western blot
analysis. (B) The single and triple 14-3-3 binding site mutants were fused to
EGFP and transiently expressed in U2OS cells. The cellular localization was
monitored by fluorescence microscopy. These experiments were repeated
multiple times with similar results.

equivalent levels, could not bind to HDAC4 and had no effect
on the association of importin ␣ (Fig. 4B). These data are
consistent with a model in which the interaction of importin ␣
with HDAC4 is directly blocked by the binding of 14-3-3 to
HDAC4, presumably because of the masking of a nuclear
localization sequence.
Mutations of the 14-3-3 Binding Sites Cause Increased Nuclear Localization of HDAC4. 14-3-3 proteins bind to well defined consensus

sequences containing phosphorylated serine or threonine residues (35, 36). There are four canonical 14-3-3 binding sites in
HDAC4, three of which are well conserved in HDAC5. The
serine residues in each of these three sites in HDAC4 (S246,
S467, S632) were mutated to alanine to prohibit phosphorylation
and thus prevent 14-3-3 binding. Mutation of these sites does not
abrogate the association of HDAC4 with MEF2D or NCoR, nor
does it abrogate HDAC activity (data not shown), and thus
protein folding is presumably unaffected. Phosphorylation of
these serine residues on calyculin A treatment was confirmed by
peptide microsequencing.
Mutation of individual or two 14-3-3 binding sites is not
sufficient to abrogate binding of 14-3-3, but mutation of all three
serine residues to alanine (HDAC4 S246兾467兾632A) abolishes
binding to 14-3-3 ␤ and , even under hyperphosphorylating
conditions caused by calyculin A treatment (Fig. 5A; data not
shown). Furthermore, localization of the triple mutant to the
cytoplasm is dramatically decreased compared with the wildtype and single mutants (Fig. 5B), consistent with a role
for 14-3-3 in sequestration of HDAC4 and HDAC5 in the
cytoplasm.
Disruption of HDAC3 and HDAC4 Interaction on Calyculin A Treatment.

Interestingly, despite its inability to bind 14-3-3 and its concomitant nuclear localization, the HDAC4 S246兾467兾632A triple
mutant is still unable to bind to HDAC3 under calyculin A
treatment (Fig. 5A). Hence, the inability of HDAC4 to associate
with HDAC3 under hyperphosphorylating conditions cannot
simply be attributable to its sequestration in the cytoplasm.
Other possibilities include changes in HDAC4 or HDAC3
conformations or electrostatic properties on direct phosphorylation that prevents their association, or modifications of additional factors that may be required for mediating the HDAC4HDAC3 interaction.
Grozinger and Schreiber

To distinguish between these possibilities, immunoprecipitated HDAC4 from untreated, staurosporine-treated, or calyculin A-treated cells was incubated with lysates from untreated
or calyculin A-treated TAg Jurkat cells (Fig. 6). Untreated and
staurosporine-treated (presumably hypophosphor ylated)
HDAC4 associated with HDAC3 under all conditions, which is
consistent with previous observations. Notably, there is an
increase in the amount of associated HDAC3 on incubation with
lysate from untreated cells, but not after incubation with lysate
from cells treated with calyculin A. This suggests that HDAC3
from untreated cells, but not from calyculin A-treated cells, is
still competent to bind HDAC4. Furthermore, there is no factor
in calyculin A-treated cells that can disrupt the HDAC4-HDAC3
interaction once it has formed.
As previously observed, calyculin A-treated (hyperphosphorylated) HDAC4 does not bind to HDAC3 under normal
immunoprecipitation conditions. However, on incubation with
untreated cell lysates, calyculin A-treated HDAC4 does pull
down HDAC3. This interaction is not present on incubation with
calyculin A-treated lysate. Hence, calyculin A-treatment of
HDAC4 does not cause it to undergo a conformational change
that would prevent it from binding to HDAC3. Note that,
although there does seem to be a slight decrease in the amount
of HDAC3 present in the calyculin A-treated lysate, it is not
significant enough to explain the complete lack of binding to
HDAC4.
These experiments suggest that, although sequestration of
HDAC4 in the cytoplasm by 14-3-3 may serve to prevent its
interaction with HDAC3, this association is abrogated by an
additional mechanism when the cell is exposed to hyperphosphorylating conditions. This loss of interaction may be attributable to the phosphorylation of HDAC3 or to the modification of
additional proteins required for mediating the HDAC3-HDAC4
association.
Increased Nuclear Localization of HDAC4 Enhances MEF2-Dependent
Repression. The sequestration of HDAC4 and HDAC5 in the

cytoplasm by 14-3-3 presumably prevents these proteins from
repressing gene transcription, and therefore represents a mechanism for controlling HDAC activity. To determine whether
cellular localization affects HDAC4-mediated transcriptional
repression by MEF2, the following series of reporter gene assays
was performed. TAg-Jurkat cells were transfected with a MEF2luciferase reporter, the MEF2D transcription factor, and either
wild-type HDAC4 or the HDAC4 S246兾467兾632A triple muGrozinger and Schreiber

Fig. 7. Increased nuclear localization of HDAC4 enhances MEF2-dependent
transcriptional repression. TAg-Jurkat cells were transfected with MEF2D, a
MEF2-luciferase reporter construct, a constitutive ␤-gal expression construct,
and either wild-type HDAC4 or HDAC4 with mutations in all three 14-3-3
binding sites (HDAC4 S246兾466兾632A). pcDNA3.1 (Invitrogen) was used to
normalize the amount of DNA transfected. Thirty-eight hours after transfection, the samples were harvested and divided to perform the subsequent
assays in triplicate. The amount of luciferase activity was measured (Promega)
and divided by the amount of ␤-gal activity present to normalize for protein
expression levels.

tant, which no longer binds to 14-3-3 and displays enhanced
nuclear localization. Equivalent expression levels of the wildtype and triple mutant HDAC4 recombinant proteins was
confirmed by Western blot analysis (data not shown). Expression
of wild-type HDAC4 decreases MEF2-dependent transcription
slightly whereas expression of the HDAC4 triple mutant completely represses transcription (Fig. 7). Furthermore, in the
absence of HDAC3, wild-type HDAC4 associated with 14-3-3
displays slightly higher HDAC activity than the triple mutant
HDAC4 (data not shown), and hence the decreased ability of the
wild-type HDAC4 to repress transcription is not attributable to
inherently lower activity of the 14-3-3-bound protein. These data
are consistent with a model in which loss of association with
14-3-3 results in nuclear localization of HDAC4 and association
with MEF2 and HDAC3, causing increased transcriptional
repression.
Discussion
Analysis of mammalian HDAC regulation has focused primarily
on the recruitment of HDACs to specific gene promoters or
general chromosomal domains through interactions with DNAbinding proteins. In this paper, we present evidence for the
regulation of two mammalian class II HDACs by phosphorylation-dependent cellular localization. HDAC4 and HDAC5 contain three canonical 14-3-3 binding sites, all of which are involved
in mediating the interaction with 14-3-3. This binding to 14-3-3
is correlated with the cytoplasmic localization of HDAC4. This
sequestration in the cytoplasm appears to be caused by the
occlusion of a nuclear localization sequence by the bound 14-3-3
proteins, thereby preventing association with the importin ␣兾␤
heterodimer, which is required for nuclear transport. Cytoplasmic HDAC4 and HDAC5 cannot interact with nuclear proteins,
such as MEF2 and HDAC3, and hence cannot be involved in
directly repressing transcription via deacetylation of nuclear
histones. Although it is a formal possibility that these class II
HDACs are performing functions in the cytoplasm, the association of HDAC4 with the MEF2 transcription factors suggests
that a primary role of these HDACs is to silence gene expression.
Hence, it is more likely that HDAC4 and HDAC5 are being held
in a ‘‘inactive’’ state when they are present in the cytoplasm. On
loss of 14-3-3 binding, HDAC4 and HDAC5 can translocate into
the nucleus and associate with HDAC3 and transcription factors
PNAS 兩 July 5, 2000 兩 vol. 97 兩 no. 14 兩 7839
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Fig. 6. Localization-independent loss of HDAC4 and HDAC3 interaction on
calyculin A-treatment. Forty-eight hours after transfection with HDAC4-FLAG,
TAg Jurkat cells were treated with staurosporine or calyculin A for 1.5 h.
HDAC4-FLAG was immunopurified, and the sample was split into thirds.
One-third of the immunopurified protein was prepared for Western blot
analysis, one-third was incubated for 1 h with untreated TAg Jurkat lysate, and
the remaining one-third of the sample was incubated with calyculin A-treated
TAg Jurkat lysate for 1 h. These samples were analyzed for 14-3-3 and HDAC3
binding by Western blotting.

Fig. 8. Model for regulation of HDAC4 activity by cellular localization.
Binding of phosphorylated HDAC4 or HDAC5 to 14-3-3 sequesters these
proteins in the cytoplasm, where they cannot function in repression of transcription. Dephosphorylation allows HDAC4 and HDAC5 to shuttle to the
nucleus, where they associate with HDAC3 and the MEF2 transcription factor,
and silence transcription of MEF2-dependent genes. Treatment of cells with
the phosphatase inhibitor calyculin A also disrupts the interaction of HDAC3
with HDAC4 and HDAC5 by an unknown mechanism, possibly involving
additional protein factors.

HDAC4 interaction may result in the inactivation of HDAC4 in
the nucleus, even before its sequestration in the cytoplasm.
Recent studies suggest that 14-3-3 also may be involved in
regulation of RbAp48 function. RbAp48 has been shown to
interact directly with histones, along with its homologue RbAp46
(39). Xenopus RbAp48 was found to form a complex with Hat1
and three isoforms of 14-3-3. Because RbAp48 also contains a
putative 14-3-3 binding motif, it is possible that the 14-3-3
proteins bind to RbAp48 directly and modify its function (40).
Thus, 14-3-3 mediated cellular localization may be a common
mechanism for regulating acetylation and deacetylation of
histones.
Mediation of the cellular localization of HDAC4 and HDAC5
by phosphorylation-dependent 14-3-3 binding represents a general mechanism for modulating HDAC function. This process is
most likely controlled by signal transduction pathways of the cell.
Preliminary experiments using cell cycle inhibitors, specific
kinase and phosphatase inhibitors, and various cell culture
conditions, such as oxidative or osmotic stress, have not revealed
any obvious connections to common signaling pathways (data
not shown). However, the interaction of HDAC4 with MEF2,
coupled with its high expression levels in muscle tissues, suggests
that this regulatory process may be involved in muscle cell
differentiation.

such as MEF2. This association targets the HDACs to specific
promoters and silences gene expression (Fig. 8).
There is evidence for a second level of phosphorylationdependent regulation of HDAC4 activity. HDAC3 from cells
treated with a phosphatase inhibitor cannot bind HDAC4, even
in the absence of differential cellular compartmentalization.
Hence, HDAC3 may alter its conformation or electrostatic
properties on direct phosphorylation, or it may acquire or lose
binding to another factor involved in mediating its interaction
with the class II HDACs. Preliminary experiments have not
revealed any alteration in the phosphorylation state of HDAC3,
or the calyculin A-regulated binding of any proteins to HDAC3
(data not shown). Because the association of HDAC family
members is a common phenomenon (6), this loss of HDAC3兾
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