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HDAC3 is a member of the class I histone deacetylase family
that regulates gene expression by deacetylation of histones and
non-histone proteins. HDAC3 activity has been shown to be
modulated by interaction with the co-repressors NCoR and
SMRT. Here, we present evidence that the nuclear protein
DBC1 is an endogenous inhibitor of HDAC3. DBC1 has been
previously identified as a regulator of some nuclear receptors,
the methyltransferase SUV39H1, and the NAD-dependent
deacetylase SIRT1. Furthermore, DBC1 has been shown to
influence transcription regulation and apoptosis, and it may
also act as a tumor suppressor. We found that DBC1 interacts
and specifically inhibits the deacetylase HDAC3. This interac-
tion depends on the N terminus of DBC1 and the C terminus
of HDAC3. Expression of DBC1 not only inhibited HDAC3
activity but also altered its subcellular distribution. In addi-
tion, knockdown of endogenous DBC1 in cells and knock-out
in mouse tissues increased HDAC3 deacetylase activity. To-
gether, these results identify DBC1 as a new regulator of
HDAC3 and demonstrate that DBC1 is a negative regulator of
two key distinct deacetylases, SIRT1 and HDAC3. These find-
ings may lead to a better understanding of the biological roles
of DBC1 and HDAC3 in metabolic diseases and cancer.

Levels of acetylation in cells are maintained by the comple-
mentary activities of two families of enzymes, the histone
acetyltransferases and the histone deacetylases (HDACs).2
HDACs are involved in deacetylation of histones and non-
histone proteins, including transcription factors, structural
proteins, and enzymes, and have an important role in chro-
matin structure, gene regulation, and control of cell metabo-
lism and cancer (1–3). Because of the vast list of the cellular
roles of HDACs, it is imperative that the mechanisms that
regulate these enzymes are completely understood. The
HDAC superfamily is vast, and these proteins can be classified
into four classes, class I, II, III (sirtuins), and IV, based on
their homology. Class I includes HDAC1–HDAC3, and
HDAC8; class II includes HDAC4–HDAC7, HDAC9, and

HDAC10; class III consists of members of the sirtuin family of
HDACs; and class IV is represented by HDAC11. In the sir-
tuin family of deacetylases, special attention has been given to
SIRT1 due to its important role in stress responses, cell me-
tabolism, and possibly aging and longevity (4, 5). Understand-
ing the regulation of deacetylases has been the focus of in-
tense investigation. However, the precise mechanisms that
regulate HDACs have not been defined.
We and others have recently described that SIRT1 deacety-

lase is regulated by interaction with the nuclear protein
(DBC1 (deleted in breast cancer-1) (6–8). DBC1 was initially
described as being absent in certain human breast cancers
and has been recently shown to bind and regulate SIRT1, nu-
clear receptors (such as the estrogen and androgen receptors),
and the methyltransferase SUV39H1 (9–11). Furthermore,
DBC1 has been implicated as a key component of the molecu-
lar mechanism of cellular apoptosis and TNF-� signaling (12).
DBC1 binds directly to the catalytic domain of SIRT1, pre-
venting substrate binding to SIRT1 and inhibiting its enzy-
matic activity (7, 8). Recently, we reported that DBC1 regu-
lates SIRT1 activity in animals during different metabolic
conditions and that DBC1 has an important role in the regu-
lation of SIRT1 functions such as control of glucose and lipid
homeostasis (6). Despite these findings, much remains un-
known about the cellular functions of DBC1.
In higher organisms, it appears that HDACs cooperate with

each other or have overlapping roles and deacetylate the same
target proteins (2, 13). One deacetylase that shares similar
substrates and physiological roles with SIRT1 is HDAC3, a
member of the class I family of deacetylases. The members of
this class are ubiquitously expressed, but unlike HDAC1 and
HDAC2, which are nuclear proteins, HDAC3 can be found in
both the nuclei and cytoplasm of cells (14). Similar to other
class I HDACs, HDAC3 represses transcription when directed
to promoter regions by serving as a co-repressor (2, 15). Inter-
estingly, SIRT1 and HDAC3 share several substrates such as
p53, MEF2D (myocyte enhancer factor 2D), and NF-�B, and
both associate with p300/CBP (cAMP-responsive element-
binding protein-binding protein) acetyltransferase (13, 16–
20). Furthermore, both SIRT1 and HDAC3 have been impli-
cated as regulators of several common cellular and
physiological functions such as apoptosis, circadian cycle, glu-
cose and lipid metabolism, and cancer (2, 4, 5, 21–23). These
observations raise the possibility that HDAC3 and SIRT1 may
share not only substrates but also regulatory proteins.
Until now, it has been known that HDAC3 activity can be

regulated by two distinct mechanisms. The principal regula-
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tory mechanism appears to be association with a unique large
multisubunit protein complex that contains the NCoR and
SMRT co-repressors. Association with this complex not only
recruits HDAC3 but also directly stimulates HDAC3 enzy-
matic activity (24, 25). Another mechanism of regulation is
phosphorylation/dephosphorylation. HDAC3 is phosphory-
lated by protein kinase CK2 and dephosphorylated by protein
phosphatase 4 (26). Although HDAC3 activity is up-regulated
by phosphorylation by protein kinase CK2, it is negatively
regulated by protein phosphatase 4.
To identify new mechanisms of regulation of HDAC3, we

investigated whether DBC1 is also a regulator of HDAC3.
Here, we report that DBC1 not only specifically interacts with
HDAC3 but also modulates its localization and activity. These
findings present a novel pathway by which HDAC3 activity
can be controlled and demonstrate that DBC1 regulates two
key deacetylases, namely SIRT1 and HDAC3. Our study
opens a new avenue for understanding the mechanisms of
regulation of HDACs and also provides a new role for DBC1
as a key regulator of HDAC3.

MATERIALS AND METHODS

Cell Culture—HEK293T and NIH3T3 cells were main-
tained in Dulbecco’s modified Eagle’s medium, and A549 cells
were maintained in RPMI 1640 medium supplemented with
10% FBS and penicillin/streptomycin (Invitrogen).
Animal Handling and Experiments—All mice used in this

study were maintained in the Mayo Clinic Animal Breeding
Facility. All experimental protocols were approved by the In-
stitutional Animal Care and Use Committee at Mayo Clinic
(Protocol A33209), and all studies were performed according
to the methods approved in the protocol. DBC1 knock-out
mice were prepare as described previously (6).
Reagents and Antibodies—Except when specified, all re-

agents and chemicals were purchased from Sigma. Anti-
HDAC3 and anti-HA antibodies were from Abcam (Cam-
bridge, MA), and anti-DBC1 antibody was from Bethyl
Laboratories (Montgomery, TX).
Plasmids and Expression and Purification of Recombinant

Proteins—Mammalian expression plasmids for full-length
DBC1, DBC1 deletion mutants, SIRT1, and p300 and DBC1
baculovirus were kindly provided by Zhenkun Lou. In accor-
dance with his previous study (7) using the DBC1 deletion
constructs, we also observed that, although the C3 DBC1 pro-
tein is smaller than C4 DBC1, it runs slower than C4 DBC1 in
SDS-PAGE. It is also obvious that C3 and C4 both appear as
doublets, likely indicating that they are processed in the cell
or during cell lysis. We have no direct evidence for why C3
runs slower than C4, but it could be that they are modified
and processed in different ways in cells. FLAG-HDAC plas-
mids were obtained from Addgene (Cambridge, MA).
HDAC3 deletion mutants and the H134Q mutant were ob-
tained by site-directed mutagenesis using the QuikChange II
site-directed mutagenesis kit (Stratagene, La Jolla, CA).
HDAC3 mutant H134Q contains the mutations H134Q and
H135A (18). Mutations were verified by DNA sequencing. A
full-length cDNA clone of MEF2D was purchased from Open
Biosystems, and the coding sequence was subcloned into the

pIRES2-EGFP-S-FLAG-SBP and pDNA3-HA/Myc vectors.
HDAC3 was subcloned in the pcDNA3-HA/Myc vector. We
also generated HDAC3 in the baculovirus/insect cell expres-
sion system. FLAG-HDAC3 was cloned into pDEST8. Baculo-
virus was generated using the Bac-to-Bac system (Invitrogen).
Sf9 insect cells (American Type Culture Collection) were in-
fected with the appropriate baculovirus and harvested 48 h
after infection.
siRNA and shRNA—siRNA against DBC1 was synthesized

by Dharmacon (Lafayette, CO). The siRNA duplexes were 21
bp as follows: DBC1 siRNA sense strand, 5�-AAACGGAGC-
CUACUGAACAUU. Non-targeting siRNA (D001210-03-20,
Dharmacon) was used as a control. HDAC3 siRNA was also
from Dharmacon (L-003496-00-0020). Transfections were
performed twice, 24 h apart, with 150 nM siRNA using
DharmaFECT 1 reagent according to the manufacturer’s in-
structions. Cells were harvested 72 h after the first transfection.
DBC1 shRNAwas fromOpen Biosystems (clone
V2MM_22238).
Immunoprecipitation and Western Blotting—Cells were

transfected using Lipofectamine 2000 (Invitrogen) with the
appropriate plasmids for 40 h before immunoprecipitation
and immunoblotting. All cultured cells, transfected cells, and
mouse tissues were lysed in NETN buffer (100 mM NaCl, 1
mM EDTA, 20 mM Tris-HCl (pH 8.0), and 0.5% Nonidet P-40)
supplemented with 5 mM NaF, 50 mM 2-glycerophosphate,
and a protease inhibitor mixture (Roche Applied Bioscience).
Homogenates were incubated at 4 °C for 20 min under con-
stant agitation. Homogenates were then centrifuged at
11,000 � g for 10 min at 4 °C. 1–2 mg of protein was used for
each immunoprecipitation. Samples were incubated with 20
�l of Protein A/G (Santa Cruz Biotechnology, Santa Cruz,
CA) and 1–2 �g of antibody for 1–2 h at 4 °C under constant
rotation. Nonspecific IgG (Santa Cruz Biotechnology) was
used as control. Finally, immunoprecipitates were washed two
to three times with cold NETN buffer before the addition of
2� Laemmli buffer. Isolation of liver nuclei and immunopre-
cipitation from isolated nuclei were performed as described
previously (6). 50–100 �g of protein was used for each immu-
noprecipitation and HDAC3 activity measurement. Cell and
tissue lysates and immunoprecipitates were analyzed by
Western blotting with the indicated antibodies. Western blots
were developed using SuperSignalTM West Pico chemilumi-
nescent substrate (Pierce). Films were scanned, and bands
were quantified by densitometry using NIH ImageJ.
HDAC Activity Measurements—HDAC1 and HDAC3 activ-

ities were measured from immunoprecipitated samples using
a HDAC fluorometric assay (BML-AK500–0001, Enzo Life
Sciences). After the last wash of the immunoprecipitation,
samples were resuspended in 100 �l of assay buffer (50 mM

Tris-HCl (pH 8), 137 mM NaCl, 2.7 mM KCl, and 1 mM

MgCl2). The reaction was started by the addition of 100 �l of
assay buffer containing 500 �M HDAC substrate. Samples
were then incubated at 30 °C with constant agitation, and
50-�l aliquots were taken at different times. Each aliquot was
divided into three samples, and activity measurements were
done in triplicate. The reaction was stopped by the addition of
the assay developer. For the controls, samples were incubated
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in the presence of 1 �M trichostatin A or 2 mM nicotinamide.
Values were determined by reading the fluorescence on a
fluorometric plate reader (SpectraMax Gemini XPS, Molecu-
lar Devices) with an excitation wavelength of 360 nm and an
emission wavelength of 460 nm. In all cases, we confirmed the
linearity of the reaction over time.
Protein Acetylation and Deacetylation in Vivo—Expression

plasmids for FLAG-MEF2D, HA-p300, HA/Myc-HDAC3, and
Myc-DBC1 were transfected in 293T cells. About 40 h post-
transfection, cells were lysed in NETN buffer supplemented
with phosphatase, protease, and deacetylase inhibitors (2 mM

nicotinamide and 3 �M trichostatin A). MEF2D was immuno-
precipitated with anti-FLAG antibody, and acetylation levels
were determined by immunoblotting with anti-acetyllysine
antibody (Cell Signaling Technology, Danvers, MA).

RESULTS

DBC1 Interacts with HDAC3 and Regulates HDAC3 Cellu-
lar Distribution—To determine whether HDAC3 interacts
with DBC1, we transfected 293T cells with FLAG-HDAC3
and Myc-DBC1. As a control, we also transfected cells with a
combination of FLAG-SIRT1 and Myc-DBC1, which are
known to interact with each other. As shown in Fig. 1A, Myc-
DBC1 specifically interacted with both FLAG-HDAC3 and
FLAG-SIRT1. To confirm the interaction between HDAC3
and DBC1, we immunoprecipitated HDAC3 from 293T cells
and observed that endogenous DBC1 also interacted with
HDAC3 (Fig. 1B). Furthermore, we found that DBC1 inter-
acted specifically with HDAC3 in insect cells infected with

baculovirus expressing DBC1 and HDAC3 recombinant pro-
teins (Fig. 1C), suggesting a direct interaction between DBC1
and HDAC3.
We therefore considered the possibility that DBC1 may be

a regulator of HDAC3 localization and activity. We first ana-
lyzed the cellular distribution of HDAC3 in the presence and
absence of DBC1. The cellular distribution of HDAC3 is one
of the unusual characteristics of this HDAC. Whereas other
class I HDACs are predominantly nuclear proteins, HDAC3
appears to be located in both the cytosol and nuclei (14).
When we overexpressed HDAC3 alone in 293T, we found
that, in the majority of transfected cells (88%), HDAC3 was
more concentrated in the cytosol than in the nuclei. In con-
trast, when HDAC3 was coexpressed with DBC1, we found
that HDAC3 was localized primarily in the nuclei (71% of the
transfected cells) (Fig. 1D and supplemental Fig. S1). A similar
HDAC3 cellular distribution in the presence and absence of
DBC1 was also observed in transfected HeLa cells (supple-
mental Fig. S1). These data indicate not only that the two pro-
teins interact in vivo but also that DBC1 regulates HDAC3
subcellular localization.
The N Terminus of DBC1 and the C Terminus of HDAC3

Are Important for the DBC1-HDAC3 Interaction—To identify
the regions of DBC1 that are responsible for the DBC1-
HDAC3 interaction, we transfected cells with FLAG-HDAC3
and deletion mutants of Myc-DBC1 (Fig. 2A). We found that
deletion of the N-terminal region of DBC1 (�N1 and �N2)
and also of the leucine zipper motif (�LZ) abolished the bind-

FIGURE 1. Interaction of DBC1 with HDAC3. A, 293T cells were transfected with expression plasmids for Myc-DBC1 and vector control, FLAG-SIRT1, or
FLAG-HDAC3. Proteins were immunoprecipitated (IP) with anti-FLAG antibody and immunoblotted with anti-FLAG and anti-Myc antibodies. wcl, whole cell
lysate. B, 293T cell lysates were immunoprecipitated with anti-HDAC3 antibody and immunoblotted with anti-DBC1 and anti-HDAC3 antibodies. C, Sf9 cells
were infected with baculovirus expressing GST-DBC1 and FLAG-HDAC3. Cell lysates were immunoprecipitated with anti-FLAG antibody and immuno-
blotted with anti-FLAG and anti-DBC1 antibodies. D, 293T cells were transfected with FLAG (F)-HDAC3 in the presence and absence of Myc-DBC1. Cells were
fixed and stained with anti-FLAG and anti-Myc antibodies and DAPI. The graph shows the percentage of cells that displayed predominantly cytosolic or
nuclear HDAC3 staining in the presence and absence of DBC1. About 30 transfected cells were counted for each condition in each experiment. Each experi-
ment was repeated three times. The differences between HDAC3 distribution in the cytosol and nuclei and between HDAC3 alone and in the presence of
DBC1 were statistically significant, with p � 0.05 (t test).
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ing between DBC1 and HDAC3 (Fig. 2B). The leucine zipper
motif and the N terminus of DBC1 are also required for the
interaction between DBC1 and SIRT1 (7, 8, 10). It thus ap-
pears that, akin to the SIRT1-DBC1 interaction (7, 8), both
the N terminus and the leucine zipper region of DBC1 con-
tribute to its binding to HDAC3.
To identify the domains of HDAC3 that interact with

DBC1, we transfected 293T cells with full-length Myc-DBC1
and deletion mutants of FLAG-HDAC3 (Fig. 2A). HDAC3
consists of an N-terminal oligomerization region, a central
nuclear export region, and a non-conserved C-terminal re-
gion that is required for deacetylase and transcriptional re-
pression activity (14, 27). Our results indicate that it is the
non-conserved C-terminal region of HDAC3 that is required
for the interaction with DBC1. Although a deletion of the N
terminus of HDAC3 did not affect its binding to DBC1, a de-
letion of the last 55 amino acid residues of HDAC3 abolished
its binding to DBC1 (Fig. 2C). We also tested whether the
HDAC3 mutant H134Q binds to DBC1. This mutant has been
described to be deacetylase-deficient (18, 27), and we first
investigated whether it had indeed lower HDAC3 activity.
Consistent with previous studies (18), we observed reduced
deacetylase activity in this mutant (45 � 21% of wild-type
HDAC3 activity, n � 3). Because we observed that this mu-
tant still bound to DBC1 as well as wild-type HDAC3 (Fig.
2C), this indicates that full deacetylase activity of HDAC3 is
not necessary for its binding to DBC1 and that DBC1 is prob-
ably not a substrate of HDAC3. On the other hand, the fact
that DBC1 binds to the C terminus of HDAC3, which is re-
quired for the full deacetylase and transcriptional repression
activity of this enzyme, suggests that DBC1 may regulate
HDAC3 activity.

DBC1 Inhibits HDAC3 Activity—Because DBC1 regulates
HDAC3 cellular distribution and interacts with the region of
HDAC3 required for its full deacetylase activity, we investi-
gated whether DBC1 can modulate HDAC3 enzymatic activ-
ity. We measured HDAC3 deacetylase activity using an in
vitro assay after immunoprecipitation of HDAC3 from cells or
tissues. As shown in Fig. 3A, full-length HDAC3 overex-
pressed in 293T cells possessed histone deacetylase enzymatic
activity. To confirm that we were indeed measuring HDAC3
activity, we measured this activity in the presence of trichos-
tatin A (a HDAC3 inhibitor) and found that it inhibited
HDAC3 activity in our immunoprecipitates (data not shown).
When HDAC3 and DBC1 were coexpressed, HDAC3 activity
was significantly reduced compared with HDAC3 alone, de-
spite the fact that the same amount of HDAC3 was immuno-
precipitated under each condition (Fig. 3, A and B). To fur-
ther characterize the mechanism of inhibition of HDAC3
activity by DBC1, we determined whether a deletion mutant
of the N-terminal region of DBC1 (�N2) that does not have
the N terminus and the leucine zipper domain of DBC1 and
does not interact with HDAC3 (Fig. 2B) had any effect on
the HDAC3 activity. Consistent with the interaction exper-
iments (Fig. 2B), deletion of the N-terminal portion from
DBC1 completely prevented its inhibitory effect on
HDAC3 activity (Fig. 3B).
We also measured the effect of DBC1 on HDAC3 activity

using recombinant proteins. When both recombinant pro-
teins were expressed in the baculovirus system, we observed
an interaction between DBC1 and HDAC3 and an inhibition
of HDAC3 activity compared with expression of HDAC3
alone (Fig. 3C). To confirm the effect of recombinant DBC1
on HDAC3 activity, we also purified DBC1 and HDAC3 sepa-

FIGURE 2. The N terminus of DBC1 and the C terminus of HDAC3 are required for the DBC1-HDAC3 interaction. A, shown is a schematic diagram of
full-length DBC1 (FL) and deletion mutants of DBC1 and HDAC3. NLS, nuclear localization signal; NES, nuclear export sequence. B, plasmids encoding Myc-
tagged full-length DBC1 (FL), deletion mutants, or vector control were transfected in 293T cells along with FLAG-HDAC3. Cell lysates were immunoprecipi-
tated (IP) with anti-Myc antibody and immunoblotted with anti-FLAG and anti-Myc antibodies. wcl, whole cell lysate. C, plasmids encoding FLAG-tagged
full-length HDAC3 (FL), mutants, or vector control along with Myc-DBC1 were transfected in 293T cells. Cell lysates were immunoprecipitated with anti-
FLAG antibody and immunoblotted with anti-FLAG and anti-Myc antibodies. Representative experiments of at least three independent experiments are
shown. DEL, deletion.
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rately and incubated both proteins together in vitro. Under
these conditions, we also observed inhibition of HDAC3 by
DBC1 (Fig. 3D), indicating that these proteins directly
interact.
DBC1 Inhibits Endogenous HDAC3 Activity—To explore

the regulation of HDAC3 by DBC1 in cells and in vivo, we
first measured endogenous HDAC3 activity in cells in which
DBC1 has been knocked down by siRNA. Consistent with the
overexpression results, when DBC1 levels were reduced by

siRNA treatment in A549 cells, endogenous HDAC3 activity
was higher than in control siRNA-treated cells (Fig. 4A). As a
control, we also treated cells with HDAC3 siRNA and found
that HDAC3 activity was almost completely inhibited (Fig.
4B). Similar results were obtained when HDAC3 activity was
measured in two different clones of NIH3T3 cells that had
been stably transfected with DBC1 shRNA. In both DBC1
shRNA clones, HDAC3 activity was higher than in the control
shRNA cells (Fig. 4C and supplemental Fig. S2). Western blot-

FIGURE 3. DBC1 inhibits the HDAC3 deacetylase activity of transfected cells and recombinant proteins. A, 293T cells were transfected with FLAG-
HDAC3 in the presence and absence of Myc-DBC1. HDAC3 activity was measured after immunoprecipitation (IP) of FLAG-HDAC3 with anti-FLAG antibody.
One representative experiment of a total of five independent experiments is shown. AFU, arbitrary fluorescence units. B, 293T cells were transfected with
FLAG-HDAC3 in the presence and absence of Myc-DBC1 or Myc-DBC1-�N2. HDAC3 activity was measured after immunoprecipitation with anti-FLAG anti-
body. C, Sf9 cells were infected with baculovirus expressing FLAG-HDAC3 in the presence and absence of GST-DBC1. HDAC3 activity was measured after
immunoprecipitation of FLAG-HDAC3 with anti-FLAG antibody. The immunoblot shows the levels of HDAC3 and DBC1 in immunoprecipitates in a repre-
sentative experiment. D, FLAG-HDAC3 and GST-DBC1 were purified from baculovirus. FLAG-HDAC3 activity was measured in the presence and absence of
purified DBC1 at three time points. Data in B--D are means � S.D. (n � 3). *, p � 0.05 (t test).

FIGURE 4. DBC1 inhibits endogenous HDAC3 deacetylase activity. A and B, HDAC3 activity was measured in HDAC3 immunoprecipitates of A549 cells
transfected with control (C), DBC1, and HDAC3 siRNAs. One representative Western blot of A549 cells shows the levels of DBC1 and HDAC3 in cell lysates
and immunoprecipitates (IP) used for activity. wcl, whole cell lysate. C, HDAC3 activity was measured in HDAC3 immunoprecipitates of NIH3T3 cells stably
expressing a control and two DBC1 shRNA clones. The immunoblot shows one representative experiment blotted with anti-DBC1 and anti-HDAC3 antibod-
ies. Results are means � S.D. of three independent experiments. *, p � 0.05 (t test). D, HDAC3 activity was measured after immunoprecipitation of HDAC3
from brain homogenates and extracts of liver nuclei from wild-type and DBC1�/� mice. Data show means � S.D. of three controls and three DBC1�/� mice
for liver and six controls and six DBC1�/� mice for brain homogenates. *, p � 0.05 (t test). The immunoblot shows the levels of HDAC3 in three controls and
three DBC1�/� mice. KO, knock-out.
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ting demonstrated that, although DBC1 levels were reduced
by both the siRNA and shRNA, the HDAC3 levels remained
similar.
To determine whether the regulation of HDAC3 by DBC1

occurs in vivo, we also measured HDAC3 activity in immuno-
precipitates of brain lysates and liver nuclei prepared from
wild-type and DBC1 knock-out mice (Fig. 4D). HDAC3 activ-
ity was higher in tissues from DBC1 knock-out animals com-
pared with wild-type animals, whereas HDAC3 levels re-
mained unchanged. Because the DBC1 knock-out mice also
show an increase in SIRT1 activity (6), these results together
confirm that DBC1 regulates endogenous SIRT1 and HDAC3
activity in cells and tissues.
DBC1 Specifically Regulates HDAC3—To determine the

specificity of the interaction between HDAC3 and DBC1, we
investigated whether DBC1 also interacts with other members
of the HDAC family. To test this hypothesis, we transfected
293T cells with Myc-DBC1 and FLAG-tagged constructs for
other members of the HDAC family of deacetylases. We
found that, besides SIRT1, DBC1 interacted only with
HDAC3 and HDAC1 and not with HDAC4–HDAC7 (Fig.
5A). This result shows that DBC1 preferentially binds to some
types of deacetylases and suggests some specificity for DBC1
as a regulator of deacetylation in cells.
Because DBC1 also binds to HDAC1, we tested whether

DBC1 inhibits HDAC1 activity as well. In contrast to its effect
on HDAC3 and SIRT1, the presence of DBC1 promoted a
slight, non-statistically significant decrease in HDAC1 activity
(Fig. 5B), demonstrating that DBC1 preferentially regulates
HDAC3 and SIRT1.
DBC1 Inhibits the Effect of HDAC3 onMEF2DAcetylation—

We further explored the role of DBC1 in HDAC3 activity by
assessing whether DBC1 affects the ability of HDAC3 to
deacetylate MEF2D in cells. The MEF2D transcription factor
was initially identified as a nuclear factor important for mus-
cle cell differentiation and has been shown to interact with
and be deacetylated by HDAC3 (18). We first tested whether
MEF2D also interacts with DBC1. As shown if Fig. 6A,

MEF2D interacted with both HDAC3 and DBC1. To test
whether both DBC1 and MEF2D compete to bind to HDAC3,
we measured the ability of HDAC3 to interact with DBC1
when MEF2D was present. Whereas DBC1 bound to HDAC3
in the absence of MEF2D, the binding between DBC1 and
HDAC3 was dramatically reduced when MEF2D was present
(Fig. 6B), suggesting that DBC1 competes with HDAC3 sub-
strates to bind to HDAC3. This indicates that DBC1 interac-
tion with HDAC3 is reversible and that the inhibition of
HDAC3 by DBC1 may be of a competitive nature. We next
addressed whether DBC1 interferes with deacetylation of
MEF2D by HDAC3. When cells were transfected with
MEF2D and p300, we detected acetylation of MEF2D (Fig.
6C). If cells were also transfected with HDAC3, MEF2D was
deacetylated. However, when DBC1 was also present, it inhib-
ited the ability of HDAC3 to deacetylate MEF2D. These re-
sults together confirm our hypothesis that DBC1 specifically
inhibits HDAC3 deacetylase activity.

DISCUSSION

DBC1 was recently identified as a regulator of several pro-
teins, including the deacetylase SIRT1 (6–8). Because of the
functional similarities between the deacetylases SIRT1 and
HDAC3, we investigated whether DBC1 also regulates
HDAC3. The results described in this study identify HDAC3
as a new target of DBC1 and also uncover a new regulatory
mechanism of HDAC3 activity.
Until recently, the main mechanism described for regula-

tion of HDAC3 activity was the interaction with the co-re-
pressors NCoR and SMRT. Interaction with these co-repres-
sors is necessary for recruitment and activation of HDAC3
(24, 25). In addition, it was shown that HDAC3 activity is in-
hibited by interaction with protein phosphatase 4 (26). Beside
these two mechanisms, not much is known about HDAC3
regulation in cells. Because we now identified DBC1 as a new
negative regulator of HDAC3, it will be important to investi-
gate the exact mechanism by which DBC1 inhibits HDAC3
activity. Because DBC1 binds to the C-terminal region of

FIGURE 5. DBC1 specifically regulates HDAC3. A, 293T cells were transfected with Myc-DBC1 and several types of FLAG-tagged HDACs. HDACs were im-
munoprecipitated (IP) with anti-FLAG antibody, and proteins were immunoblotted with anti-Myc and anti-FLAG antibodies. wcl, whole cell lysate. B, HDAC1
and HDAC3 activities were measured after transfection of 293T cells with FLAG-HDAC1 and FLAG-HDAC3 in the presence and absence of Myc-DBC1. A com-
parison between the percent inhibition of HDAC1 and HDAC3 activities by DBC1 is shown. Values are means � S.D. (n � 4). *, p � 0.05 (t test). Inhibition of
HDAC1 by DBC1 was not statistically significant.
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HDAC3, which is required for both the deacetylase and tran-
scriptional repression functions of HDAC3, it is possible that
DBC1 interferes with binding between HDAC3 and substrates
or regulators. The possibility that DBC1 prevents binding be-
tween HDAC3 and its substrates is supported by the fact that
both DBC1 and MEF2D compete for binding to HDAC3. Al-
ternatively, DBC1 could interfere with the interaction be-
tween HDAC3 and its activators or inhibitors, such as NCoR/
SMRT or kinases and phosphatases. It will also be interesting
to investigate how relocation of HDAC3 by DBC1 affects
HDAC3 function as a regulator of various cellular processes.
In addition, we would like to determine the upstream regula-
tory events in this DBC1-HDAC3 pathway.
The discovery that DBC1 regulates HDAC3, but not other

HDACs, suggests that DBC1 is not a general regulator of
deacetylases but specifically regulates HDAC3 and SIRT1.
HDAC3 has been shown to regulate a wide variety of cellular
processes, including differentiation, proliferation, and apopto-
sis. At the organismal level, it plays a critical role in develop-
ment, metabolism, and inflammation through its ability to
regulate a number of different transcription factors (2, 3). Al-
though not much is known about the cellular functions of
DBC1, it appears that DBC1 is also involved in some of these
processes. For instance, both proteins appear to be involved in
cancer regulation. Whereas DBC1 has been implicated as a
tumor suppressor and expression of DBC1 appears to be lost
in several cancer cell lines and in breast cancer (28), HDAC3
expression appears to be elevated in some breast cancer tu-
mors, and HDAC3 inhibitors are being considered as promis-

ing candidates for cancer therapy (29). These observations
together suggest that the deletion of DBC1 in tumor cells
might increase HDAC3 activity, and this could contribute to
tumorigenesis. Further insights into how HDAC3 is regulated
by DBC1 may provide novel therapeutic uses for both
HDAC3 and DBC1 in cancer and metabolic diseases.
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