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Class I and II histone deacetylases (HDACs) play vital roles in
regulating cardiac development, morphogenesis, and hyper-
trophic responses. Although the roles ofHdac1 andHdac2, class
I HDACs, in cardiac hyperplasia, growth, and hypertrophic
responsiveness have been reported, the role in the heart of
Hdac3, another class I HDAC, has been less well explored. Here
we report that myocyte-specific overexpression of Hdac3 in
mice results in cardiac abnormalities at birth. Hdac3 overex-
pression produces thickening of ventricular myocardium, espe-
cially the interventricular septum, and reduction of both ven-
tricular cavities in newborn hearts. Our data suggest that
increased thickness of myocardium in Hdac3-transgenic
(Hdac3-Tg) mice is due to increased cardiomyocyte hyperplasia
without hypertrophy. Hdac3 overexpression inhibits several
cyclin-dependent kinase inhibitors, includingCdkn1a,Cdkn1b,
Cdkn1c, Cdkn2b, and Cdkn2c. Hdac3-Tg mice did not develop
cardiac hypertrophy at 3 months of age, unlike previously
reported Hdac2-Tg mice. Further, Hdac3 overexpression did
not augment isoproterenol-induced cardiac hypertrophy when
compared with wild-type littermates. These findings identify
Hdac3 as a novel regulator of cardiacmyocyte proliferation dur-
ing cardiac development.

Histone acetyl transferases and histone deacetylases
(HDACs)3 are critical regulators of chromatin remodeling (1).
Modifications of core histones, around which DNA is pack-
aged, play prominent roles in the regulation of gene expression
(2). For instance, core histones are acetylated by histone acetyl
transferases, leading to unwinding and relaxation of the chro-
matin structure and subsequent gene activation. This enzy-

matic acetylation step is reversed by HDAC-dependent
deacetylation, leading to chromatin condensation and gene
repression (3). Histone modifications provide marks for inter-
actions with transcriptional coactivator and repressor proteins
to regulate gene expression (4). The mammalian HDACs are
classified into four subfamilies based on their highly conserved
homologous sequences and functional similarities (3). Class I
HDACs include HDAC1, -2, -3, and -8; class II HDACs include
HDAC4, -5, -6, -7, -9, and -10; class III HDACs are known as
sirtuins (5); and the lone class IV HDAC is HDAC11 (6). Con-
ventional HDAC inhibitors, such as trichostatin A, inhibit both
class I and class II HDACs (7).
Various class I and II Hdac gene deletion and overexpression

analyses in mice have suggested important roles for histone
modification and HDAC function in cardiac development and
in the regulation of cardiac hypertrophy (8–13). For example,
class II HDACs, including Hdac5 and Hdac9, act as negative
regulators of cardiac growth (14). Inactivation of either Hdac5
or Hdac9 results in mice that are sensitive to hypertrophic
stress, whereas the simultaneous loss of both Hdac5 andHdac9
produces mice with grossly enlarged hearts (15). Loss of Hdac7
results in abnormal thinning of myocardial walls of the ventric-
ular chambers and dilation of atria (16). Deletion of the class I
HDAC,Hdac1, results in embryonic lethality by embryonic day
10.5 due to severe proliferation defects (17). Recently, our
group and others have shown that global loss of Hdac2 results
in partial or complete perinatal lethality due to severe cardiac
developmental defects that include cardiac myocyte hyperpla-
sia (12, 18).Hdac2-nullmice are resistant to hypertrophic stim-
uli due to activation of glycogen synthase kinase 3 � (GSK3�),
whereas Hdac2-Tg mice are sensitive to hypertrophic stimuli
(12). Interestingly,Hdac1 andHdac2 display evidence of redun-
dancywith regard to the regulation of cardiac development and
morphogenesis; combined loss of Hdac1 and Hdac2 in cardiac
myocytes results in complete perinatal lethality due to severe
cardiac defects in excess of that seen in either individual knock-
out (18).
The overlapping functions of Hdac1 and Hdac2 may be due,

at least in part, to their co-existence within the same Sin3A,
NuRD, and CoREST co-repressor complexes (19, 20). Hdac3,
which is structurally related to Hdac1 and Hdac2, is a compo-
nent of the NCoR-SMRT co-repressor complex, which is dis-
tinct from co-repressor complexes that typically containHdac1
andHdac2 (21). A series of recent reports, including those from
our group, have demonstrated striking anti-hypertrophic
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effects of broad spectrum chemical HDAC inhibitors, but the
molecular targets of these agents in the heart remain unclear
(8–11).Whether Hdac3 participates in mediating the effects of
HDAC inhibitors in the heart or plays an independent role in
cardiac development, growth, and hypertrophic response is
presently unknown. Therefore to further elucidate the role of
Hdac3 in cardiac growth, development, and hypertrophic
responses, we generated myocyte-specific Hdac3-Tg mice.
Two independentHdac3-Tg mice lines revealed increased car-
diac myocyte proliferation and down-regulation of CKIs.
Unlike Hdac2-Tg mice, these mice did not show spontaneous
cardiac hypertrophy or increased sensitivity to hypertrophic
stimuli. Our data suggest a novel and distinct role of Hdac3 in
myocyte proliferation and cardiac growth distinct from Hdac1
and Hdac2.

EXPERIMENTAL PROCEDURES

Hdac3-Transgenic Mice—A cDNA encoding murine FLAG-
tagged Hdac3 was cloned into an expression plasmid contain-
ing theMyh6 (encoding �-myosin heavy chain) promoter, and
transgenic mice were generated by standard techniques. Geno-
typing was performed by PCR analysis of genomic DNA, and
cardiac-specific expression of Hdac3 was revealed by qRT-PCR
andWestern blot analysis using antibodies toHdac3 and FLAG
(Sigma).
Quantitative Real-time PCR—Total RNA was isolated from

dissected mouse hearts using TRIzol (Invitrogen). RNA was
reverse-transcribed using random hexamers and the Super-
Script first strand synthesis kit (Invitrogen). Gene expression
was then evaluated by qRT-PCR (ABI PRISM7900) using SYBR
Green (Applied Biosystems). Signals were normalized to corre-
sponding glyceraldehyde-3-phosphate dehydrogenase con-
trols, and the ratios were expressed as -fold changes when com-
pared with wild-type controls. PCR conditions and primer set
sequences are available upon request.
Western Blotting—We used antibodies to Hdac3 (1:1000

dilution, Sigma),�-tubulin (1:5000 dilution, Sigma), and acetyl-
histone H4 (1:200 dilution, Upstate Biotechnology). Primary
antibody binding was visualized by using the Westernbreeze
Kit (Invitrogen) as described earlier and according to the man-
ufacturer’s instructions (12).
HDAC Activity Assay—HDAC activity was measured as

described previously (22). In brief, total extract was prepared
from hearts of post-natal day 1 (P1) wild-type and Hdac3-Tg
mice (two independent lines). 50 �g of total extract was incu-
bated with HDAC assay substrate and incubated at 30 °C for 60
min. After the addition of diluted activator reagent, samples
were incubated at room temperature for 15 min, and readings
were taken by fluorescent microplate reader at an excitation of
360 nm and emission of 450 nm. A standard curve was per-
formed according to the manufacturer’s protocol.
Histology and Immunohistochemistry—Protocols for hema-

toxylin and eosin staining and immunohistochemistry have
been described (12). P1 wild-type andHdac3-Tg heart sections
were immunostained with anti-phospho-histone H3 antibody
(1:2000, Cell Signaling), Ki67 antibody (1:50), andMF-20 (1:25,
HybridomaBank). Using ImageJ software, phospho-histone
H3-positivemyocyte nuclei and the total number of nuclei were

counted in eight different sections of three independent heart
samples. The average of phospho-histone H3-positive nuclei
was divided by the total number of nuclei to determine percent-
ages of phospho-histoneH3-positivemyocytes. Similarly, Ki67-
positive nuclei in MF-20-expressing myocytes were counted.
The average of MF-20-positive nuclei was divided by the total
number of nuclei in MF-20-expressing cells to determine the
percentages of Ki67-positive myocytes.
Assessment of Cardiomyocyte Size—TRITC-labeled wheat

germ agglutinin (Sigma) staining (100 �g/ml) was performed
on sections of neonatal (P1) and 3-month-old hearts fromwild-
type and Hdac3-Tg mice to determine the cell boundaries.
ImageJ software was used to determine the cross-sectional area
of the cardiac myocytes. Approximately 500 cardiac myocytes
were counted from P1 and 2-month-old hearts.
Isoproterenol Treatment—Isoproterenol (ISO, Sigma, I5627)

was delivered to 12-week-old mice by implanting a micro-os-
motic pump (Alzet, Durect; model 1002) subcutaneously under
isoflurane anesthesia. ISO (30 mg/kg/d) or vehicle (Dulbecco’s
phosphate-buffered saline, Invitrogen) was infused subcutane-
ously for 14 days. Mice were sacrificed after 14 days, and heart-
to-body-weight ratios and heart-weight-to-tibial-length ratios
were determined.
Statistics—All measurement data are expressed as mean �

S.D. The statistical significance of differences between groups
was analyzed by Student’s t test. Differences were considered
significant at a p value �0.05.

RESULTS

Cardiac Myocyte-specific Hdac3-Tg Mice—To understand
the role of Hdac3 in cardiac development and the regulation of
hypertrophy, we used the Myh6 (encoding �-myosin heavy
chain) promoter to overexpress Hdac3 in cardiac myocytes
(Fig. 1A). We confirmed overexpression at the mRNA level in
two independent Hdac3-Tg lines by real-time PCR. Our data
show 15–20-fold induction of Hdac3 mRNA in P1 hearts of
Hdac3-Tg mice when compared with wild-type littermates
(Fig. 1B). We also confirmed overexpression of Hdac3 in P1
hearts byWestern blotting in both independentHdac3-Tg lines
(Fig. 1C). In both lines, densitometry analysis by ImageJ soft-
ware determined that Hdac3 protein was overexpressed
�4–8-fold (Fig. 1D). To determine the functionality of Hdac3
overexpression, we performed HDAC activity assays on P1
heart lysates. As shown in Fig. 1E, both lines ofHdac3-Tg mice
demonstrate 2-fold increases in HDAC activity. Furthermore,
levels of acetyl-histoneH4 in P1Hdac3-Tg hearts were reduced
by almost 40% (Fig. 1F), consistent with a moderate increase in
HDAC activity. Further, we determined whether Hdac3 over-
expression alters class I HDACs, Hdac1 and Hdac2, expression
in neonatal myocardium. Our data show that Hdac3 overex-
pression has no effect on Hdac1 and Hdac2 protein levels (Fig.
1G).
Hdac3 Overexpression Causes Myocyte Hyperplasia during

Development—To determine the role of Hdac3 overexpression
in cardiac development, we examined wild-type andHdac3-Tg
hearts at birth (P1). Histological analysis demonstrated near or
complete loss of right and left ventricular lumens in Hdac3-Tg
mice when compared with wild-type littermates (Fig. 2A). We

Hdac3 Regulates Myocyte Proliferation

SEPTEMBER 26, 2008 • VOLUME 283 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 26485



also observed thickened ventricular walls and interventricular
septa in serial sections of the P1 Hdac3-Tg hearts (Fig. 2A).
Hematoxylin and eosin staining revealed increased nucleation
of cardiac myocytes (Fig. 2A). We performed phospho-histone
H3 staining to assess proliferation and to help to distinguish
between cardiac myocyte hyperplasia and hypertrophy as the
cause of increased wall thickness. Hdac3-Tg hearts showed a
2–3-fold increase in phospho-histone H3 staining throughout
the myocardium when compared with wild-type hearts at P1
(p � 0.008, Fig. 2C). Similarly, Ki67 staining was also increased
2-fold inHdac3-Tg hearts when compared with wild type (wild
type 30.9% � 2.9%, n � 3, Hdac3-Tg 54.8% � 3.6%, n � 7, Fig.
2D). Increased proliferation was not observed in other tissue
examined, including lung and skeletalmuscle (data not shown).
We performed Ki67 and MF-20 co-immunostaining on wild-
type and Hdac3-Tg P1 heart sections to determine whether
proliferating cells are myocytes. Our data suggest that �90% of
the proliferating cells are cardiac myocytes (Fig. 2D). Wheat
germ agglutinin staining to assess cardiacmyocyte size revealed

no significant difference in cardiac
myocytes in Hdac3-Tg mice at P1
age when compared with wild-type
littermates (wild type, 11.9 � 1.2
�m2, Hdac3-Tg P1 myocytes,
12.0 � 1.7 �m2, Fig. 2D). Interest-
ingly, by 2 months of age, cardiac
myocytes of Hdac3-Tg mice
appeared relatively normal in size,
and no increase in proliferative
index was evident (Fig. 2, B andD).
Histological analysis with tri-
chrome stains revealed no evi-
dence of excessive cardiac fibrosis
in Hdac3-Tg mice at birth or at 2
months of age (data not shown).
Hdac3 Overexpression Inhibits

Cyclin-dependent Kinase Inhibitor
Expression—Loss ofHdac3 has been
shown to inhibit cell proliferation
in human colon cancer cells via up-
regulation of Cdkn1a (p21WAF/CIP1)
(23). Conversely, Hdac3 overex-
pression has been shown to repress
Cdkn1a and Cdkn2b transcription
in human embryonic kidney cells
(24). To determine the mechanism
by which Hdac3 overexpression
induces cardiac myocyte prolifera-
tion, we examined expression of
CKIs in Hdac3-Tg P1 hearts.
RT-PCR analysis indicates that
Hdac3 suppresses expression of
Cdkn1a, Cdkn1b (p27Kip1), Cdkn1c
(p57Kip2), Cdkn2c (p18INC4c), and
Cdkn2b (p15INC4b) at the transcrip-
tional level (Fig. 3A). Hdac3 overex-
pression had no effect on expression
of Cdkn2a (p16INC4a) in P1 hearts

(Fig. 3A). These data suggest specificity of Hdac3 in the regula-
tion of CKIs. At 2 months of age, no changes in CKI expression
levels were detected (Fig. 3B).
Hypertrophic Response to Adrenergic Stimulus in Hdac3-Tg

Mice—Previously, our laboratory has demonstrated that myo-
cyte-specific overexpression of another class I HDAC, Hdac2,
induces cardiac hypertrophy and cardiac fibrosis by 2 months
of age (12). To determinewhetherHdac3 overexpression is suf-
ficient to regulate cardiac hypertrophy, we determined heart-
to-body-weight ratios and heart-weight-to-tibia-length ratios
in 3-month-old Hdac3-Tg mice (n � 18) and when compared
with wild-type (n � 14) littermates. No significant differences
in heart-weight-to-body or heart-to-tibia-length measure-
ments were present (Fig. 4, A and B). Further, we examined
whether Hdac3 overexpression augments hypertrophic
responsiveness to adrenergic stimulation. Wild-type and
Hdac3-Tg littermates at 3 months of age were treated with a
constant infusion of saline or ISO for 2 weeks. As predicted,
wild-type mice exhibited marked cardiac hypertrophy, as

FIGURE 1. Generation and characterization of cardiac myocyte-specific Hdac3-Tg mice. A, schematic of
transgenic construct used to generate Hdac3-Tg mice. �-MHC, �-myosin heavy chain. B, Hdac3 mRNA expres-
sion analysis in two different Hdac3-Tg mice lines. Transcripts for Hdac3 were detected by qRT-PCR in P1 hearts
from wild-type (WT) and Hdac3-Tg mice. Three mice in each group were tested, and values are expressed as the
-fold change in transcript abundance (� S.D.) when compared with wild-type mice. C, endogenous and trans-
genic Hdac3 protein were detected with an Hdac3 antibody. All Western blots were performed at least three
times with similar results. D, Hdac3 expression in myocardium of P1 wild-type and Hdac3-Tg mice was quan-
tified by using ImageJ software. E, increased HDAC activity in Hdac3-Tg mice. Lysates from P1 hearts were
assayed for HDAC activity. Data are the average results (� S.D.) from three separate experiments. F, decreased
acetylation of histone H4 in Hdac3-Tg mice. Western blot analysis of acetylated-histone H4 in myocardium
from P1 wild-type and Hdac3-Tg mice using anti-acetyl-histone H4 antibody was performed. ImageJ software
was used to quantify -fold change in acetylation. G, Hdac1 and Hdac2 levels are not changed in Hdac3-Tg mice.
Western blot analysis of myocardium lysates from three P1 wild-type and three Hdac3-Tg mice using anti-
Hdac1 and anti-Hdac2 antibody was performed. �-Tubulin is used as a loading control.
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revealed by an increase in the heart-to body-weight (and heart-
to-tibia-length) ratios (Fig. 4, A and B). Hypertrophy of
Hdac3-Tgmice in response to ISOwas similar to wild type, and
there was no apparent augmentation of hypertrophic response
when compared with wild type (Fig. 4, A and B).

DISCUSSION

Hdac3 Regulates Cardiac Hyper-
plasia—Cardiac myocytes rapidly
proliferate during embryonic and
fetal life but generally lose their abil-
ity to proliferate shortly after birth
(25). The withdrawal of postnatal
cardiomyocytes from the cell cycle
is linked to significant down-regula-
tion of cyclins, CDKs, and E2F tran-
scription factors and to up-regula-
tion of the negative regulators of
cell cycle progression including
Cdkn1a, Cdkn1b, Cdkn1c, and
Cdkn2c (26). Loss or down-regula-
tion of these CKIs causes increased
proliferation of neonatal myocytes.
For example, mice lacking Cdkn1b
showa 2–3-fold increase inmyocyte
proliferation and prolonged cell
cycle (27). FOXO1-dependent acti-
vation of Cdkn1a, Cdkn1b, and
Cdkn1c expression results in
decreased myocyte proliferation
(28). Although the roles of CKIs in
the regulation of cardiomyocyte
proliferation are well documented,
their transcriptional regulation dur-
ing cardiac development is not well
defined. Our data suggest a novel
regulator of CKI transcription in

neonatal cardiac myocytes. We show that Hdac3 overexpres-
sion in cardiac myocytes suppresses Cdkn1a, Cdkn1b, Cdkn1c,
Cdkn2b, and Cdkn2c mRNA expression neonatal P1 hearts. It
will be interesting in future studies to determine whether
Hdac3 directly or indirectly regulates the transcription of these
genes.
Hdac3 overexpression produced increased cardiac myocyte

proliferation at birth, but this effect was no longer evident by 2
months of age, although Hdac3-Tg protein was still detectable.
Thus, mechanisms must exist within the myocyte to overcome
the pro-proliferative effects of Hdac3 and to produce cell cycle
exit. Similar phenomena have been described previously. For
example, loss ofHopx orHdac2 leads to increase in fetal cardiac
myocyte proliferation, but these abnormalities abate in adult-
hood (12, 29). Similarly, Cdkn1b knock-out mice show
increased fetal cardiac myocyte proliferation but eventually
withdraw from the cell cycle (27). Normalization of cardiac size
andmyocyte cell number in adult transgenic mice despite early
postnatal hyperplasia must be accomplished by an increase in
cell loss via apoptosis or other mechanisms.
Previous studies have demonstrated that HDAC inhibitors,

which target class I and II HDACs, induce growth arrest, mat-
uration, and apoptosis of several tumors and cancer cell lines,
implicating the specific roles of individual HDACs in themain-
tenance of cell proliferation and survival (30). Among class I
and II HDACs, previous studies have demonstrated a role for

FIGURE 2. Cardiac defects in Hdac3-Tg neonates. A, hematoxylin and eosin-stained sections at successive
levels of P1 hearts from wild-type (WT) and Hdac3-Tg mice demonstrate a thicker septum, thicker ventricular
walls, and diminished ventricular lumens. B, hematoxylin and eosin-stained sections of adult hearts from
wild-type and Hdac3-Tg mice demonstrate normal ventricular septum, walls, and lumens. C, increased prolif-
eration of cardiomyocytes in P1 Hdac3-Tg mice. Immunohistochemistry for phospho-histone H3 was per-
formed on heart sections from P1 mice. Quantification of phospho-histone H3-positive cells was performed on
eight sections from three individual hearts and averaged. D, co-immunofluorescent staining for Ki67 (red),
MyHC (green, MF-20 staining), and 4�,6-diamidino-2-phenylindole (DAPI) (blue) was performed on heart sec-
tions from P1 wild-type and Hdac3-Tg mice. E, wheat germ agglutinin staining shows decreased myocyte size
in Hdac3-Tg when compared with wild-type P1 hearts.

FIGURE 3. Hdac3 overexpression inhibits cyclin-dependent kinase (CDK)
inhibitors Cdkn1a (p21WAF/CIP1), Cdkn1b (p27Kip1), Cdkn1c (p57Kip2),
Cdkn2c (p18INC4c), Cdkn2b (p15INC4b), and Cdkn2a (p16INC4a). A and B,
transcript for Cdkn1a, Cdkn1b, Cdkn1c, Cdkn2c, Cdkn2b, and Cdkn2a were
detected by qRT-PCR in hearts from P1 (A) and 2-month-old (B) wild-type and
Hdac3-Tg mice. Three mice in each group were tested, and values are
expressed as the -fold change in transcript abundance (�S.D.) when com-
pared with wild-type mice. N.S., not significant.
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class I HDACs, Hdac1 and Hdac2 in the regulation of cell
proliferation. For example, global loss of Hdac1 results in
embryonic lethality before embryonic day 10.5 due to severe
proliferation defects and retardation in development (17).
Interestingly, loss of Hdac1 up-regulates Cdkn1a and
Cdkn1b, which may explain the proliferation defects (17).
Loss of Hdac2 in mice results in severe cardiac defects at
birth including increased cardiac myocyte proliferation and
thickening of the myocardium, although the exact mecha-
nism is not known (12, 18). Recently, it has been shown that
global loss of Hdac3 leads to embryonic lethality before
embryonic day 9.5 due to decrease in S phase cells and pro-
liferation defects (31). Consistent with these findings, our
data support a role for Hdac3 as a regulator of cardiac myo-
cyte proliferation.
Previous studies have suggested a role ofHdac3 in cancer cell

proliferation and mitosis. Hdac3 overexpression may inhibit
Cdkn1a expression at the transcriptional level by interacting
with Sp1, at least in some tumor cell lines (24). Additionally,
liver-specific loss of Hdac3 results in 12-fold up-regulation of
Cdkn1a at the transcriptional level (32). In accordance with
these findings, our data suggest that overexpression of Hdac3
inhibits Cdkn1a transcription in cardiac myocytes. Further, we
show that Hdac3 overexpression inhibits other CKIs including
Cdkn1b, Cdkn1c, Cdkn2b, and Cdkn2c.
Roles of Class I and II HDACs in Hypertrophic Responsive-

ness—Most adult cardiacmyocytes are unable to proliferate but
can undergo hypertrophy in response to appropriate stimula-
tion (26). The role of the HDACs in the regulation of cardiac
hypertrophy is complex. Previous studies have demonstrated
that class I and II HDACs have opposing roles in the regulation
of cardiac hypertrophy (14). For example, inactivation of class II
HDACs producesmice with grossly enlarged hearts, suggesting
that class II HDACs repress cardiac hypertrophy (15). Recently,

we have shown that global loss of the class I HDAC, Hdac2,
results in mice that are resistant to hypertrophic stress (12).
Furthermore, cardiac myocyte-specific overexpression of
Hdac2 induces significant cardiac hypertrophy in 2-month-old
mice (12). Together these data suggest that class I HDACs
might normally function in the heart to repress anti-hypertro-
phic pathways.
Although class I HDACs are structurally related, they con-

tribute to different transcriptional repression complexes (33).
For example, mSin3A, NuRD, and CoREST complexes contain
Hdac1 andHdac2, whereas Hdac3 is a part of the NCoR-SMRT
complex (19–21). Interestingly, class II HDACs can recruit
NCoR-SMRT complexes that includeHdac3 (34). This has sug-
gested that Hdac3 might be functionally related to class II
HDAC effects with regard to the regulation of cardiac develop-
ment and hypertrophy. However, our results suggest that over-
expression of Hdac3 in the heart does not significantly affect
hypertrophic responsiveness, at least under the conditions
tested.
HDAC inhibitors are in phase I, II, and III clinical trials for

hematological and oncological conditions (30, 35). Recently,
suberoylanilide hydroxamic acid (also referred to as vorinostat/
Zolinza) was approved by the Food and Drug Administration
for the treatment of cutaneous T cell lymphoma (36). Elucida-
tion of the specific functions of individual HDACs will be
important to determine the molecular targets of these inhibi-
tors and to provide information relevant to understanding and
preventing potential cardiac side effects. Furthermore, mecha-
nisms to regulate cardiac myocyte proliferation will be applica-
ble to the exploding field of cardiac progenitor cell expansion
and therapy.
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