
Hdac2 regulates the cardiac hypertrophic response
by modulating Gsk3b activity
Chinmay M Trivedi1,2,9, Yang Luo2,8,9, Zhan Yin2,8,9, Maozhen Zhang2,8, Wenting Zhu1, Tao Wang2,
Thomas Floss3, Martin Goettlicher4, Patricia Ruiz Noppinger5, Wolfgang Wurst3, Victor A Ferrari2,
Charles S Abrams6, Peter J Gruber2,7 & Jonathan A Epstein1,2

In the adult heart, a variety of stresses induce re-expression of a fetal gene program in association with myocyte hypertrophy

and heart failure. Here we show that histone deacetylase-2 (Hdac2) regulates expression of many fetal cardiac isoforms. Hdac2

deficiency or chemical histone deacetylase (HDAC) inhibition prevented the re-expression of fetal genes and attenuated cardiac

hypertrophy in hearts exposed to hypertrophic stimuli. Resistance to hypertrophy was associated with increased expression of the

gene encoding inositol polyphosphate-5-phosphatase f (Inpp5f ) resulting in constitutive activation of glycogen synthase kinase 3b
(Gsk3b) via inactivation of thymoma viral proto-oncogene (Akt) and 3-phosphoinositide-dependent protein kinase-1 (Pdk1). In

contrast, Hdac2 transgenic mice had augmented hypertrophy associated with inactivated Gsk3b. Chemical inhibition of activated

Gsk3b allowed Hdac2-deficient adults to become sensitive to hypertrophic stimulation. These results suggest that Hdac2 is an

important molecular target of HDAC inhibitors in the heart and that Hdac2 and Gsk3b are components of a regulatory pathway

providing an attractive therapeutic target for the treatment of cardiac hypertrophy and heart failure.

Heart disease is the leading cause of death in the United States, and
congestive heart failure (CHF) represents the final common pathway
of many forms of heart disease. Most therapies for CHF primarily
modulate hemodynamics, despite the fact that marked alterations in
cardiac myocyte gene expression, energy utilization and intracellular
signaling are well documented to be part of a vicious cycle that leads
to progressive worsening of cardiac function1–5.

A characteristic feature of CHF is the reactivation of a ‘‘fetal gene
program’’6, although the regulatory mechanisms that affect this
program are poorly understood. This transcriptional switch involves
the simultaneous regulation of numerous cardiac genes. High-order
regulation of gene transcription is at least partially controlled by a
complex array of modifications of core histones, proteins that complex
with DNA to form chromatin. Acetylation of histone tails results in
relaxation of chromatin structure and enhances gene expression.
Acetylation is mediated by histone acetyl transferases (HATs), and
the converse reaction, deacetylation, is mediated by histone deacety-
lases (HDACs) and generally results in repression of transcription7.
HDACs are composed of a highly conserved family, with homologs in
yeast and humans that fall into three subfamilies8. Mammalian class I

HDACs are related to the Saccharomyces cerevisiae proteins
Rpd3, Hos1 and Hos2, and include Hdac1, 2, 3 and 8. Mammalian
class II HDACs are related to the yeast proteins Hda1 and Hos3, and
include Hdac4, 5, 6, 7 and 9. Mammalian class III HDACs (Sirtuins)
are related to the yeast Sir2 protein. HDAC inhibitors such as
trichostatin A (TSA) and valproic acid inhibit both class I and class
II HDACs (ref. 9).

Recently, compelling biochemical and genetic evidence has indi-
cated that class II HDACs can regulate hypertrophic gene expression in
the heart10–13. Inactivation of Hdac5 and Hdac9 each result in a
predisposition to cardiac hypertrophy. Nuclear localization of class II
HDACs, and thus their ability to repress myocyte enhancer factor-2
(Mef2)-dependent hypertrophic gene expression, is regulated by
phosphorylation of critical serine residues that are conserved in class
II, but not class I, HDACs. These data indicate that class II HDACs
repress cardiac hypertrophy. However, our group and others have
provided evidence that treatment of animals or isolated cardiac
myocytes with HDAC inhibitors can block the hypertrophic response
to a series of pharmacologic and mechanical stresses14–17. Hence, we
postulated that class I HDACs might normally function in the heart to
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repress antihypertrophic pathways, although experimental evidence in
direct support of this suggestion is lacking15,18.

Here we directly examined the role of the class I HDAC gene Hdac2
during embryonic development and in the adult heart, by transgenic
overexpression and by gene inactivation. Hdac2-null mice were
unable to reactivate the fetal gene program or to exhibit normal
hypertrophic responses. Transgenic overexpression of Hdac2 in the
heart reactivated fetal genes and induced cardiac hypertrophy. Bio-
chemical analysis indicated that these responses were mediated by a
Gsk3b-dependent pathway.

RESULTS

Inactivation of Hdac2

Hdac2-deficient mice were created from a gene-trap embryonic
stem cell (ES) line (Fig. 1a,b and Supplementary Table 1 online).
Southern blot, PCR and sequence analysis revealed a partial deletion
of Hdac2, removing exons 9–14, which encode portions of the
catalytic domain. The fusion protein expected to result from the
gene trap would lack deacetylase activity. We confirmed that the gene-
trap insertion resulted in loss of wild-type Hdac2 expression, by
western blotting (Fig. 1c) and immunohistochemistry (Fig. 1d).
Notably, protein expression of myristoylated alanine-rich protein
kinase C substrate (Marcks), which is encoded by the gene located
immediately downstream of Hdac2, was not affected by the insertional
mutation (Fig. 1c).

Hdac2 was expressed throughout gestation and in adult mice
(Fig. 1e). At embryonic day (E)11.5–14.5, protein expression was
robust in myocardial nuclei (Fig. 1d,f,g), although expression was also
evident in the neural tube (Fig. 1d) and elsewhere. Hdac2 protein was
not evident in homozygous Hdac2�/� embryos (Fig. 1c,d).

Hdac2–/– pups were identified at birth and in the first postnatal
days, although some intrauterine loss was noted and occasional
resorbing fetuses were found at late gestation (Supplementary
Table 1). However, nearly half of the surviving Hdac2–/– pups

identified at birth succumbed during the first
25 postnatal days, whereas all wild-type and
heterozygous littermates survived (Fig. 2a).
Substantial postnatal lethality was confined to
the first month of age, after which the survi-
val curve paralleled that of wild-type mice.

Between postnatal days (P) 0 and 3, we could not distinguish
homozygous pups from heterozygous and wild-type littermates on
the basis of their appearance (Fig. 2b). By P10, homozygous mice were
smaller than wild-type mice and appeared lethargic (Fig. 2b). A
marked difference in body size was apparent through the first
month of life (Fig. 2b) but thereafter became less evident. By
2 months of age, homozygous mice were generally indistinguishable
from wild-type mice (Fig. 2b) and had equivalent body weights.
Normalization of body size and appearance was not due to a selection
bias or loss of affected homozygotes, as individual runted mice were
observed to normalize over time. Thus, loss of Hdac2 results in partial
perinatal lethality; surviving mice recover and appear grossly normal
after 2 months of age.

Perinatal cardiomyocyte defects

In Hdac2–/– mice, the most notable abnormalities were seen in the
heart. At E14.5, the hearts of Hdac2–/– mice appeared normal (Fig. 2c).
By late gestation and in the newborn period (P1, Fig. 2c), Hdac2–/–

hearts showed a thickened myocardial compact zone with reduced
trabeculation, which was evident through P8 (Fig. 2d). Although these
hearts were smaller than those of wild-type littermates at this age
(Fig. 2d), the overall size of Hdac2–/– mice was also smaller than that
of wild-type mice, such that the heart to body weight ratio was
increased in Hdac2–/– mice (mean ± s.e.m.: 0.865 ± 0.155 versus 0.661
± 0.094, n ¼ 6 in each group, P o 0.003). This increase is consistent
with the thickened ventricular wall and decreased ventricular cavity
size seen in Hdac2–/–hearts (Fig. 2d). Notably, the difference in heart
to body weight ratio disappeared after 2 months of age.

Cardiac enlargement can be caused by hypertrophy or hyperplasia
of cardiac myocytes. We did not observe any difference in myocyte cell
size by routine histology or electron microscopy. However, prolifera-
tion rates of cardiac myocytes in Hdac2–/– mice were elevated (Fig. 2c
and Supplementary Table 2 online), but no difference in the level of
apoptosis was noted (data not shown). At E15.5, we noted a slight
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increase in Ki67 staining, which became more apparent by P2
(Supplementary Table 2). Increased cell proliferation at P2 was
confirmed by phosphohistone H3 immunostaining (Fig. 2c and
Supplementary Table 2). Quantitative real-time PCR (qRT-PCR)
analysis of P1 heart tissue revealed alterations in fetal cardiac
isoform gene expression (Fig. 2e). Hdac2–/– hearts showed decreased
expression of the mRNAs encoding fetal b-myosin heavy chain
(b-MHC, also known as myosin heavy polypeptide 7, Myh7) and
a-skeletal actin (a-SA, also known as alpha skeletal actin 1,
Acta1), whereas the mRNA encoding a-myosin heavy chain
(a-MHC, also known as myosin heavy polypeptide 6, Myh6) was
upregulated (Fig. 2e).

We also observed abnormalities of myocyte maturation in Hdac2–/–

hearts. Electron microscopic evaluation at P10 of hearts from these
mice revealed increased numbers of mitochondria and abnormal
sarcomere structure (Fig. 2f). Sarcomere length was reduced
compared to hearts from wild-type mice (0.98 ± 0.20 versus 1.43 ±
0.02 mM, P o 0.01). Z-bands were broad and fuzzy in appearance
(Fig. 2f). Microarray analysis showed 7- to 100-fold downregulation
of genes encoding structural components of the sarcomere, including
cardiac myosin light chain and heavy chain, tropomyosin, troponin
and a-actinin (data not shown, see Supplementary Methods online).
These structural and gene expression changes were largely resolved by
P65 (Fig. 2f and data not shown). Cardiac function of Hdac2–/– mice
older than 2 months of age appeared normal, according to electro-
cardiogram (ECG)-gated magnetic resonance imaging (MRI) (ejection
fraction: 86% in wild-type mice versus 82% in Hdac2–/– mice,
n ¼ 2; cardiac output: 15.7 ml/min in wild-type mice versus
15.1 ml/min in Hdac2–/– mice, n ¼ 2) and echocardiography (ejection
fraction by Simpson’s method: 73.6%, n ¼ 5 in wild-type mice versus
76.8%, n ¼ 7 in Hdac2–/– mice).

Hdac2 regulates cardiac hypertrophy

Mice that lack the unusual homeobox gene Hod (also known as Hop)
exhibit a cardiac phenotype that overlaps with that described here for

Hdac2 mutants, characterized by abnormalities in the balance between
cardiac myocyte differentiation and proliferation19,20. Overexpression
of Hod in the adult heart causes cardiac hypertrophy, which can be
prevented by treatment with HDAC inhibitors15. Hence we sought to
determine if loss of Hdac2 would protect adult mice from developing
cardiac hypertrophy induced by Hod overexpression. We crossed
Hdac2+/–, Hod transgenic (Hod-Tg) mice with Hdac2+/– mice and
examined the heart to body weight ratios of offspring at P60. At this
time point, Hdac2 deficiency alone did not alter this measurement
from that in wild-type littermates (Fig. 3a). As reported previously,
transgenic expression of Hod resulted in significant cardiac hyper-
trophy (Fig. 3a and Supplementary Table 3 online). However, this
hypertrophic response was not apparent in Hod-Tg, Hdac2–/– mice
(Fig. 3a and Supplementary Table 3). Re-expression of the fetal
gene program, which normally accompanies Hod-induced cardiac
hypertrophy, was not evident in the Hdac2-deficient background.
Natriuretic peptide precursor type A (Nppa, encoding atrial natriuretic
factor, ANF) (encoding ANF), Myh7 (encoding b-MHC) and Acta1
(encoding a-SA) were all upregulated in Hod-Tg hearts, and this
upregulation was prevented by the absence of Hdac2 (Fig. 3b).
Likewise, Myh6 (encoding a-MHC) was significantly (P o 0.002)
downregulated in Hod-Tg hearts but was slightly increased in
Hod-Tg, Hdac2–/– littermates (Fig. 3c).

We sought to determine if adult mice lacking Hdac2 would be
resistant to isoproterenol (ISO)-induced and transaortic constriction
(TAC)-induced hypertrophy. Wild-type and Hdac2–/– littermates at
2 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 revealed by an increase in the heart to body weight
ratio (Fig. 3a). Similar effects were apparent for the ratio of heart
weight to tibia length, a measure of body size (Supplementary
Table 3). Transcripts for Nppa, Myh7 and Acta1 increased in
abundance (Fig. 3b), and those for Myh6 decreased (Fig. 3c). Hyper-
trophy of Hdac2–/– mice in response to ISO was not apparent
(Fig. 3a), and reactivation of the fetal gene program was not observed
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(Fig. 3b,c). Patchy areas of fibrosis apparent in the ventricles of wild-
type hearts treated with ISO were not evident in ISO-treated Hdac2–/–

hearts (Fig. 3d), and cellular hypertrophy, as demonstrated by wheat
germ agglutinin staining (WGA), was not evident (Fig. 3d). (ImageJ
quantification of myocyte cross sectional area was 106.9 mm2 for
Hdac2–/– mice, n ¼ 196, two hearts; 232.8 mm2 for wild type mice,
n ¼ 203, two hearts.) Wild-type mice that underwent TAC surgery
exhibited marked cardiac hypertrophy after 14 d, whereas there was no
hypertrophy in Hdac2–/– mice (Fig. 3a and Supplementary Table 3).

We used the Myh6 (encoding a-MHC) promoter to overexpress
Hdac2 in the adult heart, in order to determine whether Hdac2 is not
only necessary for hypertrophic responsiveness but also sufficient. We
confirmed overexpression by western blotting in two independent
transgenic lines. In both cases, heart to body weight ratios were
increased in transgenic mice by 4 weeks of age and increasing cardiac
hypertrophy was documented at 8 weeks (Fig. 4a). Reactivation of the
fetal gene program was also evident (Fig. 4b). Overexpression of
Hdac2 augmented the cardiac hypertrophy induced by overexpression
of Hod, such that compound transgenic mice (carrying one copy of
each transgene) had enormous hearts with significantly greater hyper-
trophy (P o 0.000003) than either transgenic line alone (Fig. 4c).
Thus, both loss- and gain-of-function experiments support a critical
role for Hdac2 in the regulation of cardiac hypertrophy.

Hdac2 regulates Inpp5f and Gsk3b
Although alternative mechanisms of action have been described21,22,
HDACs commonly function as transcriptional corepressors. There-
fore, we examined the genes upregulated in Hdac2-deficient hearts

that could be implicated in growth control. Among other upregulated
genes identified by microarray analysis (data not shown), we detected
a previously described, though poorly characterized, gene encoding
phosphatidylinositol-4,5-bisphosphate (PIP2) and phosphatidyl
inositol-3,4,5-trisphosphate (PIP3) phosphatase, named Inpp5f
(refs. 23,24). PIP3 levels are critical for regulation of the phosphati-
dylinositol-3-kinase (PI3K)-Akt pathway, which is important for
growth control in many systems including the heart, where it has
been previously implicated in hypertrophic signaling25. The Inpp5f
transcript was upregulated 2.2-fold (assessed by qRT-PCR) in
Hdac2–/–hearts (Fig. 5a), whereas it was significantly (P o 0.0001)
downregulated in Hdac2-Tg hearts (Fig. 5a). Downregulation of
Inpp5f was not seen in transgenic mice overexpressing Hdac1
or Hdac3 in the heart, and these mice did not develop cardiac
hypertrophy (Supplementary Fig. 1 online). In cultured H9c2 rat
ventricular myocytes, treatment with the HDAC inhibitor TSA
resulted in upregulation of Inpp5f, whereas overexpression of Hdac2
caused Inpp5f to be downregulated (Supplementary Fig. 2 online).
Inpp5f removes the 5¢-phosphate from PIP3 (ref. 24) and can affect
the Akt pathway: indeed, transfection of Inpp5f resulted in down-
regulation of phospho-Akt and phospho-Gsk3b in H9c2 cells
(Fig. 5b) and in COS-7 cells (data not shown). This effect was readily
apparent despite an estimated transfection efficiency of 50%. Trans-
fection of an alternatively spliced isoform that is expressed in a tissue-
specific fashion23 but is predicted to lack phosphatase activity had no
effect on Akt and Gsk3b phosphorylation (data not shown). Further-
more, the decrease in Akt and Gsk3b phosphorylation induced
by Inpp5f overexpression was reversed by co-transfection with a
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constitutively activated Akt (caAkt) (Fig. 5b), suggesting that Akt is
functioning downstream of Inpp5f and is capable of regulating Gsk3b.
Knockdown of Inpp5f in H9c2 cells with siRNA resulted in enhanced
Akt phosphorylation (Fig. 5c). Thus, Inpp5f is upregulated in the
absence of Hdac2 and is downregulated when Hdac2 is overexpressed,
and Inpp5f is capable of modulating the Akt-Gsk3b pathway.

Numerous hypertrophic stimuli, including b-adrenergic agonists,
result in phosphorylation of Akt and Gsk3b, with resultant inactiva-
tion of Gsk3b (refs. 25–29). The ability of Hdac2 to regulate Inpp5f
suggests that signaling downstream of PI3K might be attenuated in the
hearts of Hdac2-deficient mice subjected to hypertrophic stimulation.
Under basal conditions, Hdac2–/– hearts showed decreased Akt and

Gsk3b phosphorylation, although total levels
of these kinases were unchanged (Fig. 5d).
Levels of phospho-mammalian target of rapa-
mycin (mTOR), forkhead box O3A

(FoxO3A) and forkhead box O1 (FoxO1) were also reduced, consis-
tent with downregulation of the Akt pathway, whereas levels of
phospho-protein kinase A (Pka), protein kinase C (Pkc) and integ-
rin-linked kinase (Ilk) were unchanged (Fig. 5d and Supplementary
Fig. 3 online). We also found a notable difference in the response to
ISO between wild-type and Hdac2–/– littermates: Hdac2–/– hearts
contained far less of the phosphorylated forms of Akt and Pdk1
(Fig. 5e). Phosphorylation of the downstream kinase Gsk3b was also
significantly reduced, despite no change in the total levels of these
proteins Fig. 5e). PI3K is an upstream activator of the Akt-Pdk1-
Gsk3b pathway and the phosphatase and tensin homolog (Pten)
opposes PI3K-mediated activation of the pathway. However, no
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with siRNA to knockdown expression of Inpp5f, and total and phosphorylated Akt levels were measured by western blotting.
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change was seen in the phosphorylation status of the p85 subunit of
PI3K (Fig. 5e) or in PI3K activity (data not shown), or in Pten
activation (Fig. 5e). Hence, loss of Hdac2 regulates this pathway
downstream of PI3K but upstream of Akt-Pdk1-Gsk3b, consistent
with our finding of upregulated Inpp5f expression.

Chemical HDAC inhibitors, like the genetic ablation of Hdac2,
promote resistance to hypertrophic stimuli15–17. We sought to deter-
mine if the HDAC inhibitor TSA might function in the heart by
causing activation of Gsk3b. We noted a substantial decrease in Gsk3b
phosphorylation in hearts of mice treated for 2 weeks with daily
intraperitoneal injections of TSA at doses sufficient to impair hyper-
trophic responsiveness (Fig. 5f). Taken together, these results suggest
that Hdac2 inactivation and TSA treatment each result in activation of
Gsk3b, which may be sufficient to account for the observed resistance
to cardiac hypertrophy in these models given the established role of
Gsk3b in hypertrophic signaling26–29.

Biochemical changes observed in Hdac2-Tg hearts were precisely
opposite those seen in Hdac2–/– hearts. We noted a marked increase in
levels of phosphorylated Akt, phospho-Pdk1 and phospho-Gsk3b
(Fig. 5g), associated with decreased Inpp5f levels. Hence, Hdac2 is
both necessary and sufficient to modulate Akt and Gsk3b activity and
cardiac hypertrophy. Further support for the hypothesis that Akt
regulates Gsk3b in this tissue derives from experiments in which we
isolated cardiac myocytes from Hdac2-Tg mice. After primary culture,
these cells continued to show increased phosphorylation of Akt and
Gsk3b (Fig. 6a). However, infection of these cells with an adenovirus
encoding a dominant-negative Akt (dnAkt) reduced both phospho-
Akt and phospho-Gsk3b levels (Fig. 6a). In H9c2 myocytes, over-
expression of Hdac2 increased Akt and Gsk3b phosphorylation
(Fig. 6b), presumably via downregulation of Inpp5f expression
(Fig. 5a and Supplementary Fig. 2). Consistent with this model,

co-transfection with Inpp5f prevented Hdac2-mediated upregulation
of Akt and Gsk3b phosphorylation (Fig. 6b).

To determine if constitutive activation of Gsk3b is the primary
cause of resistance to hypertrophy in Hdac2–/– mice, we tested the
ability of a chemical Gsk3b inhibitor to restore hypertrophic respon-
siveness to Hdac2–/– mice. We treated 2-month-old mice with daily
intraperitoneal injections of (2¢Z,3¢E)-6-bromoindirubin-3¢-oxime
(BIO), a Gsk3b-specific inhibitor, for 2 weeks, or with the kinase-
inactive control compound 1-methyl-BIO. We documented that
treatment with BIO effectively inhibited Gsk3b in vivo, by examining
the ratio of phospho-Gsk3b to total Gsk3b in heart extracts, as Gsk3b
is known to undergo N-terminal autophosphorylation upon catalytic
inhibition30. Treatment with BIO resulted in a significant increase of
Gsk3b phosphorylation as compared to treatment with the control
compound (B73% increase in phosphorylated Gsk3b, Fig. 6c).
Treatment with either compound did not result in substantial changes
in heart to body weight ratio in wild-type or Hod-Tg mice (Fig. 6d
and Supplementary Table 3). Notably, BIO treatment of ISO-treated
Hdac2–/– mice restored their ability to undergo hypertrophy (Fig. 6d).
Likewise, Hod-Tg mice on an Hdac2–/– background, which did not
show hypertrophy under baseline conditions (Fig. 3a), showed sig-
nificantly increased heart to body weight ratios when exposed to
Gsk3b inhibition (Fig. 6d). Taken together, these results indicate that
inhibition of Gsk3b is sufficient to abolish the antihypertrophic effects
of Hdac2 deficiency, thus demonstrating the functional significance of
Akt-Pdk1-Gsk3b signaling in Hdac2-deficient hearts.

DISCUSSION

The role of the HDAC family in cardiac myocyte homeostasis is
complex10,12. The available data suggest that class I and class II HDACs
play opposing roles in the regulation of hypertrophic pathways.

Hd
ac
2
+/

+

Con
tro

l

Con
tro

l +
 IN
PP
5F

Hd
ac
2 

+ 
IN
PP
5F

Hd
ac
2Hd

ac
2-

Tg

Hd
ac
2-

Tg 
+ 

dn
Ak
t

Hd
ac
2
+/

+  +
 d

nA
kt

Hd
ac
2
+/

+  +
 co

nt
ro

l

Hd
ac
2
+/

+  +
 G

sk
3β i

nh
ibi

to
r

(B
IO

)

(1
-m

et
hy

l-B
IO

)

Phospho-Akt

Phospho-Gsk3β

Total Gsk3β

α-tubulin

Total-Akt

Phospho-Akt

Phospho-Gsk3β

Total Gsk3β

Phospho-Gsk3β

Total Gsk3β

α-tubulin

Total-Akt

10

8

6

H
ea

rt
/b

od
y 

w
ei

gh
t r

at
io

 (
m

g/
g)

4

2

0
ISO: – – – – – – – –+ + + +

– +

Hdac2 +/+ Hdac2 –/– Hod-Tg Hod-Tg +
Hdac2 –/–

– + – + – +– + – +Gsk3β
inhibitor

NS NS

NS
P < 0.001

P < 0.002

P < 0.001

P < 0.001

PI 4P
PI3K

Pten Inpp5f
P P P P

P PP

Inpp5f

PI-
4,5P2

Pdk1

Hypertrophy

Hdac2

Inpp5f

Inpp5f gene

Gsk3β
elF2b
c-Myc
Gata4

β-catenin

Akt

PI-3,
4,5P3

PI-
3,4P2

a

d e

b c

P

Figure 6 Gsk3b inhibition rescues resistance

to cardiac hypertrophy in Hdac2-null mice.

(a) Western blot analysis of cardiac myocytes

isolated from wild-type and Hdac2-Tg mice, either

infected or not with dnAkt. (b) Western blot

analysis of H9c2 cells with or without transfection

of Hdac2 and INPP5F expression vectors.

(c) Mice treated with a Gsk3b inhibitor or a

kinase-inactive control compound were assayed

for cardiac Gsk3b phosphorylation. (d) Mice of

the indicated genotypes were subjected to saline

or ISO infusion and were treated with Gsk3b
inhibitor (+) or kinase-inactive control (–) for

14 d. Heart to body weight ratios (± s.d.) were

determined. Representative images of explanted
hearts are shown. See Supplementary Table 3

for details. (e) Model of Hdac2 function in

hypertrophic signaling. PI3K phosphorylates the

membrane PIP2 at the 3¢ position of the inositol

ring, thus producing PIP3. This reaction is

reversed by Pten. Accumulation of PIP3 leads

to recruitment of the protein kinase Akt and its

activator Pdk1 to the cell membrane. Activated

Akt and Pdk1 inactivate Gsk3b by causing its

phosphorylation. This relieves inhibition of several

hypertrophic signaling pathways leading to cardiac

hypertrophy. Hdac2 suppresses Inpp5f expression.

As Inpp5f can remove the 5¢ phosphate from PIP2

and PIP3, Hdac2 deficiency would deplete PIP3,

resulting in decreased Akt signaling, increased

Gsk3b activity and resistance to hypertrophic

stimulation. NS, not significant. All western blots

were performed at least twice with similar results.
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Class II HDACs function to repress hypertrophy11,13, whereas Hdac2,
a class I HDAC, is required for at least some hypertrophic responses.
Pharmacologic inhibitors that block catalytic activity of both class I
and class II HDACs prevent hypertrophic responses in both isolated
myocytes and intact mice14,15, suggesting that the predominant targets
of these chemical inhibitors are class I HDACs. Our data suggest that
Hdac2 is likely to be a major molecular target of HDAC inhibitors in
the heart, although we cannot rule out partially redundant functions
of other class I HDACs. These observations have clinical significance
because HDAC inhibitors are in phase 1 and phase 2 clinical trials for
the treatment of cancer, and cardiac side effects may emerge9,31,32.
These results also suggest that Hdac2 inhibition may be useful for the
treatment of cardiac hypertrophy and heart failure.

The phenotype of Hdac2-deficient mice partially overlaps with that
of Hod-deficient mice19,20. Inactivation of either gene leads to partially
penetrant embryonic lethality, with abnormalities of myocyte prolif-
eration and differentiation apparent during late gestation. Both genes
play a role in the hypertrophic response of the adult myocardium, and
overexpression of either induces hypertrophy. These observations are
consistent with the proposal that Hod and Hdac2 are components of a
transcriptional repression complex15. Thus cardiac hypertrophy
induced by overexpression of Hod is rescued by inactivation of
Hdac2. However, significant differences in the knockout phenotypes
exist, and both Hod and Hdac2 are likely to have functions that are
unrelated to their roles within a shared complex.

We observed that Hdac2 modulates an intracellular signaling
cascade downstream of PI3K. As HDACs normally function as
repressors of transcription, the activation of this kinase cascade
suggests that Hdac2 may repress expression of a phosphatase, and
our discovery of Hdac2 regulation of Inpp5f is consistent with this
hypothesis. Thus our data support a model in which Hdac2 regulation
of Inpp5f modulates PIP3 levels in the heart and thereby affects the
degree to which hypertrophic signals are transmitted via the PI3K-
Akt-Gsk3b pathway (Fig. 6e). Like Pten, Inpp5f degrades PIP3:
whereas Pten removes the 3¢ phosphate of PIP3, Inpp5f removes the
5¢ phosphate. This functional similarity to Pten implicates Inpp5f as a
candidate tumor suppressor gene. Notably, Inpp5f maps to a pre-
viously identified tumor suppressor locus33,34. Thus, the ability of
Hdac2 to regulate Inpp5f may be relevant to the mechanism of action
of HDAC inhibitors as therapeutic agents in cancer35. It is worth
noting that a recent report indicates that HDAC inhibition in cancer
cells results in activation of Gsk3b (ref. 36).

Alternative functions of Hdac2, unrelated to chromatin remodeling
and transcriptional repression, remain as possible causes of Gsk3b
activation. Substrates for deacetylation, in addition to histones, have
been well described37, and functions unrelated to catalytic activity may
also exist. Thus it will be critical in future experiments to determine
whether the catalytic activity of Hdac2 is required for its normal
function in the heart and to identify the relevant substrates. In this
regard, it remains possible that the fusion protein produced by the
gene-trap insertion in our Hdac2-mutant mice retains an unrecog-
nized functional activity despite loss of the catalytic domain, resulting
in a hypomorphic allele, although an independent function of the
residual N-terminal domain has not been previously described.

Reactivation of the fetal gene program is a clinically and experi-
mentally useful hallmark of cardiac hypertrophy. Our results,
demonstrating altered expression of fetal sarcomere isoforms in
Hdac2-deficient embryos and a failure to reactivate fetal gene expres-
sion under hypertrophic stress, suggest that the genetic programs that
regulate the balance between fetal myocyte proliferation and differ-
entiation may be closely related to the programs that regulate cardiac

myocyte size in the postmitotic adult myocardium. The finding that
Hdac2 regulates this program without affecting basal adult cardiac
function implicates Hdac2 as an attractive therapeutic target for
interventions to prevent pathologic responses without altering basal
cardiac activity.

METHODS
Hdac2–/– knockout mice. The Hdac2 gene-trap clone was obtained from the

German Genetrap Consortium (ES clone no. W035F03). The Hdac2 genomic

locus is interrupted by insertion of the pT1-bgeo vector, which integrated into

intron 8. Chimeric mice were produced by blastocyst injection according to

standard protocols. Mice were genotyped by Southern blotting and PCR.

Hdac2+/+ and Hdac2–/– mice were genotyped by PCR using 5¢-TGCTG

CAGTGTGGCGCAGACTCC-3¢, 5¢-GCGCTGACATGGCAACAAACTACTCA

TGG-3¢, 5¢-CTGGAGAAGGCCCGACCATCC-3¢ and 5¢-CATGCGCTGCCAC

ATGCAACTTTGC-3¢ primers. The loss of Hdac2 expression was confirmed

with immunostaining using a rabbit polyclonal antibody targeted to the

C terminus of Hdac2 (Zymed, 51-5100). Histological sections were stained

with wheat germ agglutinin (Sigma). Hod-Tg have been described15.

Hdac2-transgenic mice. A cDNA encoding mouse Flag-tagged Hdac2 was

cloned into an expression plasmid containing the Myh6 (encoding a-MHC)

promoter, and transgenic mice were generated by standard techniques. Geno-

typing was performed by PCR analysis of genomic DNA, and cardiac specific

expression of Hdac2 was revealed by qRT-PCR, immunohistochemistry or

western blot analysis using antibodies to Flag tag (Sigma), GFP (Cell Signaling)

or Hdac2 (Zymed). Hdac1 and Hdac3-Tg mice were generated in a

similar fashion.

Treatment with isoproterenol, trichostatin A and a Gsk3b inhibitor. Iso-

proterenol (Sigma, I5627) was delivered to 8- to 10-week-old mice by

implanting a micro-osmotic pump (Alzet, Durect; model 1002) subcutaneously

under pentobarbital anesthesia. ISO (30 mg/kg/d) or vehicle (Dulbecco’s

phosphate buffered saline, Gibco) was infused subcutaneously for 14 d. Mice

were given the Gsk3b inhibitor (2¢Z, 3¢E)-6-bromoindirubin-3¢-oxime (BIO,

Calbiochem, 361550, 300 ml of a 50 mM solution prepared in DMSO:PBS 2:1

per day) or a control compound (1-methyl-BIO, Calbiochem, 361556) at an

equivalent dose by daily intraperitoneal injection for 14 d. This dose of active

compound was chosen by performing a dose response test and selecting

the minimal dose necessary to induce maximal Gsk3b phosphorylation. TSA

(0.6 mg/kg/d) was administered as described15, daily for 14 d.

Transverse aortic constriction (TAC). Mice were anaesthetized with a mixture

of ketamine (100 mg/kg) and xylazine (2.5 mg/kg). Visualization of the aortic

arch was gained by left anterior thoracotomy. TAC was created using a 7–0

suture tied around the aorta and a 27-gauge needle in the region of the arch

located between right and left carotid arteries. The needle was then gently

retracted, yielding a 60–80% constriction with an outer aortic diameter of

approximately 0.3 mm (ref. 38). The sham procedure was identical except that

the aorta was not ligated. Simultaneous catheterization and direct pressure

recordings (using ADInstruments 1.4 F pressure catheter model # SPR-671) of

both the right carotid artery and abdominal aorta in control mice (n ¼ 5)

indicated a pressure gradient of 59 ± 11 mm Hg (mean ± s.d.) using this

technique. Mice were allowed to recover and were killed 14 d after surgery. All

procedures involving mice were approved by the University of Pennsylvania

Institutional Animal Care and Use Committee.

Magnetic resonance imaging and echocardiography. EKG-gated MRI of live

intubated and sedated (1% isoflurane) mice was performed using a 4.7-Tesla,

horizontal-bore spectrometer with an elliptical surface coil as described39. For

echocardiography, chest hair was removed and mice were anaesthetized using

an integrated isoflurane-based system. In brief, mice were first allowed to

inhale 2% isoflurane in a glass chamber, then intubated via nose cone with

1–1.5% isoflurane to maintain anesthesia. The mice were kept warm on a

heated platform, and temperature and ECG were continuously monitored.

Images were obtained using a Vevo 770 VisualSonic scanner equipped with a

30-MHz probe.
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Western blotting and transfections. We used antibodies to Hdac2 (1: 200

dilution, Zymed), a-tubulin, (1:5,000 dilution, Sigma, T6199), a-actinin

(1:1,000 dilution, Sigma, A7811), MARCK (1:1,000 dilution, Chemicon,

AB5427), cyclophillin-A (1:1,000 dilution, Ambion, 7375), phospho-Gsk3b
(Ser 9), total Gsk3b, phospho-Akt (Ser 473), total Akt, phospho-Pdk1

(Ser 241), total Pdk1, phospho-mTOR, total mTOR, phospho-FoxO3A

(1:1,000 dilution, Cell Signaling) and phospho-FoxO1 (Upstate). Primary

antibody binding was visualized by using the Westernbreeze Kit (Invitrogen)

according to the manufacturer’s instructions. The INPP5F human cDNA clone

was obtained from Invitrogen (97002RG). dnAkt and caAkt adenovirus con-

structs have been described40,41. Cells were infected with dnAkt or caAkt adeno-

virus (50 particles/cell) for 12 h. H9c2 (ATCC # CRL-1446) and COS-7 cells

were transiently transfected with or without INPP5F and harvested 24 h after

transfection for western blot analysis. Inpp5f siRNA (L-059393-00) was

obtained from Dharmacon and transfected into H9c2 cells using RNAiMax

(Invitrogen) according to the manufacturer’s protocol. Efficient (74.5% ± 6.7%,

n ¼ 6) knockdown of Inpp5f with Inpp5f siRNA was verified by real-time

quantitative PCR. Mock-transfected cells served as the negative control.

Statistics. Comparison of survival rates was performed by Kaplan-Meier analysis

with PRISM software (GraphPad). 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 o 0.05.

Database accession numbers. Genbank: NM_008229 (Hdac2); U71441

(a-MHC promoter).

Note: Supplementary information is available on the Nature Medicine website.
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