Histone deacetylases 1 and 2 redundantly
regulate cardiac morphogenesis, growth,
and contractility
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Histone deacetylases (HDACs) tighten chromatin structure and repress gene expression through the removal
of acetyl groups from histone tails. The class I HDACs, HDAC1 and HDAC2, are expressed ubiquitously, but
their potential roles in tissue-specific gene expression and organogenesis have not been defined. To explore the
functions of HDAC1 and HDAC2 in vivo, we generated mice with conditional null alleles of both genes.
Whereas global deletion of HDACI1 results in death by embryonic day 9.5, mice lacking HDAC2 survive until
the perinatal period, when they succumb to a spectrum of cardiac defects, including obliteration of the lumen
of the right ventricle, excessive hyperplasia and apoptosis of cardiomyocytes, and bradycardia. Cardiac-specific

deletion of either HDAC1 or HDAC2 does not evoke a phenotype, whereas cardiac-specific deletion of both
genes results in neonatal lethality, accompanied by cardiac arrhythmias, dilated cardiomyopathy, and
up-regulation of genes encoding skeletal muscle-specific contractile proteins and calcium channels. Our
results reveal cell-autonomous and non-cell-autonomous functions for HDAC1 and HDAC?2 in the control of
myocardial growth, morphogenesis, and contractility, which reflect partially redundant roles of these enzymes

in tissue-specific transcriptional repression.
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Chromatin-modifying enzymes control gene expression
through reversible post-translational modifications of
histone tails within nucleosomes (Jenuwein and Allis
2001). Histone acetyltransferases catalyze the transfer of
acetyl groups from acetyl coenzyme A to e-amino groups
of lysine residues of histone tails. Acetylation results in
a loss of positive charge, relaxing chromatin structure
and allowing access of transcription factors to their
target genes (Roth et al. 2001). Histone deacetylases
(HDACS) oppose the activity of histone acetyltransfer-
ases by catalyzing the removal of acetyl groups from his-
tone tails, resulting in compaction of chromatin and tran-
scriptional repression (Grozinger and Schreiber 2002).
There are four classes of HDACs that comprise an an-
cient enzyme family conserved from bacteria to humans
(Gregoretti et al. 2004). Class [HDACs (HDAC1, HDAC2,
HDAC3, and HDACS) are highly homologous to the
yeast HDAC RPD3 and are ubiquitously expressed (Yang
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et al. 1997). The class II HDACs (HDAC4, HDACS,
HDAC7, and HDAC9) are homologous to the yeast pro-
tein HDA1 and are enriched in muscle and neural tissues
(Grozinger et al. 1999; Verdin et al. 2003). Class II
HDAC:s regulate tissue growth through signal-dependent
repression of MEF2 and other transcription factors (Mc-
Kinsey et al. 2000). Class IIl HDACs, or sirtuins, require
NAD for deacetylation and are related to the yeast re-
pressor Sir2 (Grozinger and Schreiber 2002). Class IV
HDACSs, a recently identified family of deacetylases,
share homology with human HDACI11 (Gao et al. 2002).

The functions of class I HDACs in mammals have
been largely inferred from studies in cultured cells, but
relatively little is known of their potential roles in vivo.
HDACI1 and HDAC?2 share 85% amino acid homology
and are found together in almost all repressive transcrip-
tional complexes (Grozinger and Schreiber 2002). Mouse
embryos deficient in HDACI die before embryonic day
10.5 (E10.5) due to proliferative defects (Lagger et al.
2002), precluding an analysis of its potential functions
later in development or after birth. An HDAC2 mutant
mouse generated from a lacZ insertion was recently re-
ported to be viable (Trivedi et al. 2007), although as dis-
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cussed below, our findings differ from the conclusions of
that study.

To examine the functions of HDACI1 and HDAC2 in
vivo, we generated mice with conditional null alleles for
both genes. We show that global deletion of HDAC2 re-
sults in perinatal lethality with severe cardiac defects
that appear to reflect a non-myocyte-autonomous func-
tion of HDAC?2, since cardiac-specific deletion of either
HDAC1 or HDAC2 alone has no discernable effect on
cardiac function. However, cardiac deletion of both
HDACI1 and HDAC2 genes results in dilated cardiomy-
opathy, arrhythmias, and neonatal lethality, accompa-
nied by up-regulation of genes encoding skeletal muscle-
specific myofibrillar proteins and calcium channels. Our
findings suggest that HDAC1 and HDAC?2 are function-
ally redundant in cardiac growth and development and
maintain cardiomyocyte identity and function, at least in
part, through repression of genes encoding skeletal muscle-
specific myofibrillar proteins and calcium channels.

Results

Conditional deletion of HDAC1

The mouse HDAC1 gene contains 14 exons and spans 30
kb of DNA (Khier et al. 1999). We generated a condi-
tional null allele of HDAC1 by introducing loxP sites
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upstream of exon 5 and downstream from exon 7
through homologous recombination in embryonic stem
(ES) cells (Fig. 1). This deletion eliminates several key
histidine and aspartic acid residues required for catalytic
activity (Hassig et al. 1998). Mice heterozygous for this
HDAC17°1ox g]]lele were bred to females expressing a
CAG-Cre transgene, which deletes in the germline
(Sakai and Miyazaki 1997), resulting in an HDACI*/~
allele. HDAC1*~ mice were intercrossed to generate
HDACI1™~ mice on a 129/C57BL/6/CD1 mixed genetic
background. Homozygosity of the HDAC1-null allele re-
sulted in embryonic lethality before E9.5, consistent
with a prior description of the global HDAC1 gene dele-
tion (Fig. 1D; Lagger et al. 2002).

HDAC17°°<P mjice were bred to FLPe transgenic ani-
mals to delete the neomycin cassette (Rodriguez et al.
2000), resulting in an HDAC1'*" allele (Fig. 1A). We
deleted HDACI1 specifically in the heart by breeding ho-
mozygous HDAC1*F/1°xP mice to transgenic mice ex-
pressing Cre recombinase under the control of the
a-myosin heavy chain (« MHC) promoter, which is ex-
pressed in differentiated cardiomyocytes pre- and post-
natally (Agah et al. 1997). HDAC1!xF/1oxP, o MHC-Cre
mice were phenotypically normal and displayed no car-
diac abnormalities (Fig. 2A). HDAC1 immunostaining of
cardiomyocytes isolated from HDACI1!oxP/1oxP, o MHC-
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Figure 1. Generation of a conditional
HDACT allele. (A) Strategy to generate a
conditional HDAC1 allele. Protein, cor-
responding exonic structure, targeting
vector, and targeted allele are shown.
loxP sites were inserted into introns 4
and 7 through homologous recombina-
tion. The neomycin resistance cassette,
flanked by FRT sites, was removed by
crossing to transgenic animals expressing
hACTB::FLPe in the germline. Cre-medi-
ated excision results in one JoxP site in the
place of exons 5-7. (B) Southern blot analy-
sis of agouti offspring from chimera/
C57BL/6 intercrosses from targeted ES
cells. Tail DNA was digested with EcoR],
and the corresponding wild-type (~14 kb)
and targeted (~9.5 kb) bands are indicated
for the 3’ probe. (C) Genotyping of
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third primer downstream from the 3’ loxP
site. Global deletion by CAG-Cre removes
the primer within the loxP sites, result-
ing in one ~550-bp product for the
HDAC1floxed/floxed animals. (D) Wild-type
and HDAC1!%"/1oxP. CAG-Cre mutant em-
bryos at E9.5. Recapitulation of the previ-
ously reported global KO is shown.
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Figure 2. Cardiac-specific deletion of HDACI. (A) Wild-type
and HDAC1!¥/1oxP, o MHC-Cre mice at 6 wk of age. Cardiac-
specific deletion of HDACI was achieved by crossing
HDAC1!°%P/1oxP mice to mice harboring a transgene for « MHC-
Cre. Hematoxylin and eosin (H&E)-stained hearts at 6 wk of age
show no gross abnormalities. (B) Immunostaining for HDAC1
(green) and «-actinin (red) on cardiomyocytes isolated from
wild-type and HDAC1"0X"/10x?, « MIHC-Cre neonatal mice. Note
cardiac fibroblasts positive for HDACI that are negative for
«-actinin. Immunostaining for HDAC1 in Cre-positive myo-
cytes shows no positive staining for HDACI1. (C) Transcript
analysis of cardiac-specific deletion of HDACI1. Transcript lev-
els were analyzed by semiquantitative RT-PCR for HDACs 1-5
and HDACs 7-9. GAPDH levels were detected as a control.
HDACI1 transcript levels are not entirely lost due to high ex-
pression in contaminating cardiac fibroblasts, as seen in B.
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Cre mice revealed no nuclear staining in cardiomyocytes
positive for a-actinin, confirming efficient recombina-
tion in vivo (Fig. 2B).

RT-PCR on RNA isolated from the hearts of
HDAC1!oxP/1exP o MIHC-Cre mice confirmed the reduc-
tion in expression of the HDAC]1 transcript (Fig. 2C);
residual transcript in the heart likely arises from fibro-
blasts and other nonmyocytes in which the aMHC-Cre
transgene is not expressed. Other class I HDAC levels
were unchanged in the hearts of HDAC17*"/1xF, « MHC-
Cre mice (Fig. 2C), suggesting basal expression of other
class  HDAC:s is sufficient to compensate for the loss of
HDACI1. We also deleted HDAC1 in the neural crest,
skeletal muscle, central nervous system, endothelium,
smooth muscle, and secondary heart field using the ap-
propriate Cre transgenic lines (Supplementary Table 1).
All of these mutant mice were viable.

Conditional deletion of HDAC2

Given the persistent expression of other class I HDACs
in the hearts of HDAC1!*/1oxP. o MHC-Cre mice and
the high homology between HDAC1 and HDAC2, we
addressed the possible functional redundancy of these
HDACSs by generating a conditional allele for HDAC?2.
We introduced loxP sites upstream of exon 2 and down-
stream from exon 4 of the mouse HDAC?2 gene, which
contains 14 exons and spans 36 kb (Fig. 3A,B). This mu-
tation deletes a portion of the oligomerization domain
and residues in the catalytic domain required for enzy-
matic activity (Hassig et al. 1998). Mice heterozygous for
the HDAC2m 1P gqllele were crossed to CAG-Cre
transgenic mice (Sakai and Miyazaki 1997) to generate
an HDAC2*~ allele, and HDAC2*/~ mice were inter-
crossed to generate HDAC2~/~ mice on a 129/C57BL/6/
CDI1 mixed genetic background. HDAC2~/~ mice were
born at near expected Mendelian ratios; however, 100%
of null mice derived from two independent ES cell clones
became cyanotic and died within the first 24 h after birth
(Fig. 3C). At birth, HDAC2/~ offspring were indistin-
guishable from wild-type littermates, but most failed to
nurse and even those that did nurse succumbed within
the same time period as mutants that lacked milk in
their stomachs. The complete lethality of these HDAC2-
null mice contrasts with the conclusions of a recent
study reporting that the majority of mice homozygous
for a lacZ insertion mutation in HDAC2, reputed to be a
null allele, were viable (Trivedi et al. 2007).

RT-PCR using primers upstream of and downstream
from the loxP sites showed a complete absence of
HDAC2 mRNA encoding exons 2-4 in the homozygous
HDAC?2 mutant animals, whereas primers downstream
from the IoxP sites revealed nearly normal levels of tran-
script in the mutant mice (Fig. 3D). Sequencing of the
mutant transcript showed two splice variants of the mu-
tant HDAC2 allele, an in-frame transcript from exon 1 to
exon 5 and an out-of-frame transcript from exon 1 to
exon 6. However, we were unable to detect any expres-
sion of mutant HDAC2 protein from lung or heart tissue
by Western blot using an HDAC2 antibody against the C
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Figure 3. Generation of a conditional HDAC2
allele. (A) Strategy for targeting of HDAC2. Ex-
onic structure, targeting vector, and targeted al-
lele for HDAC2 are shown. loxP sites were intro-
duced upstream of exon 2 and downstream from
exon 4. Flanking FRT sites allowed for the neo-
mycin resistance cassette to be removed by
crossing to FLPe recombinase transgenic ani-
mals. Cre excision results in one loxP site in the

noaczor iHB0- B3B8 o ii-iz—is-id- place of exons 2-4. Probes for Southern analysis
loxP loxP and primer positions for RT-PCR are shown. (B)
Cro-Mettated Southern blot analysis for HDAC2. Tail DNA
i from agouti offspring was digested with Sacl and
i i V probed with the indicated 3’ probe. Wild-type
noaczee: —1H——E-I—HE—8d-2—s-—— (7.5 kb) and targeted (5 kb) bands indicate proper
loxp transmission of targeted allele. (C) Table of off-
o spring from HDAC2 heterozygous intercrosses.
B 3 c D HDAC2-null mice were born at near Mendelian
e ratios, but showed 100% lethality within the
}, E first 24 h. (D) Transcript analysis of HDAC2 by
wr7sko—B o PO 127 | 245 [112(23%)| 484 sr-6n [ RT-PCR. Genotypes of animals are shown at top,
Targeted 5 kb — P1 a7| ™| o 126 aaroH and primer positions from A are shown to the
left. GAPDH levels were detected as a control. (E)
i e Western blot analysis to show deletion of
E e _lung___ F  voact o HDAC2. Western blot analysis on heart and lung
i e SR R O HDAC3 e tissue isolated from P1 wild-type, heterozygous,
noacz (SN H- | QLU — — | and HDAC2 homozygous-null neonates. eIF5
oIFS i w——— —— HpAcs k] was detected as a loading control. (F) Transcript
HDACT el analysis on HDAC2-null mice. mRNA transcript
HDACe e levels were analyzed by semiquantitative RT—
QLG — — | PCR for HDACs 1, 3-5, and 7-9. GAPDH was
GAPDH el detected as a control.

terminus (Fig. 3E), suggesting that the truncated mRNA
is inefficiently translated or the truncated protein is un-
stable. Other class I and II HDACs were expressed at
normal levels in the hearts of HDAC2-null mice (Fig. 3F).

Cardiac abnormalities in HDAC2 mutant neonates

Histological analysis of wild-type and HDAC2™/~ neo-
nates revealed no obvious defects in the brain, liver,
lung, or skeletal muscle (data not shown). However, the
hearts of mutant mice displayed unusual morphological
abnormalities of the right ventricular chamber (Fig. 4A).
In some HDAC2 mutant neonates, there was an almost
complete loss of the right ventricular lumen, as revealed
by serial sectioning of the heart. In other mutant hearts,
we observed the right ventricle to be completely dorsal
to the left ventricle. In addition, the interventricular sep-
tum was thickened in all mutant hearts (Fig. 4A). Gross
observation and serial sections of E18.5 and postnatal
day 1 (P1) pups indicated proper partitioning of the great
vessels and closure of the ductus arteriosis (Supplemen-

tary Fig. 1; data not shown). Histological analysis showed
no evidence of fat deposition or fibrosis in the myocardium
of HDAC2 mutant neonates (data not shown).

ECGs on mice at P1 showed an average decreased heart
rate of 152 + 14 beats per minute (bpm) compared with
235 = 20 bpm in wild-type littermates (Fig. 4B). While all
HDAC2 "~ mice were bradycardic, we never observed ar-
rhythmias or defects in atrioventricular conduction in
the mutant animals. In all ECGs and rhythm strips taken
from knockout mice, normal p-wave morphology was
observed (data not shown). Moreover, all p-waves were
upright in lead II, suggesting that the location of the
pacemaker lies high in the right atrium in or near the
sinus node. These observations suggest that these mice
are most likely in normal sinus rhythm.

Increased cardiac apoptosis and proliferation
in HDAC2 mutant mice

Given the diminished right ventricular lumen and in-
creased interventricular wall thickness of HDAC2/~
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Figure 4. Cardiac defects in HDAC2 /- neonates. (A) Structural abnormalities in the hearts of HDAC2-null neonates. Hearts from
mice of the indicated genotypes at P1 are shown at the left. H&E-stained sections at four successive levels of wild-type and HDAC2-
null hearts are shown. The myocardium of HDAC2-null animals displays a thicker septum and diminished or dislocated right
ventricular lumen. (B) Heart rates of HDAC2-null neonates. EKGs show reduced heart rate in the HDAC2-null mice. (C) Increased
proliferation of cardiomyocytes in HDAC2-null mice. Immunohistochemistry for phospho-histone H3 was performed on heart sec-
tions from P1 mice. Quantification of phospho-histone H3-positive cells was performed on six sections from three individual hearts
and averaged. (D) Immunohistochemistry of heterozygous and HDAC2-null hearts at 20x magnification. DAPI (blue) and phospho-
histone H3 (green) staining show increased proliferation in both the right and left ventricles.

mice, we performed phospho-histone H3 staining to dis-
tinguish between cardiomyocyte hyperplasia and hyper-
trophy. Mutant hearts displayed a threefold increase in
phospho-histone H3 staining compared with wild-type
hearts at P1 (P <0.0001) (Fig. 4C). Enhanced phospho-
histone H3 staining was observed throughout the right
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ventricle, as well as the interventricular septum and left
ventricular free wall (Fig. 4D). Increased proliferative ac-
tivity was not observed in any other tissue examined,
including brain, lung, liver, thymus, or skeletal muscle
(data not shown).

Terminal deoxynucleotidyl transferase biotin-dUTP



nick end labeling (TUNEL) analysis revealed increased
apoptosis in both right and left ventricular walls as well
as the interventricular septum (data not shown), which
was most pronounced at the base of the interventricular
septum of mutant hearts at P1 (Supplementary Fig. 2).
TUNEL analysis on extra-cardiac tissue showed no dif-
ferences between wild-type and mutant animals (data
not shown).

Cardiac deletion of HDAC2

To determine if the neonatal lethality of HDAC2-null
mice was due solely to a cardiomyocyte-autonomous
function of HDAC2, we deleted HDAC2 specifically in
the heart by breeding homozygous HDAC29*F/ 1% mjce
to the aMHC-Cre transgenic line. In contrast to the
global deletion of HDAC2, HDAC2x/1oxP. « MHC-Cre
mice were viable to adulthood and showed no gross car-
diac abnormalities (data not shown). HDAC2 immuno-
staining of cardiomyocytes from HDACR2xP/1oxP,
oaMHC-Cre mice confirmed the absence of HDAC2 pro-
tein in cardiomyocytes (Supplementary Fig. 3).

We further crossed mice bearing the conditional
HDAC?2 allele to a variety of Cre lines to delete the gene
in the neural crest, skeletal muscle, central nervous sys-
tem, endothelium, smooth muscle, and secondary heart
field (Supplementary Table 1). No Cre line homozygous
for HDAC2!xP/1oxP 3ya5 able to phenocopy the global de-
letion of HDAC2, suggesting that the lethal cardiac ab-
normalities of HDAC2~~ mice reflected functions of
HDAC?2 in multiple cell types within the heart.

Cardiac deletion of HDAC1 and HDAC2 causes heart
failure and aberrant gene expression

To test for possible functional redundancy between
HDACI1 and HDAC2 in cardiomyocytes, we generated
cardiac-specific deletions of both genes using aMHC-
Cre. A single copy of either allele was sufficient for vi-
ability, whereas double deletion of HDAC1 and HDAC?2
by a MHC-Cre (designated dCKO for double conditional
cardiac knockout) resulted in postnatal lethality by 14 d
(Fig. 5A). Hearts from dCKO mice appeared grossly nor-
mal at P8, but displayed cardiac arrhythmias by P10 and
severe right and left ventricular dilatation by P11 (Fig.
5B,C). TUNEL staining revealed an approximately three-
fold increase in apoptosis in the hearts of dCKO mice com-
pared with wild-type or HDACIx/1xP, IDAC21oxP/,
aMHC-Cre littermates (P < 0.0001) (Fig. 5D,E).

We examined multiple markers of the cardiac stress
response in dCKO mice and found the cardiac stress
markers atrial natriuretic factor (ANF), brain natriuretic
peptide (BNP), B-myosin heavy chain (BMHC), a-skeletal
actin, and MLC-2a to be dramatically up-regulated at
P11, consistent with the heart failure phenotype of these
mice (Fig. 5F).

To further understand the primary cause of the ob-
served heart failure phenotype, we performed expression
profiling of dCKO hearts at P8. At this time point, hearts
were morphologically normal (Fig. 5B) and cardiac stress
markers were either unchanged or only mildly induced

HDAC control of heart structure and function

(data not shown). Surprisingly only a small portion of the
transcriptome was dysregulated with 0.94% (162 genes)
of unique and annotated transcripts up-regulated and
0.58% (100 genes) down-regulated when a cutoff of two-
fold change was applied (Supplementary Tables 2, 3).

To analyze if certain pathways or biological processes
were especially sensitive to the loss of HDACI and
HDAC?2 in the heart, a gene ontology analysis (Thomas
et al. 2003) was performed on the dysregulated tran-
scripts. This analysis indicated that the most signifi-
cantly enriched up-regulated genes participate in cell
structure and motility (Fig. 6A). Up-regulated genes fall-
ing in this group were further analyzed for their anno-
tated biological function, showing that the majority of
the up-regulated genes encode either cytoskeletal pro-
teins or ion channels (Fig. 6B).

Up-regulation of calcium channel genes resulting
from cardiac deletion of HDAC1 and 2

Microarray analysis of hearts from dCKO mice at P8 re-
vealed inappropriate up-regulation of specific L-type and
T-type calcium channel subunit genes. Cay3.2, a T-type
channel encoded by CACNA1H, is normally expressed
in embryonic hearts and is down-regulated after birth
(Yasui et al. 2005). Microarray analysis revealed a 3.5-
fold increase in expression of Cay3.2, which was con-
firmed by real-time PCR at P8, and even greater up-regu-
lation at P11 (Fig. 6C). Induced expression of Cay3.2 in
dCKO hearts was also detected by Western blot analysis
(Fig. 6D). The L-type calcium channel subunit «282, en-
coded by CACNA2D2, was also up-regulated 8.6-fold at
P8 and to even higher levels at P11 in dCKO mice (Fig.
6C). These genes appeared to be specific targets for re-
pression by HDACI and HDAC2, as there were no sig-
nificant changes in expression of other regulators of cal-
cium handling, including the sarco(endo)plasmic reticu-
lum Ca?"-ATPase, SERCA2; the ryanodine receptor 2,
RyR2; or the Na*/Ca?* exchanger, NCX1 (Fig. 6C; data
not shown). In addition, analysis of transcript levels for
CACNA1H and CACNA2D2 in HDAC11oxP/1oxP. o MHC-
Cre and HDAC20xP/1oxP. « MHC-Cre mice showed no
significant increase in expression (Fig. 6C), suggesting
HDACI1 and HDAC2 redundantly regulate the expres-
sion of L-type and T-type calcium channel subunits dur-
ing postnatal development.

Cay3.2 has been shown to be repressed by neuron-re-
strictive silencing factor (NRSF), and up-regulation of
Cay3.2 has been shown to render the heart susceptible to
cardiac arrhythmias and sudden death (Kuwahara et al.
2003). To investigate whether HDAC1 and HDAC?2 also
regulate a232 in an NRSF-dependent manner, we per-
formed chromatin immunoprecipitation (ChIP) on neo-
natal rat ventricular myocytes. Immunoprecipitation of
HDACI1, HDAC2, or NRSF pulled down the neuron-re-
strictive silencing element (NRSE)-containing region
within intron 1 of CACNA2D2, whereas anti-HA as a
negative control did not recognize this regulatory DNA
sequence. These findings suggest that a repressive com-
plex containing NRSF/HDACI1/HDAC2 normally re-
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Figure 5. Cardiac defects resulting from
cardiac deletion of HDACI and HDAC?2.
(A) Kaplan-Meier survival curves for car-
diac deletion of HDAC1 and HDAC2 by
aMHC-Cre. Note that one copy of HDAC2
is sufficient for 100% viability. (B) H&E-
stained sections of wild-type and dCKO
mice at P8, P11, and P13. Deletion of both
HDACI and HDAC?2 results in severe di-
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presses ventricular expression of a282 under basal con-
ditions (Fig. 6E).

Up-regulation of skeletal muscle contractile protein
genes resulting from cardiac deletion of HDAC1
and HDAC?2

Cardiac stress is often accompanied by the up-regulation
of skeletal muscle contractile protein genes in the heart,
which alters calcium handling and increases cardiac con-
tractility. Indicative of heart failure, the expression of
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a-skeletal actin (Actal), myosin light chain 1F (MLC1f),
and skeletal isoform of troponin T (Tnnt3) was up-regu-
lated in dCKO mice (Figs. 5F, 6F). Notably, the ventricu-
lar isoform of myosin light chain, MLC1v, was not in-
duced, arguing against a global dysregulation of contrac-
tile proteins.

Strikingly, troponin I (Tnl), an inhibitory subunit of
the heterotrimeric troponin complex that allows for the
binding of actin to myosin in response to influxes of
Ca?*, resulting in sarcomeric activation and contraction
(Parmacek and Solaro 2004), was the most dramatically
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Figure 6. Aberrant cardiac gene expression resulting from cardiac deletion of HDAC1 and HDAC2. (A) Gene ontology analysis was
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threshold set to 1.3 [log(0.05)]. (B) Molecular functions were assigned to the genes that fall in the most significantly enriched process,
“cell structure and motility” (P < 0.00000005). (C) Calcium channel subunit dysregulation in the hearts of dCKO mice. Real-time
RT-PCR analysis of transcript levels from wild-type, cardiac-specific HDAC1 KO, cardiac-specific HDAC2 KO, and dCKO hearts at
P11. L-type and T-type calcium subunits were dysregulated in the dCKO hearts. Error bars indicate standard deviation. (D) Cay3.2
expression in dCKO hearts. Western blot analysis was performed on hearts from P11 wild-type (lane 1) and dCKO (lanes 2,3) mice.
dCKO mice show increased expression of Cay3.2. Tubulin was detected as a loading control. (E) ChIP assays were performed from
neonatal rat ventricular myocytes. Chromatin was immunoprecipitated with antibodies against HA as a negative control, HDACI,
HDAC?2, or NRSF. Primers were designed around the NRSE within intron 1 of CACNA2D2, and precipitated DNA was analyzed by
PCR. PCR was also performed from a nonimmunoprecipitated sample as an input control. (F) Specific dysregulation of skeletal
myofibrillar proteins in the hearts of dCKO mice. Real-time RT-PCR analysis of transcript levels from wild-type, cardiac-specific
HDACI1 KO, cardiac-specific HDAC2 KO, and dCKO hearts at P11. Error bars indicate standard deviation. (G) RNA in situ hybrid-
ization of Tnni2 transcripts on wild-type and dCKO hearts. (H) Troponin isoform expression in dCKO heats. Western blot analysis was
performed on hearts from P11 wild-type (lane 1) and dCKO (lanes 2,3) mice. dCKO mice show heterogeneity in troponin isoform
expression. Lane 4 is wild-type skeletal muscle as a control for Tnni2. (I) ChIP assays were performed on the IRE of Tnni2 in neonatal
rat ventricular myocytes. Chromatin was immunoprecipitated with antibodies against HA, HDAC1, HDAC?2, and NRSF. Precipitated
DNA was analyzed by PCR using primers flanking the IRE. HDAC1 and HDAC2, but not NRSF, mediate repression of Tnni2 at basal
levels. PCR was performed prior to immunoprecipitation as an input control.
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up-regulated gene in the mutant heart. There are three
mammalian isoforms of Tnl: a cardiac Tnl (Tnni3), and a
slow and fast skeletal Tnl (Tnnil and Tnni2, respec-
tively). Both skeletal muscle isoforms were induced in
the dCKO mice at P11. Remarkably, the fast skeletal
isoform, Tnni2, was induced >500-fold (Fig. 6F). In addi-
tion, the levels of the cardiac-specific isoform were un-
changed, if not moderately down. Analysis of transcript
levels in hearts with cardiac-specific deletions of either
HDAC1 or HDAC2 showed no significant changes in
skeletal muscle myofibril proteins (Fig. 6F), further sug-
gesting HDAC1 and HDAC?2. as redundant regulators of
myofibril gene expression.

RNA in situ hybridization on P8 hearts confirmed the
induced expression of Tnni2, not only in the ventricles
but in the atria of dCKO mice as well (Fig. 6G). Cardiac
expression of all three isoforms of Tnl was also detected
by Western blot analysis using a pan-troponin antibody
(Fig. 6H). The skeletal muscle-specific isoforms of Tnl
are not typically induced during cardiac hypertrophy or
failure (Sasse et al. 1993; Bodor et al. 1997), suggesting
the induction of Tnnil and Tnni2 is not compensatory
but represents a primary defect contributing to the car-
diac arrhythmia leading to sudden death.

ChIP assays on neonatal rat cardiomyocytes showed
that HDAC1 and HDAC2 were localized to the homolo-
gous internal regulatory element (IRE) (Fig. 6I), which
has been shown to direct skeletal muscle-specific expres-
sion of Tnni2 (Lin et al. 1991). Although there is an NRSF-
binding site within the IRE of the Tnni2 gene, NRSF was
not detected on this element in neonatal rat cardiomyo-
cytes (Fig. 6]), suggesting that HDAC1 and HDAC2 repress
Tnni2 through an NRSF-independent mechanism.

Hypertrophic response to adrenergic stimulation
and aortic constriction

Based on the ability of HDAC inhibitors to blunt hyper-
trophic growth of cardiomyocytes in response to stress
(Antos et al. 2003; Kee et al. 2006; Kong et al. 2006), we
tested whether cardiac deletion of HDAC1 or HDAC2
diminished the hypertrophic growth response to chronic
infusion of isoproterenol, a B-adrenergic agonist that in-
duces cardiac hypertrophy, or thoracic aortic constric-
tion (TAC), which induces cardiac hypertrophy through
increased afterload on the heart. As shown in Figure 7,
HDAC1?oxP/1exP. o MHC-Cre mice and HDAC2IoxP/1oxP,
aMHC-Cre mice displayed a hypertrophic response to
isoproterenol that was comparable to that of wild-type
littermates. Similarly, HDAC1/ox//xP, o MIHC-Cre mice
showed no statistical difference in heart weight/body
weight (HW/BW) or heart weight/tibia length (HW/TL) ratios
compared with HDACI1?*P/ox Jittermates not expressing
Cre recombinase following TAC (Fig. 7B). Histological analy-
ses were also indistinguishable between HDACIOXI/oxP,
aMHC-Cre mice and littermate controls (Fig. 7C).

Discussion

Class T HDACs are expressed ubiquitously and are
thought to function as global repressors of transcription.
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Figure 7. Stress-dependent cardiac hypertrophy in mice lack-
ing cardiac expression of HDAC1 and HDAC?2. (A) Wild-type,
HDAC1!xP/1exP. o MHC-Cre, HDAC2!xI/ X, o MIHC-Cre, and
HDAC1"*""*; HDAC2!xP/1oxl. o MHC-Cre mice at 8 wk of age
were subjected to isoproterenol or saline infusion. Mice were
sacrificed after 7 d, and cardiac hypertrophy was evalu-
ated by heart weight/body weight ratios. (B) Wild-type and
HDAGC1!xP/1oxP. o MIHC-Cre mice were subjected to TAC or
sham operation. Heart weight/body weight ratios and heart
weight/tibia length ratios were determined after 21 d. (C) His-
tological sections of representative hearts from B are shown
stained with Masson Trichome. Bottom panels are 40x magni-
fications of the above hearts to show fibrosis.

The results of this study provide the first glimpse of the
functions of HDAC1 and HDAC?2 in postnatal tissues in



vivo and reveal specialized and redundant roles of these
HDAC:s in the control of cardiac growth and function.

Roles of HDAC1 and HDAC2 in cardiac growth
and function

Mice homozygous for an HDACI1-null allele die at gas-
trulation from a block to cell proliferation due, at least in
part, to up-regulation of the cell cycle inhibitor p21
(Lagger et al. 2002). Thus, the potential functions of
HDACI at later stages of embryogenesis or after birth
have remained enigmatic. Our results show that HDAC1
can be deleted in a wide range of tissues, including cardiac,
skeletal and smooth muscle, neural crest, endothelial cells,
and the central nervous system, without affecting viability.
The essential early role of HDACI is, therefore, likely to
reflect a specific requirement at gastrulation rather than a
general requirement in cell proliferation per se.

Our results show that HDAC2 is essential for normal
growth and morphogenesis of the heart. Global deletion of
HDAC?2 results in a highly specific cardiac phenotype as-
sociated with uncontrolled proliferation of ventricular car-
diomyocytes, which leads to obliteration of the right ven-
tricular chamber, causing perinatal lethality with com-
plete penetrance. These defects appeared to be superficially
similar to many known congenital heart abnormalities, in-
cluding hypoplastic right heart syndrome, right ventricular
dysplasia, and transposition of the great arteries. However,
histological analysis at the cellular level showed no infil-
tration of fat and no signs of fibrosis in HDAC2 mutant
neonates, which typically accompany RV dysplasia. In ad-
dition, there were no signs of pulmonary valve atresia, a
common defect in hypoplastic right heart syndrome. The
finding that conditional deletion of HDAC2 in cardiomyo-
cytes, smooth muscle, endothelial cells, and neural crest
does not phenocopy the cardiac defects observed in
HDAC2-null mice suggests that HDAC2 may be required
in multiple cell types for normal heart development.

The neonatal lethal phenotype we observed for HDAC2-
null mice contrasts with that of another recent study in
which mice homozygous for a gene trap insertion muta-
tion in HDAC2, purported to create a null allele, were vi-
able (Trivedi et al. 2007). We cannot explain the basis for
these differing phenotypes, but there are several possibili-
ties. LacZ insertion lines frequently display variable phe-
notypes due to alternative splicing within the mutant lo-
cus (Voss et al. 1998). Thus, it is conceivable that the mu-
tation described by Trivedi et al. (2007) is a hypomorphic
allele, rather than a true null, and generates sufficient lev-
els of HDAC?2 for viability of a subset of mutant animals.
The mutation we introduced into the HDAC2 locus de-
leted many key residues required for deacetylase activity
(Finnin et al. 1999), whereas that gene trap insertion ab-
lates the C terminus of the protein that, to date, has un-
known function (Gregoretti et al. 2004). Different genetic
backgrounds of the mice tested in the two studies could
also contribute to the differing phenotypes. The mice in
our study were from a mixed 129/C57BL/6/CD1 back-
ground, while the background of the mice generated by
Trivedi et al. (2007) was not specified.

HDAC control of heart structure and function

Our findings also differ from those of Trivedi et al. (2007)
with respect to the role of HDAC2 in mediating stress-
dependent cardiac growth. Diverse stresses, including neu-
rohormonal signaling and pressure overload, promote
pathological cardiac hypertrophy, which often culminates
in heart failure and lethal cardiac arrhythmias. HDAC in-
hibitors have shown efficacy both in vitro and in vivo in
blunting the hypertrophic response (Antos et al. 2003; Kee
et al. 2006; Kong et al. 2006). Our results demonstrate that
cardiac deletion of either HDAC1 or HDAC2 is not suf-
ficient to block hypertrophy in response to chronic ad-
ministration of isoproterenol or aortic constriction. In
contrast, Trivedi et al. (2007) reported that the IacZ in-
sertional mutation in HDAC2 prevented cardiac hyper-
trophy in response to these stimuli.

The finding that cardiac deletion of either HDAC1 or
HDAC?2 has no apparent effect on cardiac development
or function whereas deletion of both genes in the heart
results in lethal cardiac abnormalities strongly suggests
that these HDACSs act in a redundant manner to regulate
cardiac gene expression. Based on the high sequence ho-
mology between HDAC1 and HDAC2 and the cardiac
phenotype resulting from the combined deletion of these
genes, it is likely that these genes play redundant roles in
many tissues. Double tissue-specific gene deletions to
address this issue are underway.

Abnormalities in gene expression resulting
from HDAC1 and HDAC2 deletion

Deletion of two global transcriptional repressors such as
HDACI1 and HDAC2 might be expected to result in ram-
pant ectopic gene activation. Instead, the consequences
of HDAC1 and HDAC?2 loss of function in the heart were
remarkably specific and resulted in selective induction
of genes involved in calcium influx, calcium handling,
and contraction.

In cardiomyocytes, the thin filaments, together with
the myosin-containing thick filaments, regulate Ca**
sensitivity, contractility, and relaxation. The thin fila-
ment, which is composed of actin, tropomyosin, and the
heterotrimeric troponin complex, responds to intracellu-
lar Ca** fluxes from Ca®>* channels to control cardiac
contractility (Kobayashi and Solaro 2005). The troponin
complex is comprised of a Ca®>*-binding troponin C
(TnC), a tropomyosin-binding troponin T (TnT), and an
inhibitory subunit (TnlI) that blocks actin-myosin bind-
ing at low Ca>* levels (Parmacek and Solaro 2004). The
absence of HDAC1 and HDAC?2 results in the up-regu-
lation of T- and L-type Ca>* channels as well as robust
expression of the skeletal muscle-specific isoforms of
Tnl (ssTnl and fsTnl), which exhibit varying sensitivities
to intracellular Ca®>* and are regulated independently
through phosphorylation (Parmacek and Solaro 2004).

Expression of the T-type calcium channel Cay,3.2 is regu-
lated by the transcriptional repressor NRSF (Kuwahara et
al. 2003), which recruits class I HDACs (Roopra et al.
2000). By ChIP assays, we identified HDAC1, HDAC?2, and
NRSF on the NRSE in intron 1 of CACNA2D?2 in neonatal
rat cardiac myocytes, suggesting class I HDACs actively
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repress the expression of CACNA2D2 during normal cat-
diac growth. HDACI1 and HDAC2 were also localized to
the IRE of Tnni2; however, this appears to be in an NRSF-
independent manner. We postulate that the increased ex-
pression of Ca>* channel subunits results in a pathological
influx of Ca®* into cardiomyocytes that, coupled with a het-
erogeneous population of Ca**-sensitive Tnl, results in a
dysregulation of sarcomeric activation, contraction, and re-
laxation, resulting in cardiac arrhythmia and sudden death.

Implications for human disease

HDACSs have been implicated in a wide range of cellular
processes and disease states based on the ability of
HDAC inhibitors to ameliorate various disease patholo-
gies (Bolden et al. 2006; Minucci and Pelicci 2006). How-
ever, an important issue that has been difficult to resolve
is whether the effects of HDAC inhibitors in vivo reflect
the combined inhibition of multiple HDACs or specific
functions of individual HDACSs in different tissues. The
conditional alleles of class I HDACs will allow the de-
tailed analysis of the functions of these chromatin re-
modeling enzymes in diverse tissues during develop-
ment and in the settings of disease. Moreover, by testing
the responses to HDAC inhibitors of cells isolated from
these mutant mice, it should be possible to identify the
specific HDAC isoforms that mediate the actions of
HDAC inhibitors in vivo. Finally, it should be pointed
out that the cardiac abnormalities resulting from genetic
deletion of HDAC1 and HDAC2 reflect the consequences
of the complete absence of these HDACs throughout de-
velopment and should not be interpreted as a contraindi-
cation for the use of HDAC inhibitors in the treatment of
adult heart disease, especially since pharmacological inhi-
bition is not as complete as genetic ablation.

Materials and methods
Generation of HDACI1 and HDAC2 mutant mice

Both HDAC1 and HDAC2 targeting vectors were constructed us-
ing the pPGKNEO-F2L2DTA vector, which contains a neomycin
resistance gene, flanked by FRT and loxP sites, and a diphtheria
toxin gene cassette. The 5’ arm, KO arm, and 3’ arm of the tar-
geting construct for HDAC1 were generated by high-fidelity PCR
amplification (Roche Expand High-Fidelity Long Template) of
129SvEv genomic DNA and correlate to a 2-kb fragment in intron
4, a 2-kb fragment harboring exons 5-7, and a 4-kb fragment in
intron 7, respectively. For the targeting construct of HDAC2, a
4-kb fragment in intron 1, a 4-kb fragment harboring exons 24,
and a 2-kb fragment in intron 4 were generated correlating to the
5" arm, KO arm, and 3’ arm, respectively. Both targeting vectors
were linearized with Pvul and electroporated into 129SvEv-de-
rived ES cells. One-thousand (for HDACI1) and 400 (for HDAC?2)
ES cell clones were isolated and analyzed for homologous recom-
bination by Southern blotting. 5’ IoxP incorporation for HDAC1
was confirmed using a 5’ probe following digestion with EcoRI.
HDAC2 long arm and 5’ loxP recombination were confirmed
using a 5’ probe following digestion with Xbal. Short arm and 3’
loxP confirmation were performed using a 3’ probe after EcoRI
or Sacl digestion for HDAC1 and HDAC2, respectively. Three
clones with a properly targeted HDAC1 or HDAC2 allele were
injected into 3.5-d C57BL/6 blastocysts, and the resulting chi-
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meras were crossed to C57BL/6 females to achieve germline
transmission of the targeted allele.

Histology, immunohistochemistry, and RNA
in situ hybridization

Tissues were fixed in 4% paraformaldehyde, embedded in par-
affin, and sectioned at 5-pm intervals. Sections were stained
with hematoxylin and eosin using standard procedures (Shelton
et al. 2000). TUNEL assay was performed according to standard
protocol (Roche), and immunohistochemistry using an anti-rab-
bit phospho-histone H3 antibody was performed as described
(Xin et al. 2006). 3>S-labeled RNA probes were generated using
Maxiscript kit (Amersham).

RT-PCR, microarray, and gene ontology analyses

Total RNA was purified from tissues using TRIzol reagent ac-
cording to the manufacturer’s instructions. For RT-PCR, total
RNA was used as a template for RT using random hexamer
primers. Primer sequences are available on request. Quantita-
tive real-time PCR was performed using TagMan probes pur-
chased from ABI. For microarray, RNA was extracted from ei-
ther three wild-type or dCKO hearts and subsequently pooled
prior to analysis. All heart RNA was from ventricle tissue only.
Microarray analysis was performed by the University of Texas
Southwestern Microarray Core Facility using the Mouse Ge-
nome 430 2.0 Array (Affymetrix) as described (Davis et al. 2006).
Gene Ontology analysis with PANTHER (Thomas et al. 2003)
was performed essentially as described (Matsuoka et al. 2007).
Briefly, 1586 probe spots were flagged as significantly up-regu-
lated by the Affymetrix analysis software GeneChip. The cor-
responding Entrez Gene IDs (Maglott et al. 2007) were uploaded
to PANTHER, and 1176 unique and annotated genes could be
identified from this data set that then could be assigned to 197
different biological processes. This distribution was compared
with a reference list (NCBI: Mus musculus genes, version 1-16-
2007) (Maglott et al. 2007), and significant enrichment of the
experimental data set in a given process was calculated using
binomial testing with Bonferroni correction for multiple testing
as described (Thomas et al. 2006). Only processes with a signifi-
cant (P < 0.05) enrichment were used for further analysis. The
process with the highest significance score was then analyzed
for molecular function using PANTHER. Only families with
more than one gene in a given family were considered.

The percentage of gene changes was calculated by uploading
the Entrez Gene IDs of the Mouse Genome 430 2.0 Affymetrix
annotation file to PANTHER, leading to the identification of
17,201 unique and annotated transcripts. These were then com-
pared with the statistically significantly dysregulated unique
and annotated transcripts (ESTs excluded) as identified by
GeneChip using a cutoff at twofold change. Similar results were
obtained when nonannotated transcripts were included in the
analysis (data not shown).

Indirect immunofluorescence

Hearts were extracted from 2- to 3-d-old wild-type and dCKO
mice, minced in DMEM (Cellgro), washed in PBS, and digested
with collagenase type II (0.2% w/v; Worthington Biochemical)
and glucose (0.1% w/v; Sigma). Cells were resuspended in
DMEM containing fetal bovine serum (FBS; 10%), L-glutamine
(2 mM), and penicillin-streptomycin. Cells were preplated
twice for 2 h each to separate adherent fibroblasts from cardio-
myocytes. Cardiomyocytes were plated on gelatin-coated glass
coverslips in six-well dishes (4 x 10° cell per well). After 24 h,
cells were fixed with ice-cold methanol, permeabilized, and
blocked with PBS containing Nonidet P-40 (PBS-N) (0.1%) and



bovine serum albumin (BSA; 3%) and incubated in the same
solution for primary antibodies for HDACI (rabbit polyclonal,
1:2000 dilution; Abcam), HDAC2 (rabbit polyclonal, 1:2000 di-
lution; Abcam), and sarcomeric a-actinin (mouse monoclonal,
1:500 dilution; Sigma). Coverslips were washed five times with
PBS-N and incubated with fluorescein (HDACI or HDAC2) and
Texas red (a-actinin)-conjugated secondary antibodies (1:500 di-
lution; Vector Laboratories). Coverslips were washed five times
with PBS-N, mounted on glass slides using VectaShield mount-
ing medium with DAPI (Vector Laboratories), and visualized
with a fluorescence microscrope.

Western blotting

Heart and lung tissue was homogenized in lysis buffer (50 mM
Tris at pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA)
supplemented with protease inhibitors (Complete Mini, EDTA-
free, Roche) and centrifuged at 14,000g for 5 min, and superna-
tant was recovered. Equal amounts were resolved by SDS-PAGE
on a 10% acrylamide gel and analyzed by Western blot using
primary antibody for HDAC2 (rabbit polyclonal, 1:5000 dilu-
tion; Abcam), followed by goat anti-rabbit IgG HRP-conjugated
secondary antibody (Bio-Rad) and detected by enhanced chemi-
luminescence (Western Blot Luminol Reagent, Santa Cruz Bio-
technology). Membranes were reprobed with a primary anti-
body against eIF5 (rabbit polyclonal, 1:1000 dilution; Santa Cruz
Biotechnology) to serve as a loading control.

For detection of Cay3.2, heart tissue was homogenized in ly-
sis buffer (50 mM HEPES at pH 7.5, 250 mM NaCl, 0.1% NP40,
5 mM EDTA/1% B-mercaptoethanol) supplemented with pro-
tease inhibitors (Complete Mini, EDTA-free, Roche) and centri-
fuged at 14,000g for 3 min, and supernatant was recovered.
Equal amounts of protein were resolved by SDS-PAGE on a
4%-20% acrylamide gel and analyzed by Western blot using a
primary antibody against Cay3.2 (rabbit polyclonal, 1:500 dilu-
tion; Santa Cruz Biotechnology), followed by goat anti-rabbit
IgG HRP-conjugated secondary antibody (Bio-Rad) and detected
by enhanced chemiluminescence (Western Blot Luminol Re-
agent, Santa Cruz Biotechnology). Membranes were reprobed
with a primary antibody against tubulin (mouse monoclonal,
1:1000 dilution; Sigma) to serve as a loading control.

For detection of troponin isoforms, myofibril preparations
were performed as described (Thys et al. 2001). Equal amounts
were resolved by SDS-PAGE on a 4%-20% acrylamide gel and
analyzed by Western blot using a primary antibody against Tnl
(goat polyclonal, 1:1000 dilution; Santa Cruz Biotechnology),
followed by a donkey anti-goat IgG HRP-conjugated secondary
antibody (1:5000 dilution; Santa Cruz Biotechnology), and de-
tected by enhanced chemiluminescence (Western Blot Luminol
Reagent, Santa Cruz Biotechnology).

ChIP

Neonatal rat ventricular myocytes were prepared as described
(Antos et al. 2003). Following 24 h incubation, chromatin was
harvested as described (Nelson et al. 2006). Briefly, cells were
formaldehyde cross-linked and lysed, and chromatin was
sheared by sonication to ~500-base-pair (bp) fragments. Sheared
chromatin was immunoprecipitated with antibodies for HA
(Sigma), HDAC1 (Abcam), HDAC2 (Abcam), or NRSF (Upstate
Biotechnology), and DNA was isolated and analyzed by PCR
with primers flanking binding sites for the indicated response
element of each gene. Primers are available on request.

Electrocardiography (ECG)

ECG was performed on sedated neonatal mice using Accutac
Diaphoretic ECG Electrodes (ConMed Corp). Mice were al-
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lowed to adapt to environment prior to recording. Pads were
attached to all four limbs, and leads I, I, III, aVR, aVL, and aVF
were recorded using PageWriter XLs (Hewlett Packard). Traces
were recorded using identical settings between dCKO and wild-
type mice (50 mm/sec; 20 mm/mV).

Isoproterenol administration and aortic constriction

Hypertrophic agonist isoproterenol (Sigma) (8.8 mg/kg/d) or sa-
line were administered using miniosmotic pumps (model 2001,
Alzet) dorsally implanted subcutaneously in 8- to 10-wk-old
male mice. Mice were sacrificed 7 d after isoproterenol infusion,
and cardiac hypertrophy was assayed by heart weight, body
weight, and tibia length. Cardiac hypertrophy was also in-
duced by pressure overload. Eight-week-old wild-type or
HDAC1xP/1oxP . o MHC-Cre male mice underwent a sham op-
eration or were subjected to TAC as described (Hill et al. 2000).

Statistical methods

Values are presented as +SEM unless otherwise noted. Gene
expression was normalized to 18S Ribosomal RNA and calcu-
lated as relative change. Statistics were calculated with Excel. A
P-value of <0.05 was considered to be statistically significant.
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