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Activation of multiple pathways is associated with cardiac hypertrophy and heart failure. Repression
of antihypertrophic pathways has rarely been demonstrated to cause cardiac hypertrophy in vivo.
Hop is an unusual homeodomain protein that is expressed by embryonic and postnatal cardiac
myocytes. Unlike other homeodomain proteins, Hop does not bind DNA. Rather, it modulates car-
diac growth and proliferation by inhibiting the transcriptional activity of serum response factor (SRF)
in cardiomyocytes. Here we show that Hop can inhibit SRF-dependent transcriptional activation by
recruiting histone deacetylase (HDAC) activity and can form a complex that includes HDAC2. Trans-
genic mice that overexpress Hop develop severe cardiac hypertrophy, cardiac fibrosis, and premature
death. A mutant form of Hop, which does not recruit HDAC activity, does not induce hypertrophy.
Treatment of Hop transgenic mice with trichostatin A, an HDAC inhibitor, prevents hypertrophy. In
addition, trichostatin A also attenuates hypertrophy induced by infusion of isoproterenol. Thus,
chromatin remodeling and repression of otherwise active transcriptional processes can result in
hypertrophy and heart failure, and this process can be blocked with chemical HDAC inhibitors.

J. Clin. Invest. 112:863-871 (2003). doi:10.1172/JCI200319137.

Introduction

Cardiac hypertrophy can occur in response to normal
physiological stimuli or may be maladaptive leading to
cardiac dilatation and congestive heart failure (1).
Transcriptional regulatory pathways that control
homeostasis of cardiac myocyte size are complex and
poorly understood. In the perinatal period, cardiac
myocytes largely stop dividing, and further cardiac
growth is associated with myocyte hypertrophy. Patho-
logic hypertrophy is accompanied by reactivation of
fetal gene programs that may be triggered by alter-
ations in calcium homeostasis and mechanical stretch
with resultant transcriptional activation (2-4). Exces-
sive hypertrophy often leads to cardiac dilation and
congestive heart failure, which is the leading hospital
discharge diagnosis in the United States (35).
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The genetic programs leading to cardiac hypertrophy
are diverse and complex. Mutations in a growing num-
ber of genes encoding structural components of the
contractile unit, the sarcomere, result in hypertrophic
cardiomyopathy in humans and in animal models (6).
Intracellular signaling pathways stimulated by 3-adren-
ergic agonists (7) and intracellular stretch-sensing
mechanisms (8) also induce hypertrophic gene pro-
grams. These stimuli frequently involve alterations in
calcium homeostasis and result in the activation of
prohypertrophic transcriptional programs (2, 9). One
pathway that has been suggested to mediate calcium-
triggered transcriptional activation involves the calci-
um-binding protein calcineurin, which functions to
dephosphorylate nuclear factor of activated T cells
(NFAT), resulting in nuclear translocation and tran-
scriptional activation of prohypertrophic genes (10).
An alternative pathway involves a putative calcium-sen-
sitive kinase that phosphorylates class II histone
deacetylases (HDACs), resulting in their association
with 14-3-3 molecules, dissociation from myocyte
enhancer factor 2C (MEF2C), and translocation out of
the nucleus (11, 12). This results in derepression of
MEF2C and activation of prohypertrophic genes.
Hence, class Il HDACs have been postulated to repress
cardiac hypertrophy.

Histone acetylation, mediated by histone acetyl trans-
ferases, is a mechanism for modifying the structure of
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chromatin such that nucleosomes are relaxed, resulting
in transcriptional activation. The converse reaction is
mediated by HDACs, which induce deacetylation, chro-
matin condensation, and transcriptional repression
(13-15). At least nine mammalian HDAC genes have
been described that fall into two categories: class I and
class II. A third class homologous to the yeast protein
Sir2 have also been described. In addition to a domain
exhibiting deacetylase activity, class I HDACs contain
an amino-terminal region capable of mediating protein-
protein interactions. Chemical inhibitors of HDAC
activity have been identified and synthesized, and recent
studies indicate a potential role for these compounds in
promoting differentiation of some myeloid tumors,
suggesting their possible use as anticancer agents (16).
These agents are surprisingly well tolerated, and numer-
ous phase I and phase II trials are underway (17, 18).
The effects of HDAC inhibitors on cardiac myocyte
homeostasis in vivo have not been described.

Recently, we and others identified an unusual regula-
tor of cardiac-specific gene transcription (19, 20). Hop
encodes a 73-amino acid protein that includes a
60-amino acid motif homologous to the home-
odomain of Hox transcription factors. Unlike Hox
homeodomains, however, Hop is lacking certain con-
served amino acid residues that are required for protein-
DNA interactions, and Hop is unable to bind DNA.
Nevertheless, Hop is a nuclear protein that can function
to modulate transcription. Hop can physically associate
with serum response factor (SRF) and inhibits the abil-
ity of SRF complexes to activate transcription of car-
diac-specific genes (19, 20). For instance, forced expres-
sion of SRF and myocardin can result in transactivation
of smooth muscle 22a (SM22a) and atrial natriuretic
factor (ANF) promoters. Addition of Hop inhibits this
activation. In Hop-deficient hearts, SRF-dependent
genes are upregulated. Hop is expressed by cardiac
myocytes during gestation and in the adult. In the
absence of Hop, neonatal mice display enhanced cardiac
myocyte proliferative indices and an increased number
of cardiac myocytes (20). Hence, Hop is thought to
modulate the delicate balance between cardiac replica-
tion and differentiation. The role of Hop in the adult
myocyte remains unknown.

Methods

Transgenic mice. A cDNA encoding a 3’ hemagglu-
tinin-tagged Hop was subcloned into Sall-HindIll sites
of pBS2-SK* containing the o-myosin heavy chain pro-
moter (Genbank no. U71441) (a gift from J. Robbins,
Children’s Hospital of Cincinnati, Cincinnati, Ohio,
USA) (21). NotI-digested plasmid was injected into fer-
tilized oocytes. For HopH2 mice, a-MHC-Hop plasmid
was subjected to site-directed mutagenesis (Stratagene,
La Jolla, California, USA), resulting in the replacement
of LIAAE with AAASM in the second helix of Hop (19).
Three-week old Hop transgenic or wild-type litter-
mates, or mice treated with isoproterenol infusion,
were administered 0.6 mg/kg trichostatin A (TSA)

(Sigma-Aldrich, St. Louis, Missouri, USA) by intraperi-
toneal injection daily for 14 days. Alternatively, sodium
valproate 0.71% wt/vol (Sigma-Aldrich) was added to
drinking water available ad libitum. CD1 mice were
treated with isoproterenol (30 mg/kg/day) or saline by
implantation of an osmotic minipump (Alzet 1002;
Durect Corp., Cupertino, California, USA) as recom-
mended. Histology protocols are available at htep://
www.uphs.upenn.edu/mcrec.

Echocardiogram and MRI. Mice were anesthetized
with a 1% isoflurane, temperature was maintained at
37°C £ 0.1°C, and mice were imaged using a 4.7-tesla
horizontal-bore spectrometer using an elliptical surface
coil. ECG-gated cine images were acquired as described
(22). Echocardiography was performed using a 15-MHz
transducer and an Acuson Sequoia C256 machine.

Invasive hemodynamics. Hop~/~ mice 40-45 weeks old
(n =10) were compared with wild-type littermates (n = 12),
and 6-week-old Hop transgenic mice (n = 6) were com-
pared with wild-type littermates (n = 6). Anesthesia was
induced with 3% isoflurane and maintained by ventila-
tion with 0.75% isoflurane. Temperature was main-
tained at 37°C. A 1.4 French micromanometer catheter
(Micro-Tip SPR-671; Millar Instruments, Houston,
Texas, USA) was inserted via the right carotid artery,
transduced, and recorded using PowerLab/16 SP
(ADInstruments Pty Ltd., Colorado Springs, Colorado,
USA). Isoproterenol (40 ng/kg in PBS) was injected
directly into the left internal jugular vein. An unpaired
Student’s ¢ test was used to compare hemodynamic
variables between groups.

Cell culture, constructs, and transfection. Cos, 293T, and
10T1/2 cells were maintained in DMEM with 10% FBS
(Invitrogen Life Technologies, Carlsbad, California,
USA) and transfected using FuGene6 (Roche Diagnos-
tics Corp., Indianapolis, Indiana, USA). After 24 hours,
10-100 nmol/I TSA (Sigma-Aldrich), or 2 ug/ml Scrip-
taid, or its inactive negative control, Nullscript (BioMol
Research Laboratories Inc., Plymouth Meeting, Penn-
sylvania, USA), was added and incubated for 24 hours.
Transfection protocol, SM22a-luciferase, pcDNA3-
myocardin, pcDNA3.1-Hopwt-myc, and pcDNA3.1-
HopH2-myc constructs were described previously (19).
HDAC9 (AF332492) was amplified from the embryon-
ic day 13.5 (E13.5) heart cDNA library (CLONTECH
Laboratories Inc., Palo Alto, California, USA) and sub-
cloned in pcDNA3.1 V5/His TOPO TA expression vec-
tor (Invitrogen Life Technologies).

Circular dichroism. Samples were dissolved in buffer
containing 50 mM sodium phosphate and 0.5 mM
DTT. Far-UV circular dichroism (CD) spectra were
recorded on a Jasco J-720 spectropolarimeter at 25°C
with a resolution of 0.5 nm. Final spectra were the
sum of four scans accumulated at a speed of 20
nm/min with a response time of 1 second. Secondary
structure was predicted using combined results of
CONTINLL, SELCON3, and CDSSTR programs,
CDPro Suite (http://lamar.colostate.edu/~sreer-
am/CDPro/main.html).
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Chromatin immunoprecipitation. Chromatin immuno-
precipitation used a commercially available kit
(Upstate Biotechnology Inc., Lake Placid, New York,
USA) as described (23). Cells (10T1/2) were fixed in
1% formaldehyde, for 15 minutes at 37°C and
quenched in 0.125 M glycine. After lysis in SDS buffer
containing 1% protease inhibitor cocktail (Sigma-
Aldrich) and 1 mM PMSF (Sigma-Aldrich), lysates
were sonicated, cleared, and incubated overnight at
4°C in chromatin immunoprecipitation buffer con-
taining 1% protease inhibitors and 1 mM PMSF with
5 ul of antiacetylated histone H4 or H3 Ab (Upstate
Biotechnology Inc.). Immunocomplexes were recov-
ered with 60 pl salmon sperm DNA and protein A-
agarose, incubated at 4°C for 1 hour, eluted, and heat-
ed to 65°C for 6 hours. DNA was recovered using
proteinase K, phenol-chloroform extraction, and
ethanol precipitation. PCR was performed with
primers to the SM22a promoter CArG-containing
region (24) and primers 5'-GGTCCTGCCCATAAAAG-
GTTT-3' and 5'-TGCCCATGGAAGTCTGCTTGG-3') (25).

Immunoprecipitation and Western blot analysis. The 293T
cells were transfected and incubated for 48 hours.
After cross-linking and quenching, the cells were
scraped and lysed with lysis buffer (20 mmol/l Tris, pH
8.0, 150 mmol/l NaCl, 1% Igepal CA 630, 0.5% sodium
deoxycholate, 0.1% SDS, 2.5 mmol/l EDTA, 2.5
mmol/l EGTA, 1% protease inhibitor cocktail, and 1
mM PMSF). After preclearing, 6 ul anti-myc Ab (9E10;
Sigma-Aldrich) was added, incubated at 4°C over-
night, and the immunocomplex was recovered by 1-hour
incubation with 60 ul protein A/G Sepharose beads
(Santa Cruz Biotechnology Inc., Santa Cruz, Califor-
nia, USA). Endogenous HDAC1-8 were detected with
specific Ab’s (Zymed Laboratories Inc., South San
Francisco, California, USA). For HDAC9, pcDNA3.1-
HDACY was cotransfected and detected with anti-VS
Ab (Invitrogen Life Technologies).

HDAC activity assay. HDAC activity was measured
with colorimetric HDAC assay kit (Abcam, Cam-
bridge, United Kingdom) as directed, with the fol-
lowing modifications. Transfected Cos cells were har-
vested and sonicated in buffer (150 mM NaCl, 50
mM Tris-HCI, pH 8.0, 1% Igepal CA 630) and pre-
cleared with 30 ul protein A/G Sepharose beads
(Santa Cruz Biotechnology Inc.). The supernatants
were incubated with anti-myc Ab at 4°C overnight,
and 60 ul protein A/G Sepharose beads were added
for 1 hour. After washing, the beads were equilibrat-
ed with 1x HDAC assay buffer, resuspended in 80 ul
HDAC assay buffer, and transferred to 96-well plates.
Five microliters HDAC substrate, Boc-Lys(Ac)-pNA,
was added and incubated for 1 hour at 37°C. Ten
microliters lysine developer was added, incubated for
30 minutes, and the absorbance at 405 nm was meas-
ured. An equal amount of protein A/G Sepharose was
washed with lysis buffer, equilibrated with 1x HDAC
assay buffer, and used to produce a standard curve by
adding 0-100 pmol/l deacetylated Boc-lys-pNA. The

absorbance of samples is expressed as arbitrary units
equivalent to the absorbance obtained with specific
concentrations (micromoles per liter) of deacetylat-
ed standard. Transgenic or wild-type hearts were
pooled, homogenized in lysis buffer, sonicated, and
cleared by centrifugation. Twelve milligrams of pro-
tein was subjected to HDAC assay using 8 ul anti-HA
Ab (12CAS5; Roche Diagnostics Corp.).

Results

Overexpression of Hop causes cardiac hypertrophy. We cre-
ated transgenic mice in which Hop is expressed in the
heart under the control of the a-MHC promoter (26).
This promoter is activated predominantly in the
postnatal myocardium. In three independent lines of

Heart weight/body
weight ratio (mg/g)

Figure 1

Transgenic expression of Hop in the heart causes cardiac hypertro-
phy. (a) Wild-type (left) and Hop transgenic (Tg) hearts at 8 weeks
of age are shown. Scale bar: T mm. (b) Heart weight-to-body weight
ratios of Hop transgenic (black bars) and wild-type littermate (white
bars) mice between 5 and 10 weeks of age are shown. Hop trans-
genic hearts are significantly enlarged. (c) M-mode echocardiogra-
phy demonstrates thickened myocardial walls in transgenic mice (red
arrows) and hyperdynamic function with cavity obliteration. (d)
EKG-gated cardiac MRl reveals cardiac hypertrophy. Short-axis view
images were captured during end diastole showing high contrast
between blood (appearing bright) and myocardium. (e) Mason’s
trichrome staining of myocardium from wild-type 28-week-old
mouse reveals normal cardiac histology. (f) Identical staining tech-
nique and magnification of Hop transgenic littermate reveals mas-
sive myocyte hypertrophy and significant interstitial fibrosis (blue).
(e and f) Scale bars: 50 um.
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Figure 2

Early lethality and cardiac hypertrophy induced by Hop, but not by mutant HopH2. (a) Kaplan-Meier plot revealing reduced survival of Hop
transgenic mice (TgHop wt) compared with wild-type and HopH2 transgenic mice (TgHop H2). (b) Cardiac hypertrophy in Hop transgenic
mice is progressive. Heart weight-to-body weight ratios were calculated at various ages, as indicated, and expressed as percentage of change
compared with wild-type littermates. Values from two independent transgenic lines are pooled and each bar represents the average of 8-16
data points. Error bars represent SEM. *P < 0.05 compared with wild type. (¢) Circular dichroism analysis of Hop and HopH2 protein indi-
cates similar conformations and a helicity of wild-type Hop and HopH2 mutant proteins. (8)vrw, mean residue weight ellipticity. (d). Heart
weight-to-body weight ratios of Hop transgenic mice, four independent lines of HopH2 transgenic mice, and Hop knockout mice between
4 and 8 weeks of age. Between 10 and 25 animals were assayed for each condition. No significant difference between transgenic and non-
transgenic littermates was determined for HopH2 mice or for Hop~~ mice. Western blot analysis of heart tissue using anti-hemagglutinin
(HA) antibody revealing expression of transgenic protein is also shown. Line numbers refer to independent transgenic lines. (e) Immuno-
histochemistry identifies nuclear epitope-tagged Hop protein in transgenic hearts (red). (f) HopH2 is also nuclear localized in transgenic

hearts. Scale bars in e and f: 20 um.
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transgenic mice, we documented significant cardiac
hypertrophy as early as 3 weeks after birth (Figure 1,
aand b). Transgenic Hop was expressed in these mice
at two to tenfold endogenous levels as determined by
Western blot analysis for wild-type and epitope-
tagged transgenic protein and by immunohisto-
chemistry (data not shown). The heart weight-to-
body weight ratio was increased approximately 25%,
and the ventricular walls were symmetrically thick-
ened (Figure 1, c and d) with hypertrophied myocytes
(Figure 1, e and f). Invasive hemodynamic monitor-
ing of 5- to 6-week-old animals revealed elevation of
left ventricular end diastolic pressure in transgenic
mice when compared with wild-type littermates (5 + 1
mmHg versus 2 + 0.3 mmHg, P < 0.01) and impaired
diastolic relaxation with no change in systolic blood
pressure. Transgenic mice died suddenly and were
found to have enlarged hearts with myocardial fibro-
sis (Figure 1f). Kaplan-Meier analysis revealed pre-
mature lethality with mean survival of 32 weeks, sig-
nificantly different from that of control littermates
(Figure 2a). Echocardiography and EKG-gated MRIs

revealed severe concentric left and right ventricular
hypertrophy in transgenic animals (Figure 1, c and d)
that progressed variably to cardiac dilatation accom-
panied by heart failure. Electron microscopy revealed
evidence of nonapoptotic cell death and mitochon-
drial swelling. All transgenic mice from these lines
sacrificed after 4 weeks of age had enlarged hearts,
and hypertrophy was progressive (Figure 2b). Quan-
titative RT-PCR revealed elevated levels of ANF and
B-myosin heavy chain transcripts, genes commonly
activated in the setting of hypertrophy.
Overexpression of a mutant form of Hop does not cause
hypertrophy. Overexpression of a variety of proteins in
cardiac myocytes can result in heart failure. In some
cases this response is likely to be nonspecific. For
instance, high-level expression of GFP under the con-
trol of the a-MHC promoter in the heart has been
shown to cause dilated cardiomyopathy (27). There-
fore, we created transgenic mice that expressed a
mutant form of Hop that we have shown previously to
be devoid of transcriptional repression activity and that
is unable to interact with SRF (19). This mutant form
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of Hop, designated HopH2, contains four altered
amino acids in the second a helix of Hop. Both Hop
and HopH2 are localized to the nucleus in transfected
Cos cells (data not shown). Circular dichroism analysis
of purified Hop and HopH2 protein produced in bac-
teria indicates that both proteins contain significant
amounts of a helical content (Figure 2c) consistent
with computer-based structural predictions and
homology to the helix-turn-helix motif of home-
odomain proteins. The a-helical content of HopH2 is
slightly less than that of Hop, consistent with mild dis-
ruption of the second a-helix produced by the engi-
neered amino acid substitutions.

We analyzed four independent transgenic lines of
HopH2 mice. These lines produced varying levels of
transgenic protein (Figure 2d). In several lines, these
levels matched or exceeded the level of protein expres-
sion seen in hypertrophic Hop transgenic mice. Hearts
in HopH2 mice, however, were not enlarged, and heart
weight-to-body weight ratios were normal (Figure 2d).
No cases of premature death were observed, and car-
diac histology was normal without evidence of fibrosis
(data not shown). Both wild-type Hop and HopH2 pro-
teins were localized to the nucleus in vivo (Figure 2, e
and f). Hence, cardiac hypertrophy produced by over-
expression of Hop is specific and is not reproduced by
equivalent overexpression of a modified protein thatis
unable to inhibit SRF-dependent transcription.

Adult Hop™~ mice do not display hypertrophy. Alter-
ations in cardiac size and in heart weight-to-body
weight ratios have been described in Hop-deficient
mice (20). Some Hop7~ embryos (~50%) succumb dur-
ing midgestation with poorly developed myocardi-
um, whereas other Hop-deficient mice display
increased numbers of myocytes in the perinatal peri-
od. We have found that Hop~~ mice that survive to 4
weeks of age, however, have normal cardiac size and
function. We examined heart weight-to-body weight
ratios in Hop”~ mice between 4 and 8 weeks of life
and found no difference from wild-type littermates
(Figure 2d). Histology, echocardiography, and MRI
analysis appeared normal (data not shown). In addi-
tion, we performed extensive invasive hemodynamic
studies in Hop”~ mice at 40-45 weeks of life. We
found no difference between Hop~~ mice and wild-
type littermates in terms of blood pressure, heart
rate, left ventricular end diastolic pressure, contrac-
tility, or relaxation, with or without isoproterenol
infusion (Tables 1 and 2). Hence, cardiac hypertrophy
produced by overexpression of Hop in transgenic
mice is a gain-of-function phenotype and is not
reproduced by loss of function in knockout mice.

HDAC inbibitors prevent Hop-induced repression of tran-
scription. We investigated the mechanism by which Hop
acts to inhibit SRF-dependent transcription by testing
chemical inhibitors of histone deacetylase activity in
cell-based transcription assays. Histone modification
through acetylation and/or methylation is a common
mechanism for regulation of global gene expression.

Cotransfection of a reporter construct containing two
consensus SRF-binding sites derived from the previ-
ously described SM22a promoter with a myocardin
expression vector in Cos cells results in several hun-
dred-fold activation of luciferase activity compared
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Figure 3

Hop recruits HDAC activity to repress transcription. (a) Cos cells
were transfected with a luciferase reporter plasmid including regula-
tory elements from the SM22a. promoter with binding sites for SRF.
Myocardin cotransfection induces dramatic activation assigned a
value of 100% maximal activation (M). Cotransfection of myocardin
and Hop (H) results in inhibition of myocardin-induced activation.
The ability of Hop to inhibit myocardin-induced activation is atten-
uated in a dose-dependent fashion by TSA. (b) Hop inhibitory activ-
ity is also blocked by Scriptaid but not by Nullscript. (¢) Immuno-
precipitation of Hop from transfected Cos cells results in
precipitation of HDAC activity. Cells were transfected with vector
alone (pcDNA3) or myc-tagged control (pSecTag-PSA), Hop, or
HopH2, followed by immunoprecipitation with anti-myc Ab. HDAC
activity in the pellet was assayed and reported as arbitrary units (see
Methods). Western blot analysis with anti-myc Ab of input material
used for immunoprecipitation is shown below. (d) Chromatin
immunoprecipitation reveals decrease in acetylated histones after
Hop expression. The 10T1/2 cells were transfected as in a, followed
by chromatin immunoprecipitation with Ab’s to acetylated histone
H4 or H3 and detection of SM22a. promoter fragments by PCR in
precipitate. (e) Coimmunoprecipitation of HDAC2 and Hop. The
293T cells were transfected with control vector (pcDNA3), Hop, or
HopH2, followed by immunoprecipitation and Western blot analy-
sis for HDAC2. A Western blot using anti-HDAC2 Ab of the cell
extracts used in each case is shown (Input).
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Table 1
Cardiac morphometric and baseline hemodynamic variables in Hop knockout and wild-type littermate mice

Hop~-(n=10) Wild-type (n=12) Pvalue
Heart weight (mg) 1538 170+ 8 0.17
Heart weight/body weight (mg/g) 4.4+0.2 46+04 0.43
Heart rate (min") 508 £ 19 520+ 14 0.61
Systolic aortic pressure (mmHg) 94+7 88+4 0.41
Left ventricular systolic pressure (mmHg) 91+6 88+4 0.70
Left ventricular end diastolic pressure (mmHg) 1.9+0.6 1.0+0.5 0.15
Peak positive dP/dt (mmHg/s) 8,202 + 1108 8,399 + 574 0.88
Peak negative dP/dt (mmHg/s) -7,031+756 -7,441 + 598 0.67

Data are shown as mean + SEM. dP/dt, change in ventricular pressure with respect to time.

with cells transfected with the luciferase reporter con-
struct and control vectors. Myocardin binds directly to
endogenous SRF, which is present in Cos cells and is
responsible for this potent transactivation (28). Addi-
tion of Hop markedly reduces myocardin and SRF-
dependent activation (19, 20). Importantly, the ability
of Hop to inhibit myocardin-dependent transcrip-
tional activation is severely attenuated in a dose-
dependent fashion by TSA, which functions by
inhibiting HDAC activity (Figure 3a) (29). TSA (100
nM) is sufficient to completely inhibit Hop activity in
this assay. Likewise, Scriptaid (2 ug/ml), an alternate
HDAC inhibitor, is able to completely block Hop activ-
ity. Nullscript, a chemically modified version of Scrip-
taid that is devoid of HDAC-blocking activity, has no
effect on Hop-mediated repression (Figure 3b). Hence,
the ability of Hop to repress SRF-dependent tran-
scription requires HDAC activity.

Hop recruits HDAC activity. To determine if Hop can
contribute to a complex that includes HDAC activity,
we transfected Cos cells with Hop, a mutant form of
Hop (HopH2) that fails to repress transcription, or
with control vectors. We immunoprecipitated wild-
type or mutant Hop and assayed the precipitate for
HDAC activity. Wild-type Hop is able to precipitate
significant HDAC activity, while a control protein (epi-
tope-tagged prostate-specific antigen, PSA) expressed
at equal levels does not (Figure 3c). HopH2, which fails

to repress transcription, is also unable to precipitate
HDAC activity (Figure 3c). Hence, the ability of Hop to
repress transcription correlates with the ability to form
a complex that includes HDAC activity.

We used chromatin immunoprecipitation to deter-
mine the level of histone acetylation of the SM22a. 5’
flanking region in the presence or absence of Hop. We
used an Ab specific for acetylated histone H3 and a dis-
tinct Ab specific for acetylated histone H4. Transfec-
tion of myocardin, which is associated with marked
activation of the SM22a. promoter, is associated with
the presence of acetylated histone H3 and H4, which
allows for precipitation of the SM22a upstream region
(Figure 3d). Addition of Hop results in a marked
decrease in acetylated histone H3 and H4 (Figure 3d).
Hop also reduced the basal amount of acetylated his-
tones at the SM22a promoter in the absence of
myocardin (data not shown). These results are consis-
tent with the ability of Hop to recruit HDAC activity
resulting in histone deacetylation and transcriptional
repression. Immunoprecipitation followed by Western
blot analysis revealed that Hop forms a complex with
HDAC2 (Figure 3e), while the mutant form of Hop,
HopH2, does not. HDAC2 is expressed in the murine
heart (data not shown). Hop was also able to interact
to a lesser degree with HDAC3, but we did not detect
interactions with HDAC1 or HDAC4-HDAC9 (data
not shown). Coimmunoprecipitation studies were per-

Table 2
Hemodynamic response to isoproterenol in Hop knockout and wild-type littermate mice

Baseline Maximum isoproterenol response % Change
Hop~~ mice (n = 6)
Heart rate (min") 511+16 562+ 6A 11+38
Peak positive dP/dt (mmHg/s) 8,319+ 1,154 10,828 + 12044 35+ 118
Peak negative dP/dt (mmHg/s) -8,315+ 876 -9,885 + 1,073 22+ 118
Wild-type mice (n=11)
Heart rate (min-") 509 + 21 578+ 174 15+4
Peak positive dP/dt (mmHg/s) 7,753 + 472 11,044 + 8874 42+7
Peak negative dP/dt (mmHg/s) -7,894 £ 630 -8,688 £ 907 10+6

Data are shown as mean = SEM. AP < 0.05 versus baseline. BNo significant difference for comparison of percentage of change for each variable in Hop~~ and
wild-type mice. dP/dt, change in ventricular pressure with respect to time.
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formed using extracts of cultured cells, and it remains
unknown if the interaction between Hop and HDAC2
is direct or if additional components of the Hop-
HDAC complex exist.

HDAC inbibition prevents hypertrophy. In transgenic
mouse hearts, Hop can also interact with endogenous
proteins that exhibit HDAC activity. Precipitation of
epitope-tagged Hop from the hearts of transgenic mice
resulted in coprecipitation of HDAC activity (Figure
4a). To determine if cardiac hypertrophy in Hop trans-
genic mice is the result of HDAC-mediated transcrip-
tional repression, we treated 3- to 5-week-old wild-type
and Hop transgenic littermates with TSA. TSA, deliv-
ered by daily intraperitoneal injection at a dose of 0.6
mg/kg body weight (a dose sufficient to inhibit
endogenous HDAC activity) (29, 30), was well tolerat-
ed and did not affect overall body weight or heart
weight-to-body weight ratios in wild-type mice com-
pared with those injected with vehicle alone (Figure 4b).

In Hop-transgenic mice, TSA resulted in a significant
reduction in heart weight-to-body weight ratio com-
pared with vehicle-treated littermates. We also treated
Hop transgenic mice with sodium valproate, an unre-
lated medication with HDAC inhibitor activity (31).
Cardiac hypertrophy, as assessed by heart weight-to-
body weight ratio, was significantly attenuated by val-
proate (Figure 4c). Thus, Hop-induced, HDAC-depend-
ent, transcriptional repression induces cardiac hyper-
trophy, and this process is attenuated by therapeutic
delivery of chemical HDAC inhibitors.

To determine if inhibition of HDAC activity might
prevent cardiac hypertrophy induced by alternative
mechanisms, we treated wild-type CD1 mice with iso-
proterenol infusion (30 mg/kg/day) using an im-
plantable delivery system for a 2-week period (32-34).
This treatment resulted in significant cardiac hypet-
trophy as assessed by MRI (not shown) and by heart
weight-to-body weight ratio (Figure 4d). Concomitant
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Figure 4

Treatment with HDAC inhibitor prevents cardiac hypertrophy in Hop transgenic mice. (a) HDAC activity was associated with immunopre-
cipitated transgenic Hop protein derived from hearts of transgenic Hop mice (5-6 weeks of age) when compared with wild-type littermates.
(b) Transgenic and wild-type littermates were treated with daily injections of TSA between the ages of 3 and 5 weeks. Heart weight-to-body
weight ratios were calculated at 5 weeks. Bars indicate mean of values shown, and each filled circle represents one animal. TSA significant-
ly attenuated cardiac hypertrophy, but did not affect heart weight-to-body weight ratio in nontransgenic mice. (¢) Hop transgenic mice
were also treated with sodium valproate between 3 and 5 weeks of age, which resulted in attenuation of cardiac enlargement at 5 weeks. (d)
Wild-type mice were treated with isoproterenol (ISO) infusion between 3 and 5 weeks of life, with or without daily injection of TSA. Heart
weight-to-body weight ratio increased significantly with isoproterenol, and this increase was significantly inhibited by TSA. (e) Model depict-
ing the ability of Hop or other hypertrophic stimuli to recruit class | HDACs resulting in inhibition of antihypertrophic gene programs. Induc-
ers of cardiac hypertrophy are also thought to function by altering calcium homeostasis or mechanical stretch and induce prohypertrophic
genes. Class Il HDACs can inhibit some prohypertrophic programs. The relative balance of pro- and antihypertrophic gene programs will
determine the extent of myocyte hypertrophy.
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treatment with daily TSA injections significantly abro-
gated this increase in heart weight-to-body weight
ratio (Figure 4d), suggesting that some forms of cardiac
hypertrophy unrelated to transgenic overexpression of
Hop can be blocked by inhibition of HDAC activity.

Discussion

These studies demonstrate the existence of a previ-
ously unrecognized antihypertrophic transcription-
al program that functions in cardiac myocytes. Over-
expression of Hop in adult mice functions to repress
this program, thus shifting the balance between pro-
and antihypertrophic pathways (Figure 4e). While
numerous stimuli have been identified that induce
hypertrophy in animal models and in humans (6, 8,
9, 35), generally these have been thought to manifest
pathological effects by inducing prohypertrophic
gene expression. For instance, alterations in calcium
handling can result in activation of calcineurin and
subsequent activation of gene expression dependent
upon NFAT (10). Also, MEF2 activation of gene
expression correlates with cardiac hypertrophy in
some animal models. Importantly, class II HDACs
can inhibit MEF2 activity and thus may antagonize
prohypertrophic gene expression (12, 36, 37) (Figure
4e). Our results suggest that homeostatic mainte-
nance of cardiomyocyte size is also dependent upon
the expression of antihypertrophic genes and that
this expression can be inhibited by Hop in associa-
tion with the class  HDAC, HDAC2. Hence, the over-
all effect of HDAC activity and of HDAC inhibition
is likely to depend upon the relative balance of pro-
and antihypertrophic gene programs that are modi-
fied by specific recruitment of individual complexes
to unique sets of genes.

In cultured cardiac myocytes, HDAC inhibition pre-
vents the induction of fetal gene programs induced by
hypertrophic stimulants such as phenylephrine and
endothelin-1 (38). Hence, the predominant effect of
nonspecific HDAC inhibition on cultured myocytes
and in our transgenic and isoproterenol-treated mice is
to prevent cardiac hypertrophy. This is an unexpected
result, given the fact that inactivation of HDACY, a
class I HDAC, by homologous recombination in the
mouse, resulted in animals unusually sensitive to
hypertrophic stimuli (12).

While Hop can affect SRF activity in cultured cells
and in vivo, it remains unclear what SRF-independ-
ent functions of Hop remain to be elucidated. Inter-
estingly, overexpression of SRF in transgenic mice
causes cardiac hypertrophy (39), while overexpression
of a mutant form of SRF that does not bind DNA
results in rapid postnatal demise and a poorly devel-
oped myocardium (40). These data suggest that Hop
overexpression may affect only a subset of SRF-
dependent pathways or may have effects in addition
to those mediated by SRF. Previous studies investi-
gating the role of Hop during embryonic develop-
ment implicated a role for Hop in the modulation of

SRF-dependent transcription (19, 20), but alternative
or additional functions for Hop in embryonic or
adult animals may also exist.

Previous studies have focused on the identification
of genetic pathways that are activated during hyper-
trophy and induce cardiac growth. Our studies high-
light the importance of previously unappreciated
molecular programs that normally function to
repress hypertrophic responses. The full program of
genes repressed by the Hop-HDAC2-containing
complex remains to be defined. Microarray analysis
of Hop transgenic hearts, however, indicates repres-
sion of c-fos, a classic SRF transcriptional target (41),
consistent with previous data indicating that Hop
can repress SRF-dependent transcription (19, 20).
Interestingly, we also identified an RNA helicase,
Dby, that is consistently downregulated in Hop
transgenic hearts. A related DEAD box containing
RNA helicase, CHAMP, is able to repress phenyle-
phrine-induced myocyte hypertrophy in cultured
neonatal cardiac myocytes (42).

HDAC inhibitors are already in clinical trials for a
variety of noncardiac disorders and could potentially
influence normal or pathological cardiac function
(17, 18, 43, 44). The identification and furcher eluci-
dation of antihypertrophic transcriptional pathways
will offer novel therapeutic targets for the treatment
of congestive heart failure.
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