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Abstract
Small molecule histone deacetylase (HDAC) inhibitors block adverse cardiac remodeling in
animal models of heart failure. The efficacious compounds target class I, class IIb and, to a lesser
extent, class IIa HDACs. It is hypothesized that a selective inhibitor of a specific HDAC class (or
an isoform within that class) will provide a favorable therapeutic window for the treatment of
heart failure, although the optimal selectivity profile for such a compound remains unknown.
Genetic studies have suggested that class I HDACs promote pathological cardiac remodeling,
while class IIa HDACs are protective. In contrast, nothing is known about the function or
regulation of class IIb HDACs in the heart. We developed assays to quantify catalytic activity of
distinct HDAC classes in left and right ventricular cardiac tissue from animal models of
hypertensive heart disease. Class I and IIa HDAC activity was elevated in some but not all
diseased tissues. In contrast, catalytic activity of the class IIb HDAC, HDAC6, was consistently
increased in stressed myocardium, but not in a model of physiologic hypertrophy. HDAC6
catalytic activity was also induced by diverse extracellular stimuli in cultured cardiac myocytes
and fibroblasts. These findings suggest an unforeseen role for HDAC6 in the heart, and highlight
the need for pre-clinical evaluation of HDAC6-selective inhibitors to determine whether this
HDAC isoform is pathological or protective in the setting of cardiovascular disease.
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1. Introduction
When the mammalian heart is subjected to increased afterload due to hypertension, the
response is often characterized by myocyte hypertrophy, interstitial fibrosis and ventricular
dysfunction [1]. Uncontrolled systemic or pulmonary arterial hypertension frequently leads
to left ventricular (LV) or right ventricular (RV) heart failure, respectively. It is estimated
that over 5 million adults in the U.S. suffer from heart failure, and that ~75% of these
patients had antecedent hypertension [2]. Given the high mortality rate in patients with heart
failure [2], there is a vital need for novel therapeutic approaches.

Small molecule inhibitors of histone deacetylases (HDACs) have shown efficacy in multiple
animal models of heart failure [3–5]. HDACs catalyze removal of acetyl groups from ε-
amino groups of lysine residues in a variety of proteins. HDACs have mainly been studied
in the context of chromatin, where they serve an epigenetic function by deacetylating
nucleosomal histones and altering the electrostatic properties of chromatin to favor gene
repression. However, it is now clear that HDACs also deacetylate many non-histone
proteins, including transcription factors, mitochondrial proteins and cytoskeletal proteins [6,
7]. The 18 HDACs are encoded by distinct genes and are grouped into four classes on the
basis of similarity to yeast transcriptional repressors (Fig. 1A). Class I HDACs (HDACs 1,
2, 3 and 8) are related to yeast RPD3, class II HDACs (HDACs 4, 5, 6, 7, 9 and 10) to yeast
HDA1, and class III HDACs (SirT1 – 7) to yeast Sir2. Class II HDACs are further divided
into two subclasses, IIa (HDACs 4, 5, 7 and 9) and IIb (HDACs 6 and 10). HDAC11 falls
into a fourth class [8].

HDAC inhibitors block cardiac hypertrophy, fibrosis and inflammation in various rodent
models, including myocardial infarction (MI) [9–12], transverse aortic constriction (TAC)
[13, 14] and adrenergic excess [15]. Recently, HDAC inhibitors were shown to block LV
hypertrophy in response to chronic systemic hypertension induced by the aldosterone
mimetic, deoxycorticosterone acetate (DOCA) [16], and in spontaneously hypertensive rats
(SHR) [17]. HDAC inhibitors also appear to reduce RV hypertrophy in response to
increased afterload [18]. All of the compounds used in these pre-clinical studies were non-
selective, pan-HDAC inhibitors, and thus it has not been possible to ascribe the beneficial
effects to inhibition of a particular HDAC class or an isoform within a given class.

To address the possible involvement of specific HDAC classes in hypertension-induced
cardiac remodeling, we established enzymatic assays that enable quantification of class I, IIa
or IIb HDAC catalytic activity in cardiac tissue homogenates. These assays revealed an
elevation in the catalytic activity of the class IIb HDAC, HDAC6, in multiple models of LV
and RV pressure overload, including DOCA-treated rats, spontaneously hypertensive heart
failure (SHHF) rats and rats with RV hypertrophy induced by chronic hypoxia, but not in
hypertrophic hearts of exercised animals, demonstrating the specificity of HDAC6 activation
to pathologic events. Studies with cultured cardiac myocytes and fibroblasts demonstrated
that HDAC6 activity is induced by G-protein coupled receptor (GPCR) signaling in
myocytes and cytokine receptor signaling in fibroblasts. Alterations in class I and class IIa
HDAC activity were less consistent. These results suggest a role for HDAC6 in the heart
and provide rationale for evaluation of the function of this HDAC isoform in the models of
cardiovascular disease.

2. Materials and methods
2.1 Reagents

Reagents were purchased from the indicated vendors. HDAC inhibitors: apicidin (Enzo),
SAHA (ChemieTek), nicotimamide (Sigma), MGCD0103 (Sai Advantium), Trichostatin A

Lemon et al. Page 2

J Mol Cell Cardiol. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(TSA; Sigma). Agonists: phenylephrine (PE; Sigma), endothelin-1 (ET-1; Sigma),
isoproterenol (ISO; Sigma), norepinephrine (NE; Sigma), prostaglandin F2α (PGF2α;
EMD4 Biosciences), IL-1β (R&D Systems). Synthetic HDAC substrates: class I HDAC
substrate (custom synthesis by Genscript), class IIa HDAC substrate (I-1985; Bachem), class
I/IIb substrate (I-1875; Bachem). SU5416, Trypsin, Triton X-100, and DMSO were obtained
from Sigma. 7-Amino-4-methylcoumarin (AMC; Alfa Aesar).

2.2 HDAC activity assays
Typically, assays were run simultaneously for class I, IIa, and IIb HDAC activities, using
parallel sets of sample aliquots. Each of the HDAC substrates was based on ε-N-acylated
lysine, derivatized on the carboxyl group with AMC [19]. Subsequent to deacylation by
HDAC activity, trypsin was used to release AMC, resulting in a significant increase in
fluorescence.

Tissue extracts were prepared in PBS (pH 7.4) containing 0.5% Triton X-100, 300 mM
NaCl and protease/phosphatase inhibitor cocktail (Thermo Fisher) using a Bullet Blender
homogenizer (Next Advance). Cultured cells were suspended in the same buffer and
sonicated prior to clarification by centrifugation. Protein concentrations were determined
using a BCA Protein Assay Kit (Thermo Fisher). Cell and tissue extracts were diluted into
PBS buffer in 100 μL total volumes in 96-well plate (60 μg ventricular protein/well; 15 μg
neonatal rat ventricular myocyte [NRVM]/adult rat ventricular fibroblast [ARVF] protein/
well; 30 μg adult rat ventricular myocyte [ARVM] protein/well); Where indicated,
exogenous HDAC inhibitors (typically 1 μL of 100× DMSO stock solutions) or
corresponding volumes of DMSO were added, followed by 30 – 60 minutes incubation at
37° C. Substrates were added (5 μL of 1 mM DMSO stock solutions), and the plates were
returned to the 37°C incubator for 2 – 3 hours. Finally, developer/stop solution was added
(50 μL per well of PBS with 1.5% Triton X-100, 3 μM TSA, and 0.75 mg/mL trypsin), with
another 20 minute incubation at 37°C. AMC fluorescence was measured using a BioTek
Synergy 2 plate reader, with excitation and emission filters of 360 nm and 460 nm,
respectively (each with bandwidth 40 nm), along with a 400 nm dichroic top mirror.
Background signals from buffer blanks were subtracted, and data were normalized as needed
using appropriate controls.

Tissue extracts were often slightly colored, which variably quenched the AMC fluorescence.
This issue was resolved by including an additional “reference” set of sample aliquots and
buffer blank, which received identical aliquots of AMC (5 μL of 80 μM in DMSO) instead
of substrate. The reference AMC signals were used to calculate quenching ratios relative to
the AMC buffer blank signal. Each raw fluorescence value from the substrate-containing
samples was divided by the corresponding quenching ratio, followed by subtraction of the
appropriate substrate background.

GraphPad Prism software was used to generate graphs and analyze data. ANOVA with
Bonferroni’s post test (p<0.05) was used to determine statistical differences between groups.

2.3 Enzyme kinetics
HDAC1, HDAC2, HDAC4 and HDAC6 recombinant enzymes were purchased from BPS
Bioscience (San Diego, CA). Enzyme titrations were conducted to determine the conditions
for each enzyme to be within the linear detection range of the assay. Enzyme efficiency
(kcat/Km) was determined by incubating recombinant HDACs with titrated substrates, 5μM –
160μM, for 120 minutes at 37°C under standard assay conditions. A standard curve of the
fluorescent product, AMC, was also run under these conditions to determine a conversation
factor to express fluorescent values as moles of substrate produced. Raw fluorescent values
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were converted to a rate expressed as moles of substrate converted per second per mg of
enzyme. This rate was plotted against substrate concentration and was fit to the Michaelis-
Menten equation using GraphPad Prism 5 (La Jolla, CA). The best-fit line produced the Km
(μM) and Vmax (moles sec−1 mg−1) of each enzyme/substrate pair. kcat (sec−1) was
determined by dividing Vmax by the concentration of enzyme active site per mg of enzyme.
kcat/Km, expressed in [sec−1 M−1], was determined for each enzyme on each substrate and
represents the catalytic efficiency of the enzyme on the substrate.

2.4 Animal models
All animal experiments were conducted in accordance with the National Institutes Health
‘Guide for the Care and Use of Laboratory Animals’, and were approved by the Institutional
Animal Care and Use Committee at the University of Colorado Denver. For RV
hypertrophy, the hypoxia-induced pulmonary hypertension (PH) model was used. Male
Sprague-Dawley (SD) rats weighing 250–280 grams (Charles River Labs; n = 8) were
placed in a hypobaric chamber to simulate an altitude of 18,000 feet above sea level and
create a hypoxic environment (10% 02) [20]. Normoxic control rats (n = 6) were maintained
in chambers simulating sea level (21% 02). Some rats received a single subcutaneous
injection of a VEGF receptor inhibitor, SU5416, at 20 mg/kg immediately prior to housing
in the hypobaric chamber (n = 8). SU5416 has been shown to exacerbate pulmonary
vascular lesions and aggravate PH [21, 22]. For LV remodeling, the DOCA-salt
hypertension model was used. Male SD rats weighing 230–250 grams (n = 9) were subjected
to unilateral nephrectomy followed one week later by implantation of a medical grade
silastic pellet impregnated with 100 mg of deoxycorticosterone acetate (DOCA; Sigma), and
given tap water containing 0.9% NaCl and 0.2% KCl, as previously described [23, 24].
Control animals (n = 8) were subjected to unilateral nephrectomy and received a silastic
pellet containing vehicle, and were given regular tap water. Spontaneously hypertensive
heart failure (SHHF) rats and the voluntary cage wheel running model of physiological
cardiac hypertrophy in mice have been described previously [25, 26]. Male SHHF rats were
from the McCune colony at the University of Colorado Boulder (young, n = 8; non-failing, n
= 7, failing, n = 7). Young SHHF rats show no signs of heart failure and are generally
accepted as optimal controls for determining how signaling and gene regulatory events are
altered as the model progresses to heart failure [27]. For exercise studies, 3 to 4 month-old
female C57BL/6 mice were used (Taconic; n = 15 per group).

2.5 Cells and culture
Neonatal rat ventricular myocytes (NRVMs) were prepared from hearts of 1 – 3 day-old SD
rats, as previously described [28]. Cells were cultured overnight on 10-cm plates coated with
gelatin (Sigma; 0.2%) in DMEM containing fetal bovine serum (FBS, 10%), L-glutamine (2
mM), and penicillin-streptomycin. After overnight culture, cells were washed with serum-
free medium and maintained in DMEM supplemented with Neutridoma-SP (Roche Applied
Science), which contains albumin, insulin, transferrin, and other defined organic and
inorganic compounds. Adult rat ventricular myocytes (ARVMs) and adult rat ventricular
fibroblasts (ARVFs) were obtained from female SD rats, as described previously [29].
ARVMs were plated at a density of 100 to 150 cells/mm2 on laminin-coated 60-mm plates
and maintained in serum-free DMEM supplemented with albumin (2 mg/ml), 2,3-
butanedione monoxime (1 mg/ml), L-carnitine (2 mM), creatine (5 mM), penicillin-
streptomycin (100 μg/ml), triiodothyronine (1 pM), and taurine (5 mM). ARVFs were
cultured on 10-cm plates in DMEM containing FBS (10%), L-glutamine (2 mM) and
gentamicin (0.1 mg/ml). ARVFs were serum-starved for 48 hrs in DMEM containing BSA
(0.1%) prior to stimulation with FBS (10%) or IL-1β (10ng/ml) for an additional 48 hrs.
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2.6 Adenovirus production and quantitative PCR for rat HDAC6 and HDAC10
Recombinant adenoviruses encoding short hairpin (sh) RNAs to rat HDAC6 and rat
HDAC10 were prepared using the BLOCK-it™ Adenoviral RNAi Expression System
(Invitrogen). Oligonucleotide targeting sequences are shown in Table 1. Top and bottom
strands were annealed and ligated into the pENTR/U6 vector (Invitrogen). Positive sub-
clones were recombined with the pAd/BLOCK-it™–Dest vector (Invitrogen) and then
transfected into 293A cells using Fugene 6 (Roche). Virus was grown, amplified and
recovered from 293A cells via multiple freeze/thaw cycles. Cell lysate containing viral
particles was used for subsequent studies.

NRVMs were infected with shRNA encoding adenoviruses the day after plating, and total
RNA was harvested using TRI Reagent™ (Ambion) 48 hrs after infection. All RNA samples
were diluted to 100 ng/μl, and 5 μl (500 ng) of RNA was converted to cDNA using the
Verso™ cDNA Synthesis Kit (Thermo Scientific). Quantitative PCR (Q-PCR) was
performed using Absolute™ QPCR SYBR Green ROX mix (Thermo Scientific) on an
ABI-7300 qPCR instrument (Applied Biosystems). Q-PCR primers for HDAC6
(XM_228753.5) and HDAC10 (NM_001035000.1) are shown in Table 1. Relative transcript
levels were determined by measuring Ct values off of a stand curve made from serial
dilutions of pooled cDNA. Additional NRVMs infected with shRNA adenoviruses were
harvested for protein extracts, which were used in HDAC activity assays.

3. Results
3.1 Catalytic activity of specific HDAC classes in the heart

HDAC catalytic activity can be quantified using fluorogenic substrates containing acetyl-
lysine moieties [30]. Upon deacetylation by HDACs, the substrates become susceptible to
cleavage by trypsin, which releases the fluorophore, 7-amino-4-methylcoumarin (AMC)
[31] (Fig. 1B). These substrates can be used to measure activity of recombinant HDACs or
endogenous HDACs from tissue homogenates. The substrate shown in Fig. 1B is
deacetylated by class I and class IIb HDACs [19]. By modifying the ε-acyl group and the α-
amino protecting group, it is possible to create a substrate that is selectively deacetylated by
class I HDACs [19] (Fig. 2A). Furthermore, a substrate having a trifluoroacetyl group on the
ε-amine is specific for class IIa HDAC enzymes [32, 33] (Fig. 2B). Kinetic studies with
recombinant forms of representative members of each HDAC class confirmed the selectivity
of these substrates (Table 2). Specifically, HDAC1 and HDAC2 had the highest catalytic
efficiency (kcat/Km) for the class I substrate, while HDAC4 and HDAC6 had higher kcat/Km
values for the class IIa and Class I/IIb substrates, respectively.

Validation studies were performed to determine whether these substrates could be used to
quantify class-specific HDAC activity in cardiac tissue. As shown in Fig. 2A, HDAC
activity was readily detected in rat LV tissue extract. As expected, this activity represented
class I HDACs, as evidenced by the sensitivity of the assay to the class I HDAC inhibitors,
apicidin and MGCD0103, as well as the pan-HDAC inhibitors, SAHA and TSA. In contrast,
activity measured with this substrate was insensitive to nicotinamide (Fig. 2A), which
inhibits class III HDACs [34].

A robust signal was also obtained using the class IIa HDAC substrate and rat LV extract
(Fig. 2B). As predicted based on prior studies [35], this activity was largely resistant to class
I and classical pan-HDAC inhibitors. The use of the class I/IIb substrate in combination with
class I-specific inhibitors revealed the presence of class IIb HDAC activity in the rat LV
(Fig. 2C).
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3.2 Altered HDAC catalytic activity in models of pathological cardiac remodeling
Experiments were performed to determine whether HDAC activity is changed in rodent
models of cardiac remodeling induced by hypertension. The extent of cardiac hypertrophy
and other model characteristics are shown in Table 3. In a three week model of pulmonary
hypertension (PH) induced by chronic hypoxia, only class IIb HDAC catalytic activity was
significantly increased in the RV (Fig. 3A). VEGF receptor inhibition in combination with
chronic hypoxia is known to exacerbate pulmonary vascular remodeling and promote
apoptosis and interstitial fibrosis in the RV [21, 22, 36]. In this more severe disease model,
elevations in class I, IIa and IIb HDAC activity were detected in the RV (Fig. 3A).

In a rat model of systemic hypertension induced by the aldosterone mimetic, DOCA,
combined with unilateral nephrectomy, the levels of class I, IIa and IIb HDAC catalytic
activity were all significantly increased in pressure overloaded LVs. Class IIb HDAC
activity was also increased in failing LVs from SHHF rats, which have severe systemic
hypertension (Fig. 3C), but not in younger SHHF animals, which had cardiac hypertrophy
but not heart failure. Interestingly, in this latter group of animals, a significant decrease in
LV class I and IIa HDAC activity was noted.

To begin to address whether altered HDAC activity is a general response to cardiac growth
signals, catalytic activity of the individual HDAC classes was quantified in hearts of mice
with physiological cardiac hypertrophy induced by 7 or 21 days of voluntary cage wheel
running (see Table 3). As shown in Fig. 3D, no significant changes in cardiac HDAC
activity were found in this model of exercise-induced hypertrophy.

3.3 Signal-dependent changes in HDAC catalytic activity in cultured cardiac cells
Hypertension triggers release of humoral factors such as norepinephrine (NE) and
endothelin-1 (ET-1) that promote growth of the two major cell types in the heart, cardiac
myocytes and cardiac fibroblasts [37]. Experiments were performed with purified
populations of myocytes or fibroblasts from rat hearts to determine whether HDAC activity
is directly altered by extracellular stimuli that activate these cells. As shown in Fig. 4A,
treatment of cultured NRVMs with NE, which induces cardiomyocyte hypertrophy through
stimulation of both α- and β-adrenergic receptors, caused a dramatic increase in class IIb
HDAC activity. This increase was recapitulated with phenylephrine (PE), which selectively
agonizes α-ARs, but not with the β-AR selective agonist, isoproterenol (ISO). In a second
study, NE also stimulated class IIb HDAC activity in NRVMs, as did prostaglandin F2α
(PGF2α) and ET-1, which are also potent hypertrophic agonists (Fig. 4B). These results
suggest that class IIb HDAC activity is induced by agonists targeting G-protein coupled
receptors (GPCRs) that couple to Gαq (PE, PGF2α, ET-1), but not Gαs (ISO).

NE, PE and PGF2α also induced class IIb HDAC catalytic activity in cultured adult rat
ventricular myocytes (ARVMs) (Fig. 4C). However, in contrast to what was observed with
NRVMs, PE and PGF2α treatment of ARVMs additionally led to elevations in class I and
IIa HDAC activity, and NE stimulated class I HDAC activity. The reason for these
discrepancies between ARVMs and NRVMs is unknown, but may reflect developmental
stage-specific differences in signaling in cardiomyocytes, as has been described for cardiac
α- and β-ARs [38]. ET-1 failed to alter HDAC activity in ARVMs, possibly due to a lack of
function ET receptors in our myocyte preparations.

HDAC activity was subsequently measured in extracts from cultured adult rat cardiac
fibroblasts (ARVFs) exposed to fetal bovine serum (FBS), which stimulates fibroblast
proliferation and migration. Alternatively, cells were treated with interleukin-1β (IL-1β),
which promotes cardiac fibroblast migration, but not proliferation. As shown in Fig. 4D,
FBS treatment stimulated class I, IIa and IIb activity in ARVFs, while IL-1β selectively
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promoted activity of class I and IIb HDACs. These results suggest that distinct HDACs can
respond to signaling events governing cardiac fibroblast proliferation and/or migration.

3.4 Altered HDAC6 activity and expression
A summary of the enzymatic activity of HDAC classes in cardiac tissue and cells is shown
in Fig. 5. Only class IIb HDAC catalytic activity was consistently elevated in all of the
pathologic models tested. There are two mammalian class IIb HDACs, HDAC6 and
HDAC10. To begin to address whether the elevated activity observed in these studies was
due to increases in HDAC6 and/or HDAC10, dose-response studies were performed with
RV and LV homogenates and a small molecule HDAC inhibitor, Tubastatin A. Tubastatin A
was shown to inhibit recombinant HDAC6 with a half-maximal inhibitory concentration
(IC50) of 15 nM, while failing to inhibit HDAC10 at concentrations of up to 30,000 nM
(Fig. 6A) [39]. As shown in Fig. 6B, class IIb HDAC activity from hypertrophic RV and LV
samples was inhibited by Tubastatin A in a concentration-dependent manner (IC50 = 123
nM and 238 nM for RV and LV, respectively), suggesting that the cardiac activity targeting
this substrate is primarily derived from HDAC6 as opposed to HDAC10.

The specificity of Tubastatin A and the HDAC substrates was confirmed using LV
homogenate from SHHF rats with heart failure. As shown in Fig. 6C, Tubastatin failed to
inhibit deacetylation of the class I and class IIa HDAC substrates, but reduced deacetylation
of the class I/IIb substrate by ~50%.

To further address whether the class IIb HDAC activity measured in cardiac cells is derived
from HDAC6 and/or HDAC10, recombinant adenoviruses were constructed to express short
hairpin (sh) RNAs to knockdown expression of endogenous rat HDAC6 or HDAC10 in
cardiac myocytes. As shown in Fig. 6D, HDAC6 mRNA was efficiently reduced in NRVMs
infected with Ad-shHDAC6. Interestingly, this led to reciprocal upregulation of HDAC10
mRNA expression. Likewise, Ad-shHDAC10 reduced HDAC10 mRNA expression but led
to a dramatic, compensatory increase in HDAC6 expression. Importantly, the changes in
HDAC6 expression correlated precisely with deacetylation of the class IIb HDAC substrate
(Fig. 6E), further suggesting that HDAC6 is primarily responsible for the observed
enzymatic activity in our assays.

Quantitative PCR analysis was performed to determine whether the changes in HDAC6
activity observed in cardiac cells correlated with increased expression of this HDAC
isoform. As shown in Fig. 7, HDAC6 mRNA transcripts were modestly elevated in
hypertrophied ventricles from rats subjected to chronic hypoxia or DOCA salt, as well as in
LVs from SHHF rats with cardiac hypertrophy and heart failure. Additionally, HDAC6
mRNA levels were increased by PE stimulation in NRVMs and ARVMs, although the
increase in ARVMs failed to reach statistical significance. These results suggest that the
enhanced HDAC6 catalytic activity observed in response to hypertrophic signals is due, in
part, to elevated expression of this HDAC isoform.

4. Discussion
The major finding reported here is that HDAC6 catalytic activity is increased in response to
cardiac stress signals. The results highlight the need for loss-of-function studies to determine
whether HDAC6 serves a protective or pathological role in the heart.

Broad-spectrum, ‘pan’ HDAC inhibitors are efficacious in animal models of pathological
cardiac remodeling. However, since these compounds are associated with toxicities such as
thrombocytopenia, nausea and fatigue [40], many in the field remain skeptical of the
prospects of translating these pre-clinical findings to better therapies for heart failure
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patients. Knowledge of the cardiac function(s) of distinct HDAC isoforms, including
HDAC6, should facilitate development of safer, isoform-selective HDAC inhibitors for
chronic indications such as heart failure.

We report an unbiased comparison of the catalytic activity of distinct HDAC classes in the
heart. Global HDAC activity was shown to be increased in hypertrophic SHR rat hearts [17],
in hearts of transgenic mice with cardiac hypertrophy due to overexpression of
homeodomain protein (Hop) [15], and in a model of cardiac ischemia-reperfusion injury [9].
Kee et al. used sequential immunoprecipitation-HDAC activity assays to provide evidence
that HDAC2, but not HDAC1, is activated in the heart in response to hypertrophic stimuli,
including pressure overload due to aortic constriction [41]. Another study reported rapid
induction of HDAC3 catalytic activity in NRVMs treated with lipopolysaccharide (LPS)
[42]. Conversely, HDAC catalytic activity was reduced in NRVMs exposed to hypoxic
conditions [43]. Our inability to detect changes in class I HDAC activity in certain samples
(e.g. SHHF hearts and stimulated NRVMs) could be a reflection of complexities related to
kinetics of HDAC activation. Indeed, the report by Kee et al. noted only transient activation
of HDAC2 following aortic constriction, and this activation preceded hypertrophic growth
of the heart [41]. The studies by other groups did not assess activity of class IIb HDACs in
the heart.

It should be emphasized that increased catalytic activity of an HDAC isoform is not
requisite to establish the enzyme as a valid drug target. For example, a class I HDAC could
be aberrantly recruited to the promoter region of a protective gene in response to cardiac
stress signals, and de-repression of this gene with an HDAC inhibitor would thus provide
benefit to the heart. This concept is exemplified by the anti-oncogenic actions of HDAC
inhibitors, which are largely mediated by derepression of pro-apoptotic and anti-proliferative
genes (e.g., cyclin-dependent kinase inhibitor, p21) [44]. There are two marketed HDAC
inhibitors for cutaneous T cell lymphoma, and many ongoing clinical trials of HDAC
inhibitors for other hematological malignancies, as well as solid tumors [45, 46].
Nevertheless, the degree to which the activity of distinct HDAC isoforms is altered in
various cancers is largely unknown. As such, with regard to the current study, the absence of
detectable increases in cardiac class I HDAC activity in most of the models tested should not
be viewed as invalidation of members of this HDAC class as drug targets for heart failure.

The mechanism(s) for HDAC6 activation in response to cardiac stress signaling is unknown.
Preliminary kinetic studies with NRVMs suggest that prolonged stimulation of the cells is
required for HDAC6 activation, which may reflect a need for new protein synthesis (D.D.
Lemon and T.A. McKinsey, data not shown). We hypothesize that induction of HDAC6
catalytic activity in the heart is due in part to increased HDAC6 expression, and also occurs
through post-translational activation of the protein. With regard to HDAC6 expression,
modest increases in HDAC6 mRNA expression were observed in hypertrophic hearts and
stimulated cardiomyocytes (Fig. 7); we have failed to identify a commercially available
antibody that efficiently recognizes rat HDAC6 protein. Multiple post-translational
mechanisms for regulation of HDAC6 activity have been described in other cell types. For
example, association of TPPP/p25 (tubulin polymerization-promoting protein/p25) [47],
CYLD [48], IIp45 [49] or Tau [50] with HDAC6 has been shown to inhibit its catalytic
activity, as has direct phosphorylation or acetylation of HDAC6 by epidermal growth factor
receptor or p300, respectively [51, 52]. Conversely, phosphorylation of HDAC6 by
glycogen synthase kinase-3β was shown to activate HDAC6 catalytic activity in neurons
[53].

Elucidation of the function of HDAC6 in the heart awaits loss-of-function analyses. In this
regard, HDAC6 knockout mice are viable and fertile, and thus assessment of the response of
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these mice to increased ventricular afterload should be particularly enlightening [54].
Furthermore, the availability of selective pharmacological inhibitors of HDAC6, such as
Tubastatin A, may provide an alternative ‘chemical genetic’ approach for determining the
role of HDAC6 catalytic activity in models of pathological cardiac remodeling. HDAC6 has
been implicated in diverse processes, including regulation of autophagy, cytoskeletal
dynamics and cytokine signaling [55], and thus it seems likely that this enzyme will play
important roles in the heart. To facilitate drug development, it will be essential to establish
whether these functions of HDAC6 are operative in the heart and, if so, whether they are
beneficial and/or deleterious to the myocardium in the setting of hypertension.
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Fig. 1.
Schematic representations of HDACs and an HDAC enzymatic assay. (A) HDACs are
categorized into four distinct classes. Class II HDACs are further divided into two
subclasses, IIa and IIb. Class III HDACs are also known as sirtuins. Class I, II and IV
HDACs harbor zinc-dependent catalytic domains, while class III HDACs use NAD+ as a
co-factor. (B) Example HDAC enzymatic assay. The substrate consists of lysine with three
modifications: acetylation of the ε-amine, a protecting group on the α-amine, and
conjugation of the carboxyl by the fluorophore 7-amino-4-methylcoumarin (AMC). HDAC
activity from cell or tissue extracts removes the ε-acetyl group. Following incubation of the
samples with substrate, trypsin is added, which is active only against deacetylated substrate.
Trypsin releases AMC, resulting in increased fluorescence emission at 460 nm.
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Fig. 2.
Quantification of class I, IIa and IIb HDAC catalytic activity in cardiac tissue homogenate.
Rat LV extract was incubated with different HDAC substrates in the absence or presence of
individual HDAC inhibitors: apicidin (3 μM), MGCD0103 (10 μM), SAHA (10 μM),
nicotinamide (1 mM), or TSA (1 μM). Apicidin and MGCD0103 are class I-specific
inhibitors. SAHA and TSA inhibit class I and IIb enzymes, and nicotinamide inhibits the
sirtuins (class III). (A) Class I-selective substrate and corresponding HDAC activity data. In
this case, apicidin and MGCD0103 behaved similar to the classical pan-inhibitors, SAHA
and TSA. (B) Class IIa substrate and corresponding HDAC activity data. None of the
inhibitors had a significant impact on the measured activity, confirming that this activity was
not from class I, IIb, or III HDAC enzymes. (C) Class I/IIb substrate and corresponding
activity data. Note that class I inhibitors lowered the activity by about 50%, revealing class
IIb activity. All of the activity with this substrate was inhibited by SAHA and TSA, while
nicotinamide had little effect.
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Fig. 3.
Elevated cardiac class IIb HDAC activity in animal models. Class I and IIa activities were
measured using the appropriate substrates (see Fig. 2A and 2B). Class IIb activity was
measured using the I/IIb substrate in the presence of 3 μM apicidin (see Fig. 2C). (A) HDAC
activities in RV extracts prepared from rats exposed to normoxia (n = 6), hypoxia (n = 8), or
hypoxia + SU5416 (n = 8). These are the only samples for which class I HDAC activity was
determined using the class I/IIb substrate, as opposed to the class I HDAC-specific
substrate; activity was defined based on apicidin sensitivity. (B) HDAC activities were
measured in LV extracts prepared from rats with hypertension due to unilateral nephrectomy
plus a DOCA pellet (n = 9) or normotensive controls (n = 8) that were subjected to
nephrectomy and a sham pellet. (C) HDAC activities in LV extracts prepared from SHHF
rats of different ages (young, n = 8; non-failing and failing, n = 7 each). (D) HDAC
activities in LV extracts prepared from mice that were kept sedentary or were exercised
(voluntary wheel running) for 7 or 21 days to induce physiological cardiac hypertrophy (n =
15 per group). Values represent averages +SEM. *P < 0.05 versus respective control.
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Fig. 4.
Extracellular stimuli induce class IIb HDAC catalytic activity in cultured cardiac myocytes
and fibroblasts. HDAC activities were measured as described for Figure 3. (A) NRVMs
were left untreated (−) or stimulated for 72 hrs with NE (10 μM), PE (10 μM) or ISO (1
μM), then harvested for HDAC activity measurements. (B) NRVMs were cultured in the
absence (−) or presence of NE (10 μM), PGF2α (10 μM), or ET-1 (25 nM) for 72 hrs prior
to measuring HDAC activity in lysates. (C) ARVMs were treated with NE (10 μM), PE (20
μM), PGF2α (10 μM) or ET-1 (25 nM) for 72 hrs and harvested for HDAC activity assays.
(D) ARVFs were treated with FBS (10%) or IL-1β (10ng/ml) for 48 hrs prior to harvesting
cells for HDAC activity assays. Values for A – D represent averages (n = 3 per condition)
+SEM. *P < 0.05 versus respective control.
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Fig. 5.
Summary of cardiac HDAC activities. General increase in activity (↑), decrease in activity
(↓), or activity unchanged (↔) compared to respective controls.
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Fig. 6.
HDAC6 activity in the heart. (A) Half-maximal inhibitory concentration (IC50) of
Tubastatin A for each recombinant HDAC isoform [39]. (B) Tubastatin A titration of class
IIb HDAC activity. RV or LV protein extracts from rats with hypoxia-induced PH or
DOCA-induced systemic hypertension, respectively, were exposed to apicidin to inhibit
class I HDACs prior to addition of increasing concentrations of Tubastatin A. Class I/IIb
substrate (Fig. 2C) was used. Three replicates were used per Tubastatin concentration. The
dashed line indicates the level of inhibition due to apicidin alone; remaining HDAC activity
is class IIb. Tubastatin A inhibits all the IIb activity from RV and LV with high potency.
These results implicate HDAC6 as the sole source of the activity, because Tubastatin A does
not significantly inhibit HDAC10. (C) LV protein extract from failing SHHF rats was
exposed to 250 nM Tubastatin A and HDAC activity was measured using class I, class IIa or
class I/IIb HDAC substrates (n = 4 per condition). Tubastatin A only inhibited deacetylation
of the class I/IIb HDAC substrate, demonstrating that HDAC6 deacetylates this substrate but
not the class I and class IIa substrates. (D and E) NRVMs were infected with adenoviruses
(n = 3 plates/condition) encoding shRNA against rat HDAC6 (Ad-shRNA HDAC6; black
shading) or rat HDAC10 (Ad-shRNA HDAC10; grey shading). After 48 hrs of infection,
total RNA was prepared and levels of HDAC6 and HDAC10 mRNA transcripts were
analyzed by Q-PCR. Protein was prepared from parallel plates (n = 3 per condition) for
HDAC activity measurements. The Class IIb HDAC activity pattern (E) approximates that
of HDAC6 mRNA expression (D).
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Fig. 7.
Increased HDAC6 mRNA expression during cardiac hypertrophy. HDAC6 mRNA levels
were measured by Q-PCR using RV RNA from the rat hypoxia model or LV RNA from the
DOCA rat or SHHF rat models. Normoxia (n = 6), Hypoxia (n = 8); Sham (n = 8), DOCA (n
= 9); non-failing SHHF (n = 8), failing SHHF (n = 7). HDAC6 mRNA was also quantified
in unstimulated NRVMs or ARVMs or cells stimulated with PE (10 μM) for 72 hrs. n = 3
per condition. Values represent averages +SEM. *P < 0.05 versus respective controls.
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Table 1

HDAC6 and HDAC10 shRNA targeting sequences and Q-PCR primers.

Target Top Strand shRNA Bottom Strand shRNA

HDAC6 5′-CAC CGC ACC TAT GAT TCC GTT TAT CCG AAG
ATA AAC GGA ATC ATA GGT GC-3′

5′-AAA AGC ACC TAT GAT TCC GTT TAT CTT CGG
ATA AAC GGA ATC ATA GGT GC-3′

HDAC10 5′-CAC CGC TTT AGT GGA AGA GGA ATC CCG AAG
GAT TCC TCT TCC ACT AAA GC-3′

5′-AAA AGC TTT AGT GGA AGA GGA ATC CTT CGG
GAT TCC TCT TCC ACT AAA GC-3′

Target Forward Q-PCR Primer Reverse Q-PCR Primer

HDAC6 5′-GGG CGT CAG TGG CTC ACT CC-3′ 5′-TCT GGG CGC TTG CAC AAG GT-3′

HDAC10 5′-TGC TGT GTT GGA GTG CCC TGG-3′ 5′-GCA GAT TGG GGG CGT AGG GC-3′

18S 5′-GCC GCT AGA GGT GAA ATT CTT A-3′ 5′-CTT TCG CTC TGG TCC GTC TT-3′
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Table 2

Recombinant enzyme efficiency on class specific substrates as measured by kcat/Km.

Enzyme HDAC Class

kcat/Km [sec−1 M−1]

Class I Substrate Class IIa Substrate Class I/IIb Substrate

rHDAC 1 Class I 2425 189 742

rHDAC 2 Class I 6139 750 2275

rHDAC 4 Class IIa 0 21979 0

rHDAC 6 Class IIb 45 200 6375
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