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Cardiac hypertrophy is a strong predictor of morbidity and mortality
in patients with heart failure. Small molecule histone deacetylase
(HDAQ) inhibitors have been shown to suppress cardiac hypertrophy
through mechanisms that remain poorly understood. We report that
class | HDACGs function as signal-dependent repressors of cardiac
hypertrophy via inhibition of the gene encoding dual-specificity
phosphatase 5 (DUSP5) DUSP5, a nuclear phosphatase that nega-
tively regulates prohypertrophic signaling by ERK1/2. Inhibition of
DUSP5 by class | HDACs requires activity of the ERK kinase, mitogen-
activated protein kinase kinase (MEK), revealing a self-reinforcing
mechanism for promotion of cardiac ERK signaling. In cardiac myo-
cytes treated with highly selective class | HDAC inhibitors, nuclear
ERK1/2 signaling is suppressed in a manner that is absolutely de-
pendent on DUSP5. In contrast, cytosolic ERK1/2 activation is main-
tained under these same conditions. Ectopic expression of DUSP5 in
cardiomyocytes results in potent inhibition of agonist-dependent
hypertrophy through a mechanism involving suppression of the
gene program for hypertrophic growth. These findings define
unique roles for class | HDACs and DUSP5 as integral components
of a regulatory signaling circuit that controls cardiac hypertrophy.

cardiac remodeling | gene transcription | lysine acetylation

ardiovascular disease remains the leading cause of death in

the United States. In 2008, more than 2,200 Americans died
of cardiovascular disease each day on average, with heart failure
as a major cause of these deaths. Approximately 6 million Ameri-
cans suffer from heart failure, placing an economic burden on
the United States that is projected to rise to nearly $100 billion
annually by 2030 (1). The 5-y mortality rate following first ad-
mission for heart failure is 42.3%, further highlighting an urgent
need for novel therapeutic approaches (2).

A common outcome of stress in the heart is cardiomyocyte
hypertrophy, a growth response during which individual myocytes
increase in size without dividing, assemble additional contractile
units (sarcomeres) to maximize force generation, and reactivate
a fetal program of gene expression. Cardiac hypertrophy has long
been viewed as a compensatory mechanism that normalizes wall
stress and enhances cardiac performance. However, long-term
suppression of left ventricular hypertrophy (LVH) is associated
with reduced morbidity and mortality in patients with hyperten-
sion (3, 4), and studies in animal models have demonstrated that
blocking “compensatory” hypertrophy can result in improved
cardiac function and provide long-term survival benefit (5). As
such, chronic cardiac hypertrophy is now considered maladaptive
and, given that LVH is an independent predictor of adverse
outcomes in patients with cardiovascular disease (6-9), represents
an attractive target for novel therapeutic intervention (10).

A variety of biochemical pathways have been shown to regulate
hypertrophic growth of cardiac myocytes (11). Biomechanical
stress triggers cardiac hypertrophy, in part, through activation of
autocrine/paracrine signaling pathways that stimulate G,q/G,11
protein-coupled receptors (GPCRs), including the angiotensin,
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endothelin, and oy-adrenergic receptors. Indeed, mice with
compound knockout of the genes encoding G,q and G, 11, which are
functionally redundant, are resistant to pressure overload-induced
cardiac hypertrophy (12). Downstream mediators of hypertrophy
include the Ca®*/calmodulin-dependent protein phosphatase, cal-
cineurin (13), Ca**/calmodulin-dependent kinase (CaM kinase)
(14), protein kinases C and D (15-17), as well as members of the
mitogen-activated protein kinase (MAPK) family (18, 19). Given
the plethora of redundant signaling pathways capable of triggering
pathological cardiac hypertrophy, many in the field have speculated
that the most promising approach for therapeutic intervention
would involve targeting distal signaling mediators that function as
nodal integrators of upstream prohypertrophic signaling cascades.
Recent studies have suggested that epigenetic regulators, such as
histone deacetylases (HDACs), may represent such targets.

HDAG: catalyze removal of acetyl groups from lysine residues
in a variety of proteins. Historically, HDACs have been studied in
the context of chromatin, where they deacetylate nucleosomal
histones and alter the electrostatic properties of chromatin in
a manner that favors gene repression. However, it is now clear that
HDAG: regulate the acetylation state of thousands of distinct
proteins in the nuclear and cytoplasmic compartments of diverse
cell types (20, 21). The 18 HDACs are encoded by distinct genes
and are grouped into four classes. Class I, II, and IV HDAC:s are
zinc-dependent enzymes, whereas class III HDACs, which are
also known as sirtuins, require nicotinamide adenine dinucleotide
(NAD™) for catalytic activity (22).

Multiple small molecule inhibitors of zinc-dependent HDACs
have been shown to be efficacious in rodent models of heart failure,
blocking pathological cardiac hypertrophy and improving cardiac
function, suggesting an unexpected application for HDAC inhib-
itors for the treatment of human heart failure (23). However, the
molecular mechanisms by which specific HDAC isoforms promote
cardiomyocyte hypertrophy remain incompletely defined. Here, we
describe a unique pathway for regulation of cardiac hypertrophy by
class HDACs. We show that selective small molecule inhibitors of
class I HDACs block agonist-dependent activation of ERK1/2 in
cardiomyocytes via induction of an ERK-specific phosphatase, dual-
specificity phosphatase 5 (DUSPS5). Hypertrophic stimuli concom-
itantly stimulate ERK1/2 phosphorylation and repress expression of
DUSP5 through a mechanism that is dependent on class I HDACs
and the ERK kinase, mitogen-activated protein kinase kinase
(MEK). Class I HDAC inhibitors depress expression of DUSPS,
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which is a nuclear phosphatase, resulting in suppression of nuclear
ERK1/2 signaling and inhibition of downstream target genes that
drive cardiac hypertrophy. Consistent with this, ectopically expressed
DUSPS5 potently inhibits cardiomyocyte hypertrophy. Our findings
demonstrate a unique role for class I HDACs in the control of
cardiac MAPK signaling and reveal an unforeseen function for
DUSPS in the regulation of myocyte growth.

Results

Class | HDACs Regulate Stress-Induced Activation of ERK1/2 Signaling
in Cardiac Myocytes. Data from nonmyocytes suggested roles for
HDAG:s in mediating intracellular signaling events involved in
growth, differentiation, inflammation, and oxidative stress (24). To
begin to address whether HDAC:s regulate stress signaling in the
heart, neonatal rat ventricular myocytes (NRVMs) were treated
for 48 h with a panel of stress-inducing agents in the absence or
presence of the pan-HDAC inhibitor, trichostatin A (TSA). Im-
munoblotting was performed with NRVM lysates and phospho-
specific antibodies to detect p38, JNK, and ERK1/2 only when
dually phosphorylated on specific threonine and tyrosine residues,
a condition that is necessary and sufficient for stress-induced
MAPK activation. As shown in Fig. 14, treatment of NRVMs with
TSA dramatically reduced ERK1/2 and JNK phosphorylation in
response to phenylephrine (PE; a;-adrenergic receptor agonist),
sorbitol (osmotic stress), leukemia inhibitory factory (LIF; gp130
receptor agonist), or hydrogen peroxide (H,O,; oxidative stress);
signal-dependent phosphorylation of p38 was not suppressed
by TSA.

To address which HDACs control ERK1/2 and JNK phosphor-
ylation in cardiac myocytes, subsequent studies were performed
with isoform-selective HDAC inhibitors. Agonist-dependent phos-
phorylation of ERK1/2 and JNK was found to be significantly
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Fig. 1. Class | HDAC inhibition attenuates signal-dependent phosphoryla-
tion of ERK1/2 and JNK in cardiomyocytes. (A) Neonatal rat ventricular
myocytes (NRVMs) were stimulated with the indicated agents for 48 h in the
absence or presence of the pan-HDAC inhibitor trichostatin A (TSA). Phos-
pho-p38, JNK, and ERK were examined by immunoblotting. PE, phenyl-
ephrine; LIF, leukemia inhibitory factor. (B) NRVMs were stimulated for 48 h
with PE in the absence or presence of the following HDAC inhibitors: TSA,
MGCDO0103 (class | HDAC inhibitor), DPAH (class lla HDAC inhibitor), and
tubastatin A (HDACG6 inhibitor); DMSO (0.1% final concentration) was used
as the vehicle for each HDAC inhibitor. Immunoblotting was performed to
detect phospho and total forms of ERK1/2 and JNK. Calnexin served as
a loading control. (C) NRVMs were stimulated for 48 h with PE in the absence
or presence of BRD3308 (HDAC3 inhibitor) before immunoblotting.
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attenuated by MGCDO0103, which is a highly selective inhibitor of
classIHDACs -1, -2, and -3 (25) (Fig. 1B). MS-275, an independent
class I HDAC inhibitor, also blocked ERK1/2 and JNK phos-
phorylation in cardiomyocytes (Fig. SL4). In contrast, diphenyla-
cetohydroxamic acid (DPAH), which blocks class ITa HDAC:s (26),
and tubastatin A, which selectively inhibits class ITb HDAC6 (27),
had no effect on ERK1/2 or JNK phosphorylation in NRVMs (Fig.
1B). Pan- and class  HDAC-selective inhibition blocked both basal
and agonist-dependent ERK and JNK phosphorylation (Fig. S1B).
These data suggest a unique role for class I HDACsS in the control
of cardiac MAPK signaling.

MGCDO0103 and MS-275 inhibit class I HDACs -1, -2, and -3.
Additional small molecule inhibitors were used to determine
which class I HDAC(s) controls ERK1/2 and JNK phosphory-
lation in cardiac myocytes. BRD3308, which selectively inhibits
HDACS, attenuated PE-mediated phosphorylation of ERK but
not JNK (Fig. 1C); small interfering RNA targeting HDACS3 also
preferentially blunted ERK phosphorylation in cardiac myocytes
(Fig. S1C). In contrast, biaryl-60 (BA-60), which is highly selective
for HDAC: -1 and -2 (28, 29), suppressed agonist-dependent phos-
phorylation of JNK but not ERK1/2 (Fig. S1D). Together, these data
suggest that phosphorylation of ERK1/2 and JNK in cardiac myocytes
is controlled by HDAC3 and HDAC1/2, respectively.

De Novo Phosphatase Expression Is Required for Class | HDAC
Inhibitor-Mediated Suppression of Cardiac ERK1/2 Phosphorylation.
Given the ability of HDAC inhibitors to alter gene expression, an
experiment was performed to determine whether de novo gene
transcription is required for class I HDAC inhibitor-mediated
suppression of cardiac MAPK phosphorylation. NRVMs were
treated for 48 h with PE in the absence or presence of MGCDO0103.
For the final 6 h of the study a subset of cells was exposed to acti-
nomycin D, which prevents RNA polymerase elongation. As shown
in Fig. 24, actinomycin D rescued ERK1/2 phosphorylation in
MGCDO0103-treated NRVMs. In contrast, actinomycin D failed to
rescue JNK phosphorylation. These data suggest that HDAC
inhibitors block cardiac ERK1/2 and JNK phosphorylation through
distinct mechanisms, which are dependent and independent on new
gene expression, respectively.

Phosphorylation of the ERK1/2 kinase, MEK1/2, was not at-
tenuated in the presence of MGCDO0103 (Fig. 24), supporting the
notion that HDAC inhibitors block cardiac ERK1/2 phosphory-
lation by stimulating expression of a negative regulator rather
than through inhibition of an upstream kinase. In further support
of this mechanism, HDAC inhibitor-mediated suppression of
ERK1/2 phosphorylation in NRVMs was completely rescued by
pervanadate (PV), a potent inhibitor of protein tyrosine phos-
phatases; JNK phosphorylation was not rescued under the same
conditions (Fig. 2B). These data suggest that class I HDAC
inhibitors block ERK1/2 phosphorylation by stimulating expres-
sion of a phosphatase, whereas inhibition of JNK phosphorylation
likely involves suppression of an upstream kinase. The remainder
of the studies presented here focus on elucidating the mechanism
of cardiac ERK1/2 regulation by class I HDACs.

Class | HDAC Inhibition Derepresses Hypertrophic Agonist-Dependent
Suppression of DUSP5 Expression. To begin to address whether
HDAC inhibitors stimulate MAPK phosphatase expression in car-
diac myocytes, RNA from NRVMs treated with PE in the absence
or presence of MGCDO0103 was analyzed using a protein phos-
phatase-focused PCR array. Of all of the MAPK-specific phos-
phatases that were analyzed, only DUSPS5 was significantly induced
by MGCDO0103 (Fig. 34). Follow-up quantitative PCR (qQPCR) with
independent samples confirmed the effect of MGCDO0103 on
DUSPS5 expression and also demonstrated an equivalent stimula-
tory effect of TSA (Fig. 3B). Consistent with a role for HDAC3 in
the control of ERK1/2 in cardiac myocytes, DUSP5 expression was
also induced by BRD3308 and small interfering RNA targeting
HDACS3 (Fig. S2 A and B). Interestingly, these qPCR studies also
revealed that PE treatment dramatically reduced DUSP5 mRNA
expression in cardiomyocytes, suggesting that HDAC inhibitors
derepress the dusp5 gene. Kinetic studies demonstrated that down-

PNAS | June 11,2013 | vol. 110 | no.24 | 9807

CELL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301509110/-/DCSupplemental/pnas.201301509SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301509110/-/DCSupplemental/pnas.201301509SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301509110/-/DCSupplemental/pnas.201301509SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301509110/-/DCSupplemental/pnas.201301509SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301509110/-/DCSupplemental/pnas.201301509SI.pdf?targetid=nameddest=SF2

L T

z

1\

BN AS  DNAS P

A - ’E B

PE

MGCD

Veh Veh MGCD +Actino D Veh

MGCD
Veh PV

"
PERKL? s e e i D D 55 = = ‘3“ P-ERKI/2==- — .-

Total ERK —"“----———-—-’- Total ERK e s a— - c——

Fig. 2. Class | HDAC inhibitor-mediated suppression of
ERK1/2 phosphorylation requires gene transcription and

P-MEK s s o e - — - D SN e e - phosphatase activity. (A) NRVMs were stimulated with PE in
P-JNK the absence or presence of the class | HDAC inhibitor

— e D - MGCDO0103 for 42 h before treatment with DMSO vehicle

P-JNK or actinomycin D (Actino D) for 6 h. (B) NRVMs were trea-
s sewe Total INK e s ailllh e (0 S ted with PE in the absence or presence of MGCDO0103 for 46

TotalJNKW
Canein S - - - - -

regulation of DUSP5 mRNA transcripts in PE-treated NRVMs
correlated with maximal ERK1/2 phosphorylation (Fig. 3C). As
DUSPS5 has been previously shown to selectively target ERK1/2 for
dephosphorylation (30), these data implicate DUSPS as a prime
candidate for mediating ERK1/2 suppression by HDAC inhibitors
in cardiac myocytes.

Additional experiments were performed to address whether
agonist-dependent inhibition of DUSP5 expression, and dere-
pression by HDAC inhibitors, is specific for PE and NRVMs, or is
more generalizable. Other hypertrophic agonists caused class I
HDAC-dependent repression of DUSP5 expression in NRVMs,
including phorbol myristate acetate (Fig. 3D), which functions in-
tracellularly to trigger hypertrophy via PKC activation. Further-
more, HDAC inhibitor-sensitive, agonist-dependent repression of
DUSPS5 was noted in cultured adult rat ventricular myocytes
(Fig. 3E) and in vivo in LVs of adult rats treated with norepineph-
rine (Fig. 3F). Currently available antibodies fail to recognize rat

>
09)

DUSPs mRNA Array (NRVMs)

DUSP5 mRNA (NRVMs)

Calnexin .“ - “.

h. Cells were further treated with the phosphatase in-
hibitor, pervanadate (PV; 75 pM), for 2 h before harvesting
for immunoblotting with the indicated antibodies.

DUSPS protein, necessitating the reliance on mRNA analysis for
the current studies. These data suggest that DUSPS5 down-regula-
tion is a common response to stress signaling in the heart.

To begin to address the mechanism for stimulus-dependent
down-regulation of DUSPS expression, NRVMs were treated
with PE in the absence or presence of various pharmacological
inhibitors. As shown in Fig. 3G, inhibitors of MEK potently res-
cued DUSP5 mRNA expression in PE-treated cells, whereas
inhibitors of JNK and p38 were without effect. These data suggest
that MEK/ERK signaling promotes class I HDAC-mediated sup-
pression of DUSPS5 expression, thereby providing a self-reinforcing
mechanism to sustain prohypertrophic ERK1/2 signaling in response
to stress stimuli.

DUSP5 Governs Class | HDAC Inhibitor-Mediated Suppression of
Nuclear ERK1/2 Signaling in Cardiac Myocytes. Because DUSPS is
a nuclear phosphatase, we hypothesized that class I HDAC
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Fig. 3. Signal-dependent repression of DUSP5 expression
in cardiomyocytes requires class | HDAC and MEK catalytic
activity. (A) NRVMs were stimulated with PE for 48 h in the
absence or presence of MGCD0103 or DMSO vehicle con-
trol. RNA was harvested and expression of the indicated
MAPK-specific dual-specificity phosphatases (DUSPs) was
quantified using a PCR array. (B) NRVMs were left un-
treated or treated with PE for 48 h in the absence or
presence of TSA or MGCD0103. DUSP5 mRNA expression
was analyzed by gPCR. (C) NRVMs were stimulated with PE
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and harvested over time for analysis of DUSP5 mRNA ex-
pression and phospho-ERK1/2 levels. Densitometry was
used to quantify phospho-ERK normalized to total ERK. (D)
NRVMs were left untreated or stimulated with phorbol
myristate acetate (PMA) for 48 h in the absence or presence
= of MGCDO0103, and DUSP5 mRNA expression was analyzed
by gPCR. (E) Adult rat ventricular myocytes (ARVMs) were
treated for 48 h with PE in the absence or presence of
MGCDO0103, and DUSP5 mRNA levels were measured by
gPCR. (F) Adult rats were administered MGCD0103 (10 mg/
kg) or vehicle control by i.p. injection for 3 d and were
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subsequently given a single i.p. injection of norepinephrine
(NE). Animals were killed 2 h post-NE injection and DUSP5
mMRNA expression in the LV was analyzed by gPCR. n = 3
animals per condition; *P < 0.05 vs. unstimulated, vehicle-
treated rats. (G) NRVMs were left untreated or stimulated
with PE for 48 h in the absence or presence of a JNK in-
hibitor (SP600125), a p38 inhibitor (SB203850), or two dif-
ferent MEK inhibitors (U0126 and PD98059). DUSP5 mRNA
expression was assessed by gqPCR. For qPCR analysis in B-E
and G, three plates of cells were used per condition; *P <
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inhibition selectively inhibits ERK1/2 signaling in cardiomyocyte
nuclei. To address this possibility, fractionation studies were
performed with NRVMs treated with MGCDO0103. As shown in
Fig. 44, phosphorylation of the cytoplasmic pool of ERK1/2 was
unaffected by the class I HDAC inhibitor. In contrast, nuclear
ERK1/2 phosphorylation was attenuated by MGCDO0103 treat-
ment. MGCDO0103 dramatically reduced the level of phospho-
JNK, which was predominantly cytoplasmic, further establishing
that class I HDACs control cardiac ERK1/2 and JNK through
distinct mechanisms. Additionally, these results strongly suggest
that class I HDAG:s specifically control nuclear ERK1/2 signaling.
Consistent with this, subsequent analyses demonstrated that
MGCDO0103 blocked agonist-dependent phosphorylation of
the nuclear ERK1/2 substrate, ETS domain-containing pro-
tein (ELK-1), but had no effect on ERK-mediated phos-
phorylation of cytosolic phospholipase A2 (cPLA2) (Fig. 4B).

These data implicate DUSPS5 as a negative regulator of nuclear
ERK1/2 signaling in HDAC inhibitor-treated cardiac myocytes.
To further address this possibility, an experiment was performed
with adenovirus encoding short hairpin RNA designed to knock-
down expression of endogenous DUSP5 in NRVMs (Ad-
shDUSPS). As shown in Fig. 4C, ERK1/2 phosphorylation in
class I HDAC inhibitor-treated NRVMs was completely rescued
by Ad-shDUSPS; DUSP5 knockdown failed to increase JNK
phosphorylation in the face of HDAC inhibition. The degree of
rescue of ERK1/2 phosphorylation correlated with the extent of
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Fig. 4. Class | HDAC inhibition selectively blocks nuclear ERK1/2 signaling in
cardiomyocytes via induction of DUSP5. (A) NRVMs were treated with PE for
48 h in the absence or presence of MGCD0103. Nuclear and cytoplasmic
protein fractions were prepared and immunoblotted with the indicated
antibodies. GAPDH and Sp1 served as controls to establish the purity of cyto-
plasmic and nuclear fractions, respectively. (B) NRVMs were left untreated or
treated for 48 h with PE in the absence or presence of MGCD0103 or the MEK
inhibitor, U0126. Immunoblot analysis was performed with whole-cell lysates
to assess the degree of phosphorylation of a cytoplasmic ERK1/2 substrate
(cPLA2) and a nuclear ERK substrate (ELK-1). (C) NRVMs were infected with
adenoviruses encoding shRNA to knockdown expression of endogenous
DUSP5 (Ad-shDUSP5) or scrambled negative control (Ad-shControl); multi-
plicity of infection (MOI) = 50 for each virus. After 24 h of infection, cells were
treated with PE in the absence or presence of MGCD0103 for an additional
48 h and whole-cell lysates were analyzed by immunoblotting. (D) RNA was
harvested from parallel plates of NRVMs to assess DUSP5 mRNA expression by
qPCR. n = 3 plates of cells per condition. *P < 0.05 vs. PE plus vehicle in cells
infected with Ad-shControl; *P < 0.05 vs. PE plus MGCDO103-treated cells
infected with Ad-shControl.
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DUSPS knockdown by the shRNA, as determined by qPCR (Fig.
4D). Ad-shDUSPS5 also modestly increased basal ERK1/2 phos-
phorylation in cardiac myocytes (Fig. S3). These data demon-
strate that DUSPS is responsible for HDAC inhibitor-mediated
suppression of nuclear ERK1/2 signaling in cardiac myocytes.

DUSP5 Inhibits Cardiomyocyte Hypertrophy. Given that ERK1/2
signaling can impact hypertrophic growth of the heart, we next
assessed the potential involvement of DUSPS5 in the control of
cardiomyocyte hypertrophy. Consistent with data obtained using
cultured cardiac myocytes (Fig. 3), DUSP5 mRNA levels were
significantly decreased in rat LVs undergoing hypertrophy in re-
sponse to transverse aortic constriction (TAC) (Fig. 54). The ki-
netics of DUSP5 down-regulation in response to TAC correlated
with the degree of ERK1/2 phosphorylation in the myocardium
(Fig. 5 B and C). Next, we tested whether ectopically expressed
DUSPS is capable of altering agonist-dependent NRVM growth.
Adenovirus-mediated expression of Myc-tagged DUSPS led to
dose-dependent inhibition of PE-mediated ERK1/2 phosphory-
lation in NRVMs (Fig. S44). Strikingly, ectopic DUSP5 also
blocked PE-mediated increases in sarcomere organization, cell
area, and expression of a hypertrophic marker protein, atrial na-
triuretic factor (ANF) (Fig. 5 D-F). Induction of brain natriuretic
peptide (BNP) and a-skeletal actin mRNA expression, as well
as suppression of sarcoendoplasmic reticulum calcium ATPase
(SERCAZ2a), are hallmark features of pathological cardiac hy-
pertrophy. Ectopic DUSP5 completely reversed these changes in
gene expression in PE-treated NRVMs (Fig. S4 B-D); DUSPS also
blocked PE-induced p- and a-myosin heavy chain isoform switch-
ing in NRVMs (Fig. S4 E and F). Consistent with these findings,
Ad-shDUSPS5 recused PE-mediated increases in cell size in HDAC
inhibitor-treated NRVMs (Fig. S4G). Together, these data sup-
port a role for DUSPS in the control of cardiac hypertrophy.

Discussion

The findings of this study define DUSPS as a negative regulator of
cardiac hypertrophy that functions by blocking signaling of a nu-
clear pool of ERK1/2 in cardiomyocytes. The ability of HDAC
inhibitors to stimulate DUSP5 expression and block ERK1/2 acti-
vation further explains the molecular basis of the antihypertrophic
action of this compound class. We propose a model in which hy-
pertrophic stimuli promote sustained nuclear ERK1/2 signaling
by suppressing expression of DUSP5 through a class I HDAC-
dependent mechanism (Fig. 6). Agonist-mediated repression of
DUSPS is also dependent on the ERK kinase, MEK, revealing a
self-reinforcing mechanism for enhancing nuclear ERK1/2 signaling
in response to stress stimuli. These findings establish a previously
unappreciated role for HDAC:s in the control of cardiac MAPK
signaling and a unique function for DUSPS as a regulator of
cardiac growth.

Many studies have demonstrated roles for ERK1/2 in the
control of cardiac hypertrophy, although the extent to which
ERK-mediated hypertrophy is compensatory versus pathological
remains in question (18, 19). Work by the Molkentin group has
clearly shown that cardiac ERK1/2 activation through transgenic
expression of activated MEK1 results in concentric cardiac hyper-
trophy (31). However, genetic deletion of ERK1/2 failed to block
hypertrophy in response to pressure overload and instead promoted
eccentric, pathological cardiac hypertrophy and myocyte apoptosis,
suggesting that ERK is cardioprotective (32, 33). In contrast, studies
in humans have suggested a direct correlation between ERK acti-
vation and pathological cardiac remodeling. For example, cardiac
dysfunction in patients with Noonan or LEOPARD syndromes was
found to be associated with augmented MEK/ERK activity (34);
pharmacological inhibition of MEK in a mouse model of Noonan
syndrome led to inhibition of cardiac hypertrophy and improved
ventricular function (35). Additionally, dramatic decreases in LV
ERK1/2 phosphorylation were observed during reverse remodeling
of the human heart upon mechanical unloading with a left ventric-
ular assist device (36).

Complexity regarding ERK1/2 in the heart is likely related to
the fact that changes in the intensity, duration, and subcellular
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localization of ERK1/2 signaling can specify distinct biological
outcomes (37). This is exemplified by work done by Lohse and
colleagues, who showed that binding of G protein By subunits to
ERK?2 upon stimulation of GPCRs that couple to G,q results
in autophosphorylation and nuclear accumulation of ERK?2 in
cardiomyocytes (38, 39). Unlike MEK1 overexpression, which
results in compensatory hypertrophy (31), transgenic expression
of constitutively nuclear ERK2 leads to exaggerated pathological
cardiac remodeling and contractile dysfunction in response to
pressure overload (38). Additionally, expression of an auto-
phosphorylation-resistant form of ERK2 in the heart was shown
to block cardiac hypertrophy in response to f-adrenergic re-
ceptor signaling (39). These results suggest that nuclear ERK
signaling leads to pathological cardiac hypertrophy, whereas
phosphorylation of cytoplasmic substrates by ERK1/2 is car-
dioprotective. As such, strategies designed to selectively suppress
nuclear ERK1/2 activity could be beneficial in the setting of
heart failure. Based on our data, one approach to achieve this
goal is through class I HDAC inhibitor-mediated induction of
DUSPS, which possesses a strong nuclear localization signal and
is highly selective for dephosphorylation of ERK versus p38 and
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Fig. 6. A model for the regulation of nuclear ERK1/2 signaling and car-
diomyocyte hypertrophy by class | HDACs and DUSP5. Stress stimuli trigger
MEK-dependent recruitment of a class | HDAC(s) to dusp5 gene regulatory
elements, leading to repression of DUSP5 expression and enhanced ERK1/2
phosphorylation. Derepression of the dusp5 gene by a class | HDAC inhibitor
stimulates DUSP5 expression, leading to dephosphorylation of nuclear
ERK1/2 and inhibition of prohypertrophic gene expression. Because DUSP5
localizes to the nucleus, phosphorylation of cytosolic ERK1/2 substrates is
preserved in HDAC inhibitor-treated cells.
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and >500 cells per condition; *P < 0.05 vs. unstimulated,
uninfected cells.
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JNK (30, 40). Validation of this approach was provided by the
demonstration that class I HDAC inhibition selectively blocks
nuclear ERK1/2 activation (Fig. 4 A and B), and ectopic DUSP5
potently inhibits cardiomyocyte hypertrophy (Fig. 5).

DUSPs are the largest group of MAPK phosphatases and con-
stitute a structurally distinct family of 10 proteins characterized
by a carboxyl-terminal dual-specificity phosphatase domain and
an amino-terminal MAPK binding domain (41). DUSPs fall into
three groups: (i) nuclear DUSPs, (ii) cytosolic ERK-specific
DUSPs, and (iii ) DUSPs that selectively inactivate stress-activated
MAPKS (i.e., JNK and p38). Relatively little is known about the
functions of DUSPs in the heart. Cardiac-specific overexpression
of DUSP1 results in suppression of ERK, JNK, and p38 signaling
and blunting of cardiac hypertrophy in response to pressure
overload (42). Dual knockout of DUSP1 and -4 was recently shown
to stimulate p38 signaling and cause cardiomyopathy (43). DUSP6
is a cytoplasmic phosphatase that is thought to specifically regulate
ERK1/2. Cardiac-specific overexpression of DUSP6 was shown to
increase cardiac fibrosis and apoptosis in response to pressure
overload; ventricular hypertrophy was unaffected by DUSP6
overexpression (33). In contrast, dusp6 null mice were found to
exhibit hypercellularity in the heart and attenuated cardiac
remodeling in response to stress signaling, although dusp6 gene
deletion had minimal effects on MAPK phosphorylation in the
heart (33, 44). Our findings reveal a unique function for DUSP5 as
an endogenous inhibitor of cardiac growth.

Class I HDAC inhibition potently suppresses agonist-dependent
phosphorylation of JNK in cardiomyocytes. Several lines of
evidence suggest that the mechanisms governing inhibition of
ERK1/2 and JNK phosphorylation by HDAC inhibitors are
distinct. For example, suppression of gene transcription (Fig. 24)
or tyrosine phosphatase activity (Fig. 2B) was sufficient to rescue
phosphorylation of ERK1/2 but not JNK in HDAC inhibitor-
treated cardiomyocytes. Furthermore, knockdown of endogenous
DUSPS expression in cardiomyocytes exposed to HDAC inhibitors
led to complete normalization of ERK1/2 phosphorylation, while
having no effect on the phosphorylation status of JNK (Fig. 4C).
Based on these findings, we hypothesize that HDAC inhibitors
block cardiac JNK phosphorylation by suppressing the activity of
an upstream kinase.

Our data suggest that HDAC3 regulates ERK1/2 in cardiac
myocytes, whereas HDAC1 and/or HDAC?2 controls JNK in these
cells (Fig. 1 and Fig. S1). Consistent with our findings, a prior
report revealed that HDAC3 controls TGF-p—mediated phos-
phorylation of ERK in C3H10T1/2 cells, although the mecha-
nism for HDAC3-mediated control of ERK in these cells was not
defined (45). It is possible that HDAC3-dependent control of
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DUSPS5 provides a generalizable mechanism for signal-dependent
control of ERK1/2 in myocytes and nonmyocytes. It should be
noted, however, that the degree of ERK1/2 inhibition obtained
with the selective HDACS3 inhibitor, BRD3308 (Fig. 1C), and
siRNA against HDAC3 (Fig. S1C), was less than that seen with
MGCDO0103 (Fig. 1B), suggesting the possibility of cooperative
control of cardiac ERK1/2 by multiple class I HDAC isoforms.
The mechanisms by which HDACs regulate the hypertrophic
response have not been fully elucidated. It has been proposed
that HDAC1 and HDAC?2 stimulate hypertrophy by enhancing
autophagy in the heart through an undefined mechanism (46).
Additionally, association of HDAC2 with the Ying Yang 1
(YY1) transcription factor has been shown to promote expres-
sion of BNP in response to a hypertrophic stimulus (47), and
HDACT activity stimulates sodium calcium exchanger (NCX1I)
gene expression during cardiac hypertrophy (48). Our data
demonstrate that class I HDACs prevent induction of a negative
feedback loop that serves to inhibit a central prohypertrophic
signaling network governed by nuclear ERK1/2. By derepressing
the gene encoding DUSPS, class I HDAC inhibitors restore this
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of pathological cardiac remodeling, and may reveal innovative
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Materials and Methods

In vitro, cellular and in vivo assays are described in detail in SI Materials
and Methods. Oligonucleotide sequences for DUSP5 knockdown and quan-
titative PCR are provided in Tables S1 and S2, respectively. HDAC inhibitors
were purchased or synthesized in-house, as described in S/ Materials
and Methods.
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