PKA phosphorylates histone deacetylase 5 and
prevents its nuclear export, leading to the inhibition
of gene transcription and cardiomyocyte hypertrophy
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Dynamic nucleocytoplasmic shuttling of class lla histone deacety-
lases (HDACs) is a fundamental mechanism regulating gene tran-
scription. Recent studies have identified several protein kinases that
phosphorylate HDACS5, leading to its exportation from the nucleus.
However, the negative regulatory mechanisms for HDACS nuclear
exclusion remain largely unknown. Here we show that cAMP-
activated protein kinase A (PKA) specifically phosphorylates HDAC5
and prevents its export from the nucleus, leading to suppression of
gene transcription. PKA interacts directly with HDAC5 and phos-
phorylates HDACS5 at serine 280, an evolutionarily conserved site.
Phosphorylation of HDACS5 by PKA interrupts the association of
HDAC5 with protein chaperone 14-3-3 and hence inhibits stress
signal-induced nuclear export of HDAC5. An HDAC5 mutant that
mimics PKA-dependent phosphorylation localizes in the nucleus and
acts as a dominant inhibitor for myocyte enhancer factor 2 trans-
criptional activity. Molecular manipulations of HDAC5 show that
PKA-phosphorylated HDACS inhibits cardiac fetal gene expression
and cardiomyocyte hypertrophy. Our findings identify HDACS as
a substrate of PKA and reveal a cAMP/PKA-dependent pathway that
controls HDACS5 nucleocytoplasmic shuttling and represses gene
transcription. This pathway may represent a mechanism by which
cAMP/PKA signaling modulates a wide range of biological functions
and human diseases such as cardiomyopathy.

nucleocytoplasmic shuttling | phosphorylation

ene transcription is governed in part by the acetylation and

deacetylation of histones, the latter of which is mediated by
histone deacetylases (HDACs) (1-4). In particular, class Ila
HDACG:S, such as HDACS, acting as transcriptional repressors,
have been implicated in cardiac hypertrophy, skeletal muscle dif-
ferentiation, and angiogenesis (5-10). Dynamic nucleocytoplas-
mic shuttling has been proposed as a fundamental mechanism
regulating the function of class Ila HDACs (1, 11-13). Recent
studies have identified several protein kinases, including calmod-
ulin-dependent protein kinases (CaMKs), protein kinase D (PKD)
and salt-inducible kinase, that phosphorylate HDACS, leading to
its export from the nucleus (1, 9, 14). However, much less is un-
derstood about the negative regulatory mechanisms for the nu-
clear exclusion of HDACS (15). To date, specific protein kinases
that may inhibit export of HDACS from the nucleus have not
been identified.

The cAMP/protein kinase A (PKA) signaling pathway regu-
lates a variety of cellular functions and numerous important bi-
ological processes (16, 17). Many of the effects of cCAMP/PKA
are mediated via changes in gene transcription. A large body of
research has defined the cAMP-response element binding
(CREB) proteins as PKA substrates that mediate an increase in
gene expression in response to cAMP (18-20). However, whether
and how the cAMP/PKA pathway inhibits gene expression
remains unclear. In this study, we found that cAMP/PKA sig-
naling represses gene transcription and cardiomyocyte hypertro-
phy by phosphorylating HDACS and preventing its export from
the nucleus.

www.pnas.org/cgi/doi/10.1073/pnas.1000462107

Results and Discussion

PKA Prevents Export of HDAC5 from the Nucleus. To search for pos-
sible protein kinases inhibiting the export of HDAS from the nucleus,
we examined the effects of various protein kinases on the nucleocy-
toplasmic shuttling of HDACS5. We cotransfected Cos7 cells with
GFP-tagged HDACS and various constitutively active kinases, fol-
lowed by treatment with phorbol 12-myristate 13-acetate (PMA),
a well-documented stimulus for the nuclear export of class Ila
HDACS (7,21). Interestingly, we found that the PKA catalytic (PKA-
CA) subunit (22) blocked PMA-induced nuclear export of HDACS
(Fig. 1.4 and B). Other kinases tested in our studies did not have an
inhibitory effect on the nucleocytoplasmic shuttling of HDACS.
Furthermore, cotransfection experiments showed that PKA-CA also
inhibited PKD- and CaMK-induced nuclear export of HDACS in
Cos7 cells (SI Appendix, Fig. S1). Consistent with the PKA effect, the
PKA activators forskolin and cAMP totally blocked nuclear export
of HDACS (Fig. 1 C and D). The effects of forskolin and cCAMP are
PKA dependent because a specific PKA inhibitor, PKI-(14-22)-
amide, abolished the inhibition of HDACS nuclear export by for-
skolin and cAMP (SI Appendix, Fig. S2). Treatment with the phos-
phodiesterase (PDE) inhibitors rolipram (a cAMP-specific PDE
IV inhibitor), 3-isobutyl-1-methylxanthine (IBMX), erythro-9-(2-
hydroxy-3-nonyl)-adenine (EHNA, a PDE II inhibitor), and the p-
adrenergic receptor (B-AR) agonist isoproterenol, which increase
the intracellular cAMP level, also inhibited the nuclear export of
HDACS (Fig. 1 C and D). However, cGMP and the selective cGMP-
specific PDE inhibitor cilostamide did not block export of HDACS
from the nucleus, indicating the specificity of the cAMP/PKA path-
way in regulating the nuclear export of HDACS.

To investigate whether the export of HDACS from the nucleus is
regulated by the cAMP/PKA pathway in other types of cells, we
infected neonatal rat ventricular myocytes (NRVMs) with adeno-
virus expressing GFP-tagged HDACS and then treated the NRVMs
with forskolin, cAMP, or the f-AR agonist isoproterenol for 30 min,
followed by treatment with the o-adrenergic receptor agonist
phenylephrine (PE, 10 pM). Forskolin, cAMP, and isoproterenol
markedly inhibited the PE-stimulated export of HDACS from the
nucleus (Fig. 1 E and F, high resolution images for Fig. 1E in SI
Appendix, Fig. S3). The positive staining of the myocyte marker
sarcomeric o-actinin was confirmed. Similar results were observed
when adult rat ventricular myocytes were used (SI Appendix, Fig.
S4). In agreement with the results observed in Cos7 cells, the in-
hibition of PKA by PKI and siRNA in NRVMs abolished the in-
hibitory effects of cAMP on the PE-induced HDACS5nuclear
export (SI Appendix, Figs. S5 and S6). Because PKA-CA has long
been shown to enter and exit the nucleus of cells when intra-
cellular cAMP is raised and lowered, respectively (23), we asked
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whether nuclear PKA could affect HDACS localization. The
transfection of the nuclear-localized HcRed1-tagged PKA-CA-
nuclear localization sequence (NLS) inhibited HDACS nuclear
export (ST Appendix, Fig. S7), suggesting that the inhibitory effect
of PKA on HDACS nuclear export could occur in the nucleus. We
also observed that cAMP had the same inhibitory effect on PE-
induced endogenous HDACS nuclear export in NRVMs (SI
Appendix, Fig. S8). Collectively, our findings show that cAMP/
PKA signaling specifically and negatively regulates stress signal-
dependent HDACSnuclear export.

To investigate whether the cAMP/PKA pathway regulates other
members of class ITa HDACs, we examined the effects of forskolin/
cAMP on PMA-induced nuclear export of YFP-tagged HDAC?7 in
Cos7 cells. Interestingly, cAMP/PKA had no inhibitory effect on
HDACT nuclear export (Fig. 2 B and C). Taken together, these
results indicate that the cAMP/PKA pathway selectively controls
nucleocytoplasmic shuttling of HDACS but not of HDACT.

HDAGS Is a Substrate for PKA. To begin to address the mechanisms by
which PKA regulates HDACS subcellular localization, we com-
pared the amino acid sequences of human HDACS5 and human
HDACT7. We noticed that a potential PKA-targeting motif “RRSS”
in HDACS is replaced by “RRKN” in HDAC?7 (Fig. 24). Both
HDACS and HDACT7 have an N-terminal myocyte enhancer factor-
2 (MEF2) binding domain, an NLS, and a C-terminal HDAC do-
main and nuclear export sequence (4). Several conserved phosphor-
ylation sites near the NLS are scaffolding protein 14-3-3 binding sites
(1, 24). The potential PKA phospho-site serine (S280) in human
HDACGCS is replaced with asparagine (N213) in human HDACT7. To

Ha et al.

determine whether the “RRSS” motif is responsible for PKA-
dependent inhibition of HDACS5 nuclear export, we performed
site-directed mutagenesis to replace “KN” in HDAC?7 with “SS.”
Although PKA did not inhibit export of YFP-HDAC7-WT from
the nucleus, treatment with the PKA activator forskolin blocked nu-
clear export of the YFP-HDAC7-KN/SS mutant (Fig. 2 B and C).
Because there is only 50% identity of amino acids between HDACS
and HDACT7 (SI Appendix, Fig. S9), these results indicate that the
“RRSS” motif is responsible for the inhibitory effect of PKA on
HDACS nuclear export.

Because PKA prefers to phosphorylate the serine in the
“RRXS” motif (18, 19), we hypothesized that phosphorylation of
Ser280 by PKA in HDACS inhibits HDACS nuclear export. To
determine whether PKA is able to phosphorylate HDACS at the
Ser280 site, we performed an in vitro kinase assay using GST-
tagged peptides containing residues 273-286 of HDACS-WT and
the S280A mutant in which Ser280 was replaced by alanine. We
observed that recombinant PKA-CA phosphorylated the GST-
tagged peptide of HDACS5-WT but not the GST-tagged peptide of
the HDAC5-S280A mutant (Fig. 2D). Using a larger, more natural
fragment of HDACS (amino acids 1-360, covering Ser280 and
containing the entire NLS) (1), we detected similar phosphoryla-
tion by PKA-CA in an in vitro kinase assay (SI Appendix, Fig. S10).
In addition, using a phospho-(Ser/Thr) PKA substrate antibody,
we observed PKA-dependent phosphorylation of full-length
HDACS-WT, but not HDACS-S280A mutant, in Cos7 cells (S
Appendix, Fig. S11). Notably, the PKA phosphorylation site in
HDACGS is evolutionally conserved from zebrafish to human (Fig.
2E). Moreover, we also detected the association between PKA and
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HDACS in Cos7 cells by coimmunoprecipitation (SI Appendix,
Fig. S12). Taken together, our results demonstrate that HDACS is
a substrate of PKA.

Phosphorylation of HDAC5 on Ser280 Mediates the Inhibition of
HDAC5 Nuclear Export by the cAMP/PKA Pathway. To investigate
whether PKA-dependent phosphorylation of HDACS mediates
the inhibitory effect of Ser280 on the nuclear export of HDACS,
we studied the effect of PKA on the subcellular localization of the
HDACS-S280A mutant in Cos7 cells. In contrast to the inhibition
by PKA of GFP-HDACS-WT nuclear export, PKA had no in-
hibitory effect on PMA-induced nuclear export of GFP-HDACS-
S280A (Fig. 3 A and B). Similar results were observed in car-
diomyocytes infected with adenoviral GFP-HDACS5-S280A (SI
Appendix, Fig. S13). These results indicate that Ser280 is necessary
for PKA-mediated inhibition of HDACS nuclear export. To in-
vestigate whether the phosphorylation of Ser280 is sufficient to
mediate PKA inhibition of HDACS nuclear export, we generated
a GFP-tagged HDACS5-S280D mutant in which Ser280 was
replaced with aspartic acid to mimic PKA-dependent phosphory-
lation. When this protein was expressed in Cos7 cells, we found
that the GFP-HDACS5-5280D mutant is resistant to nuclear ex-
clusion in response to PMA (Fig. 3 C and D). Similar results were
observed when cardiomyocytes were infected with adenoviral
GFP-HDACS-S280D (SI Appendix, Fig. S14). Collectively, our
results show that PKA-dependent phosphorylation of Ser280
mediates nuclear retention of HDACS.

PKA-Dependent Phosphorylation of HDACS5 Impairs the Association of
HDAGS and 14-3-3 Proteins. To determine the potential mechanisms
by which PKA-dependent phosphorylation of HDACS controls its
subcellular localization, we examined whether PKA affected
HDACS phosphorylation on Ser259 and Ser498 residues that are
responsible for the recruitment of 14-3-3 proteins and subsequent
nuclear export of HDACS (1, 24). Western blot analysis showed
that PKA activators did not affect HDACS phosphorylation at
Ser259 and Ser498 sites in response to PMA (Fig. 3 E and F). We
observed similar results when Cos7 cells were cotransfected with
the constitutively active PKD1-S738E/S742E mutant (10) and
Flag-HDACS5-WT (SI Appendix, Fig. S15). These results indicate
that there is no cross talk between these two functionally distinct
phosphorylation events. Next, we examined whether PKA affected
the recruitment of 14-3-3 proteins by HDACS. Coimmunopreci-
pitation experiments showed that PKA stimulation markedly at-
tenuated the PMA-induced association of HDACS and 14-3-3
proteins (Fig. 3F). However, PKA had no inhibitory effect on the
association of HDACS5-S280A mutant and 14-3-3 proteins (Fig.
3F). Furthermore, HDACS5-S280D mutant prevented interaction
with 14-3-3 proteins (Fig. 3G). These results demonstrate that
PKA-dependent HDACS phosphorylation at Ser280 interferes
with the interaction of HDACS and 14-3-3 proteins, resulting in
the inhibition of the nuclear export of HDACS. Because the
Ser280 residue lies within the region of the NLS and between two
14-3-3 binding sites, Ser259 and Ser498 (Fig. 24), we speculate
that PKA-dependent Ser280 phosphorylation may change the
conformation of HDACS and hence block 14-3-3 binding, result-
ing in the retention of HDACS in the nucleus (25).

PKA-Dependent Phosphorylation and Nuclear Retention of HDAC5
Repress MEF2-Dependent Gene Transcription and Cardiac Fetal Gene
Expression. HDACS is highly expressed in the heart, skeletal mus-
cle, vasculature, and brain (5, 10, 26). HDACS binds and represses
MEF2 transcriptional factor to silence MFE2-dependent gene
transcription programs that control cell differentiation and cell
growth (6,27,28). To address the biological role of PKA-dependent
HDACS phosphorylation, we examined the effects of the PKA
activators and the HDACS5 mutants on MEF?2 transcriptional ac-
tivity. We used a luciferase reporter containing 3xMEF?2 sites to
assess MEF?2 transcriptional activity. In NRVMs infected with ad-
enovirus expressing GFP alone and in GFP-tagged HDACS-WT,
cAMP significantly inhibited PE-stimulated MEF2 transcriptional
activity (Fig. 44), a result that is consistent with previous reports
showing that cAMP inhibits MEF2 activity in skeletal myocytes and
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press MEF2-dependent gene transcription and cardiac fetal gene expression.
(A-C) Luciferase reporter assays for MEF2 transcriptional activity. NRVMs were
infected with adenoviruses expressing 3xMEF2-luciferase reporter gene (A)
along with adenoviruses expressing Flag-HDAC5-WT or Flag-HDAC5-S280A (B)
or Flag-HDAC5-5280D (C) and then were pretreated with forskolin or cAMP for
30 min, followed by stimulation with PE for 24 h. *P < 0.05 compared with PE +
vehicle; n = 4. (D and E) RT-PCR analysis of cardiomyocyte fetal gene expres-
sion. NRVMs were infected with adenoviruses expressing GFP alone (control),
GFP-HDAC5-WT, or GFP-HDAC5-S280A for 24 h and then were pretreated with
cAMP, followed by stimulation with PE for 24 h. The mRNA was extracted from
the cell lysates; then RT-PCR with the primers for ANF, -MHC, o-SMA, and
GADPH (internal control) was performed. *P < 0.05 versus PE + Ad-GFP; *p <
0.05 versus PE + GFP-HDAC5-WT; n=4.

neuronal cells (29, 30). Interestingly, coinfection by the adenoviral
MEF?2 luciferase construct and adenoviral GFP-HADCS5-S280A
abolished the cAMP-induced decrease in MEF2 transcriptional
activation (Fig. 4B). Of note, overexpression of HDACS-WT or
mutant dose-dependently decreased endogenous HDACS expres-
sion (SI Appendix, Fig. S16), suggesting a dominant effect of in-
fected HDACS on exogenous HDACS. In contrast to infection with
the HDACS5-S280A mutant, infection with adenoviruses expressing
GFP-HADC5-5280D blocked PE-stimulated MEF2 transcrip-
tional activity (Fig. 4C). These results indicate that cAMP/PKA-
dependent phosphorylation and nuclear accumulation of HDACS
negatively regulate MEF?2 transcriptional activity.

To determine the potential influence of PKA-induced HDACS
phosphorylation on gene expression in NRVMs, we used RT-PCR
and real-time PCR to study the expression of several cardiac fetal
genes (hypertrophic marker genes) including atrial natriuretic factor
(ANF), B-myosin heavy chain (B-MHC), and a-skeletal muscle actin
(a-SMA) (5). Treatment with PE significantly increased expression
of ANF, B-MHC, and a-SMA in cells infected with adenoviruses ex-
pressing GFP-tagged HDACS-WT; cAMP treatment blocked this
elevated gene expression (Fig. 4 D and E and SI Appendix, Fig. S17).
In contrast, when cells were infected with adenoviruses expressing
the HDACS5-S280A mutant, the inhibitory effect of PKA was
markedly attenuated (Fig. 4 D and E). These results indicate that
cAMP/PKA-dependent phosphorylation and nuclear accumulation
of HDACS negatively regulate cardiac fetal gene expression.
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PKA-Dependent Phosphorylation and Nuclear Retention of HDAC5
Inhibit Cardiomyocyte Hypertrophy. Cardiac fetal gene expression
contributes to cardiac growth and hypertrophy (4, 31-33). A major
feature of the hypertrophic response of cardiomyocytes is a pro-
nounced sarcomeric rearrangement and enlargement of cell size
that can be detected by immunostaining with a-actinin antibody.
Thus, we studied the effect of the PKA/HDACS pathway on car-
diomyocyte hypertrophy. NRVMs were infected with adenoviruses
expressing with GFP-tagged HDACS-WT for 24 h and then were
treated with cAMP for 30 min, followed by treatment with PE for
24 h. We found that PE treatment leads to increased cell size and
nuclear export of HDACS (Fig. 5 A-C). However, the addition of
cAMP decreased the size of cardiomyocytes, and HDACS5 was
prevented from translocating from the nucleus to the cytoplasm
(Fig. 5 A-C). Unlike the cells infected with GFP-tagged HDACS-
WT, the cells infected with adenoviruses expressing the GFP-
tagged HDAC5-S280D mutant showed the nuclear accumulation
of HDAC5-S280D and reduced cell size after PE treatment (Fig. 5
D-F and SI Appendix, Fig. S18). Furthermore, infection of GFP-
tagged HDACS5-S280A attenuated the inhibitory effect of PKA on
the PE-stimulated increase in cardiomyocyte size (SI Appendix,
Fig. S19). Similar effects were observed when NRVMs were
treated with angiotensin II instead of PE (SI Appendix, Fig. S20).
These results show that PKA-dependent phosphorylation and
nuclear retention of HDACS inhibit cardiomyocyte hypertrophy.

The regulation by PKA of HDACS accumulation in the nucleus
provides a mechanism for cell type-specific responses to extra-
cellular stimulation. In contrast to the positive regulation of
CREB-dependent gene transcription by the cAMP/PKA pathway
(18-20), we show in this study that PKA phosphorylates HDACS
and blocks its export from the cell nucleus, thereby negatively
regulating MEF2-dependent gene expression and cardiomyocyte
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hypertrophy in response to stress signals (Fig. 5G and SI Appendix,
Fig. S21). Interestingly, these two pathways are distinctly regu-
lated by PKA, because HDACS has no inhibitory effect on CREB
transcriptional activity (SI Appendix, Fig. S22). Given the impor-
tant regulatory functions of cAMP/PKA and HDACS5/MEF2
signaling in cell differentiation, proliferation, morphogenesis,
survival, and apoptosis in various tissues and systems (27), the
identification of a molecular link between the two pathways may
have broad implications for the regulation of a wide range of bi-
ological functions and human diseases such as cardiomyopathy,
neural diseases, and metabolic disorders (34, 35).

In the heart, cAMP/PKA signaling that is activated via stimu-
lation of B-ARs plays a key role in cardiac contractility through
target proteins downstream of PKA (36, 37). In this study, we
found that the cAMP/PKA pathway inhibited cardiac fetal gene
expression and cardiomyocyte hypertrophy by affecting the sub-
cellular localization of HDACS. Consistent with our results, it has
been shown that HDACS-deficient mice developed cardiac hy-
pertrophy under stress (26). It has been documented that sus-
tained B-AR stimulation induces cardiomyocyte apoptosis and
heart failure through cAMP/PKA-dependent and independent
pathways (36-38). Antos et al. (39) reported that overexpression
of the constitutively active PKA catalytic subunit in mouse heart
led to dilated cardiomyopathy and cardiomyocyte hypertrophy,
although there was no significant change in the heart-to-body
weight ratio in PKA transgenic mice. Besides HDACS, PKA has
many other substrates including ryanodine receptor and phos-
pholamban, L-type calcium channels, and cardiac troponin I (36).
It is possible that pathways independent of HDACS5 may be in-
volved in the cardiomyocyte hypertrophy induced in mice by
sustained PKA activation (39, 40). In addition, we observed that
the B-AR agonist isoproterenol inhibited the nuclear export of
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Fig. 5. PKA-dependent HDACS phosphorylation and nuclear retention inhibit cardiomyocyte hypertrophy. (A-H) Cardiomyocyte size detected by immunostaining
with anti-a-actinin antibody. NRVMs were pretreated with cAMP for 30 min and then were treated with PE for 24 h (A—-C). NRVMs were infected by adenoviruses
expressing GFP-HDAC5-WT or GFP-HDAC5-5280D (D-F) and then were pretreated with the vehicle (DMSO) as control, with cAMP for 30 min, followed by exposure to PE
for 24 h. The cells were fixed and analyzed for GFP-HDACS localization, a-actinin staining (red), and nuclear DAPI staining (blue). *P < 0.05 versus without PE; *P < 0.05
versus with PE; n = 4. (G) Schematic of PKA-dependent regulation of HDACS5 subcellular localization and gene transcription.
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HDACS in cultured cardiomyocytes. However, long-term treat-
ment with isoproterenol typically induced cardiac hypertrophy
(36, 41). This discrepancy could result from the signaling com-
plexity triggered by isoproterenol (37). Isoproterenol can bind to
all three B-AR isoforms expressed in the heart, namely p1-AR, p2-
AR, and p3-AR (36, 37, 42). Although B1-AR is coupled to Gsa
that mediates classic cAMP/PKA signaling, f2-AR is coupled
both to Gsa and to Gia, which mediates MAPKs and PI3K/Akt
pathways. Selective P1-AR stimulation caused hypertrophy
growth of ventricular cardiomyocytes by a mechanism that is in-
dependent of cCAMP but dependent on a tyrosine kinase and
CaMKII (38, 43). The MAPK pathway has been implicated in
cardiac hypertrophy induced by p2-AR stimulation (44, 45).
PI3Ky, which is activated through Gi-associated Gfy, plays an
essential role in isoproterenol-induced cardiac hypertrophy and
heart failure (46, 47). Although the net effect of isoproterenol
through multiple signaling pathways is enhanced cardiac hyper-
trophy, our studies suggest a negative pathway for cardiomyocyte
hypertrophy in isoproterenol signaling that may provide a means
for manipulating isoproterenol/p-AR responses in heart. Notably,
down-regulation and desensitization of f-AR are hallmarks of the
failing heart (36, 48). Clinically, the use of -AR blockers has
become the standard treatment for heart failure, but whether they
act by blocking or resensitizing the f-AR system is still debated
(36, 49). Whether there is any link between -AR-blocker therapy
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and the PKA/HDACS pathway remains to be investigated. Col-
lectively, our findings suggesting that the PKA/HDACS pathway
is involved in regulating cardiac fetal gene expression and car-
diomyocyte hypertrophy warrant further investigation and may
lead to the design of therapeutic strategies for the prevention or
treatment of cardiac hypertrophy and heart failure.

Materials and Methods

Detailed methods appear in the SI Appendix, S| Materials and Methods. These
methods include materials, cell culture, plasmid transfection and adenoviral
infection, fluorescence images, in vitro kinase assay, Western blot and immu-
noprecipitation, luciferase assay, RT-PCR, and statistical analysis.
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