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Abstract

Class IIa histone deacetylases (HDACs) are transcriptional repressors whose nuclear export in the 

cardiac myocyte is associated with the induction of pathological gene expression and cardiac 

remodeling. Class IIa HDACs are regulated by multiple, functionally opposing post-translational 

modifications, including phosphorylation by protein kinase D (PKD) that promotes nuclear export 

and phosphorylation by protein kinase A (PKA) that promotes nuclear import. We have previously 

shown that the scaffold protein muscle A-kinase anchoring protein β (mAKAPβ) orchestrates 

signaling in the cardiac myocyte required for pathological cardiac remodeling, including serving 

as a scaffold for both PKD and PKA. We now show that mAKAPβ is a scaffold for HDAC5 in 

cardiac myocytes, forming signalosomes containing HDAC5, PKD, and PKA. Inhibition of 

mAKAPβ expression attenuated the phosphorylation of HDAC5 by PKD and PKA in response to 

α- and β-adrenergic receptor stimulation, respectively. Importantly, disruption of mAKAPβ-

HDAC5 anchoring prevented the induction of HDAC5 nuclear export by α-adrenergic receptor 

signaling and PKD phosphorylation. In addition, disruption of mAKAPβ-PKA anchoring 

prevented the inhibition by β-adrenergic receptor stimulation of α-adrenergic-induced HDAC5 

nuclear export. Together, these data establish that mAKAPβ signalosomes serve to bidirectionally 

regulate the nuclear-cytoplasmic localization of class IIa HDACs. Thus, the mAKAPβ scaffold 

serves as a node in the myocyte regulatory network controlling both the repression and activation 

of pathological gene expression in health and disease, respectively.

Graphical abstract

Corresponding authors: Dr. Kimberly L. Dodge-Kafka, 263 Farmington Avenue, MC3946, Farmington, CT 06030, United States, Tel.: 
+1 860 679 2452; fax: +1 860 679 1426. dodge@uchc.edu. Dr. Michael S. Kapiloff, 1651 Page Mill Road, Room 2112, Palo Alto, CA 
94304-1209, Tel: +1 650 724 0628, kapiloff@stanford.edu. 

Disclosures
Drs. Dodge-Kafka, Li, and Kapiloff are co-inventors of patented intellectual property concerning the targeting of mAKAP for the 
treatment of heart failure. Dr. Kapiloff owns equity in Anchored RSK3 Inhibitors, LLC, and Cardiac RSK3 Inhibitors, LLC, 
companies interested in developing mAKAP targeted therapies.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
J Mol Cell Cardiol. Author manuscript; available in PMC 2019 May 01.

Published in final edited form as:
J Mol Cell Cardiol. 2018 May ; 118: 13–25. doi:10.1016/j.yjmcc.2018.03.001.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

mAKAP; HDAC5; phosphorylation; scaffold; PKD; PKA

1. Introduction

The reversible acetylation of histone proteins is a central mechanism for the regulation of 

gene transcription. When bound to chromatin, class IIa histone deacetylases (HDACs 4, 5, 7, 

and 9) repress the expression of genes associated with pathological cardiac myocyte 

hypertrophy, such that nuclear export of these HDACs is an important mechanism 

facilitating adverse remodeling in heart disease [1]. For example, class IIa HDAC nuclear 

export permits the expression of genes regulated by the myocyte enhancer factor 2 (MEF2) 

family of transcription factors, promoting cardiac myocyte hypertrophy and interstitial 

fibrosis and ultimately contributing to the development of heart failure. In normal 

physiology, class IIa HDAC-mediated repression maintains cardiac structure and function. 

Ablation of either the Hdac5 or Hdac9 mouse genes resulted in spontaneous cardiac 

hypertrophy, as well as an exaggerated response to pressure overload and to activation of the 

calcineurin phosphatase pro-hypertrophic signaling pathway [2, 3].

The major function of class IIa HDACs is to organize large site-specific repressor 

complexes, such that the export of these HDACs to the cytoplasm is key to the dissociation 

of co-repressors from chromatin and MEF2 activation [1]. The regulation of HDAC4/5 

nuclear-cytoplasmic translocation has been extensively studied [4]. Class IIa HDACs have a 

N-terminal regulatory domain and a C-terminal deacetylase domain. Phosphorylation of 

serine residues in the N-terminal domain (HDAC4 – Ser-246/467/632; HDAC5 – 

Ser-259/498/661, with the latter site apparently less important) by protein kinase D (PKD) 

and Ca2+/calmodulin-dependent kinases creates docking sites for 14-3-3 proteins that mask 

the intervening HDAC4/5 nuclear localization signal and favors Crm1-dependent nuclear 

export [5–10]. In contrast, protein kinase A (PKA) -dependent phosphorylation of HDAC4 

Ser-266 and HDAC5 Ser-279 promotes nuclear import [11–15]. Although it is unclear how 

this latter phosphorylation event favors nuclear localization, a HDAC5 Ser-279 
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phosphomimetic mutation blocked nuclear export in response to α-adrenergic or 

endothelin-1 receptor stimulation of adult cardiac myocytes [12, 13]. Conversely, a Ser-279 

phosphoablative mutation blocked HDAC5 nuclear import in response to acute β-adrenergic 

or forskolin stimulation [12, 15]. Thus, PKA-dependent phosphorylation provides a 

mechanism for β-adrenergic receptor mediated inhibition of Gq-coupled receptor-dependent 

HDAC4/5 nuclear export [14]. Additional mechanisms regulating HDAC4/5 intracellular 

localization include oxidation of conserved cysteine resides in the deacetylase domain 

(HDAC4 – Cys-667/669; HDAC5 – 696/698) and HDAC4-specific, PKA-dependent 

proteolytic cleavage of the HDAC4 regulatory domain, both of which may be induced by β-

adrenergic stimulation [4]. Together, these findings define HDAC4/5 as a node in the signal-

dependent regulatory network controlling pathological cardiac remodeling. Based upon 

these results, it has been proposed that β-adrenergic-dependent PKA activity will oppose 

pathological remodeling during acute sympathetic stimulation, while loss of PKA-dependent 

HDAC4/5 nuclear import will contribute to remodeling in heart failure when β-adrenergic-

dependent cAMP signaling is downregulated or altered in compartmentation [12, 14].

While the functions of HDAC5 phosphorylation events have been defined, it remains unclear 

how and where HDAC5 phosphorylation is coordinated in response to upstream stimuli. 

PKA signaling is highly compartmentalized in myocytes by multivalent A-Kinase 

Anchoring Protein (AKAP) scaffold proteins that co-localize PKA holoenzyme with relevant 

substrates [16]. The PKA holoenzyme tetramer is composed of two regulatory (R) and two 

catalytic (C) subunits in a C-R-R-C configuration. In most PKA-AKAP complexes, a X-

type, four-helix bundle formed by the N-termini of the R-subunit dimer binds an 

amphipathic helix on the AKAP [17]. mAKAP (muscle AKAP) is a perinuclear AKAP with 

a canonical PKA-binding domain that is expressed in striated myocytes and neurons [18]. 

mAKAPβ, the alternatively-spliced mAKAP form expressed in myocytes, organizes large, 

multimolecular signaling complexes or “signalosomes” responsible for cardiac myocyte 

hypertrophy [19]. mAKAPβ signalosomes are responsive to both Gs- and Gq-coupled 

receptor signaling, as well as upstream IL-6 type cytokine and hypoxia signals. Through the 

regulated binding of multiple signaling enzymes, including mitogen-activated protein 

kinases and calcineurin, mAKAPβ signalosomes modulate the transcriptional activity of 

MEF2, NFATc, and Hif-1α transcription factors. Recently, we showed that mAKAPβ forms 

ternary complexes with PKD and HDAC4 [20]. In mice subjected to pressure overload 

mAKAPβ was required for PKD activation and PKD-dependent HDAC4 phosphorylation 

These results were consistent with the known association of PKD and its upstream activators 

phospholipase Cε and protein kinase Cε with mAKAPβ signalosomes and their role in 

hypertrophy [21, 22]. As mAKAPβ also binds PKA, we considered that the mAKAPβ 
scaffold may have a broader role in the regulation of class IIa HDACs. We now show that 

HDAC5 also binds mAKAPβ, forming ternary complexes with both PKA and PKD in 

cardiac myocytes. Accordingly, mAKAPβ expression was required for the phosphorylation 

of HDAC5 by both PKD and PKA in response to α-adrenergic and β-adrenergic-stimulation, 

respectively. Our results imply that mAKAPβ signalosomes are critical to the proper 

regulation of class IIa HDAC activity and localization under different physiological 

conditions.
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2. Materials and Methods

2.1 Materials

Antibodies include mouse anti-HDAC5 (Santa Cruz sc-133225), goat anti-HDAC5 (Santa 

Cruz Biotechnology sc-5252), rabbit anti-phospho-HDAC5 Ser-498/661(Cell Signaling 

Technology 3424 that also detects phospho-HDAC4 and HDAC7), rabbit anti-phospho-PKA 

substrate (Cell Signaling Technology 9621), rabbit anti-mAKAP [23], mouse anti-PKA C-

subunit (Santa Cruz sc-390548), rabbit anti-PKD/PKCμ (Cell Signaling Technology 90039), 

mouse anti-MEF2D (Santa Cruz sc-271153), mouse anti-Flag tag (Sigma A220), mouse 

anti-myc tag (Santa Cruz sc-40), mouse anti-HA tag agarose (Santa Cruz sc-500777), mouse 

anti-lamin (Santa Cruz sc-7293), mouse anti-GAPDH (Santa Cruz sc-20358), rabbit anti-

mCherry (BioVision Inc 5993100), mouse anti-green fluorescent protein (GFP, Santa Cruz 

sc-9996), rabbit anti-GFP (Santa Cruz sc-8334), rabbit anti-ANF (US Biological, 

A4152-35). and mouse anti-α-actinin (Sigma A7811). ON-TARGETplus siRNA 

oligonucleotides were mAKAP (GAC GAA CCU UCC UUC CGA A UU) and On-

TARGETplus Non-targeting siRNA #1 from Dharmacon. AKAP-IS 

(RRRRRRRRRRRQIEYLAKQIVDNAIQQA) and control peptides 

(RRRRRRRRRRRQAAYLAKQAAANAAQAA) were acquired from CHI Scientific. 

Kemptide (LRRASLG) was from Millipore. Adenovirus expressing HDAC5-GFP was 

obtained from Seven Hills Bioreagents. Expression plasmids for Flag-tagged HDAC4 

(plasmid #13821), HDAC5 (plasmid #13822) and HA- and YFP-tagged PKD1 (plasmid 

#31527) were obtained from Addgene. The mAKAP-GFP expression plasmid and 

adenovirus expressing mAKAP wildtype and PKA binding site mutant lacking residues 

2053–2073 were as previously described [24, 25]. pTRE expression plasmid (Clontech) was 

used to construct a conditional expression vector for mCherry-mAKAP 301–500 fusion 

protein (details available upon request).

2.2 Culture of primary neonatal rat ventricular myocytes

Myocytes were prepared as previously described [26]. Briefly, cardiac ventricles free of atria 

and connective tissue were isolated from 1- to 3-day-old rat pups euthanized by decapitation. 

Myocytes were dissociated by several cycles of trypsin treatment and serum neutralization. 

After dissociation, the cells were collected by centrifugation, passed through a 70-mm-mesh 

cell strainer to remove clumps, and pre-plated in culture dishes to remove fibroblasts. After 1 

h, the medium containing the unattached myocytes was removed and the cells collected by 

centrifugation and plated again in 6-well dishes at a density of 500 000 myocytes/plate. 

Plating medium was Dulbecco’s modified Eagle’s medium (DMEM) with 17% Media 199, 

1% penicillin/streptomycin (Gibco-BRL), 10% horse serum (HS) and 5% fetal bovine serum 

(FBS). The following day, the plates were washed and then incubated with plating media 

containing neither HS nor FBS (maintenance media). Myocytes were transfected with 

siRNA using Dharmafect 1 (Thermofisher) and with plasmids using Transfast (Promega) as 

recommended by the manufacturers using cells cultured in maintenance medium 

supplemented with 4% horse serum. Myocytes were cultured for two days following 

transfection and/or the addition of adenovirus to the media before analysis. For 

morphometry, immunocytochemistry and fluorescent imaging were performed as previously 

described [25]. At least 25 individual cells were measured for each condition for each 

Dodge-Kafka et al. Page 4

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



biological replicate. ANF expression was determined by counting the fraction of myocytes 

with peri-nuclear ANF antibody staining.

2.3 Cell transfection and Immunoprecipitation assays

Vero and HEK293 cells at 50–70% confluence on 35 mm plates were transfected with 

Lipofectamine and 4 μg of each plasmid DNA. Cells were washed twice with PBS and then 

lysed with 1 ml HSE buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% 

Triton X-100) supplemented with protease inhibitors (AEBSF, benzamidine, leupeptin/

pepstatin). Tissue was homogenized in the same buffer. Following centrifugation at 13.2K 

rpm at 4° C, soluble cell lysates were incubated with 15 μL Protein-G beads and 2 μg 

antibody overnight at 4°C. Beads were pelleted and washed three times with HSE buffer and 

boiled in 25 μl 2X SDS loading buffer. Samples were separated on either 7.5% or 10% SDS-

polyacrylamide gels and transferred to nitrocellulose membranes. Blots were blocked in 5% 

milk for one hour, followed by incubation in primary antibody overnight at 4° C. Following 

washes, secondary antibodies (horseradish peroxidase-conjugated rabbit or mouse IgG, 

Santa Cruz) were incubated with the membranes (1:5000) for one hour. Signals were 

visualized with an enhanced chemiluminescence reagent (Pierce) and exposed to either X-

ray film or an ImageQuant LAS 4000 (General Electric) imager.

2.4 Subcellular fractionation

Nuclear and cytosolic fractions were prepared using the NE-PER Nuclear and Cytoplasmic 

Extraction Kit from Thermo-fisher. Purity of the fractions was determined by western blot 

for lamin A/C and GAPDH.

2.5 Glutathione S-transferase (GST) pull-down assays

Glutathione-sepharose beads charged with GST fused to PKA RIIα-subunit or GST alone 

were incubated with whole heart extracts (1 mg total protein in 400 μl HSE buffer) overnight 

at 4°C with shaking. Bound proteins were detected by immunoblotting following washing 

with buffer. S-tag pull-down assays were similarly performed using S-tag agarose beads and 

bacterially expressed proteins.

2.6 PKA activity assay

Immunoprecipitated proteins were incubated in kinase buffer (50 mM Tris-HCl pH 7.5, 5 

mM MgCl2) containing 30 μM Kemptide, 100 μM [γ-32P]ATP and 1 mM cAMP for 15 min 

at 30°C. Reactions were terminated by spotting onto phosphocellulose strips. Filters were 

washed five times in 75 mM phosphoric acid and once in 95% ethanol, air dried and counted 

by liquid scintillation.

2.7 Statistics

Matched One- or Two-way ANOVA was performed as appropriate, followed by Tukey post-

hoc testing using Graphpad Prism 7. All data are presented as mean +/− s.e.m. Repeated 

symbols indicate the following: * p < 0.05; ** p < 0.01; *** p < 0.001.
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3. Results

3.1 mAKAPβ is a HDAC5 scaffold

We previously reported that mAKAPβ binds HDAC4 in the heart [20]. We now show that 

endogenous HDAC5 could also be co-immunoprecipitated with mAKAPβ antibodies using 

rat whole heart extracts (Fig. 1A). Conversely, like Flag-tagged HDAC4 (Sup. Fig. 1), Flag-

tagged HDAC5 mediated the immunoprecipitation of GFP-tagged mAKAP by Flag-tag 

antibodies when the two proteins were co-expressed in heterologous cells (Fig. 1B). 

mAKAP binds PKD both in heterologous cells and cardiac myocytes (Sup. Fig. 2 A,B) [20, 

21]. Accordingly, like for HDAC4 [20], we found that mAKAPβ was required for the 

association of PKD with HDAC5 as detected by co-immunoprecipitation of recombinant 

proteins expressed in heterologous cells (Sup. Fig. 2C) and in primary neonatal rat 

ventricular myocytes (Fig. 1C). Together, these data show that like HDAC4, HDAC5 forms a 

ternary complex with mAKAPβ and its activator PKD.

The functional relevance of mAKAPβ scaffolding for HDAC5 PKD phosphorylation and 

nuclear export was shown using mAKAP small interfering RNA (siRNA) oligonucleotides 

to deplete cardiac myocytes of endogenous mAKAPβ protein. HDAC5 phosphorylation 

induced by acute stimulation with the α-adrenergic agonist phenylephrine (PE) was detected 

using a phospho-specific antibody for HDAC5 residues 498 and 661 that has previously 

been shown to detect PKD-specific HDAC4/5 phosphorylation [27]. PE-induced HDAC5 

Ser498/661 phosphorylation was inhibited 80% in cardiac myocytes transfected with 

mAKAP siRNA (Fig. 1D). PKD-catalyzed HDAC5 phosphorylation is associated with 

robust nuclear export that may be demonstrated by cellular fractionation (Fig. 1E) [4]. 

Decreased PE-induced phosphorylation in the absence of mAKAPβ expression correlated 

with inhibited PE-induced HDAC5 nuclear export. Together these data show that the 

mAKAPβ scaffold is required in cardiac myocytes both for the association of PKD with 

HDAC5 and for α-adrenergic receptor-induced HDAC5 phosphorylation at PKD sites and 

nuclear export.

3.2 Association of HDAC5 with mAKAPβ is required for α-adrenergic regulation

In order to map the HDAC5-binding domain on mAKAP, fragments of the mAKAP scaffold 

were co-expressed with HDAC5 in cells and assayed by co-immunoprecipitation (Fig. 2A–

C). A fragment encompassing mAKAP residues 301–500 was sufficient to mediate HDAC5 

binding. Consistent with the function of mAKAPβ to mediate the association of PKD with 

HDAC5, expression of a mCherry mAKAP 301–500 fusion protein competed the co-

immunoprecipitation of both full-length mAKAP and PKD with HDAC5 (Fig. 2D). Class IIa 

HDACs bind directly the conserved N-terminal MADS domain of MEF2 transcription 

factors [28]. We have previously published that mAKAP 301–500 also binds the MEF2D 

MADS domain [29], raising the question of whether HDAC5 binding to mAKAP competes 

with or, alternatively, is enhanced by MEF2D. In order to address this question, we purified 

S-tagged mAKAP 301–500 and His-tagged HDAC5 and MEF2D from bacteria and 

performed pull-down assays (Fig. 2E). HDAC5 was brought down with S-tagged mAKAP 

301–500 only in the presence of MEF2D, implying that the transcription factor is required 

for (or greatly enhances) the association of the class IIa HDAC with the scaffold.
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The identification of an anchoring disruptor peptide for HDAC5/MEF2/mAKAPβ signaling 

complexes allowed us to test whether HDAC5 association with the scaffold was required for 

its activation by α-adrenergic stimulation. Using the phospho-HDAC5 Ser-498/661 

antibody, we determined that PE-induced PKD phosphorylation was blocked by expression 

of mCherry-mAKAP 301–500 in cardiac myocytes (Fig. 3A). Accordingly, PE-induced 

HDAC5 nuclear export was blocked by expression of the anchoring disruptor peptide (Fig. 

3B). As HDAC5 nuclear export is associated with myocyte hypertrophy, we then assayed 

PE-induced myocyte hypertrophy in the presence and absence of the anchoring disruptor 

peptide. Morphologic hypertrophy (increased cross-section area in the presence of PE) was 

consistently attenuated (58% less hypertrophy) by mCherry mAKAP 301–500 (Fig. 3C). In 

addition, a marker for hypertrophy atrial natriuretic factor (ANF) was expressed less in the 

presence of the anchoring disruptor peptide. Taken together, these data support a model in 

which HDAC5 regulation by mAKAPβ signalosomes is important in cardiac myocytes for 

HDAC5 nuclear export and cellular hypertrophy in response to α-adrenergic stimulation.

3.3 β-Adrenergic signaling opposes α-adrenergic-induced HDAC5 phosphorylation and 
nuclear export

It has been reported that via PKA, acute β-adrenergic stimulation of cardiac myocytes will 

inhibit the nuclear export of HDAC5 in response to Gq-coupled receptor activation [12, 14]. 

Accordingly, we found that co-stimulation with the β-adrenergic agonist isoproterenol (Iso) 

inhibited PE-induced HDAC5 Ser-498/661 phosphorylation in cardiac myocytes (Fig. 4A). 

Iso did not induce Ser-498/661 phosphorylation when introduced alone, and the β-

adrenergic inhibition of PE-induced phosphorylation was dependent upon PKA activity, as 

shown using the PKA inhibitor H-89. Consistent with its effects on HDAC5 

phosphorylation, Iso alone did not affect HDAC5-GFP intracellular localization, but did 

inhibit PE-induced HDAC5-GFP cytosolic translocation via a PKA-dependent mechanism 

(Fig. 4B). Together, these results confirm that acute α-adrenergic and β-adrenergic signaling 

oppositely regulate HDAC5 localization in cardiac myocytes.

3.4 HDAC5 is associated with mAKAPβ-PKA complexes in myocytes, facilitating PKA 
phosphorylation of HDAC5

The regulation of HDAC5 by PKA suggested that HDAC5 might be regulated by a PKA-

AKAP complex. We first determined whether endogenous HDAC5 was physically 

associated with PKA in cardiac myocytes (Fig. 5A). HDAC5-specific immunoprecipitates 

contained appreciable kinase activity for the PKA substrate Kemptide that was inhibited by 

the PKA-specific inhibitor protein kinase I (PKI). In addition, HDAC5-GFP was detected in 

pull-down assays using a GST – PKA RII subunit fusion protein (GST-PKA II) and whole 

heart extracts (Fig. 5B). Given that mAKAP binds both PKA [18] and HDAC5, we tested 

whether mAKAP might recruit PKA to HDAC5. When expressed in heterologous cells, 

Flag-HDAC5 was associated with a small amount of PKA holoenzyme, as shown by 

immunoprecipitation-kinase assay (Fig. 5C). Co-expression of mAKAP-GFP increased the 

level of PKA activity in HDAC5 immunoprecipitates 3.7-fold, implying the presence of 

HDAC5-mAKAPβ-PKA protein complexes. That mAKAPβ is the primary HDAC5-

associated AKAP in myocytes was shown using cardiac myocytes transfected with mAKAP 

siRNA (Fig. 5D). HDAC5 antibody immunoprecipitation-kinase assay detected PKA using 
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myocytes transfected with control siRNA, but not using myocytes transfected with mAKAP 

siRNA that depleted the cells of mAKAPβ. In addition, HDAC5 phosphorylation was 

detected using a PKA substrate-specific antibody that is useful for assay of Ser-279 

phosphorylation [13]. HDAC5 was PKA phosphorylated in Iso-treated myocytes only when 

expressing mAKAPβ (Fig. 5E). Together, these results show that mAKAPβ is the primary 

scaffold responsible for HDAC5-PKA association in the cardiac myocyte and that mAKAPβ 
is required for β-adrenergic-induced HDAC5 PKA phosphorylation in these cells.

3.5 Anchored PKA is required for β-adrenergic inhibition of HDAC5 nuclear export in 
cardiac myocytes

The above results revealed that mAKAPβ is responsible for both PKD and PKA-dependent 

HDAC5 phosphorylation. In order to show the functional relevance of PKA-mAKAPβ-

HDAC5 complexes without disrupting PKD scaffolding, we utilized the cell-permeant 

AKAP-IS type II PKA anchoring disruptor peptide to deplete mAKAPβ signalosomes of 

PKA [30]. AKAP-IS treatment of cardiac myocytes competed PKA binding to mAKAPβ 
and HDAC5 signaling complexes as shown by immunoprecipitation-kinase assay (Fig. 6A) 

Notably, Iso-induced HDAC5 phosphorylation detected with a PKA substrate-specific 

antibody was significantly attenuated in cells treated with the AKAP-IS anchoring disruptor 

peptide (Fig. 6B). In order to test our hypothesis that mAKAPβ facilitates the Iso and PKA-

dependent inhibition of PKD HDAC5 phosphorylation, additional myocytes were treated 

with Iso and/or PE and the AKAP-IS peptide. As before, Iso inhibited HDAC5 Ser-498/661 

phosphorylation in response to PE stimulation (Fig. 6C). Pre-treatment with AKAP-IS 

prevented the β-adrenergic-dependent inhibition. Likewise, AKAP-IS prevented the β-

adrenergic-dependent inhibition of HDAC5 cytosolic translocation in response to α-

adrenergic stimulation, as shown by subcellular fractionation (Fig. 6D).

The results obtained using the PKA anchoring disruptor peptide were corroborated using a 

RNAi-rescue strategy and expression of a full-length mAKAP PKA-binding site mutant 

(ΔPKA) lacking the PKA-binding amphipathic helix at mAKAP residues 2053–2073 (Fig. 

2C) [18]. In order to avoid potential dominant negative effects, expression of wildtype and 

ΔPKA mutant mAKAP protein was performed such that the recombinant myc-tagged 

proteins were expressed following co-transfection with mAKAP siRNA oligonucleotides at 

levels similar to endogenous mAKAPβ in control cardiac myocytes (Fig. 7A). 

Immunoprecipitation-kinase assay for PKA activity confirmed that RNAi-rescue with 

wildtype myc-mAKAP, but not ΔPKA mutant resulted in HDAC5 association with PKA 

(Fig. 7B). Likewise, RNAi-rescue with wildtype myc-mAKAP, but not ΔPKA mutant 

permitted Iso induction of HDAC5 phosphorylation by PKA in myocytes (Fig. 7C). Notably, 

RNAi-rescue with wildtype myc-mAKAP, but not ΔPKA mAKAP mutant, conferred Iso-

dependent inhibition of PE-induced HDAC5 Ser-498/661 phosphorylation and nuclear 

export (Fig. 7D,E). Together with the results obtained with the AKAP-IS peptide, these data 

show that mAKAPβ-anchored PKA is required for β-adrenergic-induced HDAC5 

phosphorylation by PKA in myocytes, as well as β-adrenergic-dependent inhibition of α-

adrenergic HDAC5 nuclear export.
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3.6 Acute and chronic β-adrenergic stimulation differentially affects HDAC5 in the myocyte

It has been noted that chronic pre-treatment with forskolin to induce prolonged cAMP 

elevation does not inhibit Gq-mediated HDAC5 nuclear export [12]. We have found that, 

similarly, β-adrenergic stimulation with Iso only inhibited HDAC5 PKD-site 

phosphorylation when given for 1 hour, but not 24 hours priors to PE α-adrenergic 

stimulation (Fig. 8A). In addition, 24 hours of Iso pre-treatment was unable to inhibit PE-

induced HDAC5 nuclear export (Fig. 8B). Remarkably, 24 hours, but not 1 hour of Iso 

treatment promoted both HDAC5 phosphorylation at the PKD sites and HDAC5 nuclear 

export in the absence of α-adrenergic stimulation (Fig. 8C,D). These data are consistent with 

a model in which chronic β-adrenergic stimulation remodels the cardiac myocyte signaling 

network to promote, rather than inhibit HDAC5 nuclear export, as discussed further below.

4. Discussion

Scaffold proteins confer efficiency and specificity in intracellular signal transduction by 

mediating the association of specific substrates with their upstream regulatory enzymes [31]. 

Class IIa HDACs are regulated by multiple post-translational modifications that control their 

ability to repress gene expression related to cardiac remodeling [4]. The central finding of 

this study is that mAKAPβ is a scaffold in the cardiac myocyte that confers HDAC5 

association with and regulation in an oppositional manner by PKD and PKA. Using siRNA, 

anchoring disruptor peptides, and RNAi-rescue with a binding site mutant, we show that 

mAKAPβ scaffolding is functionally relevant in the cardiac myocyte to PKD-dependent 

HDAC5 nuclear export and the inhibition of this process by acute β-adrenergic signaling 

[12, 13]. Located mainly, if not exclusively, at the nuclear envelope in both stimulated and 

unstimulated adult and neonatal ventricular myocytes by binding to the outer nuclear 

membrane protein nesprin-1α [20, 23], mAKAPβ signalosomes are poised for the 

regulation of nuclear gene expression by upstream signaling. Coordination of both PKD and 

PKA class IIa HDAC phosphorylation is consistent with a role for mAKAPβ signalosomes 

in the fine-tuning of gene expression responsible for matching ventricular mass to systemic 

demands for cardiac output [20].

Pathological myocyte hypertrophy is promoted by Gq-coupled receptor signaling that can 

activate PKD through protein kinase C and diacylglycerol-dependent mechanisms [21, 32]. 

The Smrcka lab has recently described a novel mechanism for local activation of PKD at 

mAKAPβ: Gβγ activation of mAKAPβ-bound phospholipase Cε that catalyzes 

diacylglycerol production from phosphatidylinositol 4-phosphate on adjacent Golgi 

apparatus [21, 33]. We now reveal that PKD phosphorylation and nuclear export of HDAC5 

is mAKAPβ-dependent in PE-stimulated neonatal rat ventricular myocytes (a useful model 

for pathological myocyte hypertrophy despite the cardioprotective role of α-adrenergic 

signaling in vivo [34]). HDACs are regulated in a dynamic fashion as repressor complexes 

reversibly associate with chromatin, the fraction of HDACs present within the nucleus 

depending upon the current signaling state of the cell [12, 15]. In this regard, HDAC 

molecules constantly approach the nuclear envelope as they cross back and forth into the 

nucleus. We suggest that class IIa HDACs shuttling in and out of the nucleus dock 

transiently at mAKAPβ where they are subject to hypertrophic agonist-induced PKD 
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phosphorylation, affecting the overall equilibrium of HDAC nuclear export and import. 

mAKAPβ signalosomes are not, however, solely responsible for class IIa HDAC regulation, 

as HDAC4/5 nuclear export is also induced by AKAP-lbc-PKD signalosomes, nuclear Ca2+/

calmodulin-dependent protein kinases, and oxidation of HDAC5 cysteine residues [7, 35, 

36]. Taken together, ours and others’ findings suggest that scaffold proteins and signaling 

enzymes within multiple cellular compartments regulate HDAC nuclear/cytoplasmic 

localization, such that overall HDAC5 function is determined by the net activity of multiple 

signaling pathways acting in concert within the myocyte. Nevertheless, mAKAPβ 
signalosomes apparently serve as a critical node in this regulatory network. Accordingly, 

inhibition of mAKAPβ signalosome formation using a MEF2D/HDAC5 anchoring disruptor 

peptide inhibited PE-induced hypertrophy.

We have previously published that HDAC4 forms ternary complexes with mAKAPβ and 

active PKD [20]. In Kritzer et al., we showed that active PKD was increased in the hearts of 

mice subjected to both short term and long term pressure overload and in which cardiac 

hypertrophy was evident [20]. Conditional AKAP6 (mAKAP) cardiac myocyte-specific 

gene deletion, that attenuated pathological cardiac remodeling and conferred a survival 

benefit in the face of long term pressure overload, prevented PKD activation and HDAC4 

phosphorylation on PKD sites as assayed with phospho-Ser-246 and phospho-Ser-467/632 

antibodies [20]. In contrast to HDAC4, the increase in HDAC5 phosphorylation on PKD 

sites 2 and 16 weeks after transverse aortic constriction survival surgery did not reach 

statistical significance in that study, precluding a determination of mAKAPβ dependence. 

(The only exception was the statistically significant, but small 1.4-fold increase in HDAC5 

Ser-259 phosphorylation 16 weeks after transverse aortic constriction that was not 

mAKAPβ-dependent.) Differential regulation of HDAC4 and HDAC5 phosphorylation and 

nuclear export in cardiac myocytes has been previously reported [36, 37], as well as in other 

cell types such as the skeletal myocyte [38]. Future studies will be required to identify the 

pathophysiologic states and/or timing relevant to mAKAPβ-PKD activation of HDAC5 in 

vivo. In a report by Taglieri, et al., showing the regulation of PKD by the AKAP-lbc scaffold 

protein, HDAC5 was found to more highly PKD phosphorylated during pressure overload 

[39], potentially due to a difference in mouse strain or extent of disease from Kritzer, et al.

PKD and PKA phosphorylate HDAC5 with opposite functional consequences. Our data 

support a model in which by bringing together HDACs and PKA mAKAPβ also facilitates 

the negative regulation of class IIa HDAC nuclear export by acute β-adrenergic stimulation 

(Figs. 5–7). mAKAPβ organizes signalosomes that include all of the machinery necessary 

for the local regulation of cAMP signaling, including type 5 (but not type 6) adenylyl 

cyclase, PKA, and type 4D3 phosphodiesterase [26, 40]. We found that depletion of 

mAKAPβ, as well as replacement of wildtype mAKAPβ with a mAKAPβ PKA-binding site 

mutant, inhibited both the association of PKA with HDAC5 and PKA-dependent HDAC5 

phosphorylation in the cardiac myocyte. These results suggest that mAKAPβ is the primary 

AKAP in the myocyte responsible for HDAC5 phosphorylation by PKA and were surprising 

given the known regulation of HDAC5 by AKAP-lbc [7, 39, 41]. However, while AKAP-lbc 

has been shown to bind PKD and regulate HDAC5 phosphorylation by that kinase [7, 39, 

41], AKAP-lbc and HDAC5 have not yet been co-immunoprecipitated, raising the 

possibility that they do not stably bind (precluding AKAP-lbc-mediated PKA-HDAC5 co-
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immunoprecipitation) and/or that HDAC5 is only phosphorylated by PKD after release from 

the scaffold away from any associated PKA. Accordingly, AKAP-lbc-bound PKA has not 

yet been shown to phosphorylate HDAC5. It is perhaps informative that mAKAP siRNA 

inhibited phosphorylation of HDAC5 by PKA more completely than by PKD (Cf. Figs. 1D 

and 5E).

The sole PKA site on HDAC5 is Ser-279 (designated Ser-280 in Ha, et al [13]) within the 

conserved sequence KVAERRSSPLLRRK, such that mutation of that site prevents detection 

of the protein using the “PKA substrate specific” antibody used herein to detect HDAC5 

phosphorylation after isoform-specific immunoprecipitation [13, 20]. As this sequence is 

identical in HDAC4 and as HDAC4 binds mAKAPβ [20], mAKAPβ presumably facilitates 

the PKA-dependent phosphorylation of that deacetylase as well. Interestingly, the PKA site 

is present also in HDAC9, but not HDAC7, suggesting a broader role for PKA and 

potentially mAKAPβ in the regulation of class IIa HDACs. Experiments using both HDAC5 

Ser-279 phosphomimetic and phosphoablative mutant proteins in both adult and neonatal 

cardiac myocytes have shown the relevance of this residue to HDAC5 nuclear-cytoplasmic 

translocation [12, 13, 15]. In addition, the phosphorylation of Ser-279 correlates with the 

robust inhibition by Iso of PE-induced HDAC5 S498/661 phosphorylation in myocytes and 

HDAC5 nuclear retention (Fig. 4) [12, 36]. Weeks, et al, recently reported that HDAC5 

phosphorylation detected using a new antibody specific for phosphorylated Ser-279 was 

inhibited, not increased by stimulation with Iso alone, despite Iso promoting PKA-dependent 

nuclear retention [15]. In their experiments, decreased Ser-279 phosphorylation was 

accompanied by decreased phosphorylation of the PKD sites, which they attribute to the 

induction of phosphatase activity in newly identified PP2A-B55α-HDAC5 complexes [15]. 

In our experiments, we did not detect a change in the phosphorylation of HDAC5 PKD sites 

or increased HDAC5 nuclear localization in the presence of Iso alone, potentially reflecting 

a greater basal HDAC5 PKD-site phosphorylation in adult myocytes [12, 14, 15]. Taken 

together, one may reconcile ours and others’ results by concluding that Ser-279 

phosphorylation is only relevant to blocking HDAC5 nuclear export when there is a 

simultaneous, strong PKD-activating stimulus. One should note that it is not entirely clear 

whether the primary biochemical mechanism by which Ser-279 phosphorylation promotes 

nuclear import is the inhibition of PKD site phosphorylation. In contrast to our results, Ha et 

al. found that Iso-induced Ser-279 phosphorylation inhibited HDAC5 binding to 14-3-3, 

nuclear export, and MEF2-dependent gene expression without inhibiting HDAC5 PKD-site 

phosphorylation [13].

By binding PKA, PKD, and HDACs, mAKAPβ at the nuclear envelope can coordinate the 

bidirectional regulation of class IIa HDAC cytoplasmic-nuclear localization, providing a 

model for the differential regulation of HDACs in health and disease (Graphical Abstract). 

Sympathetic β1-adrenergic signaling via norepinephrine is responsible for acutely increasing 

cardiac contractility in exercise and in flight-or-fight responses. Under these conditions, 

adverse remodeling is not activated and MEF2-dependent transcription should be repressed 

by class IIa HDACs [12]. mAKAPβ-dependent PKA phosphorylation of HDACs 

presumably contributes to this repression by opposing HDAC export that might be induced 

by increased contractile Ca2+ transients. In contrast, in cardiovascular disease, Gq-coupled 
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receptor signaling is elevated, and cardiac remodeling (myocyte hypertrophy, increased cell 

death and interstitial fibrosis, and altered metabolism and gene expression) ensues [12, 42]. 

Notably, in heart failure total myocardial cAMP levels and PKA-dependent phospholamban 

phosphorylation are decreased [43, 44], consistent with the idea that β-adrenergic regulation 

of cardiac contractility is progressively down-regulated in heart disease. Despite this down-

regulation, however, we and others have published that chronic Iso stimulation will induce 

myocyte hypertrophy in vitro [24], and the clinical efficacy of β-blockers attests to the role 

of β-adrenergic signaling in pathological remodeling [45]. Many of the pro-remodeling 

effects of chronic β-adrenergic stimulation are attributable to PKA-independent, Ca2+/

calmodulin-dependent protein kinase signaling that is also upstream of class IIa HDACs [46, 

47]. Nevertheless, PKA overexpression will also down-regulate SERCA2a expression in 

vitro and induce dilated cardiomyopathy in vivo [14, 48]. In addition, we reported that Iso-

induced myocyte hypertrophy in vitro was dependent both upon mAKAPβ expression and 

PKA-anchoring by the scaffold (as shown by RNAi-rescue), correlating with activation of 

calcineurin-NFAT signaling [24]. We show now that 24 hours of β-adrenergic stimulation 

was sufficient in vitro to alter the response of the myocytes with regards to HDAC5 

regulation, changing β-adrenergic signaling from promoting nuclear import to promoting 

nuclear export (Fig. 8). How exactly mAKAPβ-associated PKA signaling is “remodeled” to 

permit HDAC5 nuclear export and to promote hypertrophy during states of chronic β-

adrenergic stimulation require further investigation. Overall, we favor a model in which 

chronic catecholaminergic simulation in disease results in molecular remodeling of the 

myocyte signaling network, such that bulk cAMP signaling related to contractility is 

progressively down-regulated, while specific cAMP pools regulating remodeling become 

activated. This model is consistent with data relating to the activation in remodeling of other 

cAMP effectors, such as Epac, and the intracellular redistribution of phosphodiesterases and 

β-adrenergic receptors in heart failure [42, 49, 50]. Based upon both our previously 

published and our newly presented results, we propose that at perinuclear mAKAPβ 
signalosomes, PKA is relevant to both opposing remodeling during “normal,” transient 

catecholamine surges and to promoting remodeling during pathological, chronic 

catecholamine elevation.

Much of the previous literature regarding mAKAPβ has focused on how this conserved 

protein is deleterious in disease [19]. Aside from evidence that mAKAPβ conditional gene 

deletion will reduce the “physiologic” hypertrophy induced in swimming mice [20], our new 

finding that mAKAPβ-bound PKA will oppose HDAC5 activation during acute β-adrenergic 

stimulation provides the first mechanism supporting mAKAPβ’s importance in the normal 

heart, justifying its conservation throughout vertebrate evolution. The bidirectional 

regulation of class IIa HDACs by mAKAP signalosomes is likely to be relevant to not only 

cardiac myocytes, but also skeletal myocytes and neurons. Like HDACs 4, 5, and 9, 

mAKAP is expressed primarily in the heart, skeletal muscle and brain [4, 18]. In skeletal 

myocytes, β-adrenergic stimulation induces HDAC4 PKA phosphorylation and HDAC4 and 

HDAC5 nuclear influx, potentially comprising a mechanism to avoid MEF2-dependent 

remodeling during strenuous exercise [11]. In addition, mAKAPβ is required for MEF2 

activation in skeletal myocytes and for myotube formation and muscle regeneration 

following injury [29, 51]. Thus, it is likely that in skeletal muscle, mAKAPβ also confers 
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bidirectional class IIa HDAC regulation. In neurons, HDAC5 nuclear export is required for 

axon regeneration following injury [52]. We recently published that mAKAPα, the 

alternatively-spliced form of mAKAP in neurons, is similarly required for both the survival 

and neurite outgrowth of retinal ganglion cells in vitro and for retinal ganglion cell survival 

in vivo following optic nerve crush [53]. Together, these findings suggest that mAKAP 

signalosomes are central to the response to stress in excitable cells, providing critical 

infrastructure for the fine-tuned regulation of gene expression in health and disease.
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Highlights

• mAKAPβ is a scaffold for HDAC5, PKD, and PKA signalosomes in cardiac 

myocytes.

• mAKAPβ facilitates the signal-dependent phosphorylation of HDAC5 by 

both PKD and PKA.

• mAKAPβ signalosomes regulate HDAC5 nuclear export in response to 

hypertrophic stimuli.

• mAKAPβ-PKA anchoring permits β-adrenergic inhibition of HDAC5 nuclear 

export.
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Figure 1. mAKAPβ organizes a PKD-HDAC5 Signalosome required for HDAC5 nuclear export
A. Extracts prepared from adult rat hearts were used in co-immunoprecipitation assays with 

mAKAP antibodies and control IgG. Endogenous HDAC5 was detected by western blot. B. 
Extracts prepared from Vero cells co-transfected with expression plasmids for Flag-tagged 

HDAC5 and GFP-tagged mAKAP were used in co-immunoprecipitation assays with Flag 

tag antibodies. Expression of the recombinant proteins was detected using tag-specific 

antibodies. C. Cardiac myocytes transfected with either mAKAP-specific or control siRNA 

were infected with adenovirus expressing HA-tagged PKD and GFP-tagged HDAC5. Protein 

complexes immunoprecipitated with HDAC5 antibodies were detected with mAKAP and 

tag-specific antibodies. D. Cardiac myocytes transfected and infected as in C were 

stimulated with phenylephrine (PE, 50 μM) for 60 min. HDAC5-GFP was 

immunoprecipitated with a HDAC5 antibody and detected using a phospho-specific 

antibody for Ser-498/661. E. Cytosolic and nuclear extracts were prepared from myocytes 

treated as in D and analyzed by western blotting with HDAC5, lamin (nuclear marker), or 

GAPDH (cytosolic marker) antibodies. *p-value vs. no drug controls; † vs. control siRNA 

under same treatment condition. n = 3 for each panel.
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Figure 2. HDAC5 is associated with a discrete mAKAP domain
A, B. Extracts prepared from HEK293 cells co-transfected with expression plasmids for 

Flag-tagged HDAC5 and GFP- or mCherry tagged mAKAP fragments were used in co-

immunoprecipitation assays with Flag tag antibodies. Expression of the recombinant 

proteins was detected using tag-specific antibodies. FP - fluorescent protein, i.e. GFP or 

mCherry. C. mAKAP domain structure. mAKAPβ is identical to mAKAPα 245–2314 [54]. 

SR - spectrin repeat domain. Binding sites are indicated for those mAKAP-binding partners 

whose sites have been finely mapped: PDK1, protein kinase D 1 [54]; AC5, adenylyl cyclase 

5 [40]; PLCε, phospholipase C ε [22]; nesprin-1α [23]; RyR2, ryanodine receptor [55]; 

CaN, calcineurin [56]; RSK3, p90 ribosomal S6 kinase 3 [57]; PKA [18]; PP2A, protein 

phosphatase 2A [58]. D. Cardiac myocytes were infected with adenovirus expressing HA-

tagged PKD, GFP-tagged HDAC5, mCherry or mCherry-tagged mAKAP 301–500. Protein 

complexes immunoprecipitated with HDAC5 antibodies. E. Bacterially-expressed His-

tagged HDAC5 and MEF2D and S-tagged mAKAP 301–500 were used in pull-down assays 

with S-tag resin. S-tagged mAKAP 301–500 was detected by total protein stain of the pull-

downs (Ponceau stain). n = 3 for each panel.
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Figure 3. HDAC5 association with mAKAPβ signalosomes is required for α-adrenergic-induced 
HDAC5 nuclear export and neonatal myocyte hypertrophy
A. Cardiac myocytes were infected with adenovirus expressing HDAC5-GFP, PKD-HA and 

either mCherry-mAKAP 301–500 or mCherry control before stimulation with PE (50 μM) 

for 60 min. HDAC5-GFP was immunoprecipitated with a HDAC5 antibody and detected 

using a phospho-specific antibody for Ser-498/661. B. Cytosolic and nuclear extracts were 

prepared from myocytes treated as in A and analyzed by western blotting with HDAC5, 

lamin (nuclear marker), or GAPDH (cytosolic marker) antibodies. For A and B, n = 3. C. 
Cardiac myocytes were transfected with ptTA and pTRE expression plasmids for either 

mCherry-mAKAP 301–500 or mCherry control before stimulation with PE (10 μM) for 2 

days and staining with α-actinin antibody (green) and Hoechst nuclear stain (blue). Parallel 

cultures were stained for ANF expression (not shown). n = 5 separate biological replicates. 

*p-value vs. no drug controls; † vs. mCherry + PE. For ANF expression, 2-way matched 

ANOVA was significant for anchoring disruptor expression (p = 0.03 for samples with 

mCherry-301-500 vs. samples with mCherry control), albeit pairwise post-hoc testing 

comparing PE-treated control and 301–500 peptide samples did not reach statistical 

significance.
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Figure 4. β-adrenergic signaling opposes α-adrenergic-induced HDAC5 nuclear export
A. Cardiac myocytes infected with HDAC5-GFP adenovirus were treated with Iso (10 μM) 

in the absence or presence of the PKA inhibitor H-89 (10 μM) for 15 min before stimulation 

with PE (50 μM) for 60 min. HDAC5-GFP was immunoprecipitated with a HDAC5 

antibody and detected using a phospho-specific antibody for Ser-498/661 or a HDAC5 

protein antibody. B. Cytosolic and nuclear extracts were prepared from myocytes treated as 

in A and analyzed by western blotting with HDAC5, lamin (nuclear marker), or GAPDH 

(cytosolic marker). n = 3 for both panels. *p-value vs. no drug controls; † vs. PE; ‡ vs. PE + 

Iso.
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Figure 5. HDAC5 is associated with mAKAPβ-PKA signalosomes in myocytes
A. Extracts prepared from cardiac myocytes were used for immunoprecipitation-kinase 

assays. Protein complexes were immunoprecipitated with HDAC5 antibodies and control 

IgG. Kinase assays were performed with 1 mM cAMP, 30 μM Kemptide substrate +/− the 

PKA inhibitor protein kinase inhibitor (PKI). PKA catalytic subunit (PKA-C) and HDAC5 

were detected in the extracts with their respective antibodies. *p-value vs. IgG; † vs. no PKI 

IP. B. Whole adult rat heart extracts were used in pull-down assays with bacterially-

expressed GST-PKA RII-subunit fusion protein and GST control. Endogenous HDAC5 was 

detected with a HDAC5 antibody before and after pulldown. GST proteins in the assays 

were detected using Ponceau total protein stain. Arrowheads indicates the migration of GST-

PKA RII and GST. C. Vero cells were co-transfected with expression plasmids for Flag-

tagged HDAC5 and GFP-tagged mAKAP. Protein complexes were immunoprecipitated with 

HDAC5 antibodies and control IgG and kinase assays were performed as above. mAKAP-

GFP, PKA catalytic subunit (PKA-C) and HDAC5 were detected in the extracts with the 

appropriate antibodies. *p-value vs. IgG IP; † vs. α-HDAC5 IP for HDAC5 expressing only 

cells; ‡ vs. α-HDAC5 IP for HDAC5 and mAKAP expressing cells. D. Cardiac myocytes 

were transfected with mAKAP or control siRNA oligonucleotides and infected with 

HDAC5-GFP adenovirus. Cellular extracts were prepared for immunoprecipitation-kinase 

assays as in A. *p-value vs. IgG; † vs. control siRNA. Total extract western blots for 

mAKAP, HDAC5, and PKA-C showed that only mAKAPβ expression was ablated by the 

mAKAP siRNA. E. Cardiac myocytes as in D were stimulated for 15 min with 10 μM Iso. 

HDAC5-GFP was immunoprecipitated with a HDAC5 antibody and detected using a PKA 

phospho-substrate-specific antibody that detects phosphorylated Ser-279 [13]. n = 3. * vs. 

control siRNA without Iso; † vs. control siRNA with Iso.
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Figure 6. Anchored PKA is required for β-adrenergic-induced HDAC5 phosphorylation and 
inhibition of α-adrenergic-stimulated nuclear export
A. Cardiac myocytes were infected with HDAC5-GFP adenovirus and treated with 10 μM 

AKAP-IS anchoring disruptor peptide or control peptide (Ctrl Pep). PKA activity assays 

were performed following immunoprecipitation with mAKAP or HDAC5 antibodies or 

control IgG. * vs. IgG; † vs. control peptide. B. Myocytes were treated as in A before 10 min 

stimulation with 10 μM Iso. HDAC5-GFP immunoprecipitated with a HDAC5 antibody was 

detected using a PKA phospho-substrate-specific antibody that detects phosphorylated 

Ser-279 [13]. * vs. control peptide without Iso; † vs. control peptide with Iso. C. Myocytes 

infected with HDAC5-GFP adenovirus and treated with 10 μM AKAP-IS or control peptide 

were stimulated with 10 μM Iso for 10 min followed by 50 μM PE for 1 hr. HDAC5-GFP 

was immunoprecipitated with a HDAC5 antibody and detected using a phospho-specific 

antibody for Ser-498/661 or a HDAC5 protein antibody. D. Cytosolic and nuclear extracts 

were prepared from myocytes treated as in C and analyzed by western blotting with 

HDAC5, lamin (nuclear marker), or GAPDH (cytosolic marker) antibodies. n = 3 for each 

panel. For C and D: Data are normalized to that for control peptide without Iso or PE. * vs. 

without Iso or PE; † vs. control peptide with PE; ‡ vs. control peptide with PE and Iso.

Dodge-Kafka et al. Page 23

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. mAKAPβ-bound PKA is required for β-adrenergic-induced HDAC5 phosphorylation 
and inhibition of α-adrenergic-stimulated nuclear export
Cardiac myocytes transfected with either mAKAP-specific or control siRNA were infected 

with adenovirus expressing myc-tagged wildtype mAKAP or a full-length PKA binding site 

mutant (ΔPKA) lacking residues 2053–2073 [24]. A. Western blot showing endogenous and 

myc-tagged mAKAP protein expression confirming RNAi-rescue. B. PKA activity assays 

were performed following immunoprecipitation with HDAC5 antibodies or control IgG. * 

vs. IgG; † vs. myc-mAKAP. C. Myocytes were treated for 10 min with 10 μM Iso. HDAC5-

GFP immunoprecipitated with a HDAC5 antibody was detected using a PKA phospho-

substrate-specific antibody that detects phosphorylated Ser-279 [13]. * vs. no drug; † vs. 

myc-mAKAP. D. Myocytes were stimulated with 10 μM Iso for 10 min followed by 50 μM 

PE for 1 hr. HDAC5-GFP was immunoprecipitated with a HDAC5 antibody and detected 

using a phospho-specific antibody for Ser-498/661. E. Cytosolic and nuclear extracts were 

prepared from myocytes treated as in D and analyzed by western blotting with HDAC5, 

lamin (nuclear marker), or GAPDH (cytosolic marker) antibodies. For D and E: Data are 

normalized to that for control peptide without Iso or PE. * vs. no drug; † vs. PE; ‡ vs. myc-

mAKAP with PE and Iso. n = 3 for each panel.
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Figure 8. In contrast to acute stimulation, chronic β-adrenergic stimulation promotes HDAC5 
nuclear export
Cardiac myocytes were infected with adenovirus expressing GFP-tagged HDAC5 and 

stimulated with 10 μM Iso and/or 50 μM PE for 1 or 24 hrs. A and C. HDAC5-GFP was 

immunoprecipitated with a HDAC5 antibody and detected using a phospho-specific 

antibody for Ser-498/661 or a HDAC5 protein antibody. B and D. Cytosolic and nuclear 

extracts were analyzed by western blotting with HDAC5, lamin (nuclear marker), or 

GAPDH (cytosolic marker) antibodies. n = 3 for each panel. A and B: * vs. no drug; † vs. PE 

at 1 hr; ‡ vs. PE and Iso at 1 hr. C and D: * vs. no drug; † vs. Iso at 1 hr.
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