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ARTICLE INFO ABSTRACT

Striated myocytes compose about half of the cells of the heart, while contributing the majority of the heart's mass
and volume. In response to increased demands for pumping power, including in diseases of pressure and volume
AKAP overload, the contractile myocytes undergo non-mitotic growth, resulting in increased heart mass, i.e. cardiac
Gene transcription hypertrophy. Myocyte hypertrophy is induced by a change in the gene expression program driven by the altered
Szﬁ;ac hypertrophy activity of transcription factors and co-repressor and co-activator chromatin-associated proteins. These gene

regulatory proteins are subject to diverse post-translational modifications and serve as nuclear effectors for
intracellular signal transduction pathways, including those controlled by cyclic nucleotides and calcium ion.
Scaffold proteins contribute to the underlying architecture of intracellular signaling networks by targeting sig-
naling enzymes to discrete intracellular compartments, providing specificity to the regulation of downstream
effectors, including those regulating gene expression. Muscle A-kinase anchoring protein f (mAKAPR) is a well-
characterized scaffold protein that contributes to the regulation of pathological cardiac hypertrophy. In this
review, we discuss the mechanisms how this prototypical scaffold protein organizes signalosomes responsible for
the regulation of class Ila histone deacetylases and cardiac transcription factors such as NFAT, MEF2, and HIF-
1a, as well as how this signalosome represents a novel therapeutic target for the prevention or treatment of heart
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failure.

1. Introduction

An increase in the mass of the heart known as “cardiac hypertrophy”
is the primary response of that organ to stress in disease and a major
risk factor for the development of heart failure, a leading cause of death
and a problem of increasing public health significance worldwide [1,2].
According to the latest statistics from the American Heart Association,
an estimated 6.2 million Americans have heart failure [3]. This number
is estimated to increase 46% by 2030. Furthermore, the 5-year mor-
tality rate of patients diagnosed with heart failure is ~50%, demon-
strating the need for better therapeutics to treat this syndrome. The
main contributor to the increased heart size of the hypertrophic heart is
hypertrophy of the cardiac myocytes, an increase in the volume of the
contractile cells in the absence of cellular proliferation. Fundamental to
the development of hypertrophy is a dramatic altering of the myocyte
gene expression program, that besides the change in morphology also
results in disease in changes in cellular metabolism, contractility, and
survival, and the release of paracrine factors that promote myocardial
interstitial fibrosis [4]. Research over the last 20 years has revealed that

select transcription factors, including nuclear factor of activated T-cells
(NFAT) and myocyte enhancer factor 2 (MEF2) family members, nu-
cleate the chromatin activating and repressive transcriptional com-
plexes that direct pathological cardiac gene expression [4]. In addition,
changes in the activity of histone deactylases (HDACs) and other
chromatin modifying enzymes are integral to the induction of hyper-
trophy [5]. As these gene regulatory proteins are tightly regulated by
intracellular signal transduction pathways, the elucidation of the up-
stream signals that control transcription factor and epigenetic modifier
activity remains an important area of heart failure research. Extensive
research has shown the relevance of mitogen-activated protein kinase
(MAPK), cyclic nucleotide, calcium, hypoxia and phosphoinositide-de-
pendent pathways to the regulation of gene regulatory protein post-
translational modification in hypertrophy [6]. However, the mechan-
isms of how these pathways selectively control relevant gene regulatory
proteins in disease remains unclear, especially given the separate role
that cyclic nucleotides and calcium play in the regulation of excitation-
contraction coupling.

One mechanism that has evolved to confer specificity to signaling
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networks is compartmentation by scaffolding proteins [7]. These typi-
cally non-enzymatic proteins function to co-localize signaling enzymes
into discrete complexes with both their upstream activators and their
downstream effector substrates, providing enhanced substrate specifi-
city while increasing the kinetics of signaling events. In addition, as
scaffold proteins are often multivalent and bind to enzymes from
multiple signaling pathways, “signalosomes” organized by scaffold
proteins serve to integrate multiple upstream signals and facilitate
crosstalk between different relevant signaling pathways, thereby pro-
viding a combinatorial regulation of downstream signaling events. As
discussed herein, research concerning the scaffold protein muscle A-
kinase anchoring protein 3 (mAKAPf) has revealed that mAKAPp sig-
nalosomes are central to the orchestration of gene regulatory proteins
controlling pathological cardiac remodeling.

A-Kinase anchoring proteins (AKAPs) are scaffold proteins that bind
the cAMP-dependent Protein Kinase A (PKA) [8]. Directing PKA to
discrete cellular compartments via localization domains unique to each
AKAP and binding multiple other signaling enzymes such as phospha-
tases, phosphodiesterases, and other kinases, AKAPs serve important
roles in the facilitation of cross-talk between different signaling path-
ways, including G-protein coupled receptor signaling in the heart [9].
The first demonstration of the importance of AKAPs for cardiac phy-
siology utilized a peptide to globally disrupt AKAP/PKA binding [10].
Incubation of cardiac myocytes with a PKA anchoring disruptor peptide
showed that AKAPs play a role in the B-adrenergic stimulation of cal-
cium influx and contraction. Since these original findings, AKAP have
been shown to regulate many cellular events such as potassium channel
currents, sarcoplasmic calcium cycling, and G-protein coupled signaling
[11-13]. Additionally, several AKAPs are involved in the induction of
cardiac disease [9]. This review will focus on the function of mAKAPf
signalosomes in the induction of pathological cardiac hypertrophy
through the orchestrated regulation of myocyte gene expression.

2. mAKAP - a perinuclear scaffold protein that regulates cardiac
myocyte hypertrophy

The mAKAP (AKAP6) gene is alternatively-spliced and expressed as
the 260 kDa a-isoform in neurons and the 230 kDa p-isoform in striated
myocytes, such that the mAKAPJ protein is identical to mAKAPa aa
residues 245-2314 due to initiation of translation at an internal residue
(Fig. 1A) [14,15]. Although initially misconstrued to be localized to the
sarcoplasmic reticulum [16,17], in terminally differentiated striated
myocytes, mAKAPp is constitutively localized in myocytes to the nu-
clear envelope by a series of spectrin-like repeat domains (amino acids
772-1187, numbering per mAKAPa, Fig. 1B) [14,15,18-20]. This dis-
crete mAKAPR localization has been confirmed using multiple different
mAKAP antibodies and by the lack of staining in both cultured myo-
cytes depleted of mAKAPf and in mice with a cardiac myocyte-specific
mAKAPp gene deletion [18,21]. Binding of the third mAKAP spectrin
repeat directly to the Klarsicht, ANC-1, Syne Homology (KASH) domain
protein nesprin-la is necessary and sufficient for nuclear envelope lo-
calization [22,23]. Consistent with most studies addressing KASH do-
main protein localization and their nuclear envelope-bridging interac-
tions with inner nuclear membrane Sadl, UNC-84 (SUN) domain
proteins [24], digitonin-solubilization experiments have shown that
mAKAPp and nesprin-1a are present on the outer nuclear membrane
where they are exposed to the cytoplasm (M.S.K., unpublished ob-
servations and [25]). Albeit controversial, there is also evidence that
through lamin-A and SUN protein nucleoplasmic domain binding, ne-
sprins may localize to the inner nuclear membrane as well [26,27],
making it is plausible that mAKAP also extends into the nucleoplasm.
Further work will be required to define the topology of mAKAP loca-
lization, especially given its relevance to the regulation of gene ex-
pression.

The recognition that mAKAPf was localized to the nuclear envelope
and was restricted in expression to excitable cells immediately raised
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Fig. 1. mAKAP is a perinuclear scaffold protein. A.

mAKAP is identical to residues 245-2314 of the mAKAP« isoform expressed in
neurons, such that mAKAP residues are numbered according to mAKAPa (rat).
Binding sites are shown for those mAKAP binding partners for which there is
evidence of direct binding: PDK1, 3-phosphoinositide-dependent kinase-1 [15],
ACS5, adenylyl cyclase 5 [52], MEF2 and HDAC [31,50], PLCe, phospholipase Ce
[29], nesprin-la [22], RyR, ryanodine receptor [84], calcineurin [64],
PDE4D3, phosphodiesterase 4D3 [51], RSK3, p90 ribosomal S6 kinase 3 [85],
PKA, protein kinase A [14], PP2A, protein phosphatase 2A [55]. B. mAKAP is
localized to the myocyte nuclear envelope regardless of developmental stage or
stress conditions [14,18]. An adult rat ventricular myocyte is shown [18].

the question whether the scaffold was involved in the regulation of
myocyte-specific gene expression, including that controlling myocyte
hypertrophy [19]. Initial evidence showing the requirement for mA-
KAPP in myocyte hypertrophy was obtained by RNA interference
(RNAI) using cultured primary neonatal rat ventricular myocytes sti-
mulated with a-adrenergic, 3-adrenergic, or gp130/leukemia inhibitor
factor receptor agonists [21,28]. mAKAPP depletion inhibited mor-
phologic hypertrophy (cell size and myofibril organization), de novo
protein synthesis and fetal gene expression. Subsequent studies ex-
tended these results to myocytes treated with angiotensin II and en-
dothelin-1 [29,30]. The role of mAKAPp in cardiac myocytes may be
compared with that in skeletal muscle and retina. mAKAPp in skeletal
myocytes has been shown to be important for muscle regeneration in
injury and for myoblast differentiation, consistent with its expression
only in terminally differentiated myocytes [31,32]. In contrast, mA-
KAPa in retinal ganglion cells was required for neurite extension in
vitro and neuronal survival in vivo, as tested in an optic nerve crush
model that induces retrograde cell death of these central nervous
system neurons [33]. While the functions of mAKAPf(} in cardiac and
skeletal muscle may be reconciled as related to the elaboration of the
terminally differentiated myocyte phenotype, the apparently divergent
role of mAKAPa in the nervous system will require further explanation.

The function of mAKAPJ suggested by in vitro experimentation
using primary neonatal rat ventricular myocytes is further supported by
data obtained in vivo. Conditional, cardiac myocyte-specific mAKAP
gene deletion in mice attenuated both the pathological myocyte hy-
pertrophy induced by pressure overload and by chronic isoproterenol
infusion, as well as the physiological myocyte hypertrophy induced by
swimming training [18]. Notably, the induction of interstitial fibrosis
and myocardial apoptosis by chronic transverse aortic constriction was
inhibited by mAKAP conditional knock-out, correlating with the pre-
vention of heart failure and associated mortality in these mice. This
work, taken together with the earlier in vitro studies, strongly
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implicates mAKAPf signalosomes in the regulation of pathological
cardiac remodeling. Furthermore, as mAKAPP localization and ex-
pression are similar in human myocytes [14,19], these results suggest
that targeting of mAKAPp signalosomes may be therapeutically bene-
ficial for the prevention or treatment of human heart failure. Devel-
opment of any such mAKAP[3-targeted therapies will be facilitated by
an in-depth understanding of the mechanisms by which mAKAPJ sig-
nalosomes control myocyte hypertrophy, as discussed below.

3. mAKAP signalosomes and regulation of class IIa HDACs

When present in the nucleus, class Ila HDACs (HDACs 4, 5, 7, and
9), which have weak intrinsic HDAC activity, organize co-repressor
complexes that suppress the activity of site-specific transcription factors
[34,35]. Nuclear export of class Ila HDACs permits the expression of
genes activated by the MEF2 family of transcription factors key to the
development of pathological cardiac remodeling, while in normal car-
diac physiology class Ila HDAC-mediated repression maintains normal
cardiac structure and function. For example, ablation of the Hdac5 and
Hdac9 mouse genes resulted in spontaneous cardiac hypertrophy, as
well as an exaggerated response to pathologic pressure overload stress
[36,37] Class IIa HDACs have conserved regulatory and deacetylase
domains (Fig. 2). Phosphorylation of serine residues (e.g. HDAC5 Ser-
259/498/661, with the latter site apparently less important) by protein
kinase D (PKD), salt inducible kinase 1 (SIK1), and Ca?" /calmodulin-
dependent kinases creates docking sites for 14-3-3 proteins that mask
the intervening nuclear localization signal (NLS) and favors Crm1-de-
pendent nuclear export [38-44]. In contrast, PKA-dependent phos-
phorylation (HDAC5 Ser-279) promotes nuclear import [45-49]. Re-
cent work has demonstrated that class Ila HDAC phosphorylation by
both PKA and PKD is regulated in cardiac myocytes by mAKAPf sig-
nalosomes in response to cAMP signaling [50].

By binding an adenylyl cyclase (AC), cAMP effectors, and a phos-
phodiesterase (PDE), mAKAPfJ signalosomes can produce, utilize and
hydrolyze cAMP within an autonomous perinuclear myocyte signaling
compartment (Fig. 3). mAKAP was initially identified in a screen for
new PKA binding proteins [16] and was the first AKAP to be shown to
bind a PDE [51]. Subsequent research revealed that mAKAPJ also
bound AC in myocytes, as well as a second cAMP effector, the guanine
nucleotide exchange factor Epacl [28,52]. mAKAP binds specific PDE
and AC isoforms, namely the cAMP- type 5 AC [51,52], with functional
consequence. The mAKAP PDE binding domain (within amino acids
1286-1831) binds directly the N-terminal 4D3 peptide of PDE4D3 [53],
such that other PDE4D alternatively-spliced isoforms like PDE4D5 do
not bind the scaffold [51]. PKA-catalyzed phosphorylation of PDE4D3
Ser-54 increases cAMP hydrolysis, while phosphorylation at Ser-13 in-
creases the affinity of the PDE for mAKAPf [53,54]. Additional feed-
back and feed-forward regulation is conferred by the association of
Epacl, ERKS5, and protein phosphatase 2A (PP2A) with the complex
[28,55]. Thus, formation of PKA-mAKAP-PDE4D3 complexes creates
the potential for tightly regulated local cAMP signaling that can restrict
local PKA activity and uniquely define cAMP-signaling dynamics within
mAKAP compartments. Interestingly, recent work has identified human
mAKAP single nucleotide, non-synonymous polymorphisms (SNP) that
affect the binding affinity of PDE4D3 and PKA, potentially changing the
dynamics of cAMP hydrolysis and PKA signaling at the complex
[56,57]. Whether these polymorphisms affect cardiac signaling under
physiologic or pathologic conditions deserves further insight. Currently,
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Fig. 3. Regulation of perinuclear cAMP by mAKAPf signalosomes.

ACS5 presumably located on transverse tubules adjacent to the nuclear envelope
can locally produce cAMP, followed by PKA phosphorylation that inhibits AC5
and activates PDE4D3 activity, resulting in decreased cAMP accumulation
[54,88]. Activation of ERK5 by MEKS5 will lead to PDE4D3 inhibition and in-
creased PKA activity [28]. When high cAMP levels activate the guanine nu-
cleotide exchange factor Epacl, Rapl will inhibit the ERK5 pathway, reversing
the ERK5-mediated inhibition of PDE4D3 and limiting downstream signaling.
In addition, there is an incoherent feedforward loop that will oppose PKA
phosphorylation of PDE4D3 resulting from PKA phosphorylation and activation
of PP2A in the complex [55].

these are the only investigated human mutations of mAKAPf(, but a
genome-wide association study (GWAS) identified that a mAKAP SNP
(rs12885467) was associated with a higher BMI in humans [58]. Fur-
ther investigation of these human mAKAP variants may contribute to
our understanding of the molecular mechanism of human disease.

cAMP can be locally synthesized at mAKAPf signalosomes by bound
AC5 [52]. While mAKAP can bind either AC2 and AC5 when expressed
together in heterologous cells, AC5 is the primary cyclase associated
with mAKAPp in the heart [52]. Complex formation is through the
binding of the N-terminal C1 and C2 catalytic AC5 domains to a discrete
N-terminal mAKAP3 domain (aa 275-340). PKA phosphorylation of
PDE4D3 increases its activity, but PKA phosphorylation of AC5 inhibits
cyclase activity (Fig. 3) [59]. The importance of PKA-AC5 negative
feedback regulation was demonstrated using mAKAP-derived anchoring
disruptor peptides to compete signalosome formation in neonatal rat
ventricular myocytes [52]. Disruption of AC5 binding to mAKAPp (and
potentially ACS5 in other compartments bound similarly to other AKAPs)
increased cAMP concentration to a level detectable in whole cell ly-
sates, inducing hypertrophy in the absence of any additional stimula-
tion. Consistent with the role that excessive (-adrenergic signaling can
play in the development of pathological cardiac hypertrophy [60],
these results showed the importance of properly restricted AC activity
in the cardiac myocyte.

Both cAMP effectors at mAKAPa signalosomes, Epac 1 and PKA, are
relevant to class Ila HDAC regulation, the former associated with HDAC
nuclear export and the latter with HDAC nuclear import. In myocytes
both Epacl and Gfy protein complexes can activate mAKAPB-bound
phospholipase Ce (PLCe, Fig. 4) [29,61]. In turn, PLCe bound to mA-
KAP{ hydrolyzes phosphatidylinositol 4-phosphate (PI4P) on adjacent
Golgi apparatus, resulting in diacylglycerol-dependent activation of
mAKAPp-bound protein kinase Ce and PKD and phosphorylation and

Fig. 2. Structure of a class Ila histone deacetylase.

HDACS is similar to other class IIa family members [86,87].
CtBP, HP1 - binding sites for these co-repressors; MEF2 -
binding site for the transcription factor; NLS and NES - nu-
clear localization and export signals. Phosphorylation sites
and cysteine residues regulated by oxidation (Ox) are in-
dicated.
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Fig. 4. A model for bidirectional regulation of class Ila HDACc by mAKAPp signalosomes.

G[py-activated PLCe at perinuclear mAKAPf signalosomes will result in DAG and IP, production from PI4P on adjacent Golgi apparatus [89]. DAG activates PKCe and
PKD [62], inducing HDAC nuclear export promoting MEF2-dependent gene expression. Intermittent, acute BAR stimulation inhibits PKD phosphorylation and HDAC
nuclear export by inducing PKA HDAC phosphorylation at Ser-279 [50]. Chronic, persistent BAR stimulation results in greater cAMP elevation and further activation
of PLCe by Epacl and the small g-protein Rap1 that drives with PKD-dependent HDAC nuclear export [29]. Chronic, persistent BAR stimulation promotes myocyte
hypertrophy by additional PKA-dependent pathways [21], potentially involving HDACs.

nuclear export of class Ila HDACs [62]. Evidence supporting the re-
levance of this model includes that the first Ras-association domain of
PLCe binds directly the first spectrin repeat of mAKAPf, such that
disruption of that interaction will inhibit myocyte hypertrophy in rat
neonatal cardiac myocytes [29]. In addition, this pathway has been
confirmed in vivo by PLCe and mAKAPf} gene deletion in mice [18,62].
Notably, myocyte-specific mAKAPP gene deletion in mice inhibited
HDAC4 and HDACS5 phosphorylation in response to pressure overload
[18]. Moreover, both HDAC4 and HDAC5 bind mAKAPf{ in striated
myocytes [18,50]. Disruption of HDAC5 binding to mAKAP blocked
PKD-mediated phosphorylation in neonatal rat ventricular myocytes,
similarly to decreased expression of mAKAPp in these cells [50]. Fur-
thermore, a-adrenergic receptor-induced myocyte hypertrophy was
inhibited when HDAC binding to mAKAPP was disrupted, confirming
the importance of this local PI4P signaling module for class Ila HDAC
nuclear export.

Although chronic B-adrenergic stimulation of myocytes will induce
HDACS5 nuclear export and myocyte hypertrophy, it has been re-
cognized that acute (3-adrenergic stimulation will oppose Gg-coupled
receptor-dependent HDAC4/5 nuclear export (Fig. 4, left panel) [48],
presumably by separate mechanisms. PKA-dependent phosphorylation
of HDAC4 Ser-266 and HDAC5 Ser-279 promotes nuclear import
[45-49], such that a HDAC5 Ser-279 phosphomimetic mutation
blocked nuclear export in response to a-adrenergic or endothelin-1
receptor stimulation of adult cardiac myocytes [46,47]. Conversely, a
Ser-279 phosphoablative mutation blocked HDAC5 nuclear import in
response to acute B-adrenergic or forskolin stimulation [46,49]. We
have found that mAKAPp is the primary scaffold mediating class Ila
HDAC - PKA association in rat neonatal ventricular myocytes and that
PKA binding to mAKAPp was required for the inhibitory effects of acute
B-adrenergic stimulation on class Ila HDAC nuclear export and PKD-
dependent HDAC phosphorylation [50]. The inhibition of HDAC nu-
clear export by acute B-adrenergic signaling has been proposed as a
mechanism to prevent the inappropriate induction of cardiac hyper-
trophy during a fight-or-flight sympathetic response [46]. In conjunc-
tion with the feedback regulation conferred by PKA-dependent phos-
phorylation of AC5 and PDE4D3, both Epacl- and Gfy-dependent
HDAC nuclear export pathway should be restricted under physiologic
conditions, especially since Epacl requires higher concentrations of
cAMP for activation than PKA [63].

It is important to note that PKA bound to mAKAP can also be pro-
hypertrophic. Loss of PKA binding to mAKAPJ as provided by RNAi-
rescue in rat neonatal ventricular myocytes with a full-length mAKAPP
PKA-binding mutant showed that association of the kinase with the
complex is required for the induction of myocyte hypertrophy in re-
sponse to chronic a- or 3- adrenergic signaling (Fig. 4, right panel) [21].
Additional targets for mAKAPP-bound PKA are likely relevant under
conditions of persistent cAMP elevation. mAKAPfB-bound PKA can
phosphorylate a small pool of perinuclear type II ryanodine receptors
(RyR) also associated with mAKAPf and nesprin-la (Fig. 5) [17,19,22].
Calcium released from perinuclear stores through this channel is likely
responsible for local activation of the Ca®*/calmodulin phosphatase
calcineurin (PP2B, CaN) that binds a discrete domain within mAKAPf}
(aa 1286-1345 [64]) and that can in turn induce NFAT and MEF2-de-
pendent gene expression associated with hypertrophy [64], as discussed
in the following sections.

4. mAKAPf and NFAT

The NFAT family of transcription factors, in particular NFATc2 and
NFATc3, are key regulators of cardiac hypertrophy (Fig. 5A) [65,66].
They are present in the cytoplasm of resting cells due to multiple sites of
phosphorylation, but translocate to the nucleus following depho-
sphorylation by calcineurin [67]. The mAKAP complex has been shown
to regulate the activity of multiple members of the NFAT family.
NFATc3 co-precipitates with mAKAPp isolated from rat cardiac ex-
tracts, although it may not be a direct interaction [64]. Decreased ex-
pression of mAKAP in neonatal rat ventricular myocytes prevented the
nuclear translocation of both NFATcl and NFATc3 after adrenergic
stimulation [21,64]. This is suggested to be due to the associated cal-
cineurin, as disruption of calcineurin binding to mAKAP(} prevented the
dephosphorylation of NFATc3 and inhibited myocyte hypertrophy [64].
Accordingly, mAKAPp is required for NFAT-activated gene transcrip-
tion in vivo as well, as NFATc2 dephosphorylation and the expression of
NFAT-dependent genes was significantly decreased in mice containing
the mAKAPf cardiac myocyte-specific knockout following pressure
overload [18]. Therefore, mAKAPP regulates multiple NFAT family
members contributing to the gene transcription required for patholo-
gical remodeling. This suggests that mAKAPf acts as a focal point to
focus the upstream stimulators of pathological gene transcription and
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Fig. 5. Regulation of calcineurin-dependent transcription factors by mAKAPf
signalosomes.

A. Conserved Domains in NFATc Transcription Factors. AD, transactivation
domain; NLS, nuclear localization signal; SRR, SP1, SP2 SP3, and KTS are
serine-rich domains that are de-phosphoyrlated by calcineurin. The REL
Homology Domain binds DNA. B. MEF2 structure and post-translational mod-
ification. C. RyR2 at mAKAPp signalosomes is phosphorylated by bound PKA
[19], presumably enhancing perinuclear Ca®* levels that can activate local
calcineurin AB [64]. We propose that MEF2D dynamically associates with
chromatin, such that transient association with mAKAPS facilitates its regula-
tion by the phosphatase. Calcineurin-catalyzed de-phosphorylation of MEF2
results in MEF2 desumoylation and acetylation and an exchange of HDAC and
p300 binding [90]. mAKAPpB-bound calcineurin also dephosphorylates NFATc
transcription factors promoting their nuclear localization and hypertrophic
gene expression [64].

that targeting this complex will halt multiple transcriptional pathways
involved in induction of disease.

5. mAKAPf3 REGULATION OF MEF2

The myocyte enhancer factor 2 (MEF2) family of transcription fac-
tors (MEF2A, MEF2B, MEF2C and MEF2D) are important for both heart
development and induction of cardiac remodeling, as well as skeletal
myoblast differentiation [68-70]. For example, conditional MEF2D
gene deletion attenuated pathological cardiac remodeling in response
to pressure overload and chronic catecholamine infusion [71]. MEF2D
is an effector for mAKAP( signalosomes, and MEF2D-mAKAP(} com-
plexes can be isolated from both adult heart and the skeletal myoblast
cell line C2C12 [31]. Biochemical studies have revealed that the con-
served MADS domain of MEF2A and MEF2D can both bind an N-
terminal domain of mAKAPp (Fig. 5B) [31]. Importantly, disruption of
MEF2D-mAKAPf binding in C2C12 cells blunted the differentiation-
induced increase in MEF2 transcription. This correlated with the in-
hibited differentiation of skeletal myoblasts into mature myocytes
(myotubes) and the decreased expression of the endogenous MEF2
target genes MF20 and myogenin both in C2C12 cells and in vivo in
mice lacking mAKAP expression [31,32]. These findings are in parallel
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to results obtained for the mAKAP( cardiac myocyte-specific condi-
tional knockout mouse subjected to pressure overload, where MEF2-
dependent gene expression was significantly down-regulated [18].
Hence, the interaction MEF2 with the mAKAPp scaffold is critical for
stimulation of MEF2 transcriptional activities.

An important inducer of MEF2-dependent gene expression during
myogenic differentiation is calcineurin (Fig. 5C) [72]. In skeletal
muscle, inhibition of phosphatase activity during differentiation pre-
vented MEF2-dependent transcription and myoblast differentiation,
while expression of a constitutively active calcineurin mutant protein in
C2C12 cells induced differentiation and MEF2 transcriptional activity
in the absence of differentiation signals [73]. We propose that MEF2D
moving in and out of the nucleus in striated myocytes transiently docks
at mAKAPQ signalosomes where MEF2D post-translational modification
is controlled by mAKAPf3-bound calcineurin. Similar to the inhibition of
NFAT nuclear import, disruption of calcineurin binding to mAKAPf via
competing peptides blocked both MEF2-dependent gene transcription
and differentiation of C2C12 cells [73].

An elegant model has been proposed for the activation of MEF2 in
which calcineurin-catalyzed dephosphorylation of MEF2A Ser-408 and
MEF2D Ser-444 promotes the desumoylation and acetylation of Lys-403
and Lys-439, respectively (Fig. 5C) [74-76]. We recently demonstrated
that in cardiac myocytes, the regulation of MEF2D post-translational
modifications by calcineurin requires mAKAPf signalosome formation
[77]. MEF2D phosphorylation and sumoylation resulted in increased
association with HDACS5, promoting transcriptional repression, while
dephosphorylation of Ser-444 resulted in Lys-439 acetylation and in-
creased binding of the co-activator p300 histone acetylase, correlating
with increased MEF2D-dependent gene transcription [77]. Importantly,
disruption of calcineurin binding or lack of mAKAPf expression
blocked the calcineurin-mediated MEF2D dephosphorylation, pre-
venting the sumoylation to acetylation switch and halting the differ-
entiation process in C2C12 cells [77]. Taken together, these results
highlight the importance of mAKAPp signalosomes for orchestrating
MEF2D-dependent activating and repressive chromatin complexes in
cardiac and skeletal muscle myocytes. Furthermore, these mechanistic
insights suggest that modulating calcineurin or MEF2D binding to
mAKAPP may be beneficial for preventing the increase in MEF2D-de-
pendent gene transcription required for pathological remodeling.

6. HIF-1-a and mAKAP(

The central role for mAKAPS in hypertrophic gene transcription has
raised the question whether mAKAPf can regulate additional tran-
scription factors involved in other forms of heart disease. Biochemical
studies have revealed that mAKAPf binds the transcription factor hy-
poxia-inducible factor 1-alpha (HIF-1a) and related regulatory proteins
in cardiac myocytes (Fig. 6) [78]. This basic helix-loop PAS domain
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Fig. 6. Regulation of HIF-1a by mAKAPf signalosomes.
The association of E3-ubuiquitin ligase and HIF-1a with mAKAPJ confers bi-
directional regulation of HIF-1a [78].
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containing protein is a critical regulator of the cellular response to
hypoxia [79]. In normoxic conditions, HIF-1-a concentration is low due
to ubiquitin-mediated proteosomal degradation resulting from HIF-a
hydroxylation by a family of oxygen-sensitive dioxygenases called
prolyl hydroxylases (PHDs) [80]. However, under hypoxic conditions,
degradation is decreased due to deactivation of PHDs and their de-
gradation by Siah2-mediated ubiquitination and proteosomal de-
gradation. As a result, HIF-1-a moves to the nucleus, dimerizes with
HIF-1p, and stimulates gene transcription of proangiogenic, metabolic
and antiapoptotic genes that promote cell survival during hypoxia.
Besides HIF-1a, mAKAP( binds von Hippel-Lindau protein (pVHL),
PHD2/3 and Siah2, thereby regulating HIF-1a levels under both nor-
moxic and hypoxic conditions in myocytes [78]. For example, cellular
depletion of mAKAPS, disrupting the nuclear location of mAKAPf, and
preventing HIF-1a binding to mAKAPS all thwarted the stabilization of
the transcription factor and associated hypoxia-stimulated gene ex-
pression in neonatal rat ventricular myocytes [78]. Whether HIF-1a
regulation by the mAKAP[ signalosomes provides a protective me-
chanism for myocyte survival in ischemic heart disease has not yet been
studied in vivo, making compelling future work investigating the role of
the mAKAPp in ischemia-reperfusion injury.

7. A role for mAKAPf in intranuclear PKA regulation?

Most of the research concerning mAKAPP has been premised upon
the idea that regulation of mAKAPf effector proteins occurs within a
discrete perinuclear compartment. It is possible however, that
mAKAPp-associated PKA might have effects distal from the scaffold.
Work performed in adult rat ventricular myocytes found that a nuclear
pool of cAMP was activated by both ;- and [(,-adrenergic receptors,
while only the former receptor increased nucleoplasmic PKA activity
and the expression of the gene for pro-apoptotic factor inducible cAMP
early repressor (ICER) [20]. This finding correlates with the identifi-
cation of 1, but not 3, receptors on the myocyte nucleus [81,82].
Notably, depletion of mAKAPf using shRNA induced a partial decrease
in B;-stimulated nucleoplasmic (but not cytosolic) PKA activity, as well
as inhibiting P,-adrenergic receptor-induced nucleoplasmic PKA ac-
tivity that could be elicited by PDE4 inhibition [20]. This suggests that
mAKAPP may plays a role in the ;-dependent regulation of intra-
nuclear PKA that regulates gene expression, although whether mAKAP(
regulates ICER expression and its function in apoptosis has not been
investigated.

8. Perspective

It is well-established in the basic cardiovascular sciences literature
that induction of pathological cardiac remodeling requires an altered
myocyte gene expression program. How chromatin-associated factors
such as MEF2, NFAT, HIF-1a, and class Ila HDACs are individually
regulated has been well-studied, but much remains to be understood
regarding their coordinated regulation by upstream second messenger
systems. The discovery of mAKAP[} signalosomes has provided a unique
insight into the organization of the hypertrophic signaling network that
regulates pathological myocyte gene expression. Extensive biochemical
and physiological experiments have characterized the interactions be-
tween mAKAPP and gene regulatory factors and provided molecular
details regarding the orchestration of their control by the scaffold
protein. However, many of these pathways have been studied in iso-
lation, and the interactions between pathways, and composition of the
mAKAPp complex under physiological and pathological conditions, has
yet to be investigated. An in-depth proteomic study of mAKAPf} com-
plexes may provide a better understanding of how to target it's sig-
naling pathways.

The pathophysiological relevance of mAKAP[ signalosomes has
been validated by research using genetically modified mice and pri-
mary cardiac myocyte cultures. Notably, cardiac myocyte-specific
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mAKAPP gene deletion inhibited pressure overload-induced cardiac
hypertrophy, including an attenuation in associated MEF2 and NFAT-
dependent gene expression and the development of heart failure [18].
To our knowledge, mAKAPS is the only AKAP whose ablation confers a
survival benefit in the fact of pathological stress. These findings suggest
that targeting mAKAPP signalosomes would provide a novel ther-
apeutic approach for the prevention and/or treatment of cardiovascular
diseases that exhibit pathological cardiac remodeling and progress to
heart failure.

In part due to the pleiotropy of many candidate drug targets, with
rare exception the pursuit of new heart failure drugs has been re-
markably unfruitful. A notable example of an elusive heart failure drug
target is calcineurin, whose inhibition results in immunosuppression
and worse outcome (at least in mice) subjected to ischemia-reperfusion
injury [83]. Targeting the scaffold protein instead of the signaling en-
zyme may provide an opportunity to inhibit cellular signaling with
greater specificity. Strategies to target mAKAPP signalosomes might
include the use of mAKAP siRNA or shRNA to facilitate RNA inter-
ference of mAKAP[ expression and the expression of anchoring dis-
ruptor peptides to displace key regulatory molecules from mAKAPP
signalosomes, as utilized in past basic science studies [21,50]. Although
mAKAPP may contribute to physiological hypertrophy and the pre-
vention of inappropriate remodeling [18,50], lack of mAKAPp expres-
sion seems to be well tolerated, as no deleterious effect of mAKAPf
gene targeting was observed in mice [18]. The use of anchoring dis-
ruptor peptides may be more complicated, as an anchoring disruptor
peptide might have effects beyond mAKAPp signalosomes. This may be
alleviated in part by the use of gene therapy vectors to express peptides
specifically in the cardiac myocyte, as opposed to the systemic delivery
of synthetic peptides, stapled peptides, or even small molecule in-
hibitors, which could incur significant side effects due to actions at
other organ systems. Given that the premise for targeting mAKAPJ
signalosomes is well supported by a deep understanding of mAKAP(3-
related mechanisms, translational research to determine whether mA-
KAPp signalosomes can be safely and effectively targeted in cardio-
vascular disease is now highly compelling.
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