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BACKGROUND OF THE INVENTION

[0003] In response to chronic stress, the heart’s main compensatory mechanism is myocyte
hypertrophy, a non-mitotic increase in volume of the contractile cells (Hill and Olson 2008). The adult
mammalian myocyte is roughly cylindrical and can grow either in width or length. Because myocytes
contribute the vast majority of the myocardial mass of the heart (Jugdutt 2003), concentric and
eccentric hypertrophy of the cardiac myocyte result in thickening of heart chamber walls and dilation
of the chambers, respectively. In theory, “concentric” myocyte growth in width involving parallel
assembly of sarcomeres reduces ventricular wall stress (Law of LaPlace), while “eccentric” lengthwise
myocyte growth involving serial assembly of sarcomeres may accommodate greater ventricular
volumes without stretching individual sarcomeres beyond the optimum length for contraction (length-
tension relationship) (Grossman, Jones, and McLaurin 1975). While the left ventricle will undergo
relatively symmetric hypertrophy in response to physiologic stress such as pregnancy or exercise
training, concentric ventricular hypertrophy is the predominant initial response to the increased systolic
wall stress present in pressure overload diseases such as hypertension or aortic stenosis. Eccentric
ventricular hypertrophy predominates during states of volume overload such as occurs following

myocardial infarction, as well as during the transition from concentric hypertrophy to the dilated heart
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in Heart Failure with Reduced Ejection Fraction (HFrEF) in some forms of cardiovascular disease,
including diseases mainly characterized by pressure overload. Eccentric and concentric hypertrophy are

also present in inherited hypertrophic and dilated cardiomyopathies, respectively.

[0004] At the cellular level, cardiac myocyte hypertrophy occurs as the result of an increase in
protein synthesis and in the size and organization of sarcomeres within individual myocytes. For a
more thorough review of cardiac remodeling and hypertrophy, see Kehat (2010) and Hill (2008), each
herein incorporated by reference in their entirety. The prevailing view is that cardiac hypertrophy plays
a major role in the development of heart failure. Traditional routes of treating heart failure include
afterload reduction, blockage of beta-adrenergic receptors (-ARs) and use of mechanical support
devices in afflicted patients. However, the art is in need of additional mechanisms of preventing or
treating pathological cardiac hypertrophy.

[0005] Research suggests that mechanisms that induce “compensatory” concentric hypertrophy
early in pressure-overload related heart disease predispose the heart to later systolic dysfunction and
eventual failure (Schiattarella and Hill 2015). In this regard, results show that targeting of RSK3-
mAKAPP complexes will attenuate cardiac remodeling due to pressure overload and prevent heart
failure (Kritzer et al. 2014; Li, Kritzer, et al. 2013). Accordingly, inhibition of signaling pathways that
induce remodeling, including concentric hypertrophy, may be desirable early in pressure overload
disease. However, the question remained whether efforts to maintain signals that may promote
concentric hypertrophy and oppose eccentric hypertrophy would preserve cardiac volumes and
contractility when initiated when the heart is at a stage in the disease process characterized by the
eccentric growth and ventricular dilatation leading to HFrEF, whether late in pressure overload-related
disease or throughout the progression of volume overload-related disease. Further, it is unknown
whether the enhancement of concentric myocyte hypertrophy and/or the inhibition of eccentric
myocyte hypertrophy in familial dilated cardiomyopathy may be beneficial.

[0006] AKAPs and Cardiac Remodeling

[0007] Ventricular myocyte hypertrophy is the primary compensatory mechanism whereby the
myocardium reduces ventricular wall tension when submitted to stress because of myocardial
infarction, hypertension, and congenital heart disease or neurohumoral activation. It is associated with a
nonmitotic growth of cardiomyocytes, increased myofibrillar organization, and upregulation of specific

subsets of “fetal” genes that are normally expressed during embryonic life (Frey 2004, Hill 2008). The
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concomitant aberrant cardiac contractility, Ca?>* handling, and myocardial energetics are associated
with maladaptive changes that include interstitial fibrosis and cardiomyocyte death and increase the
risk of developing heart failure and malignant arrhythmia (Cappola 2008, Hill 2008). Together, these
adaptations contribute to both systolic and diastolic dysfunction that are present in different proportions
depending upon the underlying disease (Sharma and Kass 2014). Pathological remodeling of the
myocyte is regulated by a complex intracellular signaling network that includes mitogen-activated
protein kinase (MAPK), cyclic nucleotide, Ca**, hypoxia, and phosphoinositide-dependent signaling
pathways (Heineke and Molkentin 2006).

[0008] Increased in prevalence by risk factors such as smoking and obesity, in the United
States, heart failure affects 6.2 million adults, and each year ~1,000,000 new adult cases are diagnosed
(Benjamin et al. 2019). The prevalence and incidence of heart failure are increasing, mainly because of
increasing life span, but also because of the increased prevalence of risk factors (hypertension,
diabetes, dyslipidemia, and obesity) and improved survival rates from other types of cardiovascular
disease (myocardial infarction [MI] and arrhythmias) (Heidenreich et al. 2013). First-line therapy for
patients with heart failure includes angiotensin-converting enzyme (ACE) inhibitors and B-adrenergic
receptor blockers (B-blockers) that can improve the survival and quality of life of such patients, as well
as reduce mortality for those with left ventricular dysfunction (Group 1987). Subsequent or alternative
therapies include aldosterone and angiotensin II receptor blockers, neprilysin inhibitors, loop and
thiazide diuretics, vasodilators, and I current blockers, as well as device-based therapies (Ponikowski
et al. 2016). Nevertheless, the 5-year mortality for symptomatic heart failure remains ~50%, including
>40% mortality for those post-MI (Heidenreich et al. 2013; Gerber et al. 2016).

[0009] Cardiac hypertrophy can be induced by a variety of neuro-humoral, paracrine, and
autocrine stimuli, which activate several receptor families including G protein-coupled receptors,
cytokine receptors, and growth factor tyrosine kinase receptors (Brown 2006, Frey 2004). In this
context, it is becoming increasingly clear that A-kinase anchoring proteins (AKAPs) can assemble
multiprotein complexes that integrate hypertrophic pathways emanating from these receptors. In
particular, recent studies have now identified anchoring proteins including mAKAP, AKAP-Lbc, and
D-AKAPI that serve as scaffold proteins and play a central role in organizing and modulating
hypertrophic pathways activated by stress signals.

[0010] As the organizers of “nodes” in the intracellular signaling network, scaffold proteins are

of interest as potential therapeutic targets (Negro, Dodge-Kafka, and Kapiloff 2008). In cells, scaffold



Attorney Docket No. 4175-105PCT

proteins can organize multimolecular complexes called “signalosomes,” constituting an important
mechanism responsible for specificity and efficacy in intracellular signal transduction (Scott and
Pawson 2009). Firstly, many signaling enzymes have broad substrate specificity. Scaffold proteins can
co-localize these pleiotropic enzymes with individual substrates, selectively enhancing the catalysis of
substrates and providing a degree of specificity not intrinsic to the enzyme’s active site (Scott and
Pawson 2009). Secondly, some signaling enzymes are low in abundance. Scaffold proteins can co-
localize a rare enzyme with its substrate, making signaling kinetically favorable. Thirdly, since many
scaffolds are multivalent, scaffold binding can orchestrate the co-regulation by multiple enzymes of
individual substrate effectors. Muscle A-kinase anchoring protein (mnAKAP, a.k.a. AKAP6) is a large
scaffold expressed in cardiac and skeletal myocytes and neurons that binds both signaling enzymes
such as protein kinase A (PKA) and the Ca?*/calmodulin-dependent phosphatase Calcineurin (CaN)
that have broad substrate specificity and signaling enzymes such as p90 ribosomal S6 kinase 3 (RSK3)
that is remarkably low in abundance (Fig. 1) (Wang et al. 2015; Pare, Easlick, et al. 2005; Michel et al.
2005a; Kapiloff et al. 1999b). mAKAPR is the alternatively-spliced isoform expressed in myocytes, in
which cells it is localized to the outer nuclear membrane by binding the integral membrane protein
nesprin-1a (Pare, Easlick, et al. 2005).

[0011] Consistent with its role as a scaffold protein for stress-related signaling molecules in the
cardiac myocyte, depletion of mAKAP in rat neonatal ventricular myocytes in vitro inhibited
hypertrophy induced by a-adrenergic, B-adrenergic, endothelin-1, angiotensin II, and leucine inhibitor
factor/gp130 receptor signaling (Zhang et al. 2011; Pare, Bauman, et al. 2005; Dodge-Kafka et al.
2005; Guo et al. 2015). In vivo, along with attenuating hypertrophy induced by short-term pressure
overload and chronic B-adrenergic stimulation, mAKAP gene targeting in the mouse inhibited the
development of heart failure following long-term pressure overload, conferring a survival benefit
(Kritzer et al. 2014). Specifically, nAKAP gene deletion in the mAKAP""; Tg(Myh6-cre/Esr1*),
tamoxifen-inducible, conditional knock-out mouse reduced left ventricular hypertrophy, while greatly
inhibiting myocyte apoptosis, and interstitial fibrosis, left atrial hypertrophy, and pulmonary edema
(wet lung weight) due to transverse aortic constriction for 16 weeks (Kritzer et al. 2014).

[0012] mAKAP gene targeting is also beneficial following myocardial infarction (Kapiloff,
unpublished observations). Permanent ligation of the left anterior descending coronary artery (LAD) in
the mouse results in myocardial infarction, including extensive myocyte death, scar formation, and

subsequent left ventricular (LV) remodeling. Four weeks following LAD ligation, mAKAP conditional
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knock-out mouse had preserved LV dimensions and function when to compared to infarcted control
cohorts. mAKAP conditional knock-out mice had preserved LV ejection fraction and indexed atrial
weight compared to controls, while displaying a remarkable decrease in infarct size.

[0013] Introduction to mAKAP and cardiac remodeling

[0014] mAKAP was originally identified in a cDNA library screen for new cAMP-dependent
protein kinase (PKA) regulatory-subunit (R-subunit) binding proteins, i.e. A-kinase anchoring proteins
or AKAPs (Mccartney et al. 1995). mAKAP was initially named “AKAP100” for the size of the
protein encoded by the original cDNA fragment (Mccartney et al. 1995). Subsequently, the full-length
mRNA sequence for mAKAPa, the alternatively-spliced isoform of mAKAP expressed in neurons, was
defined, revealing that wildtype mAKAPa is a 255 kDA scaffold (Kapiloff et al. 1999b). The sequence
for mAKAP, the 230 kDa alternatively-spliced isoform of mAKAP expressed in striated myocytes,
was later obtained, showing that when expressed in heart or skeletal muscle, mAKAP is translated from
an internal start site corresponding to mAKAPa residue Met-245 (Michel et al. 2005a).

[0015] mAKAP is localized to the nuclear envelope both in neurons and striated cardiac and
skeletal myocytes (Figure 6), the three cell types in which mAKAP is clearly expressed (Kapiloff et al.
1999b; Pare, Easlick, et al. 2005; Michel et al. 2005a). mAKAP is not a transmembrane domain protein
and contains three spectrin-like repeat regions (residues 772-1187) that confer its localization (Kapiloff
et al. 1999b). Binding of mAKAP's third spectrin repeat (residues 1074—1187) by the outer nuclear
membrane protein nesprin-1a is both necessary and sufficient for mAKAP nuclear membrane
localization, at least in myocytes and when expressed in heterologous cells (Pare, Easlick, et al. 2005).
Nesprin-1a may also be present on the inner nuclear envelope where it might bind A-type lamins and
emerin. Interestingly, mutations in lamin A/C, emerin, and nesprin-1a have been associated with
Emery-Dreyfuss muscular dystrophy, as well as other forms of cardiomyopathy (Bonne et al. 1999;
Fatkin et al. 1999; Muchir et al. 2000; Bione et al. 1994; Zhang et al. 2007). However, no disease-
causing mutations have yet been identified in the human mAKAP gene, and mAKAPf knock-out in the
mouse heart early in development does not induce cardiomyopathy (Kritzer et al. 2014). Besides
binding nesprin-10a, mAKAPP also binds phospholipase Ce (PLCg) through mAKAP’s first spectrin
repeat, potentially strengthening its association with the nuclear envelope (Zhang et al. 2011). There
were early reports of mAKAP being present on the sarcoplasmic reticulum (Mccartney et al. 1995;
Marx et al. 2000; Yang et al. 1998), but these findings have been called into question due to technical
issues including antibody specificity (Kapiloff, Jackson, and Airhart 2001; Kapiloff et al. 1999b).
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[0016] Besides PKA, PLCe and nesprin-1a, mAKAPf binds a wide variety of proteins
important for myocyte stress responses: adenylyl cyclase type 5 (ACS), exchange protein activated by
cAMP-1 (Epacl), cAMP-specific phosphodiesterase type 4D3 (PDE4D3), MEKS and ERK5 MAP-
kinases, 3-phosphoinositide-dependent protein kinase-1 (PDK1), p90 ribosomal S6 kinases 3 (RSK3),
protein kinase Ce (PKCe), protein kinase D (PKD1, PKCp), the protein phosphatases calcineurin
(CaN) AP and PP2A, the type 2 ryanodine receptor (RyR2), the sodium/calcium exchanger NCX1,
ubiquitin E3-ligases involved in HIF1a regulation, and myopodin (Pare, Bauman, et al. 2005; Pare,
Easlick, et al. 2005; Dodge-Kafka et al. 2005; Marx et al. 2000; Kapiloff, Jackson, and Airhart 2001;
Michel et al. 2005a; Li et al. ; Wong et al. 2008; Zhang et al. 2011; Dodge-Kafka and Kapiloff 2006;
Vargas et al. 2012; Faul et al. 2007; Schulze et al. 2003; Kapiloff et al. 2009; Zhang et al. 2013). Bound
to mAKAP, these signaling molecules co-regulate the transcription factors hypoxia-inducible factor
la (HIF1a), myocyte enhancer factor-2 (MEF2), and nuclear factor of activated T-cell (NFATc)
transcription factors, as well as type II histone deacetylases (Figure 7) (Kritzer et al. 2014; Li, Vargas,
et al. 2013; Li et al. 2010; Wong et al. 2008; Li et al. 2019; Dodge-Kafka et al. 2018). Some of these
molecules are bound directly and some indirectly, some constitutively and some in a regulated manner.
Thus, it is likely that the composition of mAKAP signalosomes depends upon the underlying state of
the myocyte. As research continues on mAKAP, the list of its binding partners grows, confirming its
hypothesized role as an important orchestrator of signaling pathways required for remodeling. Most of
what is known about mAKAP is based upon work using cultured neonatal rat ventricular myocytes, in
which mAKAPp was early on recognized to be required for the induction of hypertrophy by a variety
of upstream receptors, including a- and B-adrenergic and cytokine receptors (Pare, Bauman, et al. 2005;
Dodge-Kafka et al. 2005). However, recently, the phenotype of a conditional, cardiac-myocyte specific
mAKAPP knock-out mouse has been published confirming the centrality of mAKAPp to remodeling
(Kritzer et al. 2014). There are various upstream inputs, downstream effectors (outputs), and integrative
circuitry within mAKAP signalosomes that impact pathological remodeling of the heart.

[0017] mAKAPf — a prototypical A-kinase anchoring protein

[0018] Like most AKAPs, mAKAP contains an amphipathic helix (residues 2055-2072)
responsible for binding PKA (Kapiloff et al. 1999b; Kritzer et al. 2012). PKA is a heterotetramer of
two R-subunits and two catalytic C-subunits, in the configuration C-R-R-C. Within the holoenzyme,
the N-terminal docking and dimerization domains of the PKA R-subunits form a X-type, antiparallel

four-helix bundle (Newlon et al. 1999). This bundle contains a hydrophobic groove that accommodates
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the hydrophobic face of the AKAP amphipathic helix. mnAKAPP binds selectively type II PKA (that
contains RII subunits) with high affinity (Kp= 119 nM) (Zakhary et al. 2000). Interestingly, PKA-
mAKAPS binding is increased 16-fold following Rlla autophosphorylation (Zakhary et al. 2000),
potentially affecting PKA-mAKAPp binding in states of altered B-adrenergic signaling. Besides
mAKAPB, there are over a dozen other AKAPs expressed in the myocyte, each with its own distinct
localization and sets of binding partners (Kritzer et al. 2014). Remarkably, mAKAP is one of the rarest
AKAPs in the myocyte, such that loss of mAKAP does not even affect the localization of perinuclear
PKA (Kapiloff, unpublished observations). Despite the low level of expression of the scaffold,
replacement in myocytes of endogenous mAKAP with a full-length mAKAPP mutant that cannot bind
PKA is sufficient to inhibit the induction of myocyte hypertrophy (Pare, Bauman, et al. 2005). Thus,
mAKAPf signalosomes serve as an example of both how finely PKA signaling may be
compartmentalized even on an individual organelle and how the level of expression of a protein or a
protein complex is not necessarily indicative of the functional significance of that protein.

[0019] mAKAP is remarkable because it binds not only effectors for cAMP signaling, but also
enzymes responsible for cAMP synthesis and degradation (Kapiloff et al. 2009; Dodge et al. 2001).
The synthesis of cAMP from ATP is catalyzed by adenylyl cyclases (AC), while cAMP metabolism to
5’ AMP is catalyzed by phosphodiesterases (PDE). The differential association of ACs and PDEs with
AKAPs contributes to cAMP compartmentation in cells, providing both for local activation of cAMP
effectors and regulation of local cAMP levels by unique regulatory feedback and feedforward loops
(Scott, Dessauer, and Tasken 2013). mAKAP is capable of binding both AC2 and ACS5, but AC5
appears to be the relevant mAKAPB-binding partner in the heart (Kapiloff et al. 2009). The N-terminal,
C1 and C2 domains of ACS5 bind directly to a unique N-terminal site on mAKAPf (residues 275-340).
ACS activity is inhibited by PKA feedback phosphorylation that in cells is facilitated by mAKAPf
complex formation (Kapiloff et al. 2009). This negative feedback appears to be physiologically
relevant to the maintenance of basal cAMP signaling. When the tethering of AC5 to mAKAP is
inhibited by a competitive peptide comprising the mAKAP AC5-binding domain, both the cAMP
content and size of myocytes were increased in the absence of hypertrophic stimulus (Kapiloff et al.
2009).

[0020] mAKAP was the first AKAP shown to bind a PDE (Dodge et al. 2001). A site within
mAKAP 1286-1831 binds the unique N-terminal domain of PDE4D3. Phosphorylation of PDE4D3

serine residues 13 and 54 results in increased binding to the scaffold and increased PDE catalytic
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activity, respectively (Dodge et al. 2001; Sette and Conti 1996; Carlisle Michel et al. 2004). Because
increased PDE4D3 activity accelerates cAMP degradation, PKA and PDE4D3 constitute a negative
feedback loop that can modulate local cAMP levels and PKA activity (Dodge et al. 2001). PDE4D3
bound to mAKAP serves not only as a PDE, but also as an adapter protein recruiting the MAPKs
MEKS and ERKS5 and the cAMP-dependent, Rap1-guanine nucleotide exchange factor Epacl to the
scaffold (Dodge-Kafka et al. 2005). Activation of MEKS and ERKS by upstream signals results in
PDE4D3 phosphorylation on Ser-579, inhibiting the PDE and promoting cAMP accumulation and
PKA activation (Dodge-Kafka et al. 2005; Hoffmann et al. 1999; Mackenzie et al. 2008). Epacl is less
sensitive to cCAMP than PKA, such that very high cAMP levels results in the additional activation of
mAKAP-associated Epacl. Through Rapl, Epacl can inhibit ERKS activity, thus preventing PDE4D3
inhibition by MAPK signaling, resulting presumably in maximal PDE4D3 activity due to concomitant
PKA phosphorylation (Dodge-Kafka et al. 2005). As a result, Epacl, ERKS, and PDE4D3 constitute a
third negative feedback loop that will attenuate cAMP levels in the vicinity of mAKAP complexes
opposing cAMP elevation to extremely high levels.

[0021] Additional complexity is afforded by the binding of the serine-threonine phosphatase
PP2A to the C-terminus of mAKAP (residues 2083-2319) (Dodge-Kafka et al. 2010). PP2A can
catalyze the dephosphorylation of PDE4D3 Ser-54, thereby inhibiting the PDE in the absence of
upstream stimulus. PP2A associated with mAKAP complexes contain B566 B subunits, which are PKA
substrates. PKA phosphorylation enhances PP2A catalytic activity (Ahn et al. 2007), such that
phosphorylation of B566 by mAKAP-bound PKA increases PDE4D3 dephosphorylation, inhibiting the
PDE. This presumably increases cAMP levels, constituting a positive feedforward loop for the
initiation of cAMP signaling. Together with the negative feedback loops based upon AC5
phosphorylation and PDE4D3 regulation by PKA and ERKS, one would predict that cAMP levels at
mAKAPP signalosomes would be tightly controlled by upstream (-adrenergic and MAPK signaling.
Signaling upstream of AC5 and ERKS will promote cAMP signaling that will be initially promoted by
PP2A feedfoward signaling, while PDE4D3 activation and ACS inhibition by PKA and Epacl negative
feedback will constrain signaling. Interestingly, Rababa'h et al. demonstrated how mAKAP proteins
containing non-synonymous polymorphisms differentially bound PKA and PDE4D3 (Rababa'h et al.
2013). The potential for cAMP signaling to be differentially modulated by crosstalk between upstream
signaling pathways or by human polymorphisms makes compelling further work in myocytes to show

the relevance of this complicated signaling network.
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[0022] mAKAPf and MAP-kinase-RSK3 Signaling

[0023] The recruitment of ERKS by PDE4D3 to mAKAPp complexes was initially shown to be
relevant to the local regulation of cAMP through the aforementioned feedback loops (Dodge-Kafka et
al. 2005). However, ERKS5 was also recognized to be an important inducer of myocyte hypertrophy,
preferentially inducing the growth in length (eccentric hypertrophy) of cultured myocytes, while also
being important for concentric hypertrophy in vivo due to pressure overload (transverse aortic
constriction in the mouse) (Nicol et al. 2001; Kimura et al. 2010). Notably, inhibition by RNA
interference (RNAi) of mAKAP expression in cultured myocytes inhibited the eccentric growth
induced by the interleukin-6-type cytokine leukemia inhibitory factor (LIF) (Dodge-Kafka et al. 2005).
A potential effector for mAKAPB-bound ERKS was MEF?2 transcription factor, as discussed below.
However, in both heart and brain, mAKAP bound PDK1, a kinase that together with ERKs (ERK1, 2
or 5) can activate the MAPK effector p90RSK, a kinase also associated with mAKAP (Ranganathan et
al. 2006; Michel et al. 2005a). Importantly, binding of PDK1 to mAKAP obviated the requirement for
membrane association in RSK activation (Michel et al. 2005a). Taken together, these data suggested
that mAKAPP could orchestrate RSK activation in myocytes in response to upstream MAPK signaling.
[0024] p90RSK is a pleiotropic ERK effector that regulates many cellular processes, including
cell proliferation, survival, migration, and invasion. RSK activity is increased in myocytes by most
hypertrophic stimuli (Anjum and Blenis 2008; Sadoshima et al. 1995). In addition, RSK activity was
found to be increased in human end-stage dilated cardiomyopathy heart tissue (Takeishi et al. 2002).
RSK family members contain 2 catalytic domains, an N-terminal kinase domain and a C-terminal
kinase domain (Anjum and Blenis 2008). The N-terminal kinase domain phosphorylates RSK
substrates and is activated by sequential phosphorylation of the C-terminal and N-terminal kinase
domain activation loops by ERK and PDK1, respectively, such that PDK1 phosphorylation of the N-
terminal domain on Ser-218 is indicative of full activation of the enzyme. There are 4 mammalian RSK
family members that are ubiquitously expressed, but only RSK3 binds mAKAPp (Li, Kritzer, et al.
2013). The unique N-terminal domain of RSK3 (1-30) binds directly mAKAPf residues 1694-1833,
explaining the selective association of that isoform with the scaffold (Li, Kritzer, et al. 2013). Despite
the fact that RSK3 is expressed less in myocytes than other RSK family members, neonatal myocyte
hypertrophy was found to be attenuated by RSK3 RNALI, inactivation of the RSK3 N-terminal kinase
domain, and disruption of RSK3 binding to mAKAP using an anchoring disruptor peptide (Li, Kritzer,

et al. 2013). Importantly, RSK3 expression in vivo was required for the induction of cardiac
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hypertrophy by both pressure overload and catecholamine infusion, as well as for the heart failure
associated with a mouse model for familial hypertrophic cardiomyopathy (o-tropomyosin Glu180Gly )
(Li, Kritzer, et al. 2013; Passariello et al. 2013). In addition, consistent with the reported role of
ERK1/2 MAP-Kinase in selectively inducing concentric hypertrophy (Kehat et al. 2011), RSK3 gene
deletion inhibited the concentric hypertrophy induced by Raf1*%’*¥ mutation in a mouse model for
Noonan Syndrome (Passariello et al. 2016). The recognition that this specific RSK isoform is required
for cardiac remodeling makes it a compelling candidate for therapeutic targeting.

[0025] mAKAPp and Phosphatidylinositide Signaling

[0026] The cAMP effector Epacl activates Rapl at mAKAP complexes affecting ERKS
signaling (Dodge-Kafka et al. 2005). In addition, Epacl-Rap]1 activates PLCg, a phospholipase whose
Ras association domains directly bind the first spectrin repeat-like domain of mAKAPp (Zhang et al.
2011). Like mAKAPB, PLCe was required for neonatal myocyte hypertrophy, whether inhibited by
RNAI or by displacement from mAKAPP by expression of competitive binding peptides. In an elegant
paper by the Smrcka laboratory, mAKAPB-bound PLCe has been shown to regulate PKCe and PKD
activation through a novel phosphatidylinositol-4-phosphate (PI4P) pathway in which PLCg selectively
converts perinuclear PI4P to diacylglycerol and inositol-1,4-bisphosphate (Zhang et al. 2013). PKD1
phosphorylates type II histone deacetylases (HDACs 4/5/7/9) inducing their nuclear export and de-
repressing hypertrophic gene expression (Monovich et al. 2010; Xie and Hill 2013). Smrcka and
colleagues found that PLCe was required for pressure overload-induced PKD activation, type Il HDAC
phosphorylation and hypertrophy in vivo (Zhang et al. 2013). Subsequently, mAKAPf was also found
to be is required in vivo for PKD activation and HDAC4 phosphorylation in response to pressure
overload (Kritzer et al. 2014). Remarkably, mAKAPf can form a ternary complex with PKD and
HDACA4. Together, these results show how local cAMP signaling can affect the regulation of cardiac
gene expression.

[0027] Recently it was published that mAKAP is a scaffold for HDACS in cardiac myocytes,
forming signalosomes containing HDACS, PKD, and PKA (Dodge-Kafka et al. 2018). Inhibition of
mAKAPP expression attenuated the phosphorylation of HDACS5 by PKD and PKA in response to a-
and B-adrenergic receptor stimulation, respectively. Importantly, disruption of mAKAPB-HDACS
anchoring prevented the induction of HDACS nuclear export by a-adrenergic receptor signaling and
PKD phosphorylation. In addition, disruption of mAKAPB-PKA anchoring prevented the inhibition by

B-adrenergic receptor stimulation of a-adrenergic-induced HDACS nuclear export. Together, these data

-10-
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establish that mAKAPf signalosomes serve to bidirectionally regulate the nuclear-cytoplasmic
localization of class I[Ta HDACs. Thus, the mAKAPp 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.

[0028] mAKAPp and Calcium signaling

[0029] Besides cAMP, phosphoinositide and MAP-kinase signaling, mAKAPf contributes to
the orchestration of Ca**-dependent signaling transduction. The second binding partner for mAKAPp
identified was the ryanodine receptor Ca’* release channel (RyR2) responsible for Ca**-induced Ca**
release from intracellular stores (Kapiloff, Jackson, and Airhart 2001; Marx et al. 2000). RyR?2 is best
known for its role in excitation-contraction coupling, in which bulk Ca?* is released to induce
sarcomeric contraction. PKA phosphorylation can potentiate RyR2 currents (Valdivia et al. 1995;
Dulhunty et al. 2007; Bers 2006), although the importance of PKA-catalyzed RyR2 phosphorylation to
excitation-contraction coupling is highly controversial (Houser 2014; Dobrev and Wehrens 2014). A
small fraction of RyR2, presumably located at perinuclear dyads (Escobar et al. 2011), can be
immunoprecipitated with mAKAPP and nesprin-1a antibodies (Pare, Easlick, et al. 2005; Kapiloff,
Jackson, and Airhart 2001). mAKAPf appears to bring together elements of the excitation-contraction
coupling machinery and signaling molecules important for regulating nuclear events germane to
pathological remodeling. Thus, mAKAPP complexes may provide one mechanism for matching
contractility to the induction of hypertrophy. B-adrenergic stimulation of primary myocyte cultures
results in increased PKA phosphorylation of mAKAPB-associated RyR2 (Pare, Bauman, et al. 2005).
PKA-catalyzed RyR2 phosphorylation may potentiate local Ca’* release within the vicinity of
mAKAPp signalosomes during states of elevated sympathetic stimulation.

[0030] While it is unlikely that the few mAKAPp-associated RyR2s could affect overall
contractility, a potential target for increased perinuclear Ca*>* may be the Ca**/calmodulin-dependent
phosphatase calcineurin (CalN) that can bind the scaffold. There are three isoforms of the catalytic
subunit for CaN (a,f3,Y), but only CaNAB-mAKAP complexes have been detected in myocytes (Li et
al. 2010). Remarkably, CaNAp is the CaNA isoform important for the induction of cardiac hypertrophy
in vivo, as well as for myocyte survival after ischemia (Bueno et al. 2002; Bueno et al. 2004). CaNA
binds directly to a unique site within mAKAP (residues 1286—1345) (Pare, Bauman, et al. 2005; Li et
al. 2010). CaNAp binding to mAKAP is enhanced in cells by adrenergic stimulation and directly by

-11-
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Ca**/calmodulin (Li et al. 2010). Notably, CaNAB-mAKAPp binding was required for a-adrenergic-
induced neonatal myocyte hypertrophy in vitro (Li et al. 2010).

[0031] mAKAPp and Gene Expression

[0032] Among its many substrates, CaN is responsible for the activation of NFATc and MEF2
transcription factors. The NFATc transcription factor family includes four CaN-dependent isoforms
that are all expressed in myocytes and that can contribute to the induction of myocyte hypertrophy
(Wilkins et al. 2004). In general, NFATc family members are retained in the cytoplasm when heavily
phosphorylated on the multiple serine-rich motifs within the N-terminal regulatory domain. NFATc
translocates into the nucleus when these motifs are dephosphorylated by CaN. Multiple NFATc family
members can bind mAKAP, and binding to mAKAPJ was required for CaN-dependent
dephosphorylation of NFATc3 in myocytes (Li et al. 2010). Accordingly, mAKAP expression was
also required for NFAT nuclear translocation and transcriptional activity in vitro (Li et al. 2010; Pare,
Bauman, et al. 2005). These results correlate with recent observations that NFAT-dependent gene
expression in vivo was attenuated by mAKAPP cardiac-myocyte specific knock-out following
transverse aortic constriction (Kritzer et al. 2014).

[0033] Like NFATc2 and NFATc3, MEF2D is a transcription factor required for cardiac
hypertrophy in vivo (Kim et al. 2008; Wilkins et al. 2002; Bourajjaj et al. 2008). MEF2 family
members contain a conserved DNA binding domain that includes both a MADS box and a MEF2
homology domain (Potthoff and Olson 2007). The DNA-binding domain of MEF2D binds directly to
an N-terminal domain of mAKAP (Vargas et al. 2012; Kim et al. 2008). CaN and MEF2D are
important not only in the heart, but also in skeletal muscle (Naya et al. 1999; Naya and Olson 1999;
Black and Olson 1998; Friday et al. 2003; Wu et al. 2001). Interference with MEF2-mAKAPp binding
blunted MEF?2 transcriptional activity and the expression of endogenous MEF2 target genes in C2C12
skeletal myoblasts (Vargas et al. 2012). In addition, disruption of MEF2-mAKAP complexes
attenuated the differentiation of C2C12 myoblasts into myotubes, as evidenced by decreased cell fusion
and expression of differentiation markers (Vargas et al. 2012). Remarkably, CaN-MEF2 binding is
mAKAPB-dependent in cardiac myocytes (Li, Vargas, et al. 2013). Accordingly, disruption of CaN-
mAKAPP binding inhibited both MEF2 transcriptional activity in C2C12 cells and cardiac myocyte
hypertrophy (Li, Vargas, et al. 2013). Like NFATc2, MEF2D de-phosphorylation in vivo in response to

pressure overload was attenuated following mAKAPf conditional knock-out, correlating with the
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decreased expression MEF2-target genes, including the expression of atrial natriuretic factor (Kritzer et
al. 2014).

[0034] The regulation of NFATc, MEF2 and HDAC4 by mAKAP in vivo during pressure
overload shows the importance of mAKAPS to stress-regulated gene expression (Kritzer et al. 2014).
Published reports show how, at mAKAPB, NFATc and MEF2 are regulated by CaN, while HDAC4
and HDACS are regulated by PKD and PKA (Li, Vargas, et al. 2013; Zhang et al. 2013; Li et al. 2010;
Dodge-Kafka et al. 2018). mAKAP appears to facilitate the modulation of these gene regulatory
proteins by other signaling enzymes. For example, mAKAPp-associated ERKS may phosphorylate
MEF2, activating the transcription factor (Kato et al. 2000). In addition, PKA can phosphorylate
MEF2, affecting its DNA-binding affinity (Wang et al. 2005). On the other hand, the Olson group has
proposed that PKA phosphorylation of HDAC4 can inhibit MEF2 activity through the generation of a
novel HDAC4 proteolytic fragment (Backs et al. 2011). How the activities of the many mAKAPf

binding partners are ultimately integrated to control gene expression can be investigated both in vitro

and in vivo.
[0035] Other mAKAPp binding partners
[0036] There are other binding partners for mAKAP for whom the significance of docking to

the scaffold remains poorly characterized, including myopodin and NCX1 (Faul et al. 2007; Schulze et
al. 2003). HIF-1a, a transcription factor that regulates systemic responses to hypoxia, also binds
mAKAPB (Wong et al. 2008). Under normoxic conditions, the abundance of HIF-1a in the cell is kept
low by ubiquitin-mediated proteasomal degradation. HIF-1a is hydroxylated by a family of oxygen-
sensitive dioxygenases called prolyl hydroxylases (PHD1, PHD2, and PHD3) (Ohh et al. 2000).
Hydroxylated HIF-1a is subsequently recognized by the von Hippel-Lindau protein (pVHL), which
recruits the Elongin C ubiquitin ligase complex to ubiquitinate HIF-1a and to promote its proteasome-
dependent degradation (Maxwell et al. 1999). Under hypoxic conditions, PHDs are inactivated, HIF-
la degradation is decreased and HIF-1a accumulates in the nucleus, where it can dimerize with HIF-1
to promote the transcription of target genes. mAKAPP can assemble a signaling complex containing
HIF-1a, PHD, pVHL and the E3 ligase Siah2 (seven in absentia homolog 2) in cultured neonatal
myocytes (Wong et al. 2008). Under normoxic conditions, mAKAPB-anchored PHD and pVHL favor
HIF-1a ubiquitination and degradation (Wong et al. 2008). Under hypoxic conditions, however, Siah2
activation induces proteasomal degradation of bound PHD, favoring HIF-1a accumulation (Wong et al.

2008). An mAKAP knock-out may affect cardiac myocyte survival after ischemia-reperfusion.
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[0037] mAKAPp — a conductor of the remodeling symphony

[0038] The above discussion shows how multiple signaling pathways known to be important
for cardiac hypertrophy and pathological remodeling are modulated by the binding of key signaling
intermediates to the mAKAPP scaffold. Cardiac myocyte-specific, conditional mAKAP knock-out
mouse has been characterized, showing the relevance of mAKAPp signalosomes in vivo (Kritzer et al.
2014). mAKAPp was required in cardiac myocytes for the induction of cardiac hypertrophy by
transverse aortic constriction and isoproterenol infusion. Most remarkable, however, was the
prevention of pathological remodeling, including myocardial apoptosis and interstitial fibrosis, and the
preservation of cardiac function in the face of long-term pressure overload, together resulting in a
significant increase in mouse survival (Kritzer et al. 2014). These results established mAKAP as the
first scaffold whose ablation confers a survival benefit in heart disease. Importantly, mAKAPp did not
appear to be necessary for either the development or maintenance of normal adult cardiac function, as
the use of a Nkx2-5-directed cre deleter line did not result in an overt phenotype by six months of age
(Kritzer et al. 2014). Although mAKAPp knock-out did attenuate the physiological hypertrophy
induced by forced exercise (swimming), the targeting of mAKAPP complexes in disease remains
relevant.

[0039] Various strategies for targeting mAKAPf complexes in humans may be envisioned,
including siRNA knock-down of the scaffold. However, a relatively detailed understanding of the
structure and function of mAKAPP signalosomes provides us with additional approaches to targeting
these pathways. For example, the expression of peptides targeting key protein-protein interactions
involving mAKAP has already been shown to be effective in vitro, including anchoring disruptor
peptides targeting mAKAPB-CaNAB, mAKAPB-MEF2D, mAKAPB-PLCe, and mAKAPB-RSK3
binding (Li, Vargas, et al. 2013; Li, Kritzer, et al. 2013; Vargas et al. 2012; Zhang et al. 2011). A
leading cause of death, heart failure is a disease that incurs 50% mortality within 5 years of diagnosis
despite modern therapy, at a cost of over $30 billion/year in the USA alone (Go et al. 2014). Many
candidates for potential targeting in cardiac disease are pleiotropic, complicating the development of
drugs with sufficient specificity in vivo. The specific targeting of mAKAP signalosomes provides an
opportunity to target relatively rare protein-protein interactions that appear to be dedicated to
pathological cardiac remodeling and whose ablation may be promoted without significant side-effects.
There is a clear need to develop new effective therapies to treat patients with heart failure, as well as to

prevent its development in the context of other cardiovascular diseases such coronary artery disease,
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hypertension, and valvular disease.

SUMMARY OF THE INVENTION

[0040] The following brief summary is not intended to include all features and aspects of the
present invention, nor does it imply that the invention must include all features and aspects discussed in
this summary.

[0041] The present inventors have discovered methods of treating cardiac pathological
processes by inhibiting the signaling properties of individual mAKAP signaling complexes using drugs
that target unique protein-protein interactions. Such a therapeutic strategy offers an advantage over
classical therapeutic approaches because it allows the selective inhibition of defined cellular responses.
[0042] In particular, the present inventors have found that disrupting mAKAP-mediated
protein-protein interactions can be used to inhibit the ability of mAKAP to coordinate the activation of
enzymes that play a central role in activating key transcription factors that initiate cellular processes
leading to pathological cardiac remodeling.

[0043] Specifically, the inventors have discovered that inhibiting the binding interaction
between PP2A and mAKAPp can protect the heart from damage leading to heart failure, for example,
following myocardial infarction.

[0044] Thus, the present invention comprises, in certain aspects a method for protecting the
heart from damage, by administering to a patient at risk of such damage, a pharmaceutically effective
amount of a composition which inhibits the interaction of PP2A and mAKAP.

[0045] The invention also relates to a method of treating heart disease, by administering to a
patient a pharmaceutically effective amount of a composition which inhibits the interaction of

PP2Aand mAKAPp.

[0046] The invention also relates to compositions which inhibit the interaction of PP2A and
mAKAP.
[0047] In still other embodiments, the inhibitors include any molecule that inhibits the

expression or activity of of PP2A and mAKAPp.

[0048] The foregoing and other objects, features and advantages of the invention will be
apparent from the following more particular description of preferred embodiments of the invention, as
illustrated in the accompanying drawings in which like reference characters refer to the same parts

throughout the different views. The drawings are not necessarily to scale, emphasis instead being
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placed upon illustrating the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0049] The patent or application file contains at least one drawing executed in color. Copies of
this patent or patent application publication with color drawing(s) will be provided by the Office upon
request and payment of the necessary fee.

[0050] Figure 1. Model for mAKAP-regulated, SRF-dependent gene expression.
Anchored RSK3 is a Gg-protein coupled receptor-ERK effector that phosphorylates SRF associated
with perinuclear mAKAPS complexes. mAKAPB-anchored PP2A that can be activated by cAMP-
dependent protein kinase A (PKA) opposes SRF phosphorylation. Phosphorylated SRF induces gene
expression that promotes concentric hypertrophy.

[0051] Figure 2. Shows the amino acid sequence of human RSK3 (SEQ ID NO: 1).
[0052] Figure 3. Shows the amino acid sequence of rat mAKAP (SEQ ID NO: 2). — Note
that within this document, references to mAKAP sequences, whether labelled “mAKAPB” or
“mAKAP” are according to the numbering for the mAKAPa alternatively-spliced form which contains
within the entirety of mAKAPf and is identical to the originally published mAKAP sequence as shown
in this figure (Kapiloff 1999, Michel 2005). “mAKAP” is also referred to as “AKAP6” in reference
databases and the literature. mAKAPp starts at residue 245, while mAKAPa« starts at residue 1. PP2A
binding domain starts at residue 2134.

[0053] Figure 4. Amino acid sequence of rat mAKAP PBD as expressed in AAYV vector.
Includes N-terminal myc tag (SEQ ID NO: 12).

[0054] Figure 5. Sequence for pscA-TnT-myc-rat mAKAP PBD plasmid used to generate
AAV9sc.rat PBD (SEQ ID NOs: 13 and 14).
[0055] Figure 6. mAKAPp — A Perinuclear Scaffold. Top: Mouse heart sections (left

ventricle) stained for with mAKAP antibody (gray scale panels and green), Hoechst nuclear stain
(blue), and wheat germ agglutinin (red, shown in enlarged control image only). Lower left panels are
from control, mAKAP knock-out mice. Bar = 20 um. Middle: Adult rat myocyte stained with
antibodies to mAKAP (green) and actinin (red). Bottom: mAKAP domain structure. Direct binding
partners whose sites have been finely mapped in mAKAPf are shown. mAKAPp starts at residue 245
of mAKAPa. Therefore, all binding sites are numbered per mAKAPa. Images are from Kritzer, et al.

(Kritzer et al. 2014).
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[0056] Figure 7. mAKAPp Signaling Modules. nAKAPf binds multiple signaling enzymes
and gene regulatory proteins. Modules may be defined that involve cAMP, Ca?*, hypoxic,
phosphatidylinositide and MAPK signaling. See above for details. In this figure, the mAKAPJ scaffold
is presented as a yellow globe sitting on a grey base representing nesprin-1o, on which are assembled
the various signaling molecules. Gold cylinders represent nuclear pore complexes inserted in the
nuclear envelope.

[0057] Figure 8. An okadaic acid-sensitive phosphatase regulates mAKAP-associated
PDE4D3. A, transfected HEK293 cells expressing both mAKAP and PDE4D3 were treated with either
300 uM okadaic Acid (OA) or 500 uM cyclosporine A (CsA) for 30 min before stimulation with 5 uM
forskolin (Fsk) for 10 min. The phosphorylation state of PDE4D3 present in mAKAP antibody
immunoprecipitates was determined using a antibody specific for phosphorylated PDE4D3 Ser-54 (top
panel). Total PDE4D3 (middle panel) and mAKAP (bottom panel) present in mAKAP antibody
immunoprecipitates were detected using non-phospho-specific antibodies. Note that in these
experiments mMAKAP was GFP-tagged and PDE4D3 was VSV and GFP-tagged, resulting in increased
molecular weights. n = 3 B, PDE activity associated with mAKAP antibody immunoprecipitates
prepared as in A was assayed using [°’H]JcAMP substrate. *p < 0.05 compared to untreated cells (bar 1).
C, endogenous protein complexes were isolated using control (IgG) or mAKAP-specific antibodies
from clarified adult rat heart extracts (500 pg total protein). PDE activity associated with the
immunoprecipitates was assayed in the presence of 10 nM OA or 50 nM PKI. n = 3; *p < 0.05.

[0058] Figure 9. The protein phosphatase PP2A is associated with the mAKAP scaffold in
adult rat heart. A, phosphatase activity associated with protein complexes immunoprecipitated using
mAKAP antibody from adult rat heart extracts (500 pg total protein) was assayed using **P-labelled
histone substrate in the absence or presence of 30 nM PP2A Inhibitor I (Li, Makkinje, and Damuni
1996) and 100 nM PKA-phosphorylated PP1 Inhibitor-1 (Endo et al. 1996). n=3. *p < 0.05. B & C,
protein complexes were isolated from adult rat heart extracts (2 mg total protein) using control (IgG) or
mAKAP-specific antibody. PP2A (panel B) and PP1 ( panel C) catalytic subunits in extracts (80 ug)
and immunoprecipitates (25% loaded) were detected by immunoblotting. n = 3.

[0059] Figure 10. PP2A binds a C-terminal mAKAP domain. A, schematic of mAKAP
domains and GFP- and myc-tagged mAKAP proteins used in this paper. mnAKAP fragments containing
rat and human protein are drawn in black and grey, respectively. Hatched bars indicate the three

spectrin repeat domains responsible for nuclear envelope targeting in myocytes (Kapiloff et al. 1999a).
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Binding sites are indicated for proteins known to bind mAKAP directly, including 3-phosphoinositide-
dependent kinase-1 (PDK1, mAKAP residues 227-232) (Michel et al. 2005b), nesprin-1a (1074-1187)
(Pare, Easlick, et al. 2005), ryanodine receptor (RyR2, 1217-1242) (Marx et al. 2000), PP2B (1286-
1345) (Li et al. 2009), PDE4D3 (1285-1833) (Dodge et al. 2001), and PKA (2055-2072) (Kapiloff et
al. 1999a). The stippled bar marks the PP2A binding site. The first and last residues of each fragment
are indicated. B, purified GST-PP2A A subunit fusion protein was incubated with extracts prepared
from HEK293 cells expressing the indicated GFP-mAKAP fusion protein and pulled down using
glutathione resin. GFP-mAKAP fragments were detected in the pull-downs (25% loaded, top panel)
and the extracts (5% loaded, bottom pane) using a GFP antibody. n = 3. C, myc-tagged mAKAP
fragments were expressed in HEK293 cells, and phosphatase binding was detected by
immunoprecipitation using control (IgG) or myc-tag antibody followed by phosphatase assay using *2P-
labelled histone substrate. n = 3. *p< 0.05 compared to the other samples. Note that the C-terminal
homologous domain of both rat and human mAKAP binds PP2A.

[0060] Figure 11. PP2A association with mAKAP-PDE4D3 complexes is required for
inhibition of PDE4D3 phosphorylation. A, HEK293 cells expressing (VSV and GFP-tagged)
PDE4D3 and myc-tagged mAKAP 1286-2312 or 1286-2083 lacking the PP2A binding site were
treated with 300 uM OA for 30 minutes before stimulation with 5 uM Fsk for 10 minutes. Protein
complexes were immunoprecipitated using myc-tag antibody in the presence of phosphatase inhibitors.
The phosphorylation state of co-immunoprecipitated PDE4D3 was determined using an antibody
specific for phosphorylated PDE4D3 Ser-54 (P-PDE4D3, top panel). Total PDE4D3, myc-mAKAP,
and PP2A C-subunit present in the immunoprecipitates were detected using non-phospho-specific
antibodies (lower three panels). n = 3. B, PDE activity associated with myc-antibody
immunoprecipitates isolated from additional cells treated as in A was assayed using [’H]cAMP. n = 3.
*p < 0.05 compared to bar 1.

[0061] Figure 12. mAKAP-bound PP2A contains B563-subunit and is cAMP-activated. A,
protein complexes were immunoprecipitated from adult rat heart extracts (500 pg total protein) using
control (IgG) or mAKAP-specific antibody as in Fig. 2B and assayed for associated phosphatase
activity. As indicated, the immunoprecipitates were pre-incubated with no addition or with 50 uM
CPT-cAMP, 10 nM OA, or 50 nM PKI for 5 minutes before addition of [*?P]histone substrate. n = 3.
*p<0.05. B, Endogenous protein complexes were immunoprecipitated from adult heart extract (2 mg

total protein) with B566 and control (IgG) antibodies. mAKAP in 80 pg extract and in the
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immunoprecipitates (25% loaded) was detected by immunoblot. n = 3. C, Flag-tagged B566 and/or
GFP-tagged mAKAP were expressed in HEK293 cells. Protein complexes were immunoprecipitated
using a mAKAP antibody. B560 in the immunoprecipitates (25% loaded) and total extracts (5%
loaded) was detected by immunoblotting with a Flag antibody. n = 3. D, phosphatase activity
associated with mAKAP-antibody immunoprecipitates prepared as in C was assayed using **P-labelled
histone substrate. n = 3. E, HEK293 cells expressing mAKAP and B560 were treated with 5 pM Fsk
and 10 uM IBMX (Fsk/IBMX) for 10 min before immunoprecipitation of protein complexes with
mAKAP antibody. Phosphatase activity associated with the immunoprecipitates was assayed using
[**P]histone substrate. n = 3. Note that PP2A B568 and C-subunit binding to mAKAP was not affected
by Fsk/IBMX (see Fig. 13 below).

[0062] Figure 13. Phosphorylation of B563 by PKA increases mAKAP-associated PP2A
activity. A, B569 is phosphorylated on serine residues 53, 68, 81, and 566 by PKA (Ahn et al. 2007).
B566 wildtype or alanine substituted at all four PKA sites (S4A) was co-expressed in HEK293 cells
with wildtype mAKAP or a full-length mAKAP mutant lacking the PKA binding site (APKA; cf. Fig.
3A). After stimulation with 5 uM Fsk and 50 uM IBMX, protein complexes were immunoprecipitated
with mAKAP antibody, and associated proteins were detected by immunoblotting with B565, mAKAP,
and PP2A-C antibodies (lower three panels). PKA phosphorylation of B568 was detected by
immunoblotting with a B56d phospho-Ser-566 specific antibody (P-B569, upper panel). n = 3. B,
Immunoprecipitates prepared as in B were assayed for associated phosphatase activity. n = 3. *p <
0.05.

[0063] Figure 14. Phosphorylation of B563 by PKA enhances the dephosphorylation of
mAKAP-associated PDE3D3. A, HEK293 cells expressing (GFP-tagged) mAKAP, (VSV- and GFP-
tagged) PDE4D3 and either wild-type B568 or B568 S4A mutant at the PKA phosphorylation sites
were treated as indicated with 300 uM OA for 30 min before stimulation for 10 min with 5 uM Fsk.
Protein complexes were immunoprecipitated with mAKAP antibody in the presence of phosphatase
inhibitors. The phosphorylation state of PDE4D3 present in the immunoprecipitates was determined
using an antibody specific for phosphorylated PDE4D3 Ser-54 (top panel). Total PDE4D3, mAKAP,
B566 and PP2A-C protein present in the immunoprecipitates were detected using non-phospho-specific
antibodies (lower four panels). n = 3. B, PDE activity associated with protein complexes isolated from

additional cells treated as in A was assayed using [’H]cAMP. n = 3. *p < 0.05 compared to bar 1.
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[0064] Figure 15. PKA and PP2A associated with mAKAP complexes coordinately
regulate PDE4D3 activity and cAMP degradation. PKA is composed of two regulatory and two
catalytic subunits. mAKAP-bound PP2A contains an A, B569, and C (catalytic) subunits. A, in
unstimulated cells, basal PP2A activity maintains PDE4D3 dephosphorylation, presumably allowing
for a more rapid rise in cAMP levels in response to subsequent agonist than if PDE4D3 were
phosphorylated and activated. At the same time, basal PDE4D3 activity should maintain low local
levels of cAMP, preventing spurious signaling. B, Gs-coupled receptor stimulation induces cAMP
synthesis, exceeding the rate of cAMP degradation by PDE4D3 and activating mAKAP-bound PKA.
PKA phosphorylates and activates both PDE4D3 and PP2A. PDE4D3 activation should limit peak
cAMP levels, as well as accelerate the rate of cAMP clearance after GPCR down-regulation. In
contrast, PP2A activation opposes PDE4D3 phosphorylation by PKA, attenuating cAMP degradation
and contributing to greater, longer lasting cAMP signals.

[0065] Figure 16. Confirmation that PKA-phosphorylated I-1 inhibits PP1 activity.
Protein complexes were immunoprecipitated from rat heart extracts with PP1 or control IgG antibody,
and associated phosphatase activity was assayed using [**P]histone substrate in the absence or presence
of 100 nM PKA-phosphorylated PP1 Inhibitor-1 (Endo et al. 1996). n=3.

[0066] Figure 17. Distribution of mAKAP and PP2A catalytic subunit in rat neonatal
cardiac myocytes. Rat neonatal ventricular myocytes were isolated as previously described (Pare,
Easlick, et al. 2005). After treatment with 50 uM phenylephrine for one week to induce myofibrillar
organization and mAKAP expression, the cells were fixed and stained with 0.25 pg/ml mouse anti-
PP2A-C (green), 0.1 ng/ml ORO010 rabbit anti-mAKAP (red) affinity purified antibodies and rhodamine
phalloidin (blue in composite image) to show actin myofibrils as previously described (Pare, Easlick, et
al. 2005). 4-color Images were acquired on a Zeiss LSM510/UV Confocal Microscope at 400x.
Separate PP2A C-subunit and mAKAP images are shown for clarity. PP2A-C subunit was present in a
diffuse punctuate pattern in the cytosol, while mAKAP was limited to the location of the nuclear
envelope. The presence of PP2A-C subunit staining over the nuclear envelope is consistent with the
presence of PP2A-mAKAP complexes (yellow in composite image). Control IgG staining is shown in
the right panel. n=3.

[0067] Figure 18. mAKAP Fragments do not bind PP1 in HEK293 cells. nAKAP-GFP

fusion proteins were expressed in HEK293 cells and protein complexes were immunoprecipitated with
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PP1 antibody. Despite robust expression (bottom panels), no mAKAP fusion proteins were precipitated
with the PP1 antibody. n=3.

[0068] Figure 19. SRF phosphorylation is regulated by mAKAPf signalosomes in cardiac
myocytes. (A) SRF Domain Structure. Known phosphorylated residues are indicated (Li et al. 2014;
Mack 2011; Janknecht et al. 1992). (B) Neonatal rat ventricular myocytes (NRVM) transiently
transfected with siRNA and SRE-luciferase and control renilla luciferase plasmids. Normalized luc:rluc
ratios are shown. n=3. (C) Co-immunoprecipitation of endogenous complexes from mouse heart
extracts. n=3. (D) HA-tagged RSK3 WT or S218A inactive mutant (Li, Kritzer, et al. 2013) and/or
myc-mAKAPB were expressed in COS-7 cells for co-immunoprecipitation assay. n=3. (E) NRVM
extracts obtained 2 days after transfection with siRNA +/- 10 uM PE. Cf. Fig. S1B. n=3. * vs. control
siRNA + PE; " vs. control siRNA + no drug. (F) Adult rat ventricular myocytes (ARVM) infected with
adenovirus expressing myc-GFP or myc-GFP-RBD and treated for 1 day with 20 uM PE. n=3. * vs.
myc-GFP + PE; T vs. myc-GFP + no drug. (G) NRVM in minimal maintenance media were treated for
1 hour with 1 pM okadaic acid (OA) or 1 pg/ml cyclosporine A (CsA). n=4. * vs. no drug control. (H)
NRVM transfected with control or mAKAP siRNA were used for co-immunoprecipitation assay. PP2A
holoenzyme contains an A- and C-subunit homodimer core and a scaffolding B-subunit (Dodge-Kafka
et al. 2010). PP2A C-subunit (PP2A-C) was detected by immunoblot. n=3. (I) NRVM infected with
adenovirus expressing myc-PBD or B-gal before co-immunoprecipitation assay. n=3. (J) ARVM
infected with myc-PBD or -gal adenoviruses and treated for 1 day with 10 uM Iso. n=4. * vs. B-gal +
Iso; © vs. B-gal + no drug.

[0069] Figure 20. SRF S!°3 phosphorylation is a determinant of myocyte concentric
growth. Adult rat ventricular myocytes (ARVM) were infected with adenovirus and cultured for 24
hours +/- 20 uM PE or 10 uM Iso before immunocytochemistry and measurement of cell width and
length (maximum dimension parallel or perpendicular to striations; bars = 25 um). (A,B) Myocytes
were infected with adenovirus expressing either 3-gal (control) or HA-tagged RSK3 and maintained in
minimal media. Top: a-actinin - red, nuclei - blue, HA-RSK3 — green; bottom HA-RSK3 - greyscale.
n=4. (C-F). Myocytes were infected with adenovirus expressing SRF WT, S103D, SO13A or control
virus. Flag-SRF — green, a-actinin — red, nuclei — blue. * vs. no drug for same virus; T vs. control under
the same treatment condition; * vs. SRF WT under the same treatment condition. D: n=3; F: n=5. (G,H)
Myocytes were infected with adenovirus expressing myc-GFP or myc-GFP-RBD (green). (LJ)

Myocytes were infected with adenovirus expressing myc-PBD or B-gal control. (G-J) a-actinin — red,
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nuclei — blue. * vs. no drug control for same protein; ' vs. control protein with same treatment
condition. n=4. Relative frequency distributions for the cells measured in these experiments are shown
in Fig. S4.

[0070] Figure 21. PP2A dephosphorylates SRF S!%3, GST-SRF fusion protein purified from
bacterial extracts and on glutathione beads was incubated with purified 0.5 ug RSK3 (Millipore) for 30
minutes before washing twice with PP2A reaction buffer and then incubating for 30 min with 50 ng
purified PP2A +/- 10 nM okadaic acid.

[0071] Figure 22. AAV9sc.myc-PBD. A. AAV9sc.myc-PBD includes a minigene that
expresses the myc-tagged rat PDB peptide (rat mAKAP aa 2134-2314) and a defective right ITR,
conferring self-complementarity and presumably decreasing the latency and increasing the efficacy of
expression.(Andino et al., 2007). The AAV has the cardiotrophic serotype 9 capsid protein and directs
expression of the encoded protein under the control of the cardiac myocyte-specific, chicken troponin T
promoter (¢cTnT).(Prasad et al., 2011) B. Shuttle plasmid for AAV9sc.myc-PBD.

[0072] Figure 23. PBD anchoring disruptor therapy. (A) myc-tagged rat mAKAP PBD
(AAV9sc.myc-PBD) and myc-GFP (AAV9sc.GFP) were expressed in mice using a self-
complementary AAV9 and the cardiac myocyte-specific chicken troponin T promoter.(Prasad et al.,
2011) (B) Timeline for AAV9sc.myc-PBD treatment study shown in C-H. Mice were 8 weeks old at
initation of study. (C) Representative whole heart pictures at endpoint. Bar = 5 mm. (D-H) Serial M-
mode echocardiography. n: AAV9sc.myc-PBD — 8 (green); AAV9sc.GFP — 5 (black). * p-value for
difference in cohorts at given time point. LV Remodeling Index = Mass + End-diastolic volume.

LVAW;d - left ventricular anterior wall thickness in diastole.

[0073] Figure 24. Nucleotide sequence of human RSK3_(SEQ ID NO: 15).

[0074] Figure 25. Nucleotide sequence of rat mAKAPa mRNA with open reading frame
translated (SEQ ID NO: 2 and 16).

[0075] Figure 26. Nucleotide sequence of human mAKAPB mRNA with open reading
frame translated_(SEQ ID NOs: 17 and 18).

[0076] Figure 27. Nucleotide sequence of human mAKAPo mRNA with open reading
frame translated_ (SEQ ID NOs: 19 and 20).

[0077] Figure 28. Amino acid sequence of human mAKAP. mAKAPa starts at residue 1,

mAKAP at residue 243. PBD in bold (SEQ ID NO: 8).

22-



Attorney Docket No. 4175-105PCT

[0078] Figure 29. Amino acid sequence of human PBD as expressed in AAV_(SEQ ID NO: 9).
[0079] Figure 30. Alignment of human and rat PBD amino acid sequences as expressed by AAV
species (SEQ ID NOs: 9 and 12). Rat PBD has an N-terminal Myc-tag [EQKLISEEDL (SEQ ID NO: 21), Fig. 4).
[0080] Figure 31. Map of human PBD shuttle plasmid.

[0081] Figure 32. Nucleotide sequence of pscAAV-hmAKAP PBD plasmid_(SEQ ID NOs: 10 and 11).
[0082] Figure 33. SRF phosphorylation is decreased in dilated hearts. (A-E) Mouse

ventricular protein extracts were assayed for phosphorylated and total SRF 5 min (acute pressure
overload, n=4,4) or 16 weeks (heart failure, n=15,19) following TAC or sham survival surgery. (A)
Representative western blots. (B) Densitometry of top panel in A. (C) After 5 min of pressure overload,
RSK3 was immunoprecipitated using N-16 RSK3 specific antibody and detected using OR43 RSK3
antibody and a phospho-specific antibody for RSK3 S?!® that indicates RSK3 activation. The
immunoprecipitation-western assay was validated using RSK3” mice (not shown). n=3 for each
condition. (D) 16 weeks of pressure overload induced heart failure. M-mode echocardiography for left
ventricular (LV) volume in diastole and systole and ejection fraction showed that TAC hearts were
dilated and had systolic dysfunction. Measurement of wet lung weight (indexed to tibial length)
indicating the presence of pulmonary edema showed that TAC mice were in heart failure. (E)
Densitometry of bottom panel in A. (F-H) Left ventricular tissue from human patients (including non-
ischemic and ischemic cardiomyopathies and non-dilated congenital heart disease and controls) were
assayed for SRF S'* phosphorylation and segregated by normal (<5.3 cm, n = 7) or elevated (>5.3 cm,
n = 8) left ventricular interior diameter in diastole (LVID;d). Equal loading for blots was confirmed

using Ponceau S stain for major protein bands (not shown).

DETAILED DESCRIPTION OF THE INVENTION

[0083] As discussed above, AKAP-based signaling complexes play a central role in
regulating physiological and pathological cardiac events. As such, the present inventors have examined
inhibiting the signaling properties of individual AKAP signaling complexes using drugs that target
unique protein-protein interactions as an approach for limiting cardiac pathological processes. Such a
therapeutic strategy offers an advantage over classical therapeutic approaches since it allows the
selective inhibition of defined cellular responses.

[0084] Anchoring proteins including mAKAP are therapeutic targets for the treatment of

cardiac hypertrophy and heart failure. In particular, the present inventors have found that disrupting
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AKAP-mediated protein-protein interactions can be used to inhibit the ability of mAKAP to coordinate
the activation of enzymes that play a central role in activating key transcription factors that initiate the
remodeling process leading to cardiac hypertrophy.

[0085] One aspect of the current invention is that improved ventricular geometry, i.e. decreased
LV internal diameters due to less elongated myocytes and/or increased LV wall thickness due to wider
myocytes, will decrease wall stress (Law of LaPlace) and improve systolic function in the heart prone
to HFrEF. Demonstration of the prevention of systolic dysfunction has been obtained for a new gene
therapy vector based upon expression of a muscle A-kinase anchoring protein (mAKAP, a.k.a.
AKAP6) -derived anchoring disruptor peptide for protein phosphatase 2A (PP2A).

[0086] As discussed below, the inventors have recently discovered that the transcription factor
serum response factor (SRF) is Ser!*® phosphorylated in the cardiac myocyte by RSK3 at mAKAPP
signalosomes where SRF may in turn be dephosphorylated by protein phosphatase 2A (PP2A) bound to
the scaffold. Methods to block the eccentric changes in ventricular morphology that typify end-stage
disease and HFrEF are the subject of this invention.

[0087] While previously thought to be a constitutive, house-keeping enzyme, it has become
apparent that protein phosphatase 2A (PP2A) contributes to the regulation of many phosphorylation
events. For example, in the cardiac myocyte, PP2A is involved in the modulation of calcium and
MAPK signaling (duBell, Lederer, and Rogers 1996; duBell et al. 2002; Liu and Hofmann 2004).
PP2A is a serine/threonine phosphatase that exists as a heterotrimeric complex consisting of a stable,
ubiquitously expressed catalytic (PP2A-C) and scaffolding (PP2A-A) subunit heterodimer, and one of
21 known divergent B subunits (Lechward et al. 2001; Wera and Hemmings 1995). PP2A B subunits
are grouped into three unrelated families termed B (or PR55), B’ (or B56) and B” (or PR72) and are
proposed to regulate both the catalytic activity and the intracellular targeting of the phosphatase
(Virshup 2000). The present inventors have previously shown by reconstitution of mAKAP complexes
in heterologous cells that protein phosphatase 2A (PP2A) associated with mAKAP complexes can
reverse the activation of PDE4D3 by catalyzing the dephosphorylation of PDE4D3 serine residue 54
(Dodge-Kafka et al. 2010). Mapping studies revealed that a C-terminal mAKAP domain (residues
2085-2319) bound PP2A (Dodge-Kafka et al. 2010). Binding to mAKAP was required for PP2A
function on PDE4D3, such that deletion of the C-terminal domain enhanced both baseline and
forskolin-stimulated PDE4D3 activity. Interestingly, PP2A holoenzyme associated with mAKAP
complexes in the heart contains the PP2A targeting subunit B568 (Dodge-Kafka et al. 2010). Like
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PDE4D3, B5646 is a PKA substrate, and PKA phosphorylation of mAKAP-bound B566 enhanced
phosphatase activity 2-fold in the complex. Accordingly, expression of a B568 mutant that could not be
phosphorylated by PKA in heterologous cells with mAKAP resulted in increased PDE4D3
phosphorylation. Taken together, these findings demonstrated that PP2A associated with mAKAP
complexes may promote PDE4D3 dephosphorylation, serving to both inhibit PDE4D3 in unstimulated
cells and also to mediate a cAMP-induced positive feedback loop following adenylyl cyclase activation
and B560 phosphorylation. Thus PKA-PDE4D3-PP2A-mAKAP complexes exemplify how protein
kinases and phosphatases may participate in molecular signaling complexes to dynamically regulate
localized intracellular signaling. The revelance to cardiac myocyte function and any potential
therapeutic significance were not defined in prior studies (Dodge-Kafka et al. 2010).

[0088] The present inventors now disclose a new mechanism of action for mAKAPB-bound
PP2A in the cardiac myocyte and the therapeutic implications of this mechanism. The inventors show
that the transcription factor SRF is phosphorylated at Ser'® by mAKAPB-bound RSK3 (Figure 19) and
that SRF phosphorylation at Ser'®® constitutes an epigenetic switch promoting concentric cardiac
myocyte hypertrophy (Figure 20). Importantly, it is disclosed that SRF Ser!®® can be dephosphorylated
by PP2A bound to the mAKAPR scaffold (Figures 19 and 21). SRF Ser!® phosphorylation is shown to
induce concentric myocyte hypertrophy (Figure 20). These findings constitute the discovery of a novel
mechanism for the regulation of cardiac myocyte morphology and an unexpected function for
mAKAPf-bound PP2A. In particular, the inventors disclose that consistent with the role of PP2A as a
phosphatase for mAKAPB-bound SRF, displacement of PP2A from mAKAP in vitro will promote
SRF Ser!® phosphorylation in cardiac mycoytes (Figure 19) and concentric cardiac myocyte
hypertrophy (Figure 20) and in vivo will provide protection against the development of systolic
dysfunction after myocardial infarction in mice (Figure 23).

[0089] Inhibition of PP2A binding to mAKAPf can be achieved by expression of a competing
peptide comprising mAKAP 2134-2314 (Figure 19) or 2132-2319 of human mAKAPB, representing a
new refinement in the mapping of the PP2A binding site on mAKAPf and the first demonstration for
heart disease in vivo of the inhibition of mAKAP-PP2A binding. Note that the C-terminal domain of
human mAKAP homologous to that in rat mAKAP was also shown to bind PP2A (Figure 10).
Therefore the human sequence (human mAKAP amino acid residues homologous 2132-2319) to rat
mAKAP 2134-2314 shown in Figures 28-30 is also expected to bind PP2A and constitute a PP2A-
mAKAP binding competing peptide.
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[0090] Effective delivery of PP2A anchoring disruptor peptides via viral-based gene therapy
vectors are demonstrated by efficacy in the mouse infarction model (Figure 23). Alternatively, delivery
of such peptides that might inhibit PP2A-mAKAP interaction can be enhanced by the use of cell-
penetrating sequences such as the transactivator of transcription peptide and polyarginine tails, or
conjugation with lipid-derived groups such as stearate. Stability may also be enhanced by the use of
peptidomimetics [i.e., peptides with structural modifications in the original sequence giving protection
against exo- and endoproteases without affecting the structural and functional properties of the
peptide.]

[0091] The inventors have also found that small molecule disruptors can be used to target
specific interaction within AKAP-based complexes. Small molecule disruptors can be identified by
combining rational design and screening approaches. Such compounds can be designed to target-
specific binding surfaces on AKAPSs, to disrupt the interaction between AKAPs and PP2A in
cardiomyocytes and to enhance the contractility of intact hearts for the treatment of chronic heart
failure.

[0092] The present invention relates to methods of treating any cardiac condition which is
initiated through the interaction of PP2A and mAKAPp. Such cardiac dysfunction can result in signs
and symptoms such as shortness of breath and fatigue, and can have various causes, including, but not
limited to hypertension, coronary artery disease, myocardial infarction, valvular disease, primary
cardiomyopathy, congenital heart disease, arrhythmia, pulmonary disease, diabetes, anemia,
hyperthyroidism and other systemic diseases.

[0093] In accordance with the present invention there may be employed conventional molecular
biology, microbiology, and recombinant DNA techniques within the skill of the art. Such techniques
are explained fully in the literature. See, e.g., Sambrook et al, "Molecular Cloning: A Laboratory
Manual" (4th Ed., 2012); "Current Protocols in Molecular Biology" Volumes I-1II [Ausubel, R. M., ed.
(1994)]; "Cell Biology: A Laboratory Handbook" Volumes I-1II [J. E. Celis, 3rd ed. (2005))]; "Current
Protocols in Immunology" Volumes I-III [Coligan, J. E., ed. (2005)]; "Oligonucleotide Synthesis"
(M.J. Gait ed. 1984); "Nucleic Acid Hybridization" [B.D. Hames & S.J. Higgins eds. (1985)];
"Transcription And Translation" [B.D. Hames & S.J. Higgins, eds. (1984)]; "Animal Cell Culture" [R.L.
Freshney, ed. (1986)]; "Immobilized Cells And Enzymes" [IRL Press, (1986)]; B. Perbal, "A Practical
Guide To Molecular Cloning" (1984); C. Machida, “Viral Vectors for Gene Therapy: Methods and
Protocols™ (2010); J. Reidhaar-Olson and C. Rondinone, “Therapeutic Applications of RNAi: Methods

226-



Attorney Docket No. 4175-105PCT

and Protocols” (2009).

[0094]
[0095]

[0096]

[0097]

[0098]

[0099]

[00100]
[00101]
[00102]
[00103]
[00104]
[00105]
[00106]
[00107]
[00108]
[00109]
[00110]
[00111]
[00112]
[00113]
[00114]
[00115]

The following definitions and acronyms are used herein:

ACS — adenylyl cyclase type 5

ACE - angiotensin-converting enzyme

ANF atrial natriuretic factor

ARVM - adult rat ventricular myocyte

CaN - calcineurin

CArG box - (CC9AT)sGG

CPT-cAMP - 8-(4-chlorophenylthio)adenosine 3’,5’-cyclic monophosphate
CsA - cyclosporin A

CTKD - C-terminal kinase domain

ERK - extracellular signal-regulated kinase

FBS - fetal bovine serum

Fsk — forskolin

GFP - green fluorescent protein

GPCR - G-protein coupled receptorHDAC - histone deacetylase

Gs — stimulatory G protein

GST - glutathione-S-transferaseHIF1a - hypoxia-inducible factor 1a
HFrEF — heart failure with reduced ejection fraction

IBMX - 3-isolbutyl-1-methylxanthine

Iso - isoproterenol

LIF - leukemia inhibitory factor

MADS - (MCM1, agamous, deficiens, SRF) domain — mediates DNA binding to CArG

box (CCIAT)sGG serum response elements (SRE); the MADS-box gene family got its name later as an

acronym referring to the four founding members, ignoring ARGS0:

[00116] MCMI1 from the budding yeast, Saccharomyces cerevisiae,
[00117] AGAMOUS from the thale cress Arabidopsis thaliana,
[00118] DEFICIENS from the snapdragon Antirrhinum majus,!'*
[00119] SRF from the human Homo sapiens.

[00120]
[00121]

mAKAP - muscle A-kinase anchoring protein

mAKAPa - alternatively spliced isoform expressed in neurons; 255 kDa
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[00123]
[00124]
[00125]
[00126]
[00127]
[00128]
[00129]
[00130]
[00131]
[00132]
[00133]
[00134]
[00135]
[00136]
[00137]
[00138]
[00139]
[00140]
[00141]
[00142]
[00143]

[00144]
[00145]

Attorney Docket No. 4175-105PCT

mAKAPS - alternatively spliced isoform expressed in striated myocytes; 230 kDa
MAPK - mitogen-activated protein kinase

MEF2 — myocyte enhancer factor-2

MgAc — magnesium acetate

MI - myocardial infarction

NCX1 - sodium/calcium exchanger

NFATc — nuclear factor of activate T-cell

NRVM - neonatal rat ventricular myocyte

NTKD - N-terminal kinase domain

OA - Okadaic acid

PBD - PP2A - anchoring disruptor — attenuates eccentric hypertrophy
PDE4D3 — cAMP-specific phosphodiesterase type 4D3

PDKT1 - 3'phosphoinositide-dependent kinase 1

PE - phenylephrine

PHD - prolyl hydroxylase

PI4P — phosphatidylinositol-4-phosphate

PKA - protein kinase A

PKD - protein kinase D

PKI - protein kinase inhibitor

PLCs - phospholipase Ce

PKA - cAMP-dependent protein kinase

PP2A - protein (serine-threonine) phosphatase - dephosphorylates SRF Ser!'%?
PP2B - calcium/calmodulin-dependent protein phosphatase 2B

RBD - isoform-specific N-terminal RSK3 domain binds a discrete “RSK3-binding

domain” within mAKAP at residues 1694-1833 (RBD)

[00146]
[00147]
[00148]
[00149]
[00150]
[00151]

RSK - p90 ribosomal S6 kinase

RyR2 - type 2 ryanodine receptor

siRNA - small interfering RNA oligonucleotide
shRNA - short hairpin RNA

SRE - serum response elements

103

SRF - serum response factor - transcription factor (SRF Ser'™” phosphorylation induces
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concentric myocyte and cardiac hypertrophy; inhibition of phosphorylation improves cardiac structure
and function)

[00152] siRNA - small interfering RNA

[00153] TAC transverse aortic constriction

[00154] TCA - trichloroacetic acid

[00155] VSV - vesicular stomatitis virus

[00156] Unless defined otherwise, all technical and scientific terms used herein have the same

meaning as commonly understood by those of ordinary skill in the art to which this invention belongs.
Although any methods and materials similar or equivalent to those described herein can be used in the
practice or testing of the present invention, the preferred methods and materials are described.
Generally, nomenclatures utilized in connection with, and techniques of, cell and molecular biology
and chemistry are those well known and commonly used in the art. Certain experimental techniques,
not specifically defined, are generally performed according to conventional methods well known in the
art and as described in various general and more specific references that are cited and discussed
throughout the present specification. For purposes of the clarity, following terms are defined below.
[00157] The present invention recognizes that the interaction of PP2A and mAKAPf mediates
various intracellular signals and pathways which lead to cardiac myocyte hypertrophy and/or
dysfunction. As such, the present inventors have discovered various methods of inhibiting that
interaction in order to prevent and/or treat cardiac myocyte hypertrophy and/or dysfunction.

[00158] Thus, the present invention includes a method for protecting the heart from damage, by
administering to a patient at risk of such damage, a pharmaceutically effective amount of a
composition, which inhibits the interaction of PP2A and mAKAP. It should be appreciated that “a
pharmaceutically effective amount” can be empirically determined based upon the method of delivery,
and will vary according to the method of delivery.

[00159] The invention also relates to a method of treating heart disease, by administering to a
patient a pharmaceutically effective amount of a composition, which inhibits the interaction of PP2A
and mAKAPp.

[00160] The invention also relates to compositions which inhibit the interaction of PP2A and
mAKAPB. In particular embodiments, these inhibiting compositions or “inhibitors” include peptide
inhibitors, which can be administered by any known method, including by gene therapy delivery. In

other embodiments, the inhibitors can be small molecule inhibitors. -
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[00161] Specifically, the present invention is directed to methods and compositions for treating
or protecting the heart from damage, by administering to a patient at risk of such damage, a
pharmaceutically effective amount of a composition which (1) inhibits the interaction of PP2A and
mAKAPB; (2) inhibits the activity of PP2A and mAKAPS; or (3) inhibits the expression of PP2A and
mAKAP.

[00162] The invention also relates to methods of treating or protecting the heart from damage, by
administering to a patient at risk of such damage, a pharmaceutically effective amount of a composition
which inhibits a cellular process mediated by the anchoring of PP2A.

[00163] In one embodiment, the composition includes an mAKAPp peptide. In a preferred
embodiment, the mAKAPP peptide is obtained from the carboxy terminus of the mAKAP amino acid
sequence. In a particularly preferred embodiment, the mAKAPP peptide is at least a fragment of amino
acids 2083-2319 of the mAKAPp amino acid sequence.

[00164] In one preferred embodiment, the mAKAPp peptide is at least a fragment of amino acids
2133-2319 of the mAKAP amino acid sequence.

[00165] In another embodiment, the composition includes a small interfering RNA siRNA that
inhibits the expression of either or both of PP2A and mAKAPS. In a preferred embodiment, the siRNA
that inhibits the expression of mAKAP is generated in vivo following administration of a short hairpin
RNA expression vector or biologic agent (shRNA).

[00166] The composition of the invention can be administered directly or can be administered
using a viral vector. In a preferred embodiment, the vector is adeno-associated virus (AAV).

[00167] In another embodiment, the composition includes a small molecule inhibitor. In
preferred embodiments, the small molecule is a PP2A inhibitor.

[00168] In another embodiment, the composition includes a molecule that inhibits the binding,
expression or activity of mAKAP. In a preferred embodiment, the molecule is a mAKAP peptide.
The molecule may be expressed using a viral vector, including adeno-associated virus (AAV).

[00169] In yet another embodiment, the composition includes a molecule that interferes with
mAKAPB-mediated cellular processes. In preferred embodiments, the molecule interferes with the
anchoring of PP2A.

[00170] The invention also relates to diagnostic assays for determining a propensity for heart
disease, wherein the binding interaction of PP2A and mAKAP is measured, either directly, or by

measuring a downstream effect of the binding of PP2A and mAKAP. The invention also provides a
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test kit for such an assay.

[00171] In still other embodiments, the inhibitors include any molecule that inhibits the
expression of PP2A and mAKAPS, including antisense RNA, ribozymes and small interfering RNA
(siRNA), including shRNA.

[00172] The invention also includes an assay system for screening of potential drugs effective to
inhibit the expression and/or binding of PP2A and mAKAPS. In one instance, the test drug could be
administered to a cellular sample with the PP2A and mAKAPS, or an extract containing the PP2A and
mAKAPB, to determine its effect upon the binding activity of the PP2A and mAKAPp, by comparison
with a control. The invention also provides a test kit for such an assay.

[00173] In preparing the peptide compositions of the invention, all or part of the PP2A or
mAKAP (Figure 3) amino acid sequence may be used. In one embodiment, the carboxy-terminal region
of the mAKAP protein is used as an inhibitor. Preferably, at least 10 amino acids of the mAKAP
sequence are used. More preferably, at least 25 amino acids of the mAKAP sequence are used. Most
preferably, peptide segments from amino acids 2133-2319 of mAKAP are used.

[00174] It should be appreciated that various amino acid substitutions, deletions or insertions
may also enhance the ability of the inhibiting peptide to inhibit the interaction of PP2A and mAKAP.
A substitution mutation of this sort can be made to change an amino acid in the resulting protein in a
non-conservative manner (i.e., by changing an amino acid belonging to a grouping of amino acids
having a particular size or characteristic to an amino acid belonging to another grouping) or in a
conservative manner (i.e., by changing an amino acid belonging to a grouping of amino acids having a
particular size or characteristic to an amino acid belonging to the same grouping). Such a conservative
change generally leads to less change in the structure and function of the resulting protein. A non-
conservative change is more likely to alter the structure, activity or function of the resulting protein.
The present invention should be considered to include sequences containing conservative changes,
which do not significantly alter the activity, or binding characteristics of the resulting protein.

[00175] The following is one example of various groupings of amino acids:

[00176] Amino acids with nonpolar R groups: Alanine,Valine, Leucine, Isoleucine, Proline,

Phenylalanine, Tryptophan, Methionine.

[00177] Amino acids with uncharged polar R groups: Glycine, Serine, Threonine, Cysteine,

Tyrosine, Asparagine, Glutamine.

[00178] Amino acids with charged polar R groups (negatively charged at pH 6.0): Aspartic acid,
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Glutamic acid.

[00179] Basic amino acids (positively charged at pH 6.0): Lysine, Arginine, Histidine (at pH
6.0).

[00180] Another grouping may be those amino acids with phenyl groups: Phenylalanine,

Tryptophan, Tyrosine.

[00181] Another grouping may be according to molecular weight (i.e., size of R groups):
Glycine (75), Alanine (89), Serine (105), Proline (115), Valine (117), Threonine (119), Cysteine (121),
Leucine (131), Isoleucine (131), Asparagine (132), Aspartic acid (133), Glutamine (146), Lysine (146),
Glutamic acid (147), Methionine (149), Histidine (at pH 6.0) (155), Phenylalanine (165), Arginine
(174), Tyrosine (181), Tryptophan (204).

[00182] Particularly preferred substitutions are:

[00183] - Lys for Arg and vice versa such that a positive charge may be maintained;
[00184] - Glu for Asp and vice versa such that a negative charge may be maintained;
[00185] - Ser for Thr such that a free -OH can be maintained; and

[00186] - Gln for Asn such that a free NH> can be maintained.

[00187] Amino acid substitutions may also be introduced to substitute an amino acid with a

particularly preferable property. For example, a Cys may be introduced a potential site for disulfide
bridges with another Cys. A His may be introduced as a particularly "catalytic" site (i.e., His can act as
an acid or base and is the most common amino acid in biochemical catalysis). Pro may be introduced
because of its particularly planar structure, which induces B-turns in the protein's structure. Two amino
acid sequences are "substantially homologous" when at least about 70% of the amino acid residues
(preferably at least about 80%, and most preferably at least about 90 or 95%) are identical, or represent
conservative substitutions.

[00188] Likewise, nucleotide sequences utilized in accordance with the invention can also be
subjected to substitution, deletion or insertion. Where codons encoding a particular amino acid are
degenerate, any codon which codes for a particular amino acid may be used. In addition, where it is
desired to substitute one amino acid for another, one can modify the nucleotide sequence according to
the known genetic code.

[00189] Nucleotides and oligonucleotides may also be modified. U.S. Patent No. 7,807,816,
which is incorporated by reference in its entirety, and particularly for its description of modified

nucleotides and oligonucleotides, describes exemplary modifications.
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[00190] Two nucleotide sequences are "substantially homologous" or “substantially identical”
when at least about 70% of the nucleotides (preferably at least about 80%, and most preferably at least
about 90 or 95%) are identical.

[00191] Two nucleotide sequences are "substantially complementary" when at least about 70%
of the nucleotides (preferably at least about 80%, and most preferably at least about 90 or 95%) are
able to hydrogen bond to a target sequence.

[00192] The term "standard hybridization conditions" refers to salt and temperature conditions
substantially equivalent to 5 x SSC and 65 C for both hybridization and wash. However, one skilled in
the art will appreciate that such "standard hybridization conditions" are dependent on particular
conditions including the concentration of sodium and magnesium in the buffer, nucleotide sequence
length and concentration, percent mismatch, percent formamide, and the like. Also important in the
determination of "standard hybridization conditions" is whether the two sequences hybridizing are
RNA-RNA, DNA-DNA or RNA-DNA. Such standard hybridization conditions are easily determined
by one skilled in the art according to well known formulae, wherein hybridization is typically 10-20 C
below the predicted or determined Ty, with washes of higher stringency, if desired.

[00193] The phrase "pharmaceutically acceptable” refers to molecular entities and compositions
that are physiologically tolerable and do not typically produce an allergic or similar untoward reaction,
such as gastric upset, dizziness and the like, when administered to a human.

[00194] The phrase "therapeutically effective amount" is used herein to mean an amount
sufficient to prevent, and preferably reduce by at least about 30 percent, more preferably by at least 50
percent, most preferably by at least 90 percent, a clinically significant change in a cardiac myocyte
feature.

[00195] The preparation of therapeutic compositions which contain polypeptides, analogs or
active fragments as active ingredients is well understood in the art. Typically, such compositions are
prepared as injectables, either as liquid solutions or suspensions, however, solid forms suitable for
solution in, or suspension in, liquid prior to injection can also be prepared. The preparation can also be
emulsified. The active therapeutic ingredient is often mixed with excipients which are pharmaceutically
acceptable and compatible with the active ingredient. Suitable excipients are, for example, water,
saline, dextrose, glycerol, ethanol, or the like and combinations thereof. In addition, if desired, the
composition can contain minor amounts of auxiliary substances such as wetting or emulsifying agents,

pH buffering agents which enhance the effectiveness of the active ingredient.
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[00196] A polypeptide, analog or active fragment, as well as a small molecule inhibitor, can be
formulated into the therapeutic composition as neutralized pharmaceutically acceptable salt forms.
Pharmaceutically acceptable salts include the acid addition salts (formed with the free amino groups of
the polypeptide or antibody molecule) and which are formed with inorganic acids such as, for example,
hydrochloric or phosphoric acids, or such organic acids as acetic, oxalic, tartaric, mandelic, and the
like. Salts formed from the free carboxyl groups can also be derived from inorganic bases such as, for
example, sodium, potassium, ammonium, calcium, or ferric hydroxides, and such organic bases as
isopropylamine, trimethylamine, 2-ethylamino ethanol, histidine, procaine, and the like.

[00197] The therapeutic compositions of the invention are conventionally administered
intravenously, as by injection of a unit dose, for example. The term "unit dose" when used in reference
to a therapeutic composition of the present invention refers to physically discrete units suitable as
unitary dosage for humans, each unit containing a predetermined quantity of active material calculated
to produce the desired therapeutic effect in association with the required diluent; i.e., carrier, or vehicle.
[00198] The compositions are administered in a manner compatible with the dosage formulation,
and in a therapeutically effective amount. The quantity to be administered depends on the subject to be
treated, capacity of the subject's immune system to utilize the active ingredient, and degree of
inhibition of PP2A-mAKAP binding desired. Precise amounts of active ingredient required to be
administered depend on the judgment of the practitioner and are peculiar to each individual. However,
suitable dosages may range from about 0.1 to 20, preferably about 0.5 to about 10, and more preferably
one to several, milligrams of active ingredient per kilogram body weight of individual per day and
depend on the route of administration. Suitable regimes for initial administration and booster shots are
also variable, but are typified by an initial administration followed by repeated doses at one or more
hour intervals by a subsequent injection or other administration. Alternatively, continuous intravenous
infusion sufficient to maintain concentrations of ten nanomolar to ten micromolar in the blood are
contemplated.

[00199] Because of the necessity for the inhibitor to reach the cytosol, a peptide in accordance
with the invention may need to be modified in order to allow its transfer across cell membranes, or may
need to be expressed by a vector which encodes the peptide inhibitor. Likewise, a nucleic acid inhibitor
(including siRNAs, shRNAs and antisense RNAs) can be expressed by a vector. Any vector capable of
entering the cells to be targeted may be used in accordance with the invention. In particular, viral

vectors are able to “infect” the cell and express the desired RNA or peptide. Any viral vector capable of
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“infecting” the cell may be used. A particularly preferred viral vector is adeno-associated virus (AAV).
[00200] siRNAs inhibit translation of target mRNAs via a process called RNA interference.
When the siRNA is perfectly complementary to the target mRNA, siRNA act by promoting mRNA
degradation. shRNAs, as a specialized type of siRNA, have certain advantages over siRNAs that are
produced as oligonucleotides. siRNA oligonucleotides are typically synthesized in the laboratory and
are delivered to the cell using delivery systems that deliver the siRNA to the cytoplasm. In contrast,
shRNAs are expressed as minigenes delivered via vectors to the cell nucleus, where following
transcription, the shRNA are processed by cellular enzymes such as Drosha and Dicer into mature
siRNA species. siRNAs are usually 99% degraded after 48 hours, while shRNAs can be expressed up
to 3 years. Morover, shRNAs can be delivered in much lower copy number than siRNA (5 copies vs.
low nM), and are much less likely to produce off-target effects, immune activation, inflammation and
toxicity. While siRNAs are suitable for acute disease conditions where high doses are tolerable,
shRNAs are suitable for chronic, life threatening diseases or disorders where low doses are desired.
(http://www.benitec.com/technology/sirna-vs-shrna)

[00201] Guidelines for the design of siRNAs and shRNAs can be found in Elbashir (2001) and

at various websites including https://www.thermofisher.com/us/en/home/references/ambion-tech-

support/rnai-sirna/general-articles/-sirna-design-guidelines.html and

http://www.invivogen.com/review-sirna-shrna-design, all of which are hereby incorporated by

reference in their entireties. Preferably, the first nucleotide is an A or a G. siRNAs of 25-29 nucleotides
may be more effective than shorter ones, but shRNAs with duplex length 19-21 seem to be as effective
as longer ones. siRNAs and shRNAs are preferably 19-29 nucleotides. Loop sequences in ShRNAs may
be 3-9 nucleotides in length, with 5, 7 or 9 nucleotides preferred.

[00202] With respect to small molecule inhibitors, any small molecule that inhibits the
interaction of PP2A and mAKAP may be used. In addition, any small molecules that inhibit the
activity of PP2A and/or mAKAPp may be used.

[00203] Small molecules with similar structures and functionalities can likewise be determined
by rational and screening approaches.

[00204] Likewise, any small molecules that inhibit the expression of PP2A and/or mAKAPS
may be used.

[00205] In yet more detail, the present invention is described by the following items which

represent preferred embodiments thereof:
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. A method of treating or preventing heart failure with reduced ejection fraction, comprising

administering to cardiac cells of a patient a composition that maintains a level of
phosphorylation on serum response factor (SRF).

The method of Item 1, wherein SRF is phosphorylated on Ser'®>.

The method of Item 1, wherein dephosphorylation activity of protein (serine-threonine)
phosphatase 2A (PP2A) is inhibited.

The method of Item 3, wherein anchoring of PP2A to muscle A-kinase anchoring protein
(mAKAPB) is inhibited.

The method of Item 4, wherein the composition comprises a fragment of mAKAPS.

The method of Item 5, wherein the composition comprises an amino acid sequence having
at least 90% sequence identity to a fragment of mAKAPS.

The method of Item 5, wherein the composition comprises a fragment of amino acids 2132-
2319 of mAKAP.

The method of Item 5, wherein the composition comprises amino acids 2132-2319 of
mAKAP.

The method of Item 4, wherein the composition comprises a fragment of PP2A.

The method of Item 4, wherein said composition comprises a vector that encodes a fragment
of mAKAP.

The method of Item 4, wherein said composition comprises a vector that encodes an amino
acid sequence having at least 90% sequence identity to a fragment of mAKAP.

The method of Item 10, wherein the vector encodes a fragment of amino acids 2132-2319 of
mAKAP.

The method of Item 10, wherein the vector encodes amino acids 2132-2319 of mAKAP.
The method of Item 10, wherein the vector is adeno-associated virus (AAV).

A composition that encodes a molecule that inhibits the anchoring of PP2A to mAKAP.
The composition of Item 15, wherein the molecule comprises a fragment of mAKAP.

The composition of Item 15, comprising an amino acid sequence having at least 90%
sequence identity to a fragment of mAKAP.

The composition of Item 16, comprising a fragment of amino acids 2132-2319 of mAKAP.
The composition of Item 16, comprising amino acids 2132-2319 of mAKAPS.

The composition of Item 15, comprising a fragment of PP2A.

-36-



Attorney Docket No. 4175-105PCT

21. A composition comprising a vector that encodes a molecule that inhibits the anchoring of
PP2A to mAKAP.
22. The composition of Item 21, wherein the vector encodes a fragment of mAKAP.
23. The composition of Item 21, wherein the vector encodes an amino acid sequence having at
least 90% sequence identity to a fragment of mAKAP.
24. The composition of Item 21, wherein the vector encodes a fragment of amino acids 2132-
2319 of mAKAP.
25. The composition of Item 21, wherein the vector encodes amino acids 2132-2319 of
mAKAP.
26. The composition of Item 21, wherein the vector encodes a fragment of PP2A.
27. The composition of Item 21, wherein the vector is adeno-associated virus (AAV).
[00206] The following examples are provided to aid the understanding of the present invention,
the true scope of which is set forth in the appended claims. It is understood that modifications can be
made in the procedures set forth without departing from the spirit of the invention.
[00207] EXAMPLES:
[00208] The compositions and processes of the present invention will be better understood in
connection with the following examples, which are intended as an illustration only and not limiting of
the scope of the invention. Various changes and modifications to the disclosed embodiments will be
apparent to those skilled in the art and such changes and modifications including, without limitation,
those relating to the processes, formulations and/or methods of the invention may be made without
departing from the spirit of the invention and the scope of the appended claims.
[00209] EXAMPLE 1
[00210] SRF Regulation by mAKAPS Signalosomes
[00211] Materials and Methods
[00212] Neonatal Rat Ventricular Myocyte Culture: 1-3 day old Sprague-Dawley rats were
decapitated, and the excised hearts placed in 1x ADS Buffer (116 mM NaCl, 20 mM HEPES, 1 mM
NaH>POys, 5.5 mM glucose, 5.4 mM KClI, 0.8 mM MgSOs, pH 7.35). The atria were carefully removed
and the blood washed away. The ventricles were minced and incubated with 15 mL 1x ADS Buffer
containing 3.3 mg type II collagenase (Worthington, 230 U/mg) and 9 mg Pancreatin (Sigma) at 37°C
with gentle shaking. After 15 minutes, the dissociated cardiac myocytes were separated by

centrifugation at 50g for 1 minute, resuspended in 4 mL horse serum and incubated at 37°C with
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occasional agitation. The steps for enzymatic digestion and isolation of myocytes were repeated 10-12
times to maximize yield. The myocytes were pooled and spun down again at 50g for 2 minutes and
resuspended in Maintenance Medium (DMEM:M 199, 4:1) supplemented with 10% horse serum and
5% fetal bovine serum. To remove any contaminating fibroblasts, the cells were pre-plated for 1 hour
before plating on gelatin-coated tissue culture plastic ware. This procedure yields >90% pure cardiac
myocytes. After 1 day culture, the media was changed to maintenance medium containing 0.1 mM
bromodeoxyuridine to suppress fibroblast growth.

[00213] Adult rat ventricular myocyte isolation and culture: 2-3 month old rats were
anesthetized using Ketamine (80-100 mg/kg) and Xylazine (5-10 mg/kg) IP following 1000 U
heparinization for cardiac excision. The heart was transferred immediately into chilled perfusion buffer
(NaCl 120 mM, KC1 5.4 mM, Na,HPO4 -7H>0 1.2 mM, NaHCOs3 20.0 mM, MgCl».6H>0 1.6 mM,
Taurine 5 mM, Glucose 5.6 mM, 2,3-Butanedione monoxime 10 mM) pre-equilibrated with 95% O»
and 5% CO,. After removal of extraneous tissue, the heart was attached via the aorta to a Harvard
Langendorff apparatus cannula. Ca**-free perfusion was used to flush out remaining blood with a
constant rate of 8-10mL/min at 37°C. The heart was then digested through circulatory perfusion with
50 mL perfusion buffer containing 125 mg type II collagenase (Worthington, 245U/mg), 0.1mg
protease (Sigma type XIV) and 0.1% BSA. After perfusion, the atria were removed and the ventricular
myocytes dissociated by slicing and repetitive pipetting. The debris was filtered by a 200 um nylon
mesh, and the myocytes collected by one minute centrifugation at 50g. Ca?* concentration in the buffer
was gradually recovered to 1.8 mM and the myocytes were resuspended in ACCT medium (M199
Medium (Invitrogen 11150-059), Creatine 5 mM, L-carnitine 2 mM, Taurine 5 mM, HEPES 25 mM,
2,3-Butanedione monoxime 10 mM, BSA 0.2% and 1X Insulin-Transferrin-Selenium Supplement) and
plated on 10 pg/ml laminin pre-coated dishes. Cells were washed with ACCT medium 1.5 hours after
plating and subjected to adenoviral infection or siRNA transfection, in which 100-200 Multiplicity of
Infection (MOI) of adenovirus and 100 nmol/L siRNA mixed with Dharmafect]l (Dharmacon) were
used, respectively. Adrenergic agonists were added the next day, with biochemical assay and
morphological measurement performed after 24 hours of stimulation.

[00214] Other Cell Culture: HEK293 and COS-7 cells were maintained in DMEM with 10%
FBS and 1% P/S. These cells were transiently transfected with Lipofectamine 2000 (Invitrogen) or

infected with adenovirus and Adeno-X Tet-Off virus (Clontech) as suggested by the manufacturers.
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[00215] Luciferase Assays: 225,000 neonatal rat ventricular myocytes in 24 well dishes were
transfected with control or RSK3 specific siRNA oligonucleotides (10 nM) and Dharmafect] reagent
(Thermofisher). The following day, following washing the cells with media, the myocytes were re-
transfected with 100 ng SRE-luc (firefly luciferase) and 100 ng -36Prl-rluc (renilla luciferase) reporter
plasmids and Transfast reagent for one hour and then cultured in media with 4% horse serum
overnight, before washing with media and incubating for one day in the absence or presence of 10 uM
PE. Samples were collected in 100 ul PLB and assayed using the Promega Dual Luciferase Kit and a
Berthold Centro X luminometer.

[00216] Co-Immunoprecipitation: Tissues were homogenized using a Polytron or cells were
lysed in IP buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 5 mM EDTA, 10% glycerol, 1% Triton-X
100, 1 mM DTT) with an inhibitor cocktail (1 pug/ml leupeptin, 1 pg/ml pepstatin, 1 mM benzamidine,
1 mM AEBSF, 50 mM NaF, 1 mM sodium orthovanadate). Soluble proteins were separated by
centrifugation at 3-10,000 g for 10 minutes. Antibodies and protein-G agarose beads (50% slurry,
Upstate) were added to extracts and incubated overnight with rocking at 4°C. Beads were washed four
times at 4°C with IP buffer. Bound proteins were size-fractionated on SDS-PAGE gels and developed
by immunoblotting as previously described using a Fujifilm LAS-3000 or GE-AI600 imaging system
(46). Protein markers were Precision Plus Protein Standards (Bio-Rad, 1610373).

[00217] Immunocytochemistry: Myocytes on coverslips were fixed in 3.7% formaldehyde in
PBS for 1 hour, permeabilized with 0.3% Triton X-100, and blocked in PBS containing 0.2% BSA and
1% horse serum. The slides were then sequentially incubated for 1 hour with primary and Alexa
fluorescent dye-conjugated specific-secondary antibodies (Invitrogen, 1:1000) diluted in blocking
buffer. The slips were washed three times with blocking buffer. 1 pg/mL Hoechst 33258 was included
in the last wash stop to label nuclei. Slides were sealed in SlowFade Gold antifade buffer (Invitrogen,
S36938) for fluorescent microscopy. Wide-field images were acquired using a Leica DM4000
Microscope.

[00218] GST-SRF phosphorylation assays: GST-SRF protein was purified using BL21 E. coli
and glutathione-sepharose as previously described (Vargas et al. 2012). GST-SRF on beads was
incubated with 0.5 pug active recombinant full-length Hise-tagged human RSK3 (Millipore 14-462) +/-
50 nM BI-D1870 in ATP-containing kinase buffer for 30 minutes. The GST-SRF beads were then
either eluted with Laemmlli buffer or washed with PP2A phosphatase buffer and then incubated for an
additional 30 minutes in the presence of 50 ng PP2A +/- 10 nM okadaic acid before elution with
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Laemmlli buffer. Equal loading of GST-SRF protein was determined by Ponceau stain and

phosphorylation of SRF was detected using a phospho-SRF S!%3

[00219] Plasmid constructs

-specific antibody.

[00220] SRE-luciferase reporter - SRE-luc was constructed by subcloning two copies of a c-fos
SRF response element (TCGAC AGG ATG TCC ATA TTA GGA CAT CTG) (SEQ ID NO:3—)
(Treisman 1985) in an Xho I site upstream of the -36 bp rat prolactin promoter in a firefly luciferase
reporter plasmid as previously described (Kapiloff et al. 1991).

[00221] -36 Prl-renilla luciferase - An oligonucleotide containing -36 - +36 of the rat prolactin
promoter with Bgl II and Hind III compatible ends (GATCT CGA AGG TTT ATA AAG TCA ATG
TCT GCA GAT GAG AAA GCA GTG GTT CTC TTA GGA CTT CTT GGG GAA GTG TGG TC)
(SEQ ID NO:4—) was subcloned into pRL-null (Promega) to provide the control renilla luciferase
vector.

[00222] mAKAP fragment expression vectors: pS-EGFPC1-mAKAP-1694-1833-mh adenovirus
shuttle vector was constructed by subcloning a cDNA encoding a myc, Hiss, and GFP-tagged mAKAP
aa 1694-1833 fragment (RBD) in pEGFPC1 (Clontech) (Li, Kritzer, et al. 2013) into a pTRE shuttle
vector previously modified to contain a CMV immediate early promoter. pS-EGFPCI-mh is similarly
designed except lacking the mAKAP sequence. pTRE-myc-mAKAP PBD encoding a myc-tagged
mAKAP aa 2134-2314 (PBD) fragment was constructed by digesting pTRE-myc-mAKAP containing a
full-length, N-terminally myc-tagged mAKAP cDNA with Apa I - Sca I and ligation. pTRE-fgal
encoding B-galactosidase control protein was obtained from Clontech. pAcTnTS-EGFP-mAKAP 1694-
1833mh plasmid that was used to generate AAV-RBD was constructed by subcloning a Nhel - BamHI
fragment of pPEGFPC1-rmAKAP-1694-1833-mh (Li, Kritzer, et al. 2013) into pAcTnTs provided
generously by Dr. Brent French of the University of Virginia (Prasad et al. 2011). pAcTnTs-EGFP-mh
plasmid to generate AAV-GFP control virus was generated by digesting pAcTnTS-EGFP-mAKAP
1694-1833mh with Acc65I and BsRGI, blunting, and ligation. Other mAKAP plasmids were as
previously described (Pare, Bauman, et al. 2005; Kapiloff, Jackson, and Airhart 2001).

[00223] SRF constructs - pFlag-SRF that expressed a Flag-tagged SRF protein was constructed
by subcloning a human SRF cDNA from pCGN-SRF (Addgene Plasmid #11977) into the Xbal/EcoRI
sites of the pSH160c NFATc1 expression plasmid (Ho et al. 1995). pTRE-Flag-hSRF was constructed
by subcloning the Flag-tagged SRF cDNA into pTRE shuttle vector (Clontech). pTRE-3xHA-hSRF was
constructed by inserting a custom sequence within the Sfil and SanDI sites of pTRE-Flag-hSRF that
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replaces the Flag tag with 3 tandem HA tags. S103A and S103D mutations were introduced into the
pTRE plasmids by site-directed mutagenesis to introduce the sequences ATCGCTGGCAGAG (SEQ
ID NO:—5) and GAGCCTGGATGAA (SEQ ID NO:6—) in place of GAGCCTGAGCGAG (SEQ ID
NO:—7). pGEX-4T1-FLAG-hSRF for expression of GST-SRF in bacteria was constructed by
subcloning a Ncol (blunted) - EcoRI fragment of pTRE-Flag-hSRF into the BamHI (blunted) - EcoRI
sites of pGEX-4T1.

[00224] RSK3 expression vectors: Plasmids for HA-tagged RSK3 wildtype and S218A mutant
and RSK3 fragments are as previously described (Li, Kritzer, et al. 2013). pS-HA-hRSK3 1-42
adenvirus shuttle vector was constructed by subcloning a HA-tagged 1-42 cDNA into the BsaBI and
Nhel sites of pS-EGFPC1-mh replacing the tagged GFP cDNA.

[00225] Adenovirus were prepared using the pTRE shuttle vectors and the Adeno-X Tet-off
System (Clontech) via PI-Scel and I-Ceul subcloning and purified after amplification using Vivapure
AdenoPACK Kkits (Sartorius Stedim). These adenovirus conditionally express recombinant protein
when co-infected with tetracycline transactivator-expressing virus (adeno-tTA for “tet-off” or reverse
tTA for “tet-on”). Some adenovirus were constructed using a modified pTRE shuttle vector (pS)
containing a constitutive CMV promoter.

[00226] Results

[00227] Given the role of RSK3 and mAKAPS in the determination of concentric myocyte
growth, research has focused on the identification of RSK3 cardiac myocyte substrates. The
transcription factor serum response factor (SRF) serves important roles in both cardiac development
and adult function through the regulation of genes involved in growth and the actin cytoskeleton
(Miano 2010). SRF is subject to multiple post-translational modifications (Figure 1), including
phosphorylation at Ser'® (Mack 2011). Because of SRF’s prominent role in myocyte regulation and the
previously demonstrated phosphorylation of SRF by other RSK family members (Miano 2010; Rivera
et al. 1993; Janknecht et al. 1992; Hanlon, Sturgill, and Sealy 2001), SRF was considered to be an
effector for RSK3 in cardiac myocytes. Phosphorylation of SRF Ser!® by RSK3 was readily confirmed
using purified glutathione-S-transferase (GST) - SRF fusion protein (data not shown). SRF contains a
conserved MADS (MCM1, agamous, deficiens, SRF) domain that mediates both DNA binding to
CArG box [CC(A/T)sGG] serum response elements (SREs) and homo- and hetero-dimerization with
other transcription factors (Fig. 19A). Using RSK3 small interfering nucleotides (siRNA) to deplete
primary neonatal rat ventricular myocytes cultures (NRVM) of SRF by RNA interference (RNAI), it
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was determined that loss of RSK3 inhibited SRE-dependent transient reporter activity, including that
induced by the a-adrenergic agonist phenylephrine (PE, Fig. 19B). As RSK3 binds the scaffold protein
mAKAPS (Li, Kritzer, et al. 2013), whether SRF might also be associated with mAKAPf]
signalosomes, facilitating its phosphorylation was tested. Endogenous mAKAPP was consistently co-
immunoprecipitated with SRF from adult mouse heart extracts using SRF antibodies (Fig. 19C). In
addition, SRF and RSK3 can associate in the presence of mAKAPS when expressed in heterologous
cells, forming ternary complexes (Fig. 19D). Accordingly, inhibition of RSK3 and mAKAPJ
expression in NRVM inhibited PE-induced SRF Ser!® phosphorylation (Figs. 19E). The isoform-
specific N-terminal RSK3 domain binds a discrete “RSK3-binding domain” within mAKAPp at
residues 1694-1833 (RBD) (Li, Kritzer, et al. 2013). Expression of a myc-tagged, green fluorescent
protein (GFP) RBD-fusion protein that can compete mAKAPB-RSK3 binding (Li, Kritzer, et al. 2013)
inhibited PE-induced SRF Ser!% phosphorylation in both NRVM and primary adult rat ventricular
myocyte cultures (ARVM, Fig. 19F and data not shown). Similar results were obtained by anchoring
disruption using the N-terminal RSK3 peptide (data not shown). These results were corroborated in
vivo. SRF Ser'® phosphorylation was decreased in hearts obtained from both RSK3 global and
mAKAPP myocyte-specific conditional knock-out mice that were previously described (Kritzer et al.
2014; Li, Kritzer, et al. 2013), as well as in mice expressing RBD in vivo (data not shown). Together
these results reveal that SRF is a RSK3 substrate in myocytes whose phosphorylation in response to
catecholaminergic stimulation depends upon association with mAKAPp signalosomes.

[00228] mAKAPp binds two phosphatases, the Ca**/calmodulin-dependent phosphatase
calcineurin (PP2B, PPP3) and a protein kinase A (PKA)-activated isoenzyme of PP2A that contains
B566-subunit (Dodge-Kafka et al. 2010; Li et al. 2010). Treatment of NRVM with the PP1/PP2A
inhibitor okadaic acid (OA), but not the calcineurin inhibitor cyclosporin A (CsA) promoted baseline
phosphorylation of SRF Ser'® (Fig. 19G). Accordingly, purified PP2A readily dephosphorylated SRF
Ser!® (Fig. 21). Analagous to RSK3, SRF, PP2A, and mAKAPp form ternary complexes in NRVM, as
SRF and PP2A could be co-immunoprecipitated only in the presence of mAKAPp (Fig. 19H). PP2A
binds a C-terminal domain of mAKAPp (Dodge-Kafka et al. 2010), and expression of the PP2A
Binding Domain (myc-PBD, Fig. 4) competed endogenous mAKAPB-PP2A association in myocytes
(Fig. 191). Consistent with a previously published finding that cAMP activates mAKAPB-bound PP2A
(Dodge-Kafka et al. 2010), PBD expression potentiated the induction of SRF Ser!'®® phosphorylation in
ARVM stimulated with the B-adrenergic isoproterenol (Iso, Fig. 19]). In aggregate, these results show
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that mAKAP signalosomes can regulate SRF Ser!'®

phosphorylation in a bidirectional manner in
response to different upstream stimuli.

[00229] EXAMPLE 2

[00230] SRF Ser'% phosphorylation Promotes Concentric Hypertrophy

[00231] While both neonatal rat ventricular myoyctes (NRVM) and adult rat ventricular
myoyctes (ARVM) are useful for studying molecular signaling pathways, including a-adrenergic and
B-adrenergic induced hypertrophy, the two cellular preparations are significantly different in shape,
ultrastructure, and in some circumstances cellular regulation (Peter, Bjerke, and Leinwand 2016).
Taking advantage of their roughly cylindrical shape, ARVM was developed as an in vitro model for
morphologic hypertrophy more relevant to in vivo cardiac remodeling. Characterization of the RSK3
knock-out mouse suggested that RSK3 was important for concentric hypertrophy (Passariello et al.
2016; Li, Kritzer, et al. 2013). RSK3 overexpression selectively increased the width of cultured
ARVM, resulting in a significantly decreased length/width ratio (Fig. 20A,B). This result was similar to
that obtained following one day of myocyte culture in the presence of the phenylephrine (PE, Fig.
20C,D). PE induced an increase of 8-10% in width and a decrease of 8-14% in length/width ratio in 24
hours, which compares favorably to the increase of 17-21% in width and the decrease of 14-21% in
length/width ratio of mouse myocytes in vivo following two weeks of transverse aortic constriction (8,
16). Remarkably, expression of a SRF S103D phosphomimetic mutant also increased ARVM width,
inducing concentric hypertrophy to the same degree as PE treatment. Conversely, expression of the
SRF S103A mutant did not affect basal myocyte size, but inhibited the PE-induced concentric
hypertrophy (Fig. 20E,F). This result was phenocopied by expression of the RBD RSK3-anchoring
disruptor peptide (Fig. 20G,H) that inhibited SRF Ser!® phosphorylation (Fig. 19F). In contrast to PE
and RSK3 overexpression, chronic stimulation with the B-adrenergic agonist Iso increased both ARVM
length and width, resulting in a more symmetric hypertrophy (Fig. 20LJ), similar to the effect of
chronic Iso infusion in vivo (Li, Kritzer, et al. 2013). Like RBD and SRF S103A expression,
displacement of PP2A phosphatase from mAKAPf signalosomes had no effect on basal ARVM
morphology. In addition, like SRF S103D expression, PBD anchoring disruptor expression did not
enhance nor diminish PE-induced hypertrophy. In contrast, in the presence of Iso, PDB expression
promoted ARVM concentric hypertrophy, with the Iso-induced increase in ARVM width and length
tending to be greater and lesser, respectively, in the presence of PP2A displacement. This latter result

103

was consistent with the PDB-dependent potentiation of Iso-induced SRF Ser™” phosphorylation (Fig.
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19J). Taken together, these results support a model in which mAKAPB-anchored RSK3 and PP2A
regulate SRF Ser'® phosphorylation that promotes concentric cardiac myocyte hypertrophy.

[00232] EXAMPLE 3

[00233] Regulation of PDE4D3 by mAKAPf-bound PP2A

[00234] Antibodies - The following primary antibodies were used for immunoblotting: mouse
monoclonal anti-GFP (Santa Cruz; 1:500), mouse monoclonal anti-VSV tag (Sigma: 1:1000), mouse
monoclonal anti-mAKAP (Covance, 1:1000), 9E10 mouse anti-myc (Santa Cruz, Inc, 1:500 dilution),
polyclonal anti-PP2A-C (Santa Cruz, 1:500), and polyclonal anti-PP1 catalytic subunit (Santa Cruz,
Inc, 1:500). A phospho-specific antibody for phospho-PDE4D3 Ser-54 was generated and affinity
purified using phosphorylated and non-phosphorylated human PDE4D3 peptides containing residues
70-81 (21st Century Biochemicals) and was used at a dilution of 1:500. Polyclonal B568 antibodies,
both non-phospho-specific and specific for phospho-Ser-566, are as previously described (Ahn et al.
2007).

[00235] Expression constructs - Expression vectors for Flag-tagged B560, Glutathione-S-
transferase (GST) PP2A-A fusion protein, and myc- and green fluorescence protein (GFP) -tagged rat
and human mAKAP are as previously described (Ahn et al. 2007; Pare, Bauman, et al. 2005; Kapiloff
et al. 1999a; Kapiloff, Jackson, and Airhart 2001). The myc-tagged mAKAP construct deficient in
PP2A binding was made by subcloning a cDNA fragment encoding rat mAKAP 1286-2083 generate
by PCR into pCMV-Myc (Clontech). mAKAPa and mAKAPS are two alternatively-spliced isoforms
of mAKAP expressed in the heart and brain, respectively (Michel et al. 2005b). mAKAPS is identical
to mAKAPa« residues 245-2314; all recombinant mAKAP proteins expressed in this paper are based on
mAKAPa. The expression vector used for PDE4D3 throughout this paper was constructed by
subcloning a cDNA encoding VSV-tagged PDE4D3 (Dodge et al. 2001) into a GFP-expression vector
(Clontech), resulting in a double-tagged PDE4D3 protein.

[00236] Immunoprecipitation - HEK293 cells were used in this project as a heterologous system
lacking mAKAP in which the various wildtype and mutant proteins could be easily expressed. Cells
cultured on 60 mm plates were transfected at 50%-70% confluency by the calcium phosphate method,
using 6 ng of each DNA construct per plate. Cells were harvested 24 hours after transfection in 0.5 ml
HSE buffer (HEPES, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100 and protease inhibitors).

Supernatants were incubated with 3 pg antibody and 15 pl prewashed protein A- or G-agarose beads.
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Following overnight incubation at 4°C, the immunoprecipitates were washed three times with the same
buffer. Bound proteins were analyzed by immunoblotting.

[00237] For immunoprecipitation of endogenous, native mAKAP complexes, adult rat hearts
(Pel-Freeze) were homogenized in 10 ml HSE buffer. After centrifugation at 15,000 x g for 25
minutes, clarified extracts were immunoprecipitated as above.

[00238] PDE assay - PDE activity associated with immunoprecipitated protein complexes was
assayed according to the method by Beavo et al. (Beavo, Bechtel, and Krebs 1974). Samples were
assayed in 45 pl PDE buffer A (100 mM MOPS, pH 7.5, 4 mM EGTA, 1.0 mg/ml bovine serum
albumin) and 50 pl PDE buffer B [100 mM MOPS, pH 7.5, 75 mM MgAc, 1 uM cAMP and 100,000
cpm [*H]cAMP (Dupont, NEN)]. Inhibitors were included as indicated.

[00239] Phosphatase Assay - Phosphatase activity was measured according to the method of
Ahn et al. using **P-labeled histone as substrate (Ahn et al. 2007). Histone was radiolabeled in
reactions containing 250 mM MOPS, pH 7.4, 2.5 mM MgAc, 100 mM B-mercaptoethanol, purified
PKA catalytic subunit, 1 uM ATP, 20 uM histone, and 1 mCi [y->*P]ATP (6000 Ci/mmol). The
reaction was terminated by the addition of 50% TCA, and [**P]histone was purified from free
radionucleotide by centrifugation. The [*?P]histone pellet was washed with 1 ml of ether/ethanol/HCL
(4:1:0.1) once and 1 ml of ether/ethanol (4:1) three times. The substrate was then suspended in 200 pl
PP2A assay buffer (25 mM Tris, pH 7.4, 1 mM DTT, and 10 mM MgCI2) before precipitation with
50% TCA. After repeated washing, the [**P]histone was suspended in 200 ul PP2A buffer.

[00240] To measure phosphatase activity, immunoprecipitated protein complexes were washed
twice in HSE buffer and once in PP2A reaction buffer. The immunoprecipitates were incubated for 30
minutes at 30 °C in 20 pl PP2A assay buffer containing 100,000 cpm [**P]histone in the presence and
absence of inhibitors. The PP2A inhibitor (Calbiochem) was used at a concentration of 30 nM.
Purified I-1 was phosphorylated by PKA before using as a specific PP1 inhibitor. Reactions were
terminated by the addition of 100 pl 20% TCA followed by 10 min centrifugation. TCA supernatants
containing released *?PO4 were measured by scintillation counting.

[00241] GST-pulldowns - Glutathione resin adsorbed with PP2A-A subunit GST fusion protein
or GST control protein were incubated with HEK293 cell extracts. After an overnight incubation, the
beads were washed three times. Bound proteins were analyzed by immunoblotting.

[00242] Statistics - Each “n” refers to a completely independent experiment performed using

separate cultures or heart preparations. All p-values were calculated using a Student’s #-test.
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[00243] RESULTS

[00244] Regulation of mAKAP-bound PDE4D3 by an okadaic acid-sensitive phosphatase. A
negative feedback loop intrinsic to mAKAP complexes that includes cAMP activation of PKA, PKA
phosphorylation and activation of PDE4D3, and PDE4D3-catalyzed cAMP degradation has previously
been described (Dodge et al. 2001). PDE4D3 phosphorylation was dependent upon PKA binding to
mAKAP. Symmetrically, a mAKAP-bound phosphatase might be responsible for PDE4D3
dephosphorylation. Both PP2A and the Ca**/calmodulin-dependent protein phosphatase calcineurin
(PP2B) associate with the mAKAP scaffold in cardiac myocytes (Pare, Bauman, et al. 2005; Kapiloff,
Jackson, and Airhart 2001; Li et al. 2009). To begin this study, a heterologous system was used to test
whether PP2A or PP2B might dephosphorylate PDE4D3 at Ser-54, the residue within the PDE4D3
Upstream Conserved Region required for PKA activation (Sette and Conti 1996). HEK293 cells over-
expressing mAKAP and PDE4D3 were treated with 300 uM okadaic acid (OA) to inhibit PP2A (and
protein phosphatase 1 [PP1]) activity or 500 uM cyclosporin A (CsA) to inhibit PP2B activity (Fig.
8A). After immunoprecipitation of protein complexes using a mAKAP-specific antibody, PDE4D3
phosphorylation was assayed by immunoblotting with a phospho-specific antibody to residue Ser-54
had been generated. OA treatment resulted in an increase in the baseline phosphorylation of PDE4D3
Ser-54, while inhibition of PP2B had no effect (Fig. 8A, top panel, lane 2). This increased
phosphorylation was further enhanced 1.8 fold when PKA was activated by the addition of the adenylyl
cyclase agonist forskolin (Fsk, Fig. 8A, top panel, lane 5). Notably, forskolin alone had no significant
effect in the absence of phosphatase inhibition (Fig. 8A, lane 4). Immunoblotting using a non-phospho-
specific antibody for PDE4D3 and an antibody for mAKAP demonstrated that two proteins were
similarly precipitated under each condition (Fig. 8A, lower panels).

[00245] As phosphorylation of PDE4D3 Ser-54 increases phosphodiesterase activity 2 fold
(Sette and Conti 1996), whether OA treatment would also increase the activity of mAKAP-bound
PDE4D3 was tested. mAKAP complexes were immunoprecipitated from transfected HEK293 cells and
assayed for associated phosphodiesterase activity (Fig. 8B). mAKAP-associated phosphodiesterase
activity in untreated cells was detected only when mAKAP was co-expressed with PDE4D3 (Fig. 8B,
bar 1, and data not shown), consistent with a previous observation that PDE4D3 accounts for all of the
phosphodiesterase activity associated with mAKAP in cardiac myocytes (Dodge et al. 2001). In
agreement with the results obtained with the phospho-Ser-54 antibody, Fsk treatment alone was unable

to significantly stimulate mAKAP-bound PDE4D3 activity in HEK293 cells, while Fsk and OA

-46-



Attorney Docket No. 4175-105PCT

treatment together synergistically increased PDE4D3 activity (Fig. 8B, bars 3 & 6). CsA had no effect
on either basal or stimulated PDE4D3 activity, suggesting that PP2B does not regulate PDE4D3 bound
to mAKAP in cells under these conditions. Together, these results show that in this heterologous
system, an OA-sensitive phosphatase strongly inhibits both the baseline and Fsk-stimulated
phosphorylation and activity of PDE4D3 bound to mAKAP.

[00246] The enhancement of phosphodiesterase activity by OA was seen not only with
expression of recombinant proteins in HEK293 cells, but also upon isolation of native mAKAP
complexes from adult rat heart extracts (Fig. 8C). Both PDE4D3 and PKA are active in purified
mAKAP complexes (Dodge et al. 2001). PKA activity present in endogenous mAKAP complexes is
responsible for increasing phosphodiesterase activity 2-fold, as was evident upon inhibition of
mAKAP-bound PKA with the specific PKA inhibitor PKI (Fig. 8C, bars 2 and 4). Importantly, OA
inhibition increased mAKAP-associated phosphodiesterase activity 30% (bars 2 and 3) and 60% when
PKA was also inhibited (bars 4 and 5). Taken together, these data demonstrate that an OA-sensitive
phosphatase associated with the mAKAP complex is responsible for the dephosphorylation of PDE4D3
and the regulation of phosphodiesterase activity.

[00247] PP2A associates with the mAKAP scaffold in the heart. Having established that an OA-
sensitive phosphatase was associated with the mAKAP complex, the phosphatase was identified by co-
immunoprecipitation experiments. Phosphatase activity associated with mAKAP complexes isolated
from heart cell extracts was measured using [**P]histone as a substrate. There was a 3-fold enrichment
of phosphatase activity over control IgG immunoprecipitates (Fig. 9A, bars 1 & 2). The mAKAP-
associated phosphatase responsible for the immunoprecipitated activity was identified as PP2A, since
the phosphatase activity was completely inhibited by 30 nM PP2A Inhibitor I (Li, Makkinje, and
Damuni 1996), but not by addition of 100 nM PKA-phosphorylated PP1 Inhibitor-1 (Endo et al. 1996).
As a positive control, the PKA-phosphorylated PP1 inhibitor-1 did inhibit PP1 isolated by
immunoprecipitation with a PP1 antibody from HEK293 cell extracts (Fig. 16). The mAKAP-
associated phosphatase activity was not due to mAKAP-bound PP2B, since no Ca®*/calmodulin was
included in the phosphatase assay buffer. Confirmation of these results was obtained by immunoblot
analysis of mAKAP immunoprecipitates. PP2A-C subunit, but not PP1 catalytic subunit, was detected
in mAKAP-specific immunoprecipitates (Fig. 18B & C).

[00248] Like PKA, PP2A associates with many cellular substrates and is expected to be present

in diverse intracellular compartments (Virshup 2000). Confocal fluorescent microscopy of cultured
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primary neonatal rat cardiomyocytes revealed that PP2A-C subunit is distributed throughout the
cytoplasm in a fine punctuate pattern (Fig. 17, green). As found previously, mAKAP was localized
primarily to the nuclear envelope (Pare, Easlick, et al. 2005). Consistent with the co-
immunoprecipitation of mAKAP and PP2A from adult rat heart extracts, overlap of PP2A and mAKAP
staining could be detected at the nuclear envelope (Fig. 17, composite image), supporting the model
that a localized signaling complex consisting of discrete pools of PP2A, PKA, and PDE4D3 and the
scaffold mAKAP is present in cardiac myocytes.

[00249] mAKAP residues 2083-2319 contain the PP2A binding domain. In order to map the
PP2A binding site on mAKAP, a bacterially-expressed PP2A-A subunit GST-fusion protein was used
to pull down GFP-tagged fragments of mAKAP expressed in HEK293 cells (Fig. 10A & B). GST-
PP2A-A consistently pulled down only fragments of mAKAP containing a domain C-terminal to
residue 2085. Both human and rat mAKAP GFP-fusion proteins bound GST-PP2A-A, including rat
mAKAP 1835-2312 and human 2085-2319. As a negative control, the GFP-mAKAP fusion proteins
did not bind PP1 in HEK?293 cells, consistent with the lack of co-immunoprecipitation of PP1 and
mAKAP from heart extracts (Fig. 18). To confirm the mapping of the PP2A binding site on mAKAP,
myc-tagged mAKAP fragments expressed in HEK293 cells were immunoprecipitated with a myc-tag
antibody and assayed for associated PP2A activity (Fig. 10C). mAKAP 1286-2312, but not mAKAP
1286-2083, co-immunoprecipitated with OA-sensitive phosphatase activity. Together, these data show
that PP2A binds a C-terminal site within mAKAP that is separate from the binding sites for PKA,
PDE4D3, and other known mAKAP-binding proteins (Fig. 10A).

[00250] mAKAP-anchored PP2A regulates PDE4D3 phosphorylation in the complex. Data
obtained using mAKAP complexes isolated from rat heart extracts implied that mAKAP-bound PP2A
regulated PDE4D3 in the complex (Fig. 8C). To test whether PP2A anchoring is required for PDE4D3
dephosphorylation, PDE4D3 was expressed in HEK293 cells and a mAKAP construct containing the
binding sites for PDE4D3, PKA and PP2A (myc-mAKAP 1286-2312), or a similar mAKAP construct
lacking the PP2A binding site (myc-mAKAP 1286-2083). The cells were stimulated with Fsk and OA,
and mAKAP complexes were subsequently isolated by immunoprecipitation. Phosphorylation of
mAKAP-bound PDE4D3 was assayed by immunoblotting with the Ser-54 phospho-specific antibody.
As was found upon expression of full-length mAKAP (Fig. 8A), phosphorylation of PDE4D3 bound to
myc-mAKAP 1286-2312 was detected only when phosphatase activity was suppressed by OA (Fig.
11A, lane 3). Notably, upon expression of myc-mAKAP 1286-2083 which lacked significant PP2A

-48-



Attorney Docket No. 4175-105PCT

binding (Fig. 11A, lanes 4-6), an increase in the baseline phosphorylation of mAKAP-bound PDE4D3
was detected (0.49 + 0.19 fold of the level obtained with OA; Fig. 11A, lanes 4 vs. 3). Moreover, upon
deletion of the PP2A binding domain, Fsk alone increased phosphorylation of the phosphodiesterase to
levels equivalent to that associated with PP2A-containing complexes treated with both Fsk and OA
(Fig. 11A, lanes 3, 5, & 6). The changes in PDE4D3 Ser-54 phosphorylation were mirrored by
changes in phosphodiesterase activity (Fig. 11B). PDE4D3 activity was 30% higher in myc-mAKAP
1286-2083 immunoprecipitates lacking PP2A than in complexes containing the phosphatase (bar 1 and
4). Importantly, no significant difference in PDE4D3 activity was seen between Fsk stimulation and
Fsk stimulation in the presence of OA for the complexes lacking PP2A (bars 5 and 6). These data
demonstrate the importance of PP2A anchoring for the regulation of PDE4D3 phosphorylation and
activity. Furthermore, they demonstrate that PP2A serves not only to attenuate PKA-activated
phosphodiesterase activity, but also to maintain a low basal level of PDE4D3 activity in unstimulated
cells.

[00251] mAKAP-bound PP2A holoenzyme containing B56 3 subunit is regulated by PKA. PP2A
holoenzyme is composed of three subunits, including a core A and C subunit heterodimer and a B
subunit that may target the holoenzyme to specific intracellular organelles (Virshup 2000). Three
closely related B-subunits have been identified that are expressed in the heart and are localized to the
nucleus, B569, B56y1 and B56y3 (Gigena et al. 2005; McCright et al. 1996). Recent work
demonstrated PP2A holoenzyme containing B569 is regulated by PKA phosphorylation (Ahn et al.
2007). Whether PP2A associated with mAKAP complexes might also be regulated by PKA activity
was tested. Native mAKAP complexes were immunoprecipitated from adult rat heart extracts and
assayed for associated phosphatase activity (Fig. 12A). mAKAP-associated phosphatase activity was
increased 2.5-fold by stimulation of bound PKA with the non-hydrolysable cAMP analog CPT-cAMP
(lanes 2 & 3). As controls, all immunoprecipitated phosphatase activity was inhibited by 10 nM OA
(lane 4), and the CPT-cAMP-stimulated increase in phosphatase activity was blocked by the addition of
the PKA inhibitor PKI (lane 5). Taken together, these data demonstrate that PP2A activity associated
with mAKAP complexes in the heart is potentiated by PKA-dependent cAMP signaling.

[00252] Because mAKAP-bound PP2A was regulated by PKA activity, whether mAKAP-bound
PP2A holoenzyme contained B560 subunit was tested. Protein complexes were immunoprecipitated
from adult rat heart extracts using B560 and control (IgG) antibody (Fig 12B). mAKAP was

consistently immunoprecipitated with the B560 antibody. In addition, Flag-tagged B560 was expressed

-49-



Attorney Docket No. 4175-105PCT

in HEK293 cells and showed that B568 was immunoprecipitated with a mAKAP antibody only when
co-expressed with (GFP-tagged) mAKAP (Fig. 12C). Finally, the binding of B566 to mAKAP was
shown to recruit PP2A-C subunit to the complex, because mAKAP complexes immunoprecipitated
from HEK?293 cell extracts were associated with greater phosphatase activity when GFP-mAKAP was
co-expressed with Flag-B566 (Fig. 12D, lanes 2 & 3). Based upon these results, B569 recruits the
PP2A-A/C core heterodimer to mAKAP complexes in the heart, conferring cAMP-dependent
phosphatase activity. Accordingly, elevation of intracellular cAMP with Fsk and the phosphodiesterase
inhibitor IBMX increased mAKAP-associated phosphatase activity in HEK293 cells, only when
mAKAP was co-expressed with B560 (Fig. 12E).

[00253] PKA Binding is required for cAMP-dependent PP2A activity in mAKAP complexes.
Previous work found that PKA phosphorylates B566 on four serine residues (53, 68, 81, 566), and Ser-
566 is suggested to account for the induction of PP2A activity (Ahn et al. 2007). Since mAKAP
complexes include both PKA and PP2A, association of these molecules into a complex appeared to be
important for PP2A phosphorylation, just as PP2A binding to mAKAP was required for PDE4D3 de-
phosphorylation (Fig. 11). To test this hypothesis, B56d was expressed in HEK293 cells with wildtype
full-length mAKAP or a full-length mAKAP mutant with an internal deletion of residues 2053-2073
comprising the PKA binding site (APKA, Fig. 13A) (Pare, Bauman, et al. 2005). Following stimulation
of the cells with Fsk/IBMX to elevate intracellular cAMP, mAKAP complexes were isolated by
immunoprecipitation, and the phosphorylation state of B563 was determined using a phospho-specific
antibody to B560 Ser-566 (Fig. 13A, top panel) (Ahn et al. 2007). B5608 phosphorylation was detected
only after FSK/IBMX treatment and only when B568 was co-expressed with wildtype mAKAP and not
the APKA mutant (Fig. 13A, lanes 2 & 6). As a control, equivalent expression of mutant and wildtype
mAKAP and B560 proteins was demonstrated by immunoblotting with non-phospho-specific
antibodies (Fig. 13A, middle and bottom panels). Additionally, wildtype mAKAP was co-expressed
with a mutant B560 form containing alanine residues at each of the four PKA substrate sites (S4A). As
expected, Fsk/IBMX stimulation did not induce phosphorylation of B560 S4A (Fig. 13A lane 4). Since
B560 phosphorylation increases PP2A catalytic activity, the mAKAP-antibody immunoprecipitates
were assayed for phosphatase activity (Fig. 13B). Consistent with the results obtained using the
phospho-specific B560 antibody, cAMP elevation increased phosphatase activity in mAKAP
complexes 1.7 fold (Fig. 13B, lanes 2 & 3). This increase required phosphorylation of B569, as
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complexes containing the S4A mutant showed no augmentation of PP2A activity by increased cAMP
(lane 5). Likewise, PKA binding to mAKAP was required to induce PP2A activity, as no increase was
obtained when B560 was co-expressed with the mnAKAP APKA mutant scaffold (lane 6). Interestingly,
the Fsk/IBMX-induced increase in mAKAP-associated PP2A activity was not due to increased PP2A-C
subunit binding to the mAKAP complexes (Fig. 13A, lanes 1 & 2). This result is in accord with an
earlier suggestion that B563 phosphorylation increases PP2A catalytic activity through conformational
changes that do not affect holoenzyme formation (Ahn et al. 2007).

[00254] PP2A regulates PDE4D3 phosphorylation in a PKA-dependent manner. The results
described above imply that PP2A dephosphorylation of PDE4D3 in B566-mAKAP complexes should
be enhanced by PKA-catalyzed phosphorylation of the phosphatase. To address the role of B56
phosphorylation in the regulation of PDE4D3, PDE4D3 and mAKAP were co-expressed with either
wild-type B560 or the B566 S4A mutant that is not responsive to PKA. Cells were stimulated with Fsk
before isolation of mAKAP complexes. As detected by phospho-specific antibody immunoblot and
enzymatic assay, Fsk-stimulation of PDE4D3 Ser-54 phosphorylation and phosphodiesterase activity
were only observed for mAKAP complexes containing wildtype B568 when PP2A was inhibited with
OA (Fig. 14A & B, 1-3), consistent with aforementioned data (Fig. 8). In contrast, expression of B56
S4A resulted in detectable Fsk-stimulated PDE4D3 phosphorylation (0.39 + 0.15 fold of Fsk/OA-
stimulated cells, Fig. 14A, lane 5) and a concomitant increase in phosphodiesterase activity (Fig. 14B,
lane 5), albeit not as strongly as when PP2A activity was directly inhibited by OA (Fig. 14A & B, lanes
3 & 6). Taken together with the results shown in Figs. 12 & 13, anchoring of a PKA-stimulated PP2A
holoenzyme is responsible for the attenuation of both basal and PKA-stimulated PDE4D3 activity in
the mAKAP signaling complex.

[00255] DISCUSSION

[00256] The results described herein define the biochemical mechanism for the
dephosphorylation and inactivation of PKA-phosphorylated PDE4D3 bound by the scaffold protein
mAKAP. A PP2A heterotrimer comprised of A-, C-, and B563-subunits binds a C-terminal site on
mAKAP distinct from the binding sites for other known mAKAP partners (Fig. 10). The association of
PP2A with the mAKAP scaffold is of functional significance in two important and novel ways. First,
by binding both PP2A and PDE4D3, mAKAP sequesters the phosphatase in close proximity to the
phosphodiesterase, allowing for efficient PDE4D3 de-phosphorylation and down-regulation (Fig. 11).
Second, by binding both PKA and PP2A, mAKAP promotes cAMP-dependent phosphorylation of the
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PP2A B560 subunit and induction of PP2A activity (Fig. 13). The relevance of multimolecular
signaling complex formation was evident upon expression of mAKAP mutants lacking binding sites for
PP2A and PKA.

[00257] The concept of phosphatase targeting to generate substrate specificity was first proposed
in the mid-1980’s with the identification of the glycogen-particle-associated protein as the first PP1-
targeting subunit (Bauman and Scott 2002). Since this initial observation, several other phosphatase
targeting motifs have been determined (Virshup 2000). AKAPs represent an important mechanism to
link phosphatases with their appropriate substrates, and several AKAPs bind protein phosphatases. It
has been recently published that mAKAP binds PP2B (calcineurin), and that this interaction is
important for PP2B-dependent NFATc3 activation in myocytes (Li et al. 2009). However, PP2B
binding to mAKAP does not appear to regulate PDE4D3, as inhibition of PP2B did not affect PDE4D3
Ser-54 phosphorylation or phosphodiesterase activity (Fig. 8). The present data support a unique role
for PP2A bound to mAKAP in dephosphorylation of the phosphodiesterase and, as a result, in the
control of local cAMP levels.

[00258] The overall role of phosphatases in regulating cellular cAMP concentration has yet to be
fully explored. In rat adipocytes, PP2A was found to regulate both PDE3B activity and phosphorylation
(Resjo et al. 1999). In addition to being phosphorylated by PKA on Ser-54, PDE4D3 is phosphorylated
on Ser-579 by MAP kinases, including by ERKS present in mAKAP complexes (Hoffmann et al. 1999;
Dodge-Kafka et al. 2005). Although PP1 does not appear to bind mAKAP (Fig. 9 and Fig. 18), PP1
may dephosphorylate PDE4D3 Ser-579 in other cellular domains, since the addition of purified PP1 to
isolated PDE4D3 decreased phosphorylation at this site. Phosphatase(s) are also responsible for the
dephosphorylation of mAKAP-bound PDE4D3 at Ser-579, as well as the second PKA site on PDE4D3,
Ser-16 (Carlisle Michel et al. 2004).

[00259] The anchoring hypothesis suggests that AKAPs function to target the actions of PKA
towards specific substrates by localizing both proteins to the same signaling complex. Herein is
demonstrated a new target for PKA in the mAKAP complex, the PP2A B566-subunit. Previous work
found phosphorylation of B568 stimulated PP2A activity and enhanced de-phosphorylation of DARPP-
32 (Ahn et al. 2007). In accordance with these results, stimulation of cardiac myocytes with [3-
adrenergic receptor agonists increases PP2A activity (De Arcangelis, Soto, and Xiang 2008). The
mAKAP scaffold may facilitate this event, as the association of the anchoring protein with both PKA
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and PP2A is important for the cAMP-enhanced increase in phosphatase activity (Figs. 11 & 13).
Hence, mAKAP has a role in the regulation of phosphatase activity in the heart.

[00260] Based upon these results, a model is proposed in which PP2A serves a dual role in
regulating cAMP levels near mAKAP signaling complexes (Fig. 15). First, PP2A in mAKAP
complexes should maintain PDE4D3 in a dephosphorylated, minimally active state in the absence of
GPCR stimulation (Fig. 15A), presumably allowing for a more rapid rise in cAMP levels in response to
agonist. Second, following induction of activating cAMP levels by GPCR stimulation, PKA will
phosphorylate both PDE4D3 and PP2A (Fig. 15B). In contrast to the negative feedback on cAMP
levels mediated by enhanced PDE4D3 phosphorylation, PKA phosphorylation of PP2A opposes
PDEA4D3 activation. By inhibiting PDE4D3 phosphorylation, PP2A presumably potentiates and
prolongs the actions of local cAMP as part of a positive feedback loop. Thus, in conjunction with the
potential inhibition of PDE4D3 by mAKAP-bound ERKS that has been previously described (not
illustrated) (Dodge-Kafka et al. 2005), the mAKAP signaling complex is poised to finely regulate local
cAMP levels both by multiple feedback loops intrinsic to the complex, as well as by crosstalk with
upstream MAPK signaling pathways. It has been observed that PP2A expression and intracellular
localization are altered in heart failure (Reiken et al. 2001; Ai and Pogwizd 2005). Whether PP2A-
mediated positive feedback or PDE4D3-mediated negative feedback predominately controls cAMP
levels local to mAKAP complexes may ultimately depend both on the stoichiometry of PP2A binding
to mAKAP and the relative rates of PDE4D3 phosphorylation and dephosphorylation by PKA and
PP2A in disease states.

[00261] The present examples demonstrate a novel mechanism by which the scaffold protein
mAKAP maintains dynamic regulation of anchored PDE4D3 activity through the association with
PDE4D3, PKA and PP2A. Each of the three enzymes plays an important role in the temporal control of
cAMP concentration in the vicinity of perinuclear mAKAP complex. This intricate regulation of local
cAMP by the mAKAP “signalosome” represents a broader role for AKAPs and phosphatase in the
control of cAMP compartmentation.

[00262] EXAMPLE 4

[00263] Use of PBD as a treatment for HFrEF

[00264] Heart failure, the common end-stage for cardiac disease, is a syndrome of major public
health significance, affecting 6.5 million Americans, including 960,000 new cases each year (Benjamin

et al. 2017). Symptomatic heart failure patients can be divided almost evenly into those with reduced
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(HFrEF) and those with preserved ejection fraction. First-line therapy for heart failure includes
angiotensin-converting enzyme (ACE) inhibitors and (-adrenergic receptor blockers (B-blockers) that
at least for HFrEF can improve survival and quality of life, as well as reduce mortality (Ponikowski et
al. 2016). Despite these and other adjunct therapies, however, 5-year mortality remains about 50% for
heart failure (39% in a 2016 post-myocardial infarction study) (Benjamin et al. 2017; Gerber et al.
2016), necessitating the discovery of new therapeutic approaches. Phosphorylation of SRF represents a
novel mechanism regulating the transition from compensated hypertrophy to the dilated, failing heart in
HFrEF.

[00265] As discussed above, expression of SRF S103D both in vitro and in vivo will promote
concentric myocyte hypertrophy. In addition, expression of the PP2A anchoring disruptor PBD
attenuated the eccentric hypertrophy induced by Iso-treatment of cultured adult myocytes (Fig. 20).
These results suggest that SRF S!% phosphorylation drives growth in width, while attenuating any
elongation of the cardiac myocyte. Given these results and the association of SRF dephosphorylation
with systolic dysfunction induced by long term pressure overload (data not shown), restoration of
normal or increased SRF phosphorylation will prevent the ventricular dilatation resulting in HFrEF in
diseases of chronic pressure overload and ischemic heart disease.

[00266] Mechanisms that induce “compensatory” concentric hypertrophy early in heart disease
predispose the heart to later systolic dysfunction and eventual failure (Schiattarella and Hill 2015). In
this regard, targeting of RSK3-mAKAP complexes will attenuate cardiac remodeling due to pressure
overload and prevent heart failure (Kritzer et al. 2014; Li, Kritzer, et al. 2013). While inhibition of
signaling pathways that induce remodeling, including concentric hypertrophy, may be desirable early in
disease, the question remains whether efforts to maintain signals promoting concentric and attenuating
eccentric myocyte hypertrophy would preserve cardiac volumes and contractility when initiated when
the heart is at a stage in the disease process characterized by the eccentric growth and ventricular
dilatation leading to HFrEF. Accordingly, maintaining SRF phosphorylation is a strategy to block the
eccentric changes in ventricular morphology that typify end-stage disease and HFrEF. The fact that
maintaining SRF phosphorylation is a strategy to block the eccentric changes in ventricular
morphology that typify end-stage disease and HFrEF is further supported by new observations by the
present inventors that SRF phosphorylation is increased in mice subjected to acute pressure overload
and reduced in mice and humans undergoing ventricular dilation. Phosphorylated SRF was increased

28% 1in total left ventricular extracts (which includes about one-third myocytes by cell number) within
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5 minutes after induction of pressure overload (Fig. 33 A,B), when RSK3 activation, as detected by
S?!® phosphorylation, was increased 1.9-fold (Fig. 33 C). Remarkably, 16 weeks after transverse aortic
constriction surgery, when the hearts were dilated and the mice were in heart failure (Fig. 33 D),
phosphorylated SRF was suppressed 30% below that present in sham-operated controls (Fig. 33E).
These results are consistent with a phosphatase being responsible for dephosphorylating SRF during
the induction of eccentric hypertrophy, opposing RSK3-catalyzed phosphorylation. The relevance of
these findings to human disease was assessed using patient tissue samples. When compared to SRF
Ser!® phosphorylation in left ventricular tissue from patients with normal left ventricular interior
diameter, SRF Ser'%* phosphorylation in patients with dilated hearts was reduced 53% (p = 0.005, Fig.
33F-H).

[00267] Improved ventricular geometry, i.e., decreased LV internal diameters due to less
elongated myocytes and/or increased LV wall thickness due to wider myocytes, will decrease wall
stress (Law of LaPlace) and improve systolic function in the heart prone to HFrEF. The prevention of
systolic dysfunction has been obtained for a new AAV gene therapy vector based upon expression of
the mAKAPp-derived PBD (Fig. 22).

[00268] Treatment of Myocardial Infarction. Coronary heart disease is a leading cause of HFrEF
(Writing Group et al. 2016). 8-week old C57BL/6 WT mice were subjected to permanent LAD ligation
or sham thoracotomy. Two days post-operatively, heart function was evaluated by echocardiography
and the mice were randomized by EF and body weight (Fig. 23B). Two cohorts of mice to be treated
with either AAVsc.myc-PBD (n = 8) or AAVsc.GFP (n=5) were defined that had average ejection
fraction = 34% 2-days after LAD ligation (Fig. 23D). Mice were injected via the tail vein 3 days post-
operatively with 5x10'! vg. While control GFP mice exhibited progressively decreased ejection fraction
(EF to 21%), PBD mice exhibited long term restoration of systolic function (EF at 8 weeks post-
operatively = 43%; p <0.0001). In addition, AAVsc.myc-PBD treated mice had reduced left
ventricular volumes consistent with improved cardiac function (systole - 69 ul for PBD vs 156 ul for
GFP, p <0.001; diastole - 118 pl vs.192 ul; p <0.001). At end-point, gravimetrically, ventricular and
atrial hypertrophy were reduced (p = 0.053 and 0.024, respectively, indexed to tibial length, Fig. 23C),
and pulmonary edema, a sign of heart failure, tended to be improved (p = 0.078). These results
demonstrate that PP2A anchoring disruptor therapy, that displaces PP2A from mAKAP where it can
dephosphorylate SRF, constitutes a novel therapeutic approach for the prevention of heart failure with

reduced ejection fraction in ischemic heart disease.
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[00269] Methods:

[00270] General Method for Ligation of the Left Coronary Artery: The mice were anesthetized
with 5% isoflurane for induction and then 2.5-3% for maintenance. Orotracheal intubation was
performed using a 16G catheter, and the mouse then ventilated mechanically using a minivent
ventilator. The skin over the site of left lateral thoracotomy was prepped and draped in sterile fashion
using providone-iodine 10% solution. A heating pad was used to keep mice warm during procedures to
prevent heat loss. Surgically sterile non-medicated ophthalmic ointment was applied to the eyes
preoperatively to prevent corneal drying. Surgery was performed under microscope view. Once
adequate sedation was achieved, the chest was opened via left lateral thoracotomy at the fourth
intercostal space. If muscle bleeding was present, hemostasis was achieved by the using a thermal
cauterizer (e.g. fine tip Bovie). A 3 mm retractor was used to separate the ribs. Following
pericardiotomy, the left coronary artery was ligated with a 7-0 prolene suture to produce an anterior
MI. The chest was closed in 3 layers with 5-0 absorbable suture (muscle) and silk 6-0 (for 2 ligatures
in the ribs and for the skin). Buprenorphine slow release (Bup-SR-LAB) 0.5-1 mg/kg s.c. was
administered in a single dose immediately after surgery to control pain for 72 hr. Fluid replacement
was administered immediately after surgery (e.g. Sterile saline solution 0.9%, IP). The mice were
allowed to recover until alert and active. Sham-operated mice that experience all but the placement of
the coronary artery ligature served as controls.

[00271] Echocardiography: Mice minimally anesthetized with 1-2% isoflurane were studied
using a Vevo 2100®, High-Resolution Imaging System (VisualSonics). M-mode images were obtained
for mice under anesthesia at various time-points. Posterior wall and anterior wall diastolic and systolic
thicknesses and left ventricular cavity end-diastolic (LVEDD) and end-systolic diameters (LVESD)
were measured, permitting estimation of LV volumes, fractional shortening and ejection fraction.
[00272] The patent and scientific literature referred to herein establishes the knowledge that is
available to those with skill in the art. All United States patents and published or unpublished United
States patent applications cited herein are incorporated by reference. All published foreign patents and
patent applications cited herein are hereby incorporated by reference. All other published references,
documents, manuscripts and scientific literature cited herein are hereby incorporated by reference.
[00273] While this invention has been particularly shown and described with references to
preferred embodiments thereof, it will be understood by those skilled in the art that various changes in

form and details may be made therein without departing from the scope of the invention encompassed
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by the appended claims.
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WHAT IS CLAIMED IS:

16:1. A composition comprising a nucleic acid that encodes a molecule that has at least 80%

sequence identity to amino acids 2132-2319 of mAKAP or a fragment thereof, or has at least 80%
sequence identity to SEQ ID NO:9, SEQ ID NO:11, SEQ ID NO:12, or SEQ ID NO:14 or a fragment
thereof, wherein the molecule inhibits the anchoring of PP2A to mAKAP _and inhibits the
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dephosphorylation activity of protein (serine-threonine) phosphatase 2A (PP2A), resulting in a

maintained level of phosphorylation on serum response factor (SRF).

19:2. The composition of Claim 471, eomprisingafragment-of-wherein the molecule is amino acids
2132-2319 of mAKAP _or a fragment thereof.

22.3.  AThe composition_of Claim 1 or 2, wherein the nucleic acid is in-cemprising a vector-that

28-4. The composition of Claim 223, wherein the vector is adeno-associated virus (AAV).

3. The composition of Claim 1, wherein the molecule has at least 90% sequence identity to SEQ
ID NO:9, SEQ ID NO:11, SEQ ID NO:12, or SEQ ID NO:14 or a fragment thereof.

6. The composition of Claim 5, wherein the molecule is SEQ ID NO:9, SEQ ID NO:11, SEQ ID
NO:12, or SEQ ID NO:14 or a fragment thereof.

1. The composition of Claim 6, wherein the molecule is SEQ ID NO:9, SEQ ID NO:11, SEQ ID
NO:12, or SEQ ID NO:14.

8. The composition of Claim 1, wherein the molecule has at least 90% sequence identity to amino

acids 2132-2319 of mAKAP or a fragment thereof.

9. The composition of Claim 8, wherein the molecule is amino acids 2132-2319 of mAKAP or a

fragment thereof.

10.  The composition of any one of Claims 1 to 9 for use as a medicament.
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11. Use of the composition of any one of Claims 1 to 9 in the manufacture of a medicament for the

treatment or prevention of heart failure with reduced ejection fraction in a patient, wherein the

medicament is to be administered to the cardiac cells of the patient.
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