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ABSTRACT

Rationale: The pathogenesis and progression of pressure-overload heart failure (HF)
encompasses aberrations in gene regulation, leading to maladaptive cardiac hypertrophy,
ventricular remodeling, and contractile dysfunction. The trigger for maladaptation and HF
is signaling through the G protein, Gq, and one downstream effector for this pathway is
activation of non-canonical activity of G protein-coupled receptor kinase-5 (GRKS). This
kinase, following hypertrophic stimuli, can translocate and accumulate in the nucleus of
cardiomyocytes. The nuclear targeting of GRKS is mediated by an amino-terminal (NT)

domain that can bind calmodulin (CaM), which is required before its nuclear translocation.

Objective: This study attempted to thwart GRKS5-mediated pathology in pressure-overload
maladaptation and HF by cardiomyocyte expression of a peptide encoding the NT of GRKS

(GRK35nt) that includes this CaM binding domain.

Methods and Results: In vitro studies in myocytes showed that Gqg-coupled receptor

mediated hypertrophy was abrogated with GRKS5nt expression and this included
attenuation of pathological gene expression and NFAT activity. We confirmed that the
GRK5nt binds to Ca**-CaM, prevents its association with endogenous GRKS5, and prevents
its nuclear translocation. We generated cardiac-specific GRK5nt transgenic mice and
showed in vivo that expression of this peptide prevents hypertrophic nuclear translocation
of GRKS5 and these mice exhibit significantly less cardiac hypertrophy, ventricular
dysfunction, pulmonary congestion, and cardiac fibrosis following chronic transverse

aortic constriction.



Conclusions: Together our data support a role for GRK5nt as an inhibitor of pathological

nuclear GRKS signaling for HF prevention.
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CHAPTER 1
CARDIAC PHYSIOLOGY AND PATHOPHYSIOLOGY

Heart Failure and Cardiac Remodeling

Cardiovascular disease (CVD) is the leading cause of mortality globally,
accounting for approximately 18 million deaths in 2016 (Benjamin et al., 2019). CVD is
an umbrella term encompassing heart failure (HF), atherosclerosis/arterial disease,
hypertension, and stroke. Among cardiovascular diseases, HF constitutes a significant
public health concern, with over 6 million Americans hospitalized for the disease
(Benjamin et al., 2019). This statistic is projected to increase in parallel to an aging
population and rise in metabolic syndrome rate. Economically, HF constitutes
approximately $30 billion in total health care costs circa 2010, and this figure is projected
to increase to ~$70 billion by 2030 (Benjamin et al., 2019). Of particular concern for
clinicians, despite improvements in evidence-based therapy, the rate of 5-year mortality
for HF has either decreased slightly or plateaued, depending on patient demographics.
Furthermore, in general, HF is a substantial component of total mortality among patients,
with HF being listed on the death certificate of 1 in 8 deaths in the United States

(Benjamin et al., 2019).

HF is a complex clinical syndrome characterized by a reduced capacity of the
heart to supply oxygenated and nutrient-rich blood systemically at a rate commensurate
with the metabolizing tissues. The pathogenesis of HF is complex, with multiple possible
etiologies that work in different ways to produce a wide variety of clinical phenotypes for
HF or cardiomyopathy. Common risk factors for HF include age, obesity, hypertension,
diabetes mellitus, and genetic mutations. While the exact presentation of HF varies
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widely from patient to patient, there are specific unifying features of the syndrome. A
unifying feature of HF is the inability of the heart to properly perfuse the body with
blood. Clinically, this can be measured as a reduction in cardiac output (CO), defined as
volume of blood leaving the heart per minute. The reduction in CO can be due to a
reduction in contractile ability of the heart, which reduces the proportion of blood leaving
the left ventricle to the systemic circulation with each beat (defined as ejection fraction,
or EF). This presentation is termed HF with reduced ejection fraction (HFrEF). A
reduction in perfusion can also occur with an impairment of the ability of the heart to
relax and fill with blood before contraction. Due to a reduced starting volume of blood,
the ejection fraction appears normal in patients with impaired relaxation, however the
total volume of blood leaving the heart with each pump (stroke volume) is reduced, and
the CO of these patients is also reduced. This presentation is termed HF with preserved
ejection fraction (HFpEF). In addition to the definitions of HF based on clinical
measurements, HF can also be distinguished by whether it ischemic or non-ischemic.
Vascular disease such as atherosclerosis can lead to a decrease in blood supply to the
heart itself. In an acute event, an arterial plaque in the heart can rupture, leading to
complete occlusion of a vessel supplying the heart. This event is termed a heart attack, or
myocardial infarction (MI). All tissue supplied by the blocked vessel is at risk for cell
death due to withdrawal of oxygen and nutrients (ischemia). This directly impairs the
total strength of the heart, and can lead to HF. More chronic etiologies, such as obesity,
hypertension, etc., can lead to progressive systemic strain on the heart muscle, leading to
weakening of the heart despite the heart being adequately suppled with oxygen and

nutrients. This condition is termed non-ischemic HF.



HF can be roughly subdivided into stages of clinical presentation. As a response
to decreased CO, the body signals the brain and the kidneys respond to decreased
perfusion to increase the contraction force and rate of the heart, and increase blood
volume, respectively. Initially, these adaptations are compensating, wherein the function
of the cardiovascular system is maintained by these alterations in physiology. However,
over time, the weakness of the heart muscle is unable to sustain function despite the best
efforts of the global physiology to maintain perfusion, and several of the initially adaptive
physiological events become maladaptive and decompensating, and contribute to
exacerbated cardiac dysfunction. A principal hallmark of the progression to HF is a

maladaptive structural remodeling of the heart, which is termed adverse remodeling.

Despite etiology, a major contributor to the pathogenesis and progression of HF is
structural remodeling. The cardiomyocytes of the heart are generally considered post-
mitotic, with a renewal rate of <1%, and less than 50% turnover of cardiomyocytes over a
life time (Bergmann et al., 2009). As a result, the damaged heart cannot rely on
proliferation of myocytes for replacement of damaged tissue. Instead, the heart relies on
cardiomyocyte hypertrophy and fibrosis. Fibrosis is the process which, in response to
either acute or chronic insult, fibroblasts in the heart differentiate to a hyper-secretory
state and begin to deposit extracellular matrix (ECM) and collagen (Spinale et al., 2007).
The deposition of ECM is a maladaptation that leads to decreased compliance, electrical
disruption, and decreased cardiac function (Spinale et al., 2007). Another process by
which the heart attempts to normalize decreased systemic perfusion by the heart is
cardiac hypertrophy. The body senses a decreased perfusion of metabolizing tissues and

coordinates a neurohormonal response to increase chronotropy, but also initiates a



cascade of signaling that drives the physical growth of the cardiomyocytes. Transcription
and translation are increased in parallel to support the growth of the myocyte, and
contractile units of the cardiomyocyte (sarcomeres) are added in parallel or in series to
promote increased contraction of the heart (Spinale et al., 2007; van Berlo et al., 2013).
Initially, this growth is adaptive and is able to compensate for the initial decrease in CO
(van Berlo et al., 2013), in what is termed compensating hypertrophy. However, this
increase in overall heart mass due to hypertrophy independently contributes a burden on
the energetics and function of the heart, and becomes maladaptive in what is termed
decompensating hypertrophy, wherein the growth of the heart is no longer able to sustain

the systemic perfusion of metabolizing tissues (Burchfield et al., 2013).

The result of both of these processes is a change in the structure of the heart.
Depending on etiology, hypertrophy and fibrosis can lead to dilation of the left
ventricular (LV) chamber, and thickening or thinning of the walls of the heart. Despite
the exact structural remodeling, in general, HF remodeling contributes to exacerbated
cardiac dysfunction and drives the progression of HF in patients. As such, there is great
interest in pursuing therapies that can target either fibrosis or hypertrophy in a manner
that prevents maladaptation and decompensation, while preserving the necessary amounts

of either process to support the weakened heart in response to stress.

Cardiomyocytes

The heart consists of several cell types that support its function. The major cell
types in the heart are cardiomyocytes, which constitute 25-35% of the total cellularity of
the heart, and approximately 70% of its volume; fibroblasts, which constitute <20% of

the cellularity of the heart; and endothelial cells, which comprise ~60% of the cells of the
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heart (Pinto et al., 2016). Endothelial cells contribute to the formation of blood vessels
and capillaries of the heart. Fibroblasts provide a major role in the structural scaffold of
the heart and adaptive ECM maintenance, both in homeostasis and disease.
Cardiomyocytes are the functional contractile cells of the heart, providing the basis for
the overall physiology of the heart as a major node of the circulatory system.
Cardiomyocytes respond to electrical, ionic, and neurohormonal stimulation and engage
in contraction followed by relaxation. The global force generated in the coordinated
contraction of cardiomyocytes within the ventricle provides the impetus for ejection of
blood through the systemic circulation, supplying the metabolizing tissues with oxygen
and nutrients. In accordance with a complex function, cardiomyocytes are structurally

and energetically complex cells.

Physiologically, a subset of cardiomyocytes called pacemaker cells in the
sinoatrial node of the atrium are non-contractile and capable of auto-generating an action
potential through leaky channels called funny channels, or more specifically, HCN
channels (Kozasa et al., 2018). These channels prevent pacemaker cells from having a
true resting potential; instead these cells constantly cycle through approaching a critical
threshold for depolarization. The HCN channels allow a flux of sodium (Na*) ions into
the cells, which increases the membrane potential to a level sufficient for opening of
calcium channels, which leads to a further increase in membrane potential
(depolarization). This depolarization constitutes an electrical signal that travels from
cardiomyocyte to cardiomyocyte in the atria through gap junctions (Kozasa et al., 2018).
This depolarization leads to contraction of the atria and priming of the pacemaker cells in

the atrioventricular node (AV node). The AV node slows the propagation of the SA-node



wave of depolarization to allow for complete contraction of the atria into the ventricles.
Following this process, the AV node pacemaker cells send a wave of depolarization down
a collection of fibers known as the bundle of His in the interventricular septum. These
fibers branch into left and right branches at the apex of the heart, and the fibers extend up
the walls of the ventricles, where they are termed Purkinje fibers, to spread the electrical
signal throughout the heart (Kozasa et al., 2018). In conjunction with this electrical
conduction system, there are the major contractile cardiomyocytes that respond to these

stimuli and coordinate global contraction of the heart.

Contractile cardiomyocytes form the basis of the cardiac cycle. These cells are
typically mono-nuclear when developed, and possess all of the organelles typical of
eukaryotic cells. In addition to the typical structural components, the cardiomyocyte has
distinct structural properties that underlie its function. The plasma membrane of the
cardiomyocyte is termed the sarcolemma, and is the site where gap junctions and ECM
attachments are made to help structurally couple the network of cardiomyocytes in the
tissue (Walker et al., 1999). On the sarcolemma are a series of ion channels that regulate
the electrophysiological properties of the myocyte as a contractile cell. There are fast
sodium channels, which respond to depolarization spread through gap junctions to lead to
an initial membrane depolarization. This depolarization opens chloride and potassium
channels, which lead to an initial re-polarization. In series with this, slow calcium
channels called L-type calcium channels open and prolong the depolarized state of the
cardiomyocyte, in what is termed a plateau phase, followed by a final repolarization due

to potassium channels (Walker et al., 1999).



During the plateau phase of the electrical conductance of the myocyte, other
structures of the cardiomyocyte become critically important for translating the electrical
signal to a contractile output. The L-type calcium channels (LTCC) that initiate the
plateau phase are localized in large part in invaginations of the sarcolemma called T-
tubules. These invaginations are critically important as they are physically apposed with
the internal structure of the cardiomyocyte known as the sarcoplasmic reticulum (SR)
(Kocksamper et al., 2016). The sarcoplasmic reticulum is a specialized organelle in
cardiomyocytes that in part regulates cytosolic calcium dynamically to support
contraction. Calcium influx into the cell through the LTCC on the T-tubules is physically
coupled to ryanodine receptors (RyR) on the SR. The RyR responds to the LTCC flux of
calcium by opening and releasing more calcium from the SR into the cytosol. This
process is known as calcium-induced calcium release (CICR). This elevation in cytosolic
calcium triggers contraction by binding to proteins on the contractile apparatus of the
cardiomyocyte, shifting their conformation and supporting contraction. Following release
of SR calcium, an uptake ion channel in the SR known as the sarcoplasmic reticulum
ATPase (SERCA) is activated, which pulls calcium back into the SR, effectively
terminating the CICR process. Regulatory proteins in the SR and mitochondria are
involved in adapting CICR for chronicity and in the context of pathophysiology (Eisner
et al., 2013). The electrical and ionic signaling is cyclical and ultimately serves the
purpose of causing a physical temporal shift in the cardiomyocyte, which globally
constitutes contraction (Figure 1). The basis of this translation from electrical input to

physical output is the cardiac sarcomere.



The basis of the cardiomyocyte as a muscle cell (myocyte) is the presence of
contractile units, or sarcomeres. Sarcomeres are highly organized and modified
cytoskeletal structures. Consisting basally of filaments of actin and myosin, the pattern of
these proteins allows for sliding of myosin across the actin, which shortens the
sarcomere. In addition to actin and myosin, a protein called tropomyosin wraps around
the actin, in part preventing binding of myosin. Furthermore, proteins called troponins are
also in complex with tropomyosin and actin (Figure 2). Troponin I maintains the
tropomyosin-actin complex in a state that is inaccessible for myosin binding. Troponin T
binds to actomyosin, anchoring the tropomyosin-troponin complex. Finally, troponin C
responds to calcium in the cytosol, principally responding to CICR. The binding of
calcium to troponin C shifts the conformation of the troponin-tropomyosin along the actin
filaments, increasing the affinity of myosin for its binding sites on the actin filaments.
This process is also regulated by the intrinsic ATPase activity of myosin. ATP in the cell
binds to the head of myosin, which prevents its binding to the actin filaments. Intrinsic
ATPase activity of the myosin head slowly hydrolyzes its bound ATP to ADP. In the
ADP-bound state, myosin is capable of binding to open actin binding sites on the actin
filaments, which bends the myosin. Shortly following binding, ADP and phosphate are
released, and the myosin bends even further and pulls the actin filaments, in what is
known as the power stroke. Following ADP/phosphate release, a new ATP binds the
myosin head, which releases it from the actin, allowing for relaxation of the sarcomere

and priming a new cycle of contraction (Kocksamper et al., 2016).



Cardiomyocyte Hypertrophy

A major component of cardiac remodeling and response to insult is hypertrophy.
Cardiac hypertrophy is the process by which the heart, in response to stress, grows in size
to normalize wall stress (Laplace’s Law) and increases sarcomere content to adapt to
stress and maintain CO. In vivo, hypertrophy can be visualized by measuring the
thickness of the walls of the heart, or the overall length of the heart. Two major forms of
cardiac hypertrophy are concentric hypertrophy and eccentric hypertrophy. Both
processes involve an increase in heart mass, but in concentric hypertrophy, sarcomeres
are added in parallel, which contributes to an increase in the thickness of the walls of the
heart. In eccentric hypertrophy, sarcomeres are added in series, which contributes to
lengthening of the heart and either no change in wall thickness, or a decrease in wall
thickness (Adams et al., 1998). Underlying the global increase in heart mass is individual

cardiomyocyte hypertrophy.

On a cellular level, the cardiomyocyte responds to stress and neurohormonal
input to increase its size to support the demands of the metabolizing tissues. Crucial to
this process is the cell coordinating and supporting a total increase in biomass. This
occurs principally at the level of gene transcription. Early work characterizing
hypertrophy in rats found that following aortic constriction, there is a gradual increase in
RNA to DNA ratio and RNA polymerase activity, suggesting increased transcription
(Kako et al., 1972). Furthermore, it was observed that the ratio of protein to DNA was
also increased. Further work has elucidated that there is an increased translation rate
associated with increased protein to DNA ratio, due to an increase in the activity of the

ribosomal assembly components (Hannan et al., 2003). Trophic stimulus leads to



phosphorylation of 4E-binding protein 1, which releases its inhibition on elongation
initiation factor 4E. In parallel, phosphorylation of the ribosomal protein S6 by S6 kinase
1 occurs, which leads to an increase in the translation of 5’-terminal oligopyrimidine tract
(5’ TOP) messenger RNAs endoding translation factors and ribosomal proteins (Hannen
et al., 2003). This early production of genes involved in ribosome assembly and
translation rate supports the increased demand for protein content in the cardiomyocyte
due to stress. In addition to increased translation efficiency, there is also an overall
increase in ribosome content in cardiomyocytes responding to hypertrophic stress
(Brandenburger et al., 2001). These molecular events are coordinated by a complex series

of parallel signaling pathways.

Underlying the growth of the cardiac myocyte is alterations in cell signaling
pathways. These pathways can be activated by neurohormonal input, mechanical stress
on the cardiomyocytes, or through autocrine signaling. The varying etiologies of HF, e.g.
diabetes, obesity, hypertension, etc., all create systemic responses that coordinate
extracellular signals to the cardiomyocyte. A major class of receptors responsible for
transducing the hypertrophic response in cardiomyocytes are the G-protein-coupled
receptors (GPCRs). These 7-transmembrane receptors couple to intracellular
heterotrimeric G-proteins. Upon stimulation, GPCRs undergo a conformational change
that activates their coupled G-proteins. A downstream signaling pathway is activated
dependent on the G-protein family member coupled to the specific GPCR (Sato et al.,
2015). G-proteins are defined by their activity and effector targets of their a-subunit, and
the major Ga-proteins in the heart are Gaq and Gas. The Gaq pathway has been studied

extensively for its role in hypertrophy, both in the mouse and in isolated cardiomyocytes.
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In the isolated cardiomyocyte, constitutively active Gaq expression leads to robust
hypertrophy and the induction of slow and chronic apoptosis. Conversely, inhibition of
Gaq by expression of a Gaq inhibitor peptide prevents hypertrophy in neonatal rat
cardiomyocytes in response to pharmacological hypertrophic stress (Adams et al., 1998).
These results have also been shown in vivo, where potentiation or inhibition of Gaq
signaling promotes or inhibits hypertrophy in mice, respectively (D’Angelo et al., 1997;
Akhter et al., 1998; Esposito et al., 2001; Wettschureck et al., 2001). Therefore, Gaq
activation is the most critical upstream nodal regulator of compensatory and pathological
cardiac hypertrophy. Hypertrophic ligands in vivo known to activate Gag-coupled
GPCRs include angiotensin II, endothelin I, and phenylephrine (Frey et al., 2004)
Downstream of Gaq is an increase in cytosolic calcium due to opening of the inositol
triphosphate receptor (IP3R) in the endoplasmic reticulum (Sato et al., 2015). This rapid
Gag-mediated spike in cytosolic calcium signaling acts as a major nodal point of the

cardiomyocyte hypertrophic response.

An elevation in cytosolic calcium leads to binding of the calcium (Ca®*) ions to a
major calcium sensor, calmodulin (CaM). The binding of calcium to CaM alters its
conformation and allows it to bind to a multitude of downstream effectors. Critical
downstream effectors of CaM in the cardiomyocyte are CaM kinase II (CaMKII) and the
phosphatase calcineurin. Activation of CaMKII in cardiomyocytes leads to
phosphorylation of histone deacetylase 4 (HDAC4), leading to its nuclear export, which
alters gene transcription (Backs et al., 2006). Furthermore, hypertrophic gene expression
in the cardiomyocyte is de-repressed by CaMKII through a mechanism that involves

prevention of PKA-mediated proteolysis of HDAC4 (Backs et al., 2006; Backs et al.,
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2011). The phosphatase calcineurin is also activated by calcium-CaM binding.
Canonically, calcineurin acts to de-phosphorylate the hypertrophic transcription factor
nuclear factor of activated T-cells (NFAT), which leads to its nuclear import and

facilitation of hypertrophic gene transcription (Heineke et al., 2006).

Early work characterizing calcineurin’s role in cardiac hypertrophy showed that
overexpression of calcineurin in the hearts of mice promotes fetal gene expression and
significant cardiac hypertrophy compared to wild-type mice (Molkentin et al., 1998). In
the cardiomyocyte, activation of calcineurin leads to de-phosphorylation and nuclear
accumulation of NFAT, where it binds to a co-factor transcription factor GATA4 and
binds NFAT response elements in the promoters of pro-hypertrophic genes, including
brain natriuretic peptide (BNP), and increases transcription of NFAT target genes
(Molkentin et al., 1998). In agreement with the data showing that increased calcineurin
levels and activity promotes hypertrophy, pharmacological or peptide inhibition of
calcineurin attenuates hypertrophy in vivo and in isolated cardiomyocytes (Sussman et

al., 1998; De Windt et al., 2001).

The downstream effector of calcineurin is the transcription factor NFAT. In
agreement with data showing a crucial role for calcineurin in the cardiomyocyte in the
context of hypertrophy, manipulation of NFAT also has an important role in potentiating
the hypertrophic response. Ablation of different family members of the NFAT family, i.e.
NFATc2, NFATc3, or NFATc4, have varying effects on hypertrophic response, with
NFATc2 and NFATc3 being required for growth in the context of pharmacological or
surgical hypertrophic stress (Wilkins et al., 2002; Bourajjaj et al., 2008). Another

transcription factor shown to be involved in hypertrophic response is nuclear factor of
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activated B cells (NF-kB). Activation of mitogen activated protein kinase (MAPK)
cascades coordinate the activation of NF-kB (Karin, 1999). Furthermore, in the
cardiomyocyte and in vivo, inhibition or ablation of one of the NF-kB proteins, p65, leads
to a reduction in hypertrophic response and in HF in mouse models (Li et al., 2004;
Kawano et al., 2005; Freund et al., 2005). Furthermore, the transcription factors NF-kB
and NFAT are inter-related, as ablation of p65 led to decreased activation of NFAT, and
constitutive activation of p65 lead to NFAT nuclear translocation and increased NFAT
activity (Liu et al., 2012). While signal-induced translocation of transcription factors is a
mechanism by which hypertrophic signals are coordinated, another major mechanism of
hypertrophic programming of the cardiomyocyte is through regulation of chromatin, i.e.

epigenetic regulation of gene expression.

In the cardiomyocyte, as in all cells, the genome is tightly packed into the nucleus
through wrapping around arrangements of histone proteins in bundles called
nucleosomes. The total entity comprising nucleosomal proteins and DNA is termed
chromatin. Gene expression is regulated in part through how tightly the histone proteins
are bound to the DNA and how close individual nucleosomes are packed. Regions of
chromatin that are more loosely packed facilitate gene transcription by increasing the
spatial availability of DNA for the transcription machinery and transcription factor
binding. The packing state of chromatin is highly regulated by extensive post-
translational modification (PTM) of the core nucleosomal histone proteins (Heineke et
al., 2006). A major PTM involved in regulating the accessibility of chromatin is
acetylation. Acetylation of histones can either increase or decrease the openness of the

chromatin. A major enzyme class that regulates the acetylation of histones are the class II
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histone deacetylases (HDACs). Extensive work has characterized that there is a crucial
role for the class I HDACs in cardiomyocyte hypertrophy. Histone deacetylase 4
(HDACA4) has been shown to be involved in repression of myocyte enhancer factor 2
(MEF2), and in the hypertrophic cardiomyocyte, HDAC4 is exported from the nucleus,
where it can no longer exert its repression on hypertrophic transcription factors (Miska et
al., 1999; Lu et al., 2000; Backs et al., 2006; Backs et al., 2011). The regulation of the
MEF?2 transcription factor in hypertrophy is crucial, as MEF?2 is specific to myocytes, and
is bound to the promoters of several cardiomyocyte-specific genes. MEF2 is also
involved in the activation of the fetal gene program. In addition to HDAC4, HDACS is
also an HDAC that regulates cardiomyocyte hypertrophic chromatin remodeling.
Hypertrophic signaling in the cardiomyocyte leads to protein kinase C/D (PKC, PKD)-
dependent nuclear export of HDACS, which also leads to a de-repression of the MEF2
transcription factor (Vega et al., 2004). More recent technical advances allowing global
assessment of chromatin accessibility have confirmed that at least in the context of
cardiomyocyte maturation and response to ischemic injury, global chromatin accessibility
dynamically changes, suggesting an important role of epigenetics in the cardiomyocyte
response to stress (Quaife-Ryan et al., 2017). The described pathways, genetic, and
epigenetic responses of the cardiomyocyte to hypertrophic stress, majorally fall
downstream of the signaling of receptors (Figure 3) (Heineke et al., 2006; Sato et al.,

2015
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Figure 1. Mechanism of Calcium-Induced Calcium Release and Cardiomyocyte
Contraction. Cardiomyocyte contraction is regulated principally at the level of ionic
signaling. A wave of depolarization from the pacemaker cells of the heart reaches the
contractile cardiomyocyte and there is an initial influx of sodium ions that opens the
LTCC. At the peak of depolarization, potassium channels open and potassium ions leave
the cell in a process of early-repolarization. The LTCC stay open during this phase and
slowly allow calcium to continue entering the cell, which prolongs the depolarization
phase despite early re-polarization. During this electrical plateau phase, the LTCC influx
of calcium drives CICR through the RyR on the SR. This calcium then signals to proteins
on the sarcomere, which changes their configuration and allows for actin-myosin binding
and contraction.

Adapted from Kocksamper, 2016.
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Figure 2. Structural Schematic of the Cardiomyocyte Sarcomere

The sarcomere consists of highly-organized filaments of actin interwoven with regulatory
proteins. Tropomyosin covers the binding sites for myosin on the actin filaments. Other
proteins that regulate the configuration of tropomyosin and dynamically alter
accessibility for myosin-actin cross-bridge formation are the troponins. Troponin |
maintains the tropomyosin-actin complex in a state that is inaccessible for myosin
binding. troponin T binds to actomyosin, anchoring the tropomyosin-troponin complex.
Finally, troponin C responds to calcium in the cytosol, principally responding to CICR.
The binding of calcium to troponin C shifts the conformation of the troponin-
tropomyosin along the actin filaments, increasing the affinity of myosin for its binding
sites on the actin filaments.

Adapted from Spirito, 1997.
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Figure 3. Major cell signaling pathways involved in coordinating the cardiomyocyte
hypertrophic response.

Schematic of major cell signaling pathways involved in hypertrophic response.
Activation of a milieu of receptors, including GPCRs, leads to activation of calcium
signaling, which leads to de-repression of pro-hypertrophic transcription factors
epigenetically, as well as direct activation of transcription factors through CaM binding.
Mitogen activated protein kinases (MAPKSs) are also crucial in coordinating the
hypertrophic response. Together, these pathways serve in part to increase global
transcription to support cardiomyocyte growth. Activation of mTOR in parallel to the
transcriptional response signaling increases protein synthesis rate and total protein
synthesis, which also supports cardiomyocyte growth.

Adapted from Heineke, 2006.
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CHAPTER 2

G PROTEIN-COUPLED RECEPTOR KINASE 5 IN CARDIAC

PATHOPHYSIOLOGY

G Protein-Coupled Receptor Signaling

A crucial function of cells is the capacity to respond to their extracellular
environment, and most importantly, translate information from their environment to a
global cellular response. This signaling function of cells underlies all cellular, tissue, and
organismal function in humans. The cells’ ability to respond to the extracellular
environment is mediated in large part through classes of proteins predominantly
expressed on the cell plasma membrane called receptors. Generally, receptors serve to
couple an external signal to an internal cellular response, whereby activation of a receptor
leads to generation of an intracellular secondary messenger that amplifies the

extracellular signal and transduces it further downstream.

GPCRs comprise the largest gene family, with approximately 1000 known genes
encoding these receptors (Lefkowitz et al., 2007). Structural characterization of GPCRs
over decades has revealed that GPCRs also constitute the largest known protein
superfamily (Katritch et al., 2013). Of importance for pathophysiology, GPCRs are the
largest family of targets for pharmacological drugs, comprising ~35% of FDA-approved
drugs. Currently, at least 300 drugs targeting GPCRs are in clinical trials for treatment of
many different diseases (Hauser et al., 2017; Sriram et al., 2018). Evidence characterizing
GPCRs has revealed that they have diverse signal transduction pathways, and can

respond to diverse extracellular stimuli, including ions, odorants, proteins, peptides, light,
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and neurotransmitters, among others (Hilger et al., 2018; Insel et al., 2019). Crucial to the

diverse function of GPCRs is a diversity in the structure of this protein superfamily.

GPCR Structure and Function

GPCRs are unified by having a 7 transmembrane (7TM) topology, wherein they
are anchored by weaving through the membrane in whichever organelle they reside
(Katritch et al., 2013). This is one of the only major common features, as there are many
important features that distinguish GPCRs from one another within the superfamily.
Broadly, GPCRs can be subdivided into five major families: glutamate (15 members),
rhodopsin (701), adhesion (24), frizzled/taste2 (24), and secretin (15) based on structure
and function (Fredriksson et al., 2003). Between these families, there is less than 20%
amino acid sequence identity, showing that while GPCRs are generally 7TM receptors,
they have significant sequence diversity and function. There are also a set of GPCRs with
no known function, termed orphan receptors. These receptors are an area of major

research, both academic and pharmaceutical (Howard et al., 2001).

In addition to the unifying 7TM domains of GPCRs, these receptors also have
intracellular C-terminal domains and extracellular N-terminal domains. Sequence identity
between GPCRs is generally highest in the 7TM regions of GPCRs and lowest in the N
and C-terminal domains, as these domains confer a large amount of ligand and response
specificity (Gether et al., 1998; Letkowitz, 2007; Kobilka, 2007). While the receptors
themselves have a high degree of structural similarity, i.e. being 7TM proteins, their
ligands are diverse. As stated,he ligands that activate GPCRs can be ions, photons,
proteins, peptides, and hormones. Generally, the manner in which a ligand binds a GPCR

is dependent on its general chemical properties. Small molecular-weight ligands tend to
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bind to the hydrophobic core formed by the transmembrane alpha helices, whereas
proteins and peptides tend to bind to the N-terminus or extracellular hydrophilic loops of
the transmembrane domains of GPCRs (Gether et al., 1998; Kobilka, 2007). A crucial
mediator for intracellular transduction of a GPCR signal is coupling of the receptor to
heterotrimeric G-proteins. This coupling has been mapped to the second and third
cytoplasmic loops and C-termini of GPCRs (Lohse et al., 1990; Gether et al., 1998). The
third cytoplasmic loop of GPCRs can also bind to B-arrestins, which are involved in the
termination of GPCR signals (Lohse et al., 1990). Activation of a GPCR by a ligand
induces a conformational change. This conformational change in the GPCR allows it to
act as a guanine nucleotide exchange factor (GEF), where it transduces the signal by
promoting the replacement of guanine diphosphate (GDP) for guanine triphosphate
(GTP) on the alpha subunit of the heterotrimeric G-protein (Gat) coupled to the receptor.
The exchange of GDP to GTP on Ga promotes its dissociation from the other two G-
proteins in the heterotrimeric complex, G and Gy (GBy) (Cherezov et al., 2007;
Rasmussen et al., 2007; Rosenbaum et al., 2007; Rasmussen et al., 2011). Re-association
of the heterotrimeric G-protein complex is mediated in part by an intrinsic GTPase
activity of the alpha subunit, which returns the bound nucleotide to GDP (Oldham et al.,
2008). The exact nature of the signaling pathway transduced downstream of Ga and Gy

is dependent on the family member of the alpha subunit coupled to the GPCR.

The GPCR protein superfamily transduces signals largely through coupling to
their respective heterotrimeric G-proteins. While there are at least 800 known GPCR
genes, there are far fewer G-proteins to which they couple. In humans, there are 21

characterized Ga subunits encoded by 16 genes, 6 G subunits encoded by 5 genes, and
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12 Gy subunits (Downes et al., 1999; Milligan et al., 2006). There are four primary
subtypes of Ga subunits: Gas, Gaq, Gai, and Ga12/13 (Oldham et al., 2008). Each Ga
subunit transduces distinct and divergent intracellular signaling pathways. GPCRs
coupled to the Gas subunit respond to simulation and GTP-Gas dissociates from the
receptor and binds to the enzyme adenylyl cyclase (AC), which in turn produces the
secondary messenger cyclic adenosine monophosphate ((AMP) (Gilman, 1987; Downes
et al., 1999). The messenger cAMP binds to cAMP response element binding protein
(CREB), a transcription factor that coordinates a transcriptional response to Gas-coupled
GPCRs. Further, cAMP binds to protein kinase A (PKA), which initiates a cascade of
phosphorylation events that also transduces downstream of receptor activation (Milligan
et al., 2006). The Gai subunit instead binds to and inhibits AC, preventing initiation of
AC-dependent signaling. The Gaq subunit binds to and activates phospholipase C, which
uses phosphatidylinositol bisphosphate (PIP2) to generate inositol triphosphate (IP3) and
diacylglycerol. These secondary messengers initiate calcium-dependent and kinase-
dependent signaling cascades. Finally, the Ga12/13 subunit binds to Rho guanine
nucleotide exchange factors (Milligan et al., 2006). The Gy subunits were initially
considered to be passive components of the heterotrimeric complex coupled to GPCRs,
but extensive research has elucidated Ga-independent signaling functions of the Gy
subunits downstream of the receptor. Confirmed downstream effectors of Gy subunits
include phoslpholipase .... (PLCP), ion channels, ACs, phosphoinositide triphosphate
kinase (PI3K), GRK2, and components of the mitogen activated protein kinase (MAPK)
family (DeWaard et al., 1997; Inglese et al., 1997; Wu et al., 1992; Logothetis et al.,

1987; Cong et al., 2001; Stephens et al., 1994; Sternweis, 1994; Tang et al., 1991
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GPCR Regulation

Activation of GPCRs following agonist binding occurs on the order of
sub-seconds to minutes, depending on the receptor. Following activation and initial signal
transduction, a parallel pathway is initiated which serves to terminate the responsiveness
of the GPCR, as aberrant prolonged signaling can be deleterious to the cell (Hausdorff et
al., 1990; Gether et al., 1998). The termination of a GPCR signal is regulated at the level
of receptor desensitization, whereby phosphorylation of a GPCR on intracellular amino
acid residues leads to reduced responsiveness of the receptor and reduced generation of
secondary messengers downstream of the receptor. This can occur acutely, where
attenuation of the signal is not associated with changed receptor expression levels, or
chronically, where prolonged signaling leads to a decrease in membrane-bound receptor
and transcript levels (Krupnick et al., 1997; Gainetdinov et al., 2004; Premont et al.,

2007).

GPCR desensitization occurs predominantly at the level of receptor
phosphorylation within the carboxyl terminus. This phosphorylation can occur in a
heterologous fashion, whereby activation of a given GPCR can lead to desensitization of
other GPCRs, in a manner dependent on the activity of PKA or PKC (Kelly et al., 2008).
More commonly, however, GPCRs are regulated in a homologous fashion, wherein
activation of a given GPCR leads to signaling that desensitizes itself. This manner of
regulation is accomplished by GPCR kinases (GRKs). Phosphorylation of the carboxyl
terminus of a GPCR by a GRK increases the binding affinity of f-arrestins to the receptor
(Rockman et al., 2002). This process is visually depicted in chronological order in Figure

4. Binding of B-arrestins to phosphorylated GPCRs prevents re-association of the
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heterotrimeric G-protein complex, which prevent further agonist responsiveness of the

receptor.

B-arrestins work to terminate the GPCR signal first by prevention of the
reassociation of the heterotrimeric G-protein complex to the receptor, but also through
initiation of a clathrin-mediated endocytic pathway that results in either receptor
recycling or degradation in lysosomes (Moore et al., 2007; Wilden, 1995; Hausdorff et
al., 1990; Schukla et al., 2014). In addition to their role in coordinating GPCR
endocytosis, B-arrestins also can act as signaling scaffolds that help to transduce arrestin-
dependent signaling pathways following initial receptor activation. These B-arrestin
scaffold-binding proteins include members of the Src family, which leads to coordination
of MAPK signaling cascades (e.g. extracellular signal-regulated kinase ERK and JNK3)
(DeFea et al., 2000; Luttrell et al., 1999; McDonald et al., 2000). Finally, B-arrestin
recruitment can engage the ubiquitin-mediated proteasomal degradation machinery,
which can lead to the downregulation of GPCRs by promoting recruitment of ubiquitin
ligases, a process that promotes degradation as well as internalization of the receptor
(Shenoy et al., 2001). The recruitment and assembly of signaling complexes through
arrestins is a process that transduces signaling that is different from that initiated by
activation of the Ga subunit, and the cellular responses to arrestin-dependent and
independent signaling are varied. It is due to this difference in signaling that there is a
field of pharmacology based on the rational design of drugs which can bias signaling
specifically in favor or against the G-protein-dependent or arrestin-dependent signaling

cascades downstream of any given GPCR (Shenoy, 2011; Van Gestel et al., 2018). These

23



varied pathways that fall downstream of the receptor are facilitated in part through the

activity of the GPCR kinases, or GRKs.
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Agonist binding to GPCRs causes a conformational change wherein the GPCR acts as a
guanine nucleotide exchange factor (GEF), promoting a shift from GDP to GTP on the
Ga protein. The GTP- Ga subunit dissociates from the Gy subunit and transduces the
primary signal. Following activation of GPCR signaling, GRKs are also activated. The
GRK phosphorylates the GPCR, promoting p-arrestin recruitment and receptor
internalization for future recycling or degradation, effectively in sum terminating the
GPCR signal.

Adapted from Sato et al., 2015
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G-Protein-Coupled Receptor Kinase (GRK) Signaling

GRK Family Members: Structure and Function

The family of GRKSs consists of seven members roughly divided into three sub-
classes: the visual/rhodopsin kinases (GRK1, GRK7), the BARK subfamily (GRK2,
GRK3), and the GRK4 subfamily (GRK4-6) (Weller et al., 1975; Benovic et al., 1986;
Kunapuli et al., 1993; Benovic et al., 1993; Hisatomi et al., 1998). All GRK family
members have some domain features in common. First, an N-terminal domain of ~25
amino acids that is highly conserved among GRKSs and is unique to this family of
proteins. Second, all GRKSs possess an N-terminal regulator of G-protein signaling
homology (RGS, RH) domain. As kinases, all GRKs contain a catalytic kinase domain
(KD) that belongs to the AGC family of kinase domains (Sato et al., 2015). The most
diverse region of the family of GRKSs is the C-terminus. The visual family GRKs have
short C-termini with prenylation sites as post-translational modifications that regulate
their function (Inglese et al., 1992; Hisatomi et al., 1998). The BARK subfamily contain
pleckstrin homology (PH) domains that mediate anionic phospholipid binding as well as
their canonical binding to GBy subunits (Carmen et al., 2000; DebBurman et al., 1996;
Koch et al., 1993; Pitcher et al., 1992). GRK4 and GRK6 contain palmitoylation sites
(Premont et al., 1996; Stoffel et al., 1994) as well as lipid-binding properties (Jiang et al.,

2007).

GRK Localization in Tissues and Cells

As the name suggests, the visual family of GRKs (GRK1/GRK?7) are expressed in

the retina, where they target visual GPCRs rhodopsin and opsin (Somers et al., 1984;
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Chen et al., 2001). GRK4 is found predominantly in the testes (Premont et al., 1996), but
also has expression in the kidneys, where it targets dopamine receptor; the brain; and
human uterine myometrium (Felder et al., 2002; Villar et al., 2009; Sallese et al., 2000;
Brenninkmeijer et al., 1999). The remaining GRKs (2,3,5,6) are ubiquitously expressed
across tissues. In the human and murine heart, the predominantly expressed GRK family

members are GRK2 and GRKS (Dzimiri et al., 2004).

The canonical function of GRKSs is to phosphorylate and desensitize GPCRs.
Accordingly, most GRK family members have localization that affords them proximity
and access to these receptors. GRKs 2 and 3 are considered to be cytosolic and/or bound
to the cytoskeleton; the GRK 4 subfamily of GRKs has primarily membrane distribution,
with detectable levels of nuclear localization; and finally, the visual family of GRKs is
localized primarily in the cytoplasm, and translocates to the membrane in an agonist-
dependent fashion dependent on C-terminal lipid-binding moieties (Sato et al., 2015;
Inglese et al., 1993). While these are the predominant known functions of GRKs,
extensive work has revealed several non-canonical roles for GRKs in tissue, where they
are not acting as GPCR kinases. Indeed, in the heart, GRK2 has detectable mitochondrial
localization that is enhanced in ischemic stress (Fusco et al., 2012; Chen et al., 2013; Sato
et al., 2015). GRK2 appears to translocate to the mitochondria in a manner dependent on
ERK-mediated phosphorylation and chaperone-binding in ischemic stress, where it
participates in derangement of metabolism by altering fatty-acid-mediated oxygen
consumption in the cell and is associated with increased cellular superoxide levels (Chen
et al., 2013; Sato et al., 2015). GRKS possesses an amphipathic helix in the C-terminus

that, along with PIP2 binding, mediates its membrane localization (Thiyagarajan et al.,
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2004; Sato et al., 2015). Furthermore, GRKS activity towards the receptor and
localization to the membrane is regulated by the calcium sensor protein CaM, wherein
binding of calcium to CaM and subsequently to GRKS drastically reduces GRKS5’s
affinity for GPCR substrates and binding to lipids (Pronin et al., 1997). In addition, the
GRK4 subfamily possesses nuclear localization and export sequences, which appear to
regulate non-canonical signaling (Johnson et al., 2004; Johnson et al., 2013). In addition
to these nuclear localization and export sequences, GRKS5 possesses a putative DNA-
binding domain, where it has been shown to be capable of binding conjugated DNA
beads selectively over GRK4 and non-GRK4 subfamily GRKs (Johnson et al., 2013).
These non-canonical activities of GRKSs are an area of interest for designing specific

therapies targeting GRKs.

Regulation of GRK Activity

Regulation of GRKSs in general is accomplished in part by the activity of GPCRs,
wherein GRK family members are primarily set into motion in response to an activated
GPCR. However, there are also intracellular signaling mechanisms by which GRKs are
regulated. The visual family of GRKSs is regulated by autophosphorylation or binding to
recoverin (Buczylko et al., 1991; Palczewski et al., 1993; Chen et al., 1995). In the BARK
family, GRK2 can be regulated through phosphorylation by PKA, which increases the
binding affinity of GRK2 for Gy, a step that enhances GPCR interaction and
phosphorylation (Cong et al., 2001). GRK2 activity as a GRK is inhibited by CaM, an
inhibition which is relieved by phosphorylation by PKC (Chuang et al., 1995; Winstel et
al., 1996; Krasel et al., 2001). GRKS activity towards GPCRs and binding to the

membrane is negatively regulated by both CaM binding and phosphorylation by PKC
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(Pronin et al., 1997). More recent work has shown that binding of CaM to GRKS, while
inhibiting its activity towards GPCR substrates, unhooks GRKS from the membrane,

where it acts on cytoplasmic targets and translocates to and accumulates in the nucleus

(Gold et al., 2013).

In addition to CaM binding and regulation through the protein kinases A and C,
GRKSs have been shown to be regulated by other mechanisms. One important mechanism
of GRK regulation is through B-arrestin signaling. Following recruitment of arrestins
after GRK-mediated phosphorylation of the GPCR, other effectors of arrestin signaling
are recruited, including the kinase c-Src (Luttrell et al., 1999). This kinase phosphorylates
GRK2, which then leads to its degradation (Panela et al., 2001); inhibition of c-Src
accordingly increases the signal transduction of GRK2-regulated GPCRs, such as the a1-
B adrenergic receptor (Alacantara-Hernandez et al., 2008). GRK2 can also be regulated
by ERK1 in the MAPK pathway, which leads to its inhibition towards GPCR substrates
and degradation (Pitcher et al., 1999; Elorza et al., 2003), as well as by the stress kinase

p38 (Liu et al., 2013).

G Protein-Coupled Receptor Kinase 5 (GRKS)

GRKS5 and GRK2 are highly expressed in the heart (Dzimiri et al., 2004). In
addition to the heart, GRKS is highly expressed in the lungs, muscle, and placenta
(Premont et al., 1999). In the lung, GRKS5 has been shown to be involved in muscarinic
receptor signaling (Walker et al., 2004). A central response to the muscarinic receptor
system in humans is regulation of airway smooth muscle tone in the lungs. GRKS
knockout mice exhibited a decreased airway relaxation response to bilateral vagal

stimulation and following activation of the B2-adrenergic receptor; however, GRKS was
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not found to directly target the muscarinic receptor, and its loss was not associated with a
clear smooth muscle cell contractile response to muscarinic receptor agonist (Walker et
al., 2004). There was no association between muscarinic receptor activity in the heart
with GRKS ablation, suggesting that any interaction between GRKS and the muscarinic

system is restricted to the smooth muscle cells (Walker et al., 2004).

GRKS has also been detected in the brain, where it is restricted in expression to
the limbic and mesolimbic areas of the brain, suggesting a specialized role of GRKS in
the brain (Erdtmann-Vourliotis et al., 2013). Indeed, GRKS has been found to be up-
regulated in a mouse model of Parkinson’s disease, where it was found localized within
Lewy bodies and appears to regulate expression of the anti-apoptotic factor B-cell
lymphoma-2 (bcl-2) (Liu et al., 2010). Furthermore, GRKS in the brain is crucial for
neurite outgrowth, dendrite branching, and spine morphogenesis, as ablation of GRKS
impaired all of these processes in a manner dependent on improper F-actin bundling.
Further, this functionally blunted spine development and had negative impacts on
learning and memory (Chen et al., 2011). Cre recombinase-mediated ablation of exons 6
and 7 of GRKS in mice led to a global spontaneous hyperthermia and a hypersensitivity
to the muscarinic receptor agonist, oxotremorine (Gainetdinov et al., 1999). This is likely
due to loss of GRKS5-mediated desensitization of the receptor. Phenotypically, GRKS5
knockout mice exhibited an enhanced presence of classical cholinergic responses,

including hypothermia, hypoactivity, tremor, and salivation (Gainetdinov et al., 1999).

GRKS ablation also revealed a role for this GRK in toll-like receptor 4 (TLR4)
signaling, where mice lacking GRKS5 exhibited lowered macrophage and global immune

responses to the TLR4 agonist lipopolysaccharide (LPS) (Patial et al., 2011).
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Mechanistically, this was found to be due to attenuated phosphorylation of IkB, NF-kB
nuclear translocation, and NF-kB DNA binding, suggesting potential non-GPCR targets
of GRKS (Patial et al., 2011). Indeed, several non-GPCR targets of GRKS have been
uncovered, including IkB (Patial et al., 2010), a-synuclein (Liu et al., 2010), and p53
(Chen et al., 2010; Michal et al., 2012). In the context of cancer, GRKS5 has been shown
to phosphorylate the cell-cycle regulator and tumor suppressor p53, which leads to its
degradation. Indeed, ablation of GRKS in osteosarcoma cells led to a decreased apoptotic
response to DNA damage in a manner dependent on p53, suggesting that GRKS functions
as a pro-survival kinase in cancer (Chen et al., 2010). Evidence suggesting a role for
GRKS in the cell cycle includes its localization within centrosomes in interphase, where
it interacts with tubulin, centrin, and pericentrin. Furthermore, knockdown of GRK5
leads to a G2/M arrest in a manner associated with increased p53 levels and altered
activity of cell-cycle-related kinases (Michal et al., 2012). In addition to its roles in the
nervous system and cancer, GRKS also has a crucial role in regulating cardiovascular

homeostasis and pathophysiology.

GRKS in Cardiovascular Homeostasis and Pathophysiology

GRKS is highly expressed in the heart, where it has been shown to be the highest
expressed GRK in heart tissue (Monto et al., 2012; Aguero et al., 2009). The primary
evidence suggesting a relevant role for GRKS in human HF is the fact that GRKS levels
are elevated in HF patient heart tissue from the LV, with a 68% elevation in GRKS5
mRNA in dilated cardiomyopathy patients, and a 48% increase in volume overload HF
patients (Dzimiri et al., 2004). In patients treated with adrenergic receptor agonists, the

level of cardiac GRKS mRNA was higher, and in patients treated with B-blockers, GRKS5
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levels were similar to those in non-failing patients, suggesting a relationship between
adrenergic receptor dysfunction in HF and GRKS expression level (Aguero et al., 2009).
Indeed, the level of GRKS also correlated to clinical parameters of HF in patients,
wherein GRKS level was inversely correlated with end systolic and diastolic diameters
(Monto et al., 2012). These observations have generated interest in pursuing GRKS5 as a

therapeutic target.

One of the first studies evaluating the contribution of GRKS to cardiac
pathophysiology utilized transgenic overexpression of GRKS in mice. Transgenic GRKS5
(TK45) mice exhibited significantly reduced baseline hemodynamic parameters as well
as physiological hemodynamic response to stimulation of B-adrenergic receptors
compared to non-transgenic littermate (NLC) control mice (Rockman et al., 1996).
Furthermore, AC activity at baseline and following isoproterenol stimulation was reduced
in TK45 mice compared to NLC mice. TK45 mice exhibited a decrease in the levels of
adenosine receptors, suggesting their regulation by GRKS, but did not appear to target
angiotensin receptors. This is in contrast to transgenic expression of GRK2 in mice,
which was associated with decreased angiotensin receptor density (Rockman et al.,
1996), suggesting that these two family members of GRKs have distinct functions in the
heart. Later studies of GRKS overexpression in the heart revealed an intolerance to
pressure-overload transverse aortic constriction (TAC)-induced HF (Martini et al., 2008).
In agreement with these findings, cardiac-specific ablation of GRKS (GRKS5KO) in mice
led to an attenuation of TAC-induced hypertrophy and HF (Gold et al., 2012). A crucial
feature of GRKS that distinguishes it from GRK2 is its possession of both N and C-

terminal CaM binding domains, with an affinity of CaM-binding approximately 40-fold
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higher for GRKS than GRK2 (Sallese et al., 2000). This feature of GRKS regulates many
of its non-canonical actions outside of GPCR phosphorylation, and also underlies much

of the contribution of GRKS5 to HF.

The binding of CaM to GRKSs has differing effects depending on the family
member. For GRK2, binding of CaM increases its canonical GPCR phosphorylation
activities by disinhibiting the effects of PKC-mediated phosphorylation of GRK2 (Krasel
et al., 2001). Binding of CaM to GRKS, however, leads to a decrease in its affinity for
GPCR substrates and its binding of the membrane (Chuang et al., 1996). While CaM
decreases GRKS activity towards GPCRs, it still possesses the ability to act as a kinase
on soluble substrates, which underlies many of its non-canonical functions (Freeman et
al., 1998). Among these non-canonical activities is its capacity to translocate to the
nucleus. Domain work on the GRK4 subfamily revealed that GRKS possesses a nuclear
localization signal (NLS) sequence within its kinase domain (Johnson et al., 2013).
Deletion of this domain (ANLS) led to complete exclusion of GRKS from the nucleus
when expressed in Hep2 carcinoma cells. Further suggesting a nuclear role of GRKS was
the additional discovery of a nuclear export sequence (NES) within the catalytic domain
of GRKS. Deletion of this domain (ANES) led to a significant accumulation of GRKS in
the nucleus when expressed in Hep2 cells, in agreement with the phenotype following
deletion of the NLS (Johnson et al., 2013). The NLS of GRKS and GRK6 were also
predicted to have DNA-binding ability, and indeed incubation of DNA-conjugated beads
with recombinant GRKS5 and 6, but not their ANLS mutants, led to retention of both
proteins on the beads, suggesting DNA-binding (Johnson et al., 2013). Mutation of the

CaM-binding domains of GRKS either increase (C-terminal domain mutation) or
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decrease (N-terminal binding domain mutation) DNA binding in silico, suggesting that
CaM-binding to GRKS regulates its nuclear functions. Indeed, further work has outlined
CaM-dependent nuclear roles for GRKS that are consequential in the context of cardiac

hypertrophy and HF.

In cardiomyocytes, Gaq-dependent hypertrophic stimulation leads to an IP3
receptor-mediated increase cytosolic calcium that leads to activation of CaM. This CaM
binds to GRKS5 and leads to accumulation of GRKS in the nucleus (Martini et al., 2008).
Using mutation of the CaM binding domain as well as a series of kinase inhibitors, the
accumulation of GRKS in the nucleus was found to be dependent on CaM activity (Gold
et al., 2013). In the nucleus, GRKS acts to phosphorylate histone deacetylase 5, which de-
represses the activity of the pro-hypertrophic transcription factor myocyte enhancer factor
2 (MEF2) (Martini et al., 2008). Interestingly, while the process of nuclear accumulation
of GRKS is downstream of Gq, activation of the endothelin receptor, which is Gag-
coupled and causes hypertrophy, does not cause GRKS translocation. This appears to be
due in part to the fact that the endothelin receptor is desensitized by GRKS5 (Gold et al.,
2013). Overexpression of GRKS5 in mice was associated with an intolerance to pressure-
overload HF, however this was significantly attenuated in mice overexpressing GRKS5
lacking an NLS (Martini et al., 2008), suggesting that the exacerbation in function
associated with increased GRKS is due to its nuclear activities. A study with NFAT
luciferase reporter mice and GRKS5 overexpression found that levels of GRKS correlate
with NFAT activity. Crossing NFAT reporter mice with GRK5KO mice led to an
attenuated TAC-induced increase in NFAT actvitiy, further suggesting a disease-specific

role for GRKS in potentiating NFAT activity. Importantly, this facilitation of NFAT
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activity was found using experiments in isolated myocytes to be dependent on the nuclear
translocation and DNA-binding ability of GRKS, but not its kinase domain, suggesting

kinase-independent nuclear functions of GRKS (Hullmann et al., 2014).

35



CHAPTER 3

TARGETED INHIBITION OF CA*-CALMODULIN BINDING TO GRKS5
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One Sentence Summary: Expressing a peptide of the GPCR kinase GRKS inhibits its

pathological signaling and prevents heart failure in mice.
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INTRODUCTION

Canonically, G protein-coupled receptor (GPCR) kinases (GRKs) regulate GPCR
signaling through phosphorylation of the activated receptor, leading to recruitment of -
arrestins and termination of the GPCR signal, either through receptor degradation or
recycling (Rockman et al., 2002; Shukla et al., 2011; Zhang et al., 2015). Seven members
of the GRK family have been identified, with GRK2 and GRKS being the most abundant
in the heart. GRK2 and GRKS appear to be crucial in the pathophysiology of heart failure
(HF), as elevation of either GRK2 or GRKS5 leads to exacerbated cardiac dysfunction
during stress (Huang et al., 2011; Pfleger et al., 2019; Sato et al., 2015). Consistent with
these findings, cardiac ablation of either GRK2 or GRKS attenuates HF in response to

stress (Gold et al., 2012; Raake et al., 2008).

While both GRK2 and GRKS5 have shared GPCR phosphorylation roles, the overall
mechanisms by which they contribute to cardiac signaling and pathology are distinct.
GRK2 is largely cytoplasmic in localization, and in addition to being an important regulator
of B-adrenergic receptor signaling and contractility in the heart, is also involved in
regulating mitochondrial biology during stress (Sato et al., 2015). In contrast, GRKS is
constitutively localized to the plasma membrane of cells through an amphipathic helix and
PIP2 binding domain at the carboxyl-terminus (CT) (Thiyagarajan et al., 2004), where
mutation of select residues in the CT (residues 540-590) of GRKS leads to improper

membrane localization, and a reduction in catalytic activity (Xu et al., 2014).

In addition to the CT domain regulation of localization, GRKS contains an N-
terminal calmodulin (CaM) binding domain that regulates its localization and kinase

activity (Levay et al., 1998), as well as a nuclear localization (NLS) and export sequencse
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(NES) within its catalytic domain (residues 186-467) (Johnson et al., 2013). In the heart,
GRKS responds to selective hypertrophic stress by binding to CaM within its NT domain,
disengaging from the membrane, and accumulating in the nucleus of myocytes (Gold et
al., 2013), in a manner dependent upon its NLS. Previous studies have shown that elevated
GRKS in cardiomyocytes results in exacerbated cardiac hypertrophy and accelerated HF
in mice after ventricular pressure overload via transverse aortic constriction (TAC)
(Martini et al., 2008). Importantly, in mice with cardiac overexpression of a mutant GRKS
that lacks the NLS, no pathology was observed post-TAC, demonstrating that this cardiac
dysfunction and HF is dependent on the nuclear localization and accumulation of GRKS
after hypertrophic stress (Martini et al., 2008; Rockman et al., 1996). Similarly, loss of
GRKS5 expression in the heart attenuated the hypertrophic response and delayed HF
progression after TAC in mice (Gold et al., 2012). This is clinically significant since both
GRK2 and GRKS5 have been found to be upregulated in the failing human myocardium
(Pfleger et al., 2019; Sato et al., 2015). However, GRK2 does not have an NLS and has no
role in the nucleus, unlike GRKS, so the mechanisms of protection with cardiac ablation

between GRK2 and GRKS5 are distinct.

Mechanistic studies of GRK5-mediated pathology post-TAC have revealed that
nuclear GRKS has effects on hypertrophic gene transcription. First, it was discovered that
nuclear translocated GRKS acts as a novel histone deacetylase (HDAC) kinase, specifically
phosphorylating HDACS after TAC. This releases repression on myocyte enhancer factor
2 (MEF2) and its hypertrophic gene transcriptional activity (Martini et al., 2008). Further,
nuclear GRKS5 has been shown to be a robust facilitator of nuclear factor of activated T-

cells (NFAT) activity in the hypertrophying myocyte either by direct binding to NFAT or
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nearby DNA (Hullmann et al., 2014). These non-canonical actions of GRKS in the nucleus
are dependent on the calcium (Ca’*")-CaM (Ca?'-CaM) binding mentioned above as
mutating the CaM-binding domain (Levay et al., 1998) within the NT of GRKS prevents
nuclear localization and HDACS kinase activity, and NFAT activation (Gold et al., 2013;

Hullmann et al., 2014).

CaM constitutes a significant signaling node in nearly every cell type, including the
cardiomyocyte where it signals after elevation of intracellular Ca?" as this ion changes
CaM’s conformation to a state that can bind to several interacting partners (Swulius &
Waxham, 2008). Among these in the heart are the phosphatase calcineurin (CaN) and CaM
kinase IT (CAMKII). After TAC, the G protein Gq, is the crucial trigger for the hypertrophic
response (Akhter et al., 1998) and Gq can activate Ca?>"-CaM leading to cardiac
hypertrophy primarily through CaN-NFAT (Molkentin et al., 1998), but as discussed
above, this also includes Ca**-CaM nuclear translocation of GRKS to direct hypertrophic
gene transcription. Preventing activation of Ca*"-CaM targets is protective against stress
in the heart (Sussman et al., 1998); however, no studies have investigated whether
interfering with the inducible nuclear translocation of GRKS alters responses to stress in
vitro and in vivo. In this study we have utilized an NT peptide from GRKS (GRK5nt) to
determine whether the nuclear translocation and subsequent pathology of this kinase after
hypertrophic stress can be inhibited. Studies included myocytes and cells in vitro as well
as studying the post-TAC response in a cardiac-specific GRKS5nt transgenic mouse. Our
results demonstrate that the pathological activity of GRKS can be therapeutically targeted

in the heart.
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RESULTS
Cardiac-Specific Transgenic GRK5nt Mice Exhibit Normal Baseline Cardiac Physiology

We chose to include GRKS residues 2-188 to make up the NT-peptide (Fig. 10a)
(GRKS5nt) to test whether potential competition of GRKS5nt with endogenous GRKS5 for
Ca’**CaM binding could have an impact on cardiac physiology and pathophysiology. To
carry this out in vivo, we HA-tagged cDNA for the GRK5nt in a vector containing the
aMHC promoter (Rockman et al., 1996) and generated transgenic mice. Heart and liver
tissue from adult mice of the F1 generation were collected and immuno-blotting revealed
positive HA expression only in the hearts of TgGRK5nt mice and no expression in the liver
as expected (Fig. 10b). To assess whether chronic expression of the GRK5nt peptide in the
heart had any physiological impact, we performed standard M-Mode echocardiography on
adult (10-14 weeks) TgGRKS5nt mice and non-transgenic littermate control (NLC) mice
and found no significant differences between these two groups, including in cardiac
function and dimensions (Fig 5a-e). Gravimetrics also revealed no differences in heart
weight to tibia length (HW/TL) between TgGRKS5nt and NLC mice (Fig. 5f) suggesting
that this peptide does not alter normal cardiac growth and function when expressed in vivo.
Finally, we found that TgGRKS5nt mice exhibit similar hemodynamic response to
isoproterenol compared to NLC mice (Fig. 11a-c), and in vitro GRK5nt expression had no

effect on isoproterenol-induced cyclic AMP generation (Fig. 11d).
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TeGRK5nt Mice Exhibit Attenuated Maladaptive Hypertrophy and HF Following

Chronic TAC

Since GRKS5 and its nuclear translocation is critically involved in cardiac
hypertrophy and HF development after pressure-overload (Gold et al., 2013; Martini et al.,
2008), we tested whether GRK5nt expression in the hearts of mice altered maladaptive
hypertrophy and HF development after TAC. Accordingly, adult NLC or TgGRKS5nt mice
underwent TAC surgery or a Sham procedure and we assessed cardiac function 8 weeks
later. No mice died following sham surgery, and a total of two mice per genotype’s TAC
group died following TAC within the same day or 1 day following surgery, which we
attribute to surgical complications. We found no statistically significant differences in heart
rate among groups during image acquisition (Fig. 12a). Aortic pressure gradients were
measured via echocardiography and there were no differences in the amount of LV pressure
overload between the two groups demonstrating the same stress (Fig. 12b). Assessment of
cardiac function by echocardiography revealed that NLC mice had significantly impaired
systolic function (as measured by LV ejection fraction and fractional shortening) 8 weeks
post-TAC compared to their Sham controls; however, this LV dysfunction was not
observed in TgGRK5nt mice post-TAC (Fig. 6a-b). Further, we found that NLC post-TAC
mice exhibited an expected increase in LV posterior wall (LVPW) thickness compared to
corresponding Sham mice consistent with hypertrophy, however this increase was

significantly attenuated in TgGRKS5nt mice. (Fig. 6c¢).

An additional echocardiographic parameter that indicates a HF phenotype post-
TAC is LV dilatation and accordingly, we measured LV internal diameter (LVID) in

TgGRK5nt and NLC mice 8 weeks post-TAC. We found that TgGRK5nt mice exhibited
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no chamber dilation following TAC, while the NLC TAC mice exhibited significant
chamber dilatation in comparison (Fig. 6d). Thus, robust HF is evident in the 8-week post-
TAC NLC mice but not in TgGRKS5nt mice. In agreement with echocardiographic
measurements of posterior wall thickness, gravimetric determination of HW/TL gave the
same results of attenuated TAC-induced hypertrophy in TgGRKS5nt TAC versus the NLC
TAC group (Fig. 6e). A common symptom of HF is pulmonary congestion, so we assessed
the wet lung weight to tibia length (LW/TL) ratios in our mice and consistent with the
above data, we found a significant increase in LW/TL in post-TAC NLC mice versus Sham
that was not evident in TgGRK5nt mice (Fig. 6f). Together these data support a protective
role of GRKS5nt expressed in the cardiomyocyte against maladaptive hypertrophy and HF

chronically after pressure overload stress.

Expression of GRK5nt Attenuates Myocyte Hypertrophy and Fibrosis Following Chronic

TAC

To assess whether the attenuation of hypertrophy and HF post-TAC in TgGRK5nt
mice could be demonstrated histologically, we fixed and stained hearts with wheat germ
agglutinin conjugate to highlight the borders of the cardiomyocytes. We found the expected
increase in myocyte cross-sectional area in NLC post-TAC mice versus their Shams and,
consistent with our in vivo findings, the myocyte cross-sectional area (CSA) in 8-week
post-TAC TgGRKS5nt mice was significantly lower than in the NLC TAC group (Fig 7a-
b). Moreover, we assessed cardiac fibrosis, which is also a feature of maladaptation post-
TAC and found, using Masson’s Trichrome staining, that after 8§ weeks of TAC,
TgGRKS5nt mice had significantly less total collagen deposition and myocardial fibrosis

versus post-TAC NLC mice (Fig. 7¢-d). Together, these data suggest that cardiomyocyte
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expression of GRKS5nt attenuates the development of fibrosis and myocyte hypertrophy

following chronic TAC.

Expression of GRK5nt in vitro protects against cardiomyocyte hypertrophy and

hypertrophic gene expression

We used a FLAG-tagged GRK5nt construct in an adenovirus (Ad-GRK5nt) and
either Ad-p-galactosidase (Ad-BGal) or Ad-green fluorescent protein (Ad-GFP) as control
expression constructs to investigate mechanisms of how this peptide may interrupt
hypertrophy using cultured myocytes. First, using neonatal rat ventricular myocytes
(NRVMs), we assessed a-adrenergic-mediated myocyte hypertrophy using phenylephrine
(PE) and found the increased cell size induced by 48 hours of PE was significantly
attenuated when the GRK5nt peptide was present compared to Ad-BGal treated control
myocytes (Fig. 8a-b). Molecular analysis using this system also showed that the presence
of GRK5nt in NRVMs reduced the PE-mediated increase in the expression of ANP, a fetal
gene marker of hypertrophy (Fig. 8c¢). Further, we found that GRK5nt expression prevented
the PE-induced increase in protein to DNA ratio, an index of cell size (Fig. 8d). GRK5nt
expression was confirmed by western blot (Fig. 8e). Thus, the GRK5nt peptide is effective

in vitro as well as in vivo to limit the consequences of hypertrophic stress.

GRK5nt binds to calcium-CaM and mechanistically alters NFAT signaling and GRKS

nuclear accumulation following in vivo hypertrophic stress

Within the NT of GRKS is a binding site for CaM that has been shown to alter
GRKS5 association with the plasma membrane when Ca?"-CaM is bound (Pronin et al.,

1997). The GRKS5nt sequence encompasses this CaM-binding region of GRKS, so we
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sought to determine whether the GRK5nt construct can bind CaM. We used agarose beads
conjugated to recombinant bovine CaM to capture CaM-interacting proteins. The CaM
capture beads were added to NRVM lysates that were previously infected with Ad-GFP or
Ad-GRKS5nt in the presence of CaCly or EDTA (a chelator of divalent cations, such as
Ca®") to determine whether CaM-binding to GRK5nt was calcium-dependent. We found
that in the presence of calcium, CaM captured the GRK5nt peptide, but not in the presence
of EDTA, suggesting that the interaction between GRKS5nt and CaM is dependent on
calcium-CaM and not apo-CaM (Fig. 9a-b). Since GRKS is a known target of Ca**-CaM,
we also assessed the pulldown of full-length endogenous GRKS in the presence of GFP or
GRK5nt. We found that in the GRK5nt lysates, Ca?>"-CaM exhibited significantly less
binding to the endogenous pool of full-length GRK5 compared to Ca*"-CaM interaction
with GRKS in the GFP control lysate pulldowns (Fig. 9¢), suggesting that the presence of
GRKS5nt competes for binding of CaM with full-length GRKS. Downstream of GRKS-
CaM binding is disengagement of GRKS5 from the membrane and nuclear translocation and
facilitation of NFAT activity (Hullmann et al., 2014). To determine whether the observed
interference in binding of Ca**-CaM to endogenous GRKS5 in the presence of GRK5nt has
a signaling consequence, we assessed NFAT activity in vitro using an NFAT luciferase
reporter. Briefly, an adenovirus encoding firefly luciferase under the control of 4x NFAT
response elements was transduced along with GFP or GRK5nt in NRVMs. We stimulated
NRVMs with 100uM PE for 24 hrs to induce NFAT-driven luciferase expression. We
found that GRKS5nt expression prevented an increase in NFAT activity following
stimulation with PE, in agreement with our data showing the GRK5nt binds to CaM, which

is required for GRK5-mediated facilitation of NFAT activity (Fig. 9d). We next sought to
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determine whether this Ca?*-CaM binding of GRK5nt mechanistically is active in vivo to
prevent the nuclear accumulation of GRKS after TAC. Following two weeks of TAC, we
saw that NLC TAC mice exhibited an increase in GRKS in the nuclear fraction compared
to their sham controls, but no accumulation of GRKS5 was observed in the nucleus of the
TgGRK5nt TAC versus sham groups. (Fig. 9e-f). Together our data show that GRK5nt
acts to sequester CaM, reducing its binding to endogenous GRKS5 and thereby inhibits its

nuclear activity during hypertrophic stress.
DISCUSSION

Following its discovery, GRKS has been extensively characterized as a kinase
responsible for the phosphorylation and subsequent desensitization of GPCRs including
important receptors in the heart such as B-adrenergic receptors (BARs) (Hata & Koch,
2003; Inglese et al., 1993; Venkatakrishnan et al., 2016; Zhang et al., 2015). This canonical
activity of GRKS5 leads to GPCR signal termination via B-arrestin recruitment to the
phosphorylated receptor (Premont & Gainetdinov, 2007). GRKS appears to be a key
molecule in the heart as it has been shown in human HF, and in animal models, to be up-
regulated (Sato et al., 2015). Importantly, increased GRKS expression in the heart can
cause loss of BAR-mediated cardiac contractility (Ben-Yehuda & Rockman, 1996), and
thus its up-regulation in models of ventricular dysfunction could be contributing to loss of
inotropic reserve, a hallmark of HF via over-desensitization of BARs. Animal models of
HF induction appear to support this mechanism of GRK5-mediated pathology as cardiac-
specific GRKS5 overexpressing transgenic mice have exaggerated hypertrophy and early
HF after LV pressure overload via TAC (Martini et al., 2008) and this pathology after

chronic TAC is attenuated in GRKS5 knockout (KO) mice (Gold et al., 2012). However,
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these studies with genetically engineered GRKS mice have revealed that the canonical
actions of GRKS are not responsible for post-TAC pathology and HF as non-canonical,
nuclear localization and activity of GRKS appears to be the mechanism (Gold et al., 2012,
2013; Hullmann et al., 2014; Martini et al., 2008). As mentioned above, GRKS5 has a
functional NLS and nuclear accumulation occurs in myocytes after hypertrophic stress
(Martini et al., 2008). The ultimate importance of this non-canonical mechanism in post-
TAC maladaptation and HF was best demonstrated in transgenic mice with cardiac-specific
overexpression of a mutant GRKS where the NLS was dysfunctional, as the loss of nuclear

translation after TAC prevented hypertrophy and HF (Martini et al., 2008).

In addition to TAC, GRKS5 has been found to be accumulated in the nucleus of
myocytes of spontaneously hypertensive heart failure rats (SHHR) (Yi et al., 2002).
Further, treatment of adult rat cardiomyocytes with TPA, a specific activator of PKC, led
to an increase in the nuclear accumulation of GRKS5 (Xian et al., 2005; Yi et al., 2002),
suggesting PKC may be part of the mechanism for GRKS nuclear accumulation. Indeed,
we have found that the binding of Ca**-CaM, which can occur after Gq activation
downstream of hypertrophic stress, to a region within the NT domain of GRKS is
responsible for directing nuclear accumulation (Gold et al., 2013). Importantly, nuclear
GRKS5 has several non-canonical actions, which we have found to contribute to HF
development after hypertrophic stress. This includes GRKS being a Class Il HDAC kinase,
which, following phosphorylation of HDACS, causes the de-repression of the hypertrophic
gene transcription factor MEF2 (Martini et al., 2008). Further studies showed that GRKS
significantly facilitates NFAT activity after hypertrophic stress (Hullmann et al., 2014).

Interestingly, enhancement of NFAT activity in myocytes may not be kinase-dependent
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(Hullmann et al., 2014), which is supported by other studies showing that GRKS can
directly bind DNA (Johnson et al., 2013) and may indeed not only be a co-factor for NFAT

activity but its own transcriptional regulator.

It may not be too surprising that GRKS5 has important non-canonical activity since
mounting evidence supports an expanding non-GPCR interactome for GRKS. Data has
demonstrated that GRKS interacts with kB (Patial et al., 2010), a-synuclein (Liu et al.,
2010), p53 (Chen et al., 2010; Michal et al., 2012), Hip (Barker & Benovic, 2011), as well
as NFAT (Swulius & Waxham, 2008) and these indicate novel GRKS actions. Further, the
subcellular localization of GRKS outside of plasma membrane/sarcolemmal distribution
has been shown to not only include the nucleus but also within Lewy Bodies (Liu et al.,
2010) and centrosomes (Michal et al., 2012). These many partners of GRKS may be in
play as being involved in physiological or pathophysiological mechanisms in cells inside
or outside the heart, and further research is needed. However, GRKS interacting with

HDACS and NFAT is indeed contributing to novel actions leading to post-TAC HF.

Importantly, regardless of exact nuclear mechanisms responsible for maladaptive
non-canonical actions of GRKS promoting HF after TAC, all known non-canonical actions
of GRKS in the heart are dependent on the nuclear localization of this kinase after stress.
Thus, how GRKS accumulates in the nucleus of myocytes is crucial to potentially targeting
this pathology therapeutically. This is important since the overexpression of an NLS-
mutant of GRKS in the heart (Martini et al., 2008) as well as the loss of myocyte GRKS
expression in KO mice (Gold et al., 2012) is protective against maladaptation and HF post-
TAC, consistent with lowering the nuclear levels of this GRK. Since we have discovered

that the induction of nuclear localization of GRKS5 is due to Ca?>*-CaM binding to a region
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within the NT domain of GRKS, we posited that expression of a peptide incorporating this
region of GRK5 may compete with endogenous GRK5 for Ca**-CaM binding after
hypertrophic stress and prevent the pathological mechanisms of this kinase. We used
GRKS residues 2-188 (Supplemental Fig. 1) that includes the known NT binding site for
Ca**-CaM and expressed this in myocytes in vitro and mouse hearts in vivo to determine

whether this GRK5nt peptide could be a novel therapeutic entity.

Notably, we found that the GRK5nt peptide specifically binds to only Ca**-
activated CaM as EDTA addition in a CaM binding assay produced no GRK5nt (or GRKS
itself) binding. Further, we found that GRK5nt can compete off Ca*’-CaM bound to
endogenous GRKS. Further, GRKS5nt expression in myocytes prevents adrenergic-
mediated cell hypertrophy and we found that a contributing mechanism includes blocking
NFAT activity downstream of hypertrophic stimuli. These molecular actions of GRK5nt
expression during myocyte hypertrophy appear to be due to inhibition of GRKS5 nuclear
translocation as in TgGRKS5nt mouse hearts after TAC, as there was no significant nuclear
accumulation of GRKS while we found significant nuclear GRKS translocation in NLC
hearts as expected and previously shown (Martini et al., 2008). Importantly, we found that
in vivo, GRK5nt expression in transgenic mouse hearts does not alter any baseline cardiac
contractile or morphological parameters, which may also mean that disruption of basal

Ca®*-CaM signaling due to this peptide does not lead to any significant phenotype.

In contrast to the rather innocuous action of GRK5nt expression throughout the
developing mouse to adulthood, after in vivo hypertrophic stress via TAC, TgGRKS5nt mice
show a significantly different phenotype versus NLC mice. We found that, as in myocytes

in vitro, the GRKS5nt peptide blocked hypertrophy in vivo, blocking maladaptation after
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TAC and the transition from hypertrophy to HF. Indeed, when we subjected TgGRK5nt
mice to chronic TAC, we observed a significant protection against several characteristics
of HF, including reduced contractility, ventricular hypertrophy, chamber dilatation,
fibrosis, and pulmonary congestion. The primary mechanism of this peptide in vivo
appears to be blocking Ca?*-CaM binding and nuclear translocation of endogenous GRKS3,
thereby preventing its non-canonical pathological signaling through maladaptive gene
transcription. This is significant since GRK5nt does not appear to interfere with the
classical GPCR activity of GRKS, as determined by BAR inotropy in adult mice and also
cAMP accumulation after BAR stimulation, but prevents its non-canonical pathology
activity in the nucleus. This makes it a specific pathological inhibitor of GRKS5’s actions

in the heart and future studies will need to investigate its gene therapy potential.

Our results are consistent with the hypothesis that GRK5nt acts to suppress cardiac
pathology by preventing the transduction of Ca?*’-CaM GRKS5-dependent actions in the
nucleus, including activation of NFAT. Other known GRKS targets that could also
contribute are HDACS5 phosphorylation, de-repression of MEF2, and inhibition of NFkB
activation through GRK5-mediated regulation of p65 expression. Of interest, some work
by others have expressed an NT peptide of GRKS using an adenovirus and myocardial
injections into spontaneously hypertensive rats and found some reduction in cardiac
hypertrophy and p65 activation following phenylephrine stimulation in H9¢2 myoblasts
(Sorriento et al., 2010). While these results are consistent with our observed anti-
hypertrophic phenotype in TgGRKS5nt mice post-TAC, these rat studies were limited in
scope due to the lack of overt cardiac dysfunction and HF in the spontaneously

hypertensive rats and the lack of a viral control for GRK5nt expression. Moreover, no
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clear GRKS5-dependent nuclear mechanism was established in these studies, while we have
uncovered the attenuation of non-canonical actions of GRKS5 in the nucleus after GRK5nt

expression and hypertrophic stimuli.

One thing not established in our study is whether the Ca**-CaM binding of the
GRK35nt peptide in vivo in myocytes is GRKS5 specific or whether other Ca**-CaM events
are disrupted. Some of the possible targets downstream of Ca?*-CaM would be CaM-
Kinase II and calcineurin, both of which have been implicated in pathological hypertrophy
(Molkentin et al., 1998; Sussman et al., 1998). It is worthy to note that even if GRK5nt
does block activation of CaM-Kinase II or calcineurin, this would be consistent with our
demonstrated therapeutic response and would support that they may be contributing to the
phenotype that we found. However, there is also evidence for GRKS-specificity for
GRK35nt’s actions as a recent study has shown that the pool of Ca?*-CaM that appears to
bind to GRKS during hypertrophy is a distinct pool from the cardiac ryanodine receptor
(Aietal., 2005). Finally, regardless of other potential mechanisms, we clearly have shown
the GRKS5nt peptide blocks nuclear accumulation of GRKS in myocytes in vivo after

hypertrophic stress, a mechanism known to lead to delayed HF post-TAC.

The use of the GRKS5nt peptide to limit HF after hypertrophic stress is novel in
regards to the target (Ca**-CaM-GRKS5 binding) and its place in the hypertrophic signaling
cascade. Previous studies have used peptides to block hypertrophy and HF post-TAC by
targeting Gq interaction, which is the nodal upstream mediator of cardiac hypertrophy.
Early studies by our laboratory used a peptide that targeted the activation of Gaq via
activated hypertrophic GPCRs (Akhter et al., 1998). More recently, we have used the RGS

domain of GRK2 that is known to bind to, and inhibit Gaq activation (Schumacher et al.,
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2016). Cardiac-specific transgenic mice expressing each of these peptides presented with
similar phenotype after TAC as our present TgGRKSnt mice (Akhter et al., 1998;
Schumacher et al., 2016), which is unsurprising since Gg-activation leads to the Ca?*-CaM

activation directing GRKS nuclear translocation.

In summary, we have found that transgenic expression of the NT domain of GRKS5
(GRK5nt) displays significant reduction of maladaptive cardiac hypertrophy and the
transition of this to HF chronically in a mouse model of pressure overload. This included
attenuation of functional, morphological and molecular phenotypes associated with chronic
HF in TgGRK5nt mice. We have established that GRK5nt acts to block hypertrophy and
HF chronically after TAC and it does so in part by competing for Ca**-CaM binding to
endogenous GRKS5. This study supports the potential use of GRK5nt as a gene therapy
strategy to limit HF development in conditions and models of pressure-overload stress such
as hypertensive heart disease or valvular insufficiency. This may also enable technology
and development strategies to modulate non-canonical actions of GRKS5 wversus its

canonical GPCR desensitization activity.

METHODS
Experimental Animals and Procedures

All animal procedures were carried out according to National Institutes of Health
Guide for the Care and Use of Laboratory Animals and approved by the Animal Care and
Use Committee of Temple University. To generate cardiac-specific GRKS5nt transgenic

mice (TgGRKS5nt), the DNA encoding human GRKS residues 2-188 was subcloned from
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mammalian expression plasmid pcDNA-HsGRKS into a vector driven by the MYH6
(aMHC) promoter (Koch et al., 1995) with an N-terminal HA-epitope tag, and were
generated by microinjection. For all in vivo experiments, non-transgenic littermate control
(NLC) mice were used as controls. All baseline echocardiographic studies were performed
with a mixed male and female population, while adult 8-10-week-old males were used for
surgeries. Echocardiography was performed as described previously(Brinks et al., 2010)
using a VevoSonic 2100 imaging system with M550D transducer for assessment of cardiac
function. Mice were anesthetized by 3% v/v isoflurane inhalation and were placed on a
pre-heated stage. Heart rate was maintained above 450 beats per min (bpm) and short axis

images were acquired at the midventricular papillary muscle level for M-Mode imaging.

Hemodynamic measurements were performed as described (Gao et al., 2010) with
a catheter-based pressure recording system. Briefly, mice were anesthetized with Avertin
(2% Tribromoethanol) and the right carotid artery was cannulated with a catheter/pressure
transducer (1.4 French micro-manometer Millar Instruments, Houston, TX), and the
catheter was advanced into the LV. Another catheter was inserted into the jugular vein for
administration of isoproterenol. After recording the baseline hemodynamic parameters,
myocardial responses to increasing doses of isoproterenol (0.1 ng, 0.5 ng, 1 ng, 5 ng, 10
ng) were performed. Data were recorded and analyzed in PowerLab software (AD

Instruments).

Transverse aortic constriction (TAC) was performed as described
previously(Martini et al., 2008). To measure transaortic pressure gradients to assess
success of TAC surgery, echocardiography was performed at 8§ weeks post-surgery for all

sham and TAC groups, using a M250D probe to obtain an image of the complete
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descending aorta. Pulse-wave doppler echocardiography was performed using a pulse-
wave angle of 15-20 degrees. Blood velocity across the descending aorta was measured
and extrapolated to pressure using VisualSonics analysis software. All TAC animals with
peak transaortic pressure gradients below 45 mmHg were excluded from analysis. All
animals were sacrificed at the end of each study and gravimetrics for both heart and wet

lung weight were assessed and indexed to tibial length prior to organ preservation.

Histological Sectioning and Staining

Hearts from 8-week TAC studies were harvested for analyses of cross-sectional
area and fibrosis. Masson’s trichrome staining was performed as previously described (Gao
et al.,, 2010). Briefly, mice were euthanized, and hearts were fixed overnight in 4%
paraformaldehyde at 4°C. Hearts were dehydrated and paraffinized followed by embedding
in paraffin blocks. Blocks were sectioned at 5 um and stained with Weigert’s iron
hematoxylin and Masson trichrome (Sigma-Aldrich) according to the manufacturer’s
instructions. Alternatively, tissue sections were deparaffinized and rehydrated according to
the trichrome staining protocol, but after the wash with deionized water, heart sections
were stained with Alexa Fluor 594—conjugated wheat germ agglutinin (10pg/mL in 1x
PBS) (Invitrogen) for 1 hr at room temperature in a humidified chamber in the dark.
Sections were washed 3 times for 5 min with PBS followed by mounting with coverslips
using Fluoromount-G mounting media containing DAPI nuclear stain (Southern Biotech).
Cross sectional area was measured at 20x magnification by tracing individual cells in
Imagel]. Fibrosis was assessed by a thresholding method in ImageJ as described previously

(Emde et al., 2014).
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Cell Culture Experiments and Adenoviral Infection

Neonatal rat ventricular myocytes (NRVMs) were isolated as described previously
(Simpson et al., 1982). NRVMs were plated in Ham’s F10 medium supplemented with
10% horse serum and 5% FBS with antibiotics. The day after plating, NRVMs were
maintained in serum free medium with antibiotics. For experiments involving adenoviral
infection, viral particles were introduced at a multiplicity of infection (MOI) of 10 after

replacing plating medium.

For determination of cyclic adenosine monophosphate (cAMP) generation, NRVM
were infected with control AAGFP or AAGRK5nt-Flag at a MOI of 10 per virus. Following
48 hours of infection, NRVMs were treated with 50uM 3-isobutyl-1-methylxanthine
(IBMX) for 30 minutes followed by stimulation with vehicle or 10uM isoproterenol for 10
minutes. Cells were lysed in cell lysis buffer (Cell Signaling Technology) followed by
assessment of cyclic AMP generation using Cyclic AMP XP Assay Kit (Cell Signaling

Technology, #4339S) according to manufacturer’s instructions.

Nuclear factor of activated T-Cell (NFAT) activity was assessed using an
adenovirus containing firefly luciferase under the control of repeats of the NFAT DNA-
binding element (Seven Hills Bioreagents). NRVMs were co-infected with NFAT-
luciferase adenovirus and either AAGFP or AAGRKS5nt-Flag at a MOI of 10 per virus.
Following 48 hrs of infection, NRVMs were treated with either vehicle or 100 uM
phenylephrine (PE) for 24 hrs. Cells were lysed in Promega passive lysis buffer and
luciferase activity was measured using Dual-Glo luciferase reporter system on a
luminometer (Tecan Group). All luminescence values were normalized to micrograms of

protein in the luciferase reaction.
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For myocyte hypertrophy experiments, NRVMs were infected with AdB-
galactosidase/AdGFP or AAdGRKS5nt at a MOI of 10. Following 24 hours of infection,
NRVMs were treated with vehicle or 50 uM PE for 48 hrs. Cells were then either fixed in
3.7% formaldehyde in phosphate buffered saline (Sigma, PBS) for immunocytochemistry,
frozen as pellets for quantification of protein and DNA, or frozen in Trizol prior to RNA

analysis.

RNA Isolation and Quantitative PCR

RNA was isolated using Zymo Research Direct-zol RNA mini-prep according to
manufacturer’s instructions. RNA was reverse-transcribed (one microgram) to cDNA
using BioRad’s iScript cDNA synthesis kit. Quantitative PCR was performed using
Applied Biosystems’ Sybr Green select master mix with 5 ng of cDNA per reaction and
400nM of each primer as described (Schumacher et al., 2016). Ribosomal RNA 18s was
used as a reference gene in order to calculate ACt values. The AACt method was used to
analyze relative gene expression. All data were normalized to the control treatment and

infection.

Immunostaining and Immuno-Blotting

Fixed cells were permeabilized in 0.1% Triton X-100 in phosphate-buffered saline
(PBS) for 5 mins followed by blocking for 1 hr at room temperature in PBS+1% BSA.
Immunocytochemistry was performed using anti-sarcomeric actin (Sigma, 1:100 in
blocking buffer) overnight at 4°C. Cells were washed 3x with PBS followed by incubation
with anti-mouse AlexaFluor-488 secondary antibody (1:500) for 1 hour at room

temperature in the dark. Following 3 washes with PBS, actin-stained cells were
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counterstained with DAPI (Fluoromount-G). Images were acquired using a Nikon-TiE

epifluorescence microscope at 20x magnification.

Tissue and cells were lysed unless otherwise noted in RIPA buffer (25 mM Tris,
0.5% sodium deoxycholate, 150 mM sodium chloride, 1 mM sodium fluoride, 1%
IGEPAL) plus protease inhibitors (set V, EDTA-free, Millipore). Protein determination for
SDS-PAGE or hypertrophy experiments was performed using bicinchoninic acid assay
(ThermoFisher). DNA isolation was performed using ChIP DNA isolation kit (Cell
Signaling Technologies). DNA concentration for hypertrophy experiments was determined
using Sybr Green I dye assay (ThermoFisher). Briefly, a standard curve was generated
using dilutions of lambda DNA in the presence of Sybr I dye. Dilutions of DNA isolated
from hypertrophy experiments were then assayed for Sybr I fluorescence and the standard
curve was used to extrapolate the DNA concentration for indexing protein concentration.
For SDS-PAGE, 20-30 pg samples of protein were resolved on 4-20% gradient gels
(Invitrogen), followed by transfer to nitrocellulose membrane using TransBlot Turbo

transfer stacks (BioRad).

For Immuno-blotting, membranes were stained with Ponceau S for 5 min followed
by rinsing in water and imaging to assess transfer efficiency and total protein. Membranes
were then de-stained in wash buffer (PBS+0.5% Tween-20) followed by blocking for 1 hr
at room temperature with Licor blocking buffer in PBS (Licor Technologies). Primary
antibodies were diluted 1:1000 in blocking buffer and incubated overnight at 4°C. After
primary antibody incubation, membranes were washed three times followed by incubation
in secondary antibody (1:10,000 in Licor blocking buffer) for 1 hr at room temperature.

Membranes were washed again and imaged using an Odyssey Licor scanner. Primary
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antibodies used were as follows: mouse monoclonal GRKS (Santa Cruz Biotechnology, sc-
518005), mouse monoclonal GAPDH (sc-32233), rabbit monoclonal HA (Cell Signaling
Technology, C29F4), rabbit polyclonal histone H1 (Invitrogen, PA5-30055), and mouse
monoclonal sarcomeric actin (Sigma, SAB4200689). Secondary antibodies used were as
follows: Goat anti-rabbit IRDye 800 (Licor Technologies, 926-32211), Goat anti-mouse
IRDye 680 (Licor, 926-68078), and Goat anti-mouse AlexaFlour-488 (Thermo Fisher, A-

11001).

Calmodulin Capture Assay

Calmodulin (CaM) capture assays were performed using agarose beads conjugated
to recombinant bovine CaM (Sigma). Beads were washed with either 2 mM EDTA or 2
mM CaCl; in immunoprecipitation (IP) Buffer (50 mM Tris, 150 mM sodium chloride)
before adding to 150 pg of either GFP or GRK5nt lysates diluted in IP buffer. Every sample
underwent CaM-agarose pulldown in the presence of EDTA or CaCl,, to determine the
calcium-dependence of binding. Following overnight rotation, CaM beads were
centrifuged and washed in EDTA or CaCl, wash buffer three times. After the final wash,
CaM beads were boiled in 2x Laemmli buffer (BioRad) for 5 min. Fractions of the

pulldowns were resolved by SDS-PAGE to analyze captured proteins.

Subcellular Fractionation

For assessment of nuclear GRKS, heart tissues were harvested in PBS and
subsequently homogenized using a dounce homogenizer (Sigma). Cells were centrifuged
at 500 x g for 5 min. Pellets were processed to generate cytoplasmic and nuclear fractions

using a kit according to manufacturer’s instructions (BioVision, K266). Briefly, cell pellets
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were re-suspended in hypotonic buffer (CEB-A) and incubated for 10 min. followed by
addition of detergent (CEB-B) and vortexing to release cytoplasmic proteins. Lysates were
centrifuged and the supernatant was collected as the cytoplasmic fraction. The pellets were
lysed in nuclear lysis buffer (NEB) to extract nuclear proteins. Nuclear fractions were
intermittently vortexed for 30 minutes on ice and clarified by centrifugation. Histone H1
and GAPDH were used as molecular markers of the nuclear and cytoplasmic fractions,

respectively.

STATISTICS

All bar graphs in figures are represented as mean +/- standard deviation from an n
of at least 3 for every experiment. For all experiments with two independent variables (e.g.
GRK5nt and control virus or NLC and TgGRK5nt), two-way ANOVA with Tukey’s post-
hoc testing for multiple comparisons were used to determine statistical significance. In
hemodynamic studies, two-way ANOVA with repeated measures was used to assess
statistical significance. For comparison of two groups, Student’s two-tailed t-test assuming

equal variance was used. A p-value<0.05 was considered statistically significant.

Acknowledgments: We would like to thank Sudarsan Rajan of our viral vector core for
propagation and titering of adenoviruses used in our studies. We also thank the contribution of
Zuping Qu and Kevin Luu for animal husbandry, colony maintenance, and genotyping of mice.
Funding: All studies were funded by National Institute of Health (NIH) grant PO1 HL091799

(W.J.K.), PO1 HL075443 (W.J.K.), and a pre-doctoral AHA fellowship 17PRE33661220 (R.C.C.).

Author contributions: R.C.C. performed all echocardiography, in vitro experiments, and
histological staining in the outlined studies, as well as preparation of the manuscript. AE assisted

in nuclear fractionation experiments. ML and AP assisted in tissue embedding and histological

58



sectioning. R.R. performed all animal surgeries in the outlined studies. E.W.B. performed cloning
for generation of transgenic mice and adenoviral plasmids. J.I. isolated neonatal ventricular
cardiomyocytes. A.M.L. performed hemodynamics studies. K.G. and J.K.C. were involved in
general technical assistance and experimental design. Competing interests: We report no

competing interests.

59



'S
(=)
1

m)>
vs)
o

Heart Rate (bp
N 3
(=3 (=3
(=] (=]
T T
w
=]
I

B 204

Ejection Fraction (%)
Y
o
L
Fractional Shortening (%)
3 B

>

=]
[

O
m
T

©w
1

-3
1

LVID (mm)
N
L
LVPWT (mm)
o
-y
HW/TL (mg/mm)
?

-
1

N
1

o
T

g

>

=)
1

& ™ & 8y &
& N & < &
O 9 O
) KO )

Fig. 5. Transgenic GRKS5nt mice have normal baseline cardiac physiology and heart
size. (A) Western blot confirming tissue-specific expression of the HA-GRKS5nt construct.
(B-E) Echocardiographic and gravimetric assessment of 10-12-week-old GRKS5nt mice
alongside non-transgenic littermate controls for (B) ejection fraction %, (C) fractional
shortening %, (D) LV internal diameter (LVID), (E) LV posterior wall thickness
(LVPWT). (F) heart weight indexed to tibial length (HW/TL). All comparisons were

statistically insignificant by unpaired two-tailed Student’s t-test (p>0.05). n=7-11 per

group.
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Fig. 6. Transgenic GRKS5nt mice exhibit attenuated heart failure following chronic
TAC. (A-D) Echocardiographic analysis of cardiac function in NLC and TgGRK5nt mice
8 weeks following TAC surgery or a Sham procedure. (A) LV ejection fraction %. (B) LV
fractional shortening %. (C) LV posterior wall thickness (LVPWT). (D) LV internal
diameter (LVID). (E) Heart weight indexed to tibia length (HW/TL) in TgGRK5nt and
NLC mice 8 weeks after Sham or TAC. (F) Lung weight indexed to tibial length (LW/TL)
in NLC or TgGRK5nt mice 8 weeks after Sham or TAC. (* p<0.05, ** p<0.01, ***

p<0.001, **** p<0.0001, Two-way ANOVA with Tukey’s post-hoc testing). n=7-12 per

group.
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&
Fig. 7. Transgenic GRKSnt mice exhibit attenuated hypertrophy and fibrosis
following chronic TAC. (A) Wheat germ agglutinin staining of heart sections from NLC
and TgGRK5nt mice following sham or TAC. (B) Planimetric assessment of cell surface
area from wheat germ agglutinin-stained sections. (C) Masson Trichrome staining of heart
sections from NLC and TgGRKS5nt mice following sham or TAC surgery. Fibrotic area is

normalized to total field area to derive relative fibrotic area. (* p<0.05, ** p<0.01, ***

p<0.001, **** p<0.0001, Two-way ANOVA with Tukey’s post-hoc testing). n=7-12 per

group.
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Fig. 8. GRKSnt in neonatal rat ventricular myocytes attenuates phenylephrine-

induced cellular hypertrophy. NRVMs were infected with control ([1Gal) or GRK5nt

adenovirus for 48 hrs followed by stimulation with 100uM phenylephrine for a further 48

hrs. (A) Representative images of plated NRVMs stained with [J-sarcomeric actin to

visualize cell area. (B) Average cell area of NRVMs after vehicle of PE treatment in [1Gal

or GRK5nt expressing myocytes. (C) RT-qPCR of ANP shows attenuated PE-induced

elevation in ANP expression in NRVMs expressing GRK5nt. (D) Protein to DNA ratios

were calculated by protein and fluorometric Sybr I assay. GRKS5nt expression attenuated

PE-induced elevation in protein to DNA ratio. (E) Western blot of protein lysates from

protein to DNA ratio experiments confirming expression of GRK5nt at the MOI used. (*

p<0.05, **** p<0.0001, Two-way ANOVA with Tukey’s post-hoc testing). n=3 per group.
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Fig. 9. GRK5nt binds to Ca**-CaM selectively and alters NFAT signaling and GRKS
nuclear accumulation following hypertrophic stress. (A) Western blot of GFP and
GRK5nt lysates with CaM pulldown in the presence of EDTA (E in label) or CaCl, (Ca?*
in label). (B) Quantification of pulldown of GRK5nt with Ca**-CaM or Apo-CaM. (C)
Quantification of pulldown of full length GRKS in lysates expressing GFP or GRK5nt. (D)
Assessment of NFAT luciferase activity in GFP or GRK5nt-expressing NRVMs following
24 hrs of 100uM PE treatment. (E) Western blotting of nuclear GRKS in fractions from
NLC or TgGRK5nt hearts following two weeks of TAC. Data were normalized to the
nuclear marker Histone H1. (F) Quantification of nuclear GRKS in TAC and sham nuclear
fractions. (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, Two-way ANOVA with
Tukey’s post-hoc testing). For in vitro experiments, n=3 per group. For in vivo TAC

experiments, n=>5 per group.
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Supplementary Figure 1. Design of transgenic GRK5nt mouse line and confirmation
of heart tissue-specific expression. (A) Linear diagram of GRKS displaying key features
such as amino acid residues and important regulatory domains crucial for this study are
depicted. This includes the nuclear localization signal (NLS) and nuclear export signal
(NES). The GRK5nt peptide is shown (amino acid residues 2-188) used in this study using
a FLAG-tagged adenovirus or a HA-Tagged transgenic construct. (B) Western blot of
tissue lysates using anti-HA from NLC heart, TgGRKS5nt heart, and TgGRKS5nt liver
lysates. This data indicates heart-specific expression of GRK5nt in the GRK5nt mouse,

with no expression in liver or in the NLC heart.
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Supplementary Figure 2. Cardiac-specific T¢GRKSnt mice exhibit normal baseline
hemodynamics and adrenergic reserve. (A) Hemodynamic assessment of heart rate
following boluses of increasing doses of isoproterenol (Iso) in adult NLC or TgGRK5nt
mice. (B) Maximal and (C) minimal LV pressure derivatives (dP/dtmax and dP/dtmin) in
NLC and TgGRK5nt mice following increasing doses of Iso. (D) cAMP accumulation in
NRVMs expressing GFP or GRK5nt following pre-treatment with 50uM IBMX and
treatment with 10uM Iso for 10 min. All comparisons were statistically insignificant by
two-way ANOVA with repeated measures for hemodynamic assessment (n=8-11) or by

two-way ANOVA with Tukey’s post-hoc comparison for cAMP generation (n=3).
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Supplementary Figure 3. Te¢GRKSnt and NLC mice exhibited similar heart rate and
peak pressure gradients following TAC or Sham surgery. (A) Echocardiographic
assessment of heart rate during image acquisition for chronic TAC studies in Fig. 2. (B)
Pulse-wave Doppler echocardiographic assessment of peak transaortic pressure gradient of
Sham and TAC NLC and TgGRK5nt mice following TAC or Sham surgery. All
comparisons between genotypes were statistically insignificant by two-way ANOVA with

Tukey’s post-hoc comparison. n=7-12 per group.
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CHAPTER 4

CONCLUSIONS AND SIGNIFICANCE

Extended Discussion and Future Directions

HEF is the clinical syndrome where the heart, for a variety of reasons, is incapable
of maintaining a CO that is sufficient for the metabolic needs of the systemic tissues. A
common feature in human HF is cardiac remodeling, where the heart adapts to an early
lack of proper perfusion by promoting neurohormonal stimulation of the heart to increase
its rate and force of contraction. In order to support this, the heart often undergoes a
process of hypertrophy, where new sarcomeres are added to adapt to the increasing need
for contractile force. This alteration in the heart is initially adaptive, or compensating,
wherein the increase in heart size normalizes wall stress and maintains CO. Eventually,
this process de-compensates and leads to HF in a patient. The molecular underpinnings of
the maladaptive hypertrophic heart versus the adaptive hypertrophic heart has been an
area of great interest. Underlying this phenotype is a combination of increased global
gene expression that supports overall growth of the cell, as well as changes in a subset of
genes that are newly expressed and substantially increased or decreased that are thought

to contribute to the process of decompensation, or pathological hypertrophy.

Currently, most forms of clinical HF treatment are aimed towards addressing the
clinical symptoms of HF, rather than being effective in reversing the course or progress
of the disease. Drugs such as B-blockers, ACE inhibitors, angiotensin receptor blockers,
etc. do not cure the disease, but rather slow its progress and improve patient quality of

life. A matter of great interest, then, is further understanding the varied processes that
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promote the progression of HF to find new drug or gene therapy targets. Importantly,
there are no drugs that are capable of specifically addressing maladaptive hypertrophy as

a distinct molecular process.

We have established through gain and loss-of-function mouse models that GRKS
appears to contribute to pathological hypertrophy. Ablation of GRKS attenuates
pathological hypertrophy and HF (Gold et al., 2012), while overexpression of GRKS5
induces an intolerance to pressure-overload HF (Martini et al., 2008). The exacerbation
of HF due to overexpression of GRKS5 was significantly attenuated with deletion of the
NLS of GRKS, suggesting mechanistically that the contribution of GRKS to worsening
HF is due to its nuclear functions (Martini et al., 2008). Further mechanistic work
characterized the N-terminal CaM-binding domain of GRKS to be important for its
nuclear functions (Gold et al., 2013). Expressing the N-terminus of GRKS has been
shown to attenuate NFkB signaling and prevent hypertrophy in hypertensive rats
(Sorriento et al., 2010). In agreement with this is our work expressing the NT of GRKS
(GRK5nt) specifically in the cardiomyocytes of mice. Herein, we see both in vitro and in
vivo that GRK5nt expression attenuates hypertrophy and is associated with decreased
NFAT activation by hypertrophic agonists as well as decreased pressure-overload
induced elevation in nuclear GRKS, suggesting that a mechanism for GRK5nt is blocking

non-canonical GRKS signaling.

Due to its role in promoting hypertrophy and HF, GRKS is currently being
explored as a druggable target, with an eye towards rational drug design that can
selectively inhibit differing activities of GRKS (kinase-dependent vs. nuclear). An early

finding through screening was that the FDA-approved anti-inflammatory and anti-allergy
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drug amlexanox is able to bind to GRKS5 (Pfleger et al., 2019). The anti-fungal drug
malbrancheamide, a known CaM inhibitor, was also explored in the context of how it
interacts with the CaM-binding domains of GRKS, and appeared to modulate the lipid-
binding properties of GRKS5 through the C-terminal CaM domain, and the GPCR
phosphorylation role of GRKS through the N-terminal CaM domain (Beyett et al., 2019).
This was associated with decreased nuclear accumulation of GRKS and a blunted
response to hypertrophy in cardiomyocytes, suggesting that targeting the CaM-GRKS5
interaction could be a pharmacological target. Indeed, this is in agreement with our work,

where targeting N-terminal Ca?’-CaM-GRKS5 binding attenuated hypertrophy and HF.

Accumulation of GRKS in the nucleus leads to phosphorylation of HDACS
(Martini et al., 2008), where it de-represses MEF2 activity and thus promotes
hypertrophic gene expression. Furthermore, in cardiomyocytes, GRKS binds to NFAT-
DNA complexes and promotes stress-induced NFAT activation (Hullmann et al., 2014).
While these individual nuclear non-canonical targets of GRKS have been confirmed, a
limitation of those studies as well as the studies in GRK5nt mice is that we do not have a
complete understanding of the full nuclear proteome and genomic role of GRKS, nor do
we have a full understanding of the molecular events that regulate nuclear localization of
GRKS. Thus far, the primary dependence for nuclear accumulation is the CaM-binding
domains of GRKS. While we do show that prevention of CaM binding to GRKS is
potentially therapeutic, it presents a challenge to design peptides or drugs that selectively
target the CaM-GRKS interface without affecting CaM binding in general. Indeed, while
in our studies we see a disruption of Ca**-CaM-GRKS5 binding and nuclear accumulation

of GRKS, we also see that GRK5nt binds CaM in general, suggesting that the mechanism
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of attenuation of HF and hypertrophy might be through GRK5-CaM-NFAT-dependent
function, or also due to GRK5-CaM-independent mechanisms. To determine the true
therapeutic potential of targeting non-canonical GRKS activities specifically, more basic
research will be required to understand the mechanisms that regulate homeostatic and

stress-responsive nuclear activities of GRKS.

New technologies in the laboratory are making more nuanced investigations of
GRKS possible. A principal question for the basic role of GRKS in the cardiomyocyte as
it grows is the exact and complete history of its binding events from receptor to
phenotype. This traditionally would be accomplished with co-immunoprecipitation
followed by mass spectrometry to identify interacting proteins. This technique has been
the standard for discovery of interactomes, but it fraught with challenges and limitations.
Finding high-quality antibodies for immunoprecipitation is challenging, and unless
fixation is used, many labile interactions between GRKS5 and other proteins in the cell
would be lost in the washing steps. Furthermore, this technique is limited in that only
proteins interacting at the time of lysis in stable complexes with GRKS can be

successfully identified.

An emerging technique that can circumvent many of these issues is biotin
proximity labeling, or BiolD. This technique involves fusing GRKS to a promiscuous
bacterially-derived biotin ligase, BiolD2. When GRKS5-BioID2 comes within ~15
nanometers of another protein, the enzyme biotinylates the protein. This allows labile and
transient interactions to be captured, as this technique does not rely on a continued
interaction between GRKS5 and substrate. In this technique, a whole cell extract or

fractions are prepared, and a streptavidin pulldown is employed to capture all proteins
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with a history of interaction with GRKS. In cardiomyocytes, this technique could be used
to get a history of GRKS interactions during hypertrophic stimulation with phenylephrine
or angiotensin II. By fractionating cells, the nuclei could be isolated and mass
spectrometry performed selectively on that fraction to determine conclusively whether
there is a nuclear proteome for GRKS, and how this proteome changes during
hypertrophy. Another important future direction to understand GRKS5 would be to

identify whether GRKS has direct genomic binding and modulation functions.

Based on the identification of an NLS in GRKS as well as its ability to bind DNA,
which makes it unique from GRK2, we hypothesize that GRKS either at baseline or in
response to stress, may be chromatin-bound. A technique that can be used to assess
whether GRKS can bind to genomic DNA in a spatially resolved manner is chromatin
immunoprecipitation followed by deep-sequencing (ChIP-Seq). Early work attempting to
elucidate a chromatic function of GRKS was stymied by the lack of available high-
quality antibodies for ChIP. The BiolD2-GRKS5 fusion could provide flexibility for
determination of genomic binding of GRKS due to its possession of an HA tag.
Following fixation, ChIP could be performed with a ChIP-grade anti-HA antibody.
Another potential question that could be answered using biotin proximity ligation in the
nucleus is whether GRKS has a target genome, wherein streptavidin pulldown of isolated
chromatin would reveal the localization of GRKS targets throughout the genome, and
how this is changed following hypertrophic stimulation. To contextualize these data,
RNA polymerase I ChIP-Seq could be performed in parallel to align GRKS genomic
binding or GRKS5-target genomic binding to transcription. These data would conclusively

reveal the full nuclear contribution of GRKS to cardiomyocyte hypertrophy.
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CONCLUSION

Overall, our work investigated the therapeutic potential of interfering with non-
canonical GRKS signaling through expressing an N-terminal peptide of GRKS in
cardiomyocytes. We found that cardiomyocyte expression of GRK5nt in mice had no
overt baseline phenotype, but was associated with attenuated hypertrophy, cardiac
dysfunction, fibrosis, and pulmonary congestion following chronic pressure overload,
suggesting an anti-HF role for GRK5nt. This was associated with a decrease in the
activity of the hypertrophic transcription factor NFAT as well as a decreased binding of
GRKS5 to CaM and nuclear accumulation of GRKS. These data suggest that GRK5nt
suppresses the non-canonical functions of GRKS, which warrants further investigation
with refined selective peptides and/or novel GRKS inhibitors that can selectively target

the non-canonical functions of GRKS in hypertrophy and HF.
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