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CHAPTER 1 

General introduction and outline of the thesis 

Cardiovascular diseases (CVDs) are the leading cause of morbidity and mortality 

worldwide, with a heavy burden on global healthcare systems. Commonly, CVDs are a 

group of disorders that involves the heart or blood vessels, including, stroke, heart 

failure (HF), coronary heart disease, peripheral arterial disease, and other cardiac and 

vascular conditions (Mensah, et al., 2019; Amini, et al., 2021). Common risk factors for 

CVDs include core health behaviors (smoking, physical inactivity, unhealthy diet, 

overweight and obesity) and other factors (cholesterol, blood pressure, and glucose 

control) that are related to cardiovascular health (Virani, et al., 2021).  

Among CVDs, HF constitutes a significant public health concern, with a prevalence 

estimated at 1% to 2% of the general adult population in developed countries 

(Groenewegen, et al., 2020). HF is a heterogeneous clinical syndrome, and it is 

characterized by reduced myocardial pump function and increased pressure load. The 

dysregulation of neurohormonal systems, including hyperactivity of the sympathetic 

nervous systems (SNS) and of the renin–angiotensin–aldosterone system (RAAS), exerts 

a pivotal role in HF pathogenesis (Bencivenga, et al., 2021).  

Hyperactivity of the SNS, that provides increasing levels of circulating catecholamines 

(CAs), causes defects in β-adrenergic receptors (β-ARs) regulation in the heart, due to 

the upregulation of G protein-coupled receptor (GPCR) kinases (GRKs) (Sato, et al., 

2015a; Mangmool, et al., 2018). Among GRKs, GRK2 and GRK5, are the major isoforms 

expressed in the heart, and the levels of these kinases are elevated in human failing 

myocardium (Dzimiri, et al., 2004).  
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Significant progress has been made in understanding the pathological role of these 

kinases in the heart, both as GPCR kinases and as molecules that can act independently 

of GPCRs, in a “non-canonical” manner. GRKs are capable to regulate several cellular 

processes, often through translocation to distinct intracellular compartments, such as 

the mitochondria for GRK2 or the nucleus for GRK5 (Schumacher and Koch, 2017).  

Therefore, elucidating the role of GRKs in the modulation of these cellular processes 

may provide novel insight into molecular mechanisms involved in cardiac physiology and 

pathophysiology.  

During my Ph.D. fellowship, I was involved in several research studies in these fields, 

aiming at uncovering novel molecular mechanisms underlying cardiac dysfunction, thus 

identifying new molecular targets and improve HF therapy. 
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Outline of the thesis  

The thesis is divided into four parts:  

Part I: Introduction to Cardiac Pathophysiology 

In the first part of the thesis, we provide a general introduction to cardiac physiology 

and pathophysiology, focusing on GPCR signaling and GRKs. 

Part II: New Roles of G Protein-Coupled Receptor Kinase 2 (GRK2) In the Heart 

In this section, we explore the effects of non-canonical activities of GRK2 in the heart.  

In particular, we tested the impact of high aldosterone levels, and the role of GRK2, on 

both insulin and β-ARs signaling in in the heart. 

Part III: G Protein-Coupled Receptor Kinase 5 (GRK5) in Chronic Degenerative Diseases  

This section of the thesis is a collection of our research studies aimed at investigating 

the role of GRK5 in chronic degenerative diseases, including cancer, neurological and 

cardiovascular disease. Finally, we explore the effects of inactivating the catalytic site of 

GRK5, with a particular focus on its role in governing basal cardiac function and response 

to stress.  

Part IV: Discussion and conclusions 

The last section of the thesis is a broad discussion of the addressed topics with the 

conclusions. 
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CHAPTER 2 

Pathophysiology of Heart Failure 

Heart failure (HF) is a global pandemic affecting about 1% to 2% of the population 

worldwide, with a further increase of prevalence expected over the next decade. 

Despite the significant advances in therapies and prevention, it is still a leading cause of 

mortality and morbidity, with a dramatic clinical, societal, and economic burden 

(Savarese and Lund, 2017).  

The pathogenesis of HF is complex, with several possible etiologies and multiple risk 

factors, including age, genetics, lifestyle habits and underlying health conditions, such 

as obesity, hypertension, or diabetes mellitus. HF constitutes the end-stage condition of 

several structural and functional CVDs, including ischemic heart disease, coronary artery 

disease, cardiomyopathies, valvular diseases, congenital malformations, and others.  

Physiologically, HF is characterized by reduced ability of the heart to provide sufficient 

perfusion to meet metabolic requirements and accommodate systemic venous return. 

Current guidelines have classified HF into three subtypes according to left ventricular 

ejection fraction (LVEF): HF with preserved LVEF (typically considered as ≥50%; HFpEF), 

HF with reduced LVEF (typically considered as <40%; HFrEF) and mid-range HF (typically 

in the range of 40 – 49%; HFmrEF) (Ponikowski, et al., 2016). 

As the heart fails, patients develop symptoms which include dyspnea, persistent 

coughing or wheezing, and buildup of excess fluid in body tissues, due to altered venous 

return. Nausea, lack of appetite, tiredness, and fatigue are also common constitutional 

symptoms. 
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The failing heart initially undergoes adaptive and compensatory changes to maintain 

adequate function. These include increased cardiac output, progressive myocardial 

remodeling, and activation of neurohormonal systems. Although initially beneficial, the 

long-term effects of these compensatory mechanisms turn to be deleterious, thus 

further worsening cardiac function and HF progression (Kemp and Conte, 2012). 

A principal hallmark of the progression to HF is a maladaptive structural remodeling of 

the heart, which consists of cellular and molecular changes that directly influence left 

ventricular (LV) mass, volume, and shape. These changes include progressive loss of 

myocytes and reorganization of the extracellular matrix, with deposition of interstitial 

collagen that leads to electrical disruption and decreased cardiac function (Hartupee 

and Mann, 2017). Another important biological change by which the heart attempts to 

normalize decreased systemic perfusion include hypertrophic growth by enlarging 

individual myocytes. The result of both fibrosis and hypertrophy is a change in the 

structure of the heart, with dilation of the LV chamber, and thickening or thinning of the 

walls of the heart (van Berlo, et al., 2013). 

The most important neurohormonal adaptations in HF are activation of the SNS, that 

provides increasing levels of circulating CAs, and the RAAS, which maintain cardiac 

output through increased sodium retention, peripheral arterial vasoconstriction, and 

contractility.  

In normal conditions, the SNS controls cardiac physiology, through the modulation of 

atrioventricular conduction, heart rate, cardiac contractility and relaxation.  Conversely, 

in pathological conditions, such as HF, the increased levels of norepinephrine (NE) and 
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epinephrine (EPI) determine a persistent activation of β-ARs, thus leading to dysfunction 

in the signaling pathway and to depressed cardiac function (Bencivenga, et al., 2021).  

On the other hand, the pathophysiologic effects of the RAAS are primarily driven by 

angiotensin II and aldosterone. Indeed, chronic exposure to excessive levels of these 

hormones has been linked to adverse effects, including ventricular hypertrophy, 

vasoconstriction, and sodium retention (Adams, 2004).  

Such a dysregulation of these neurohormonal systems has been shown to have a central 

role in HF progression, through the promotion of myocardial remodeling, cardiac 

hypertrophy, and fibrosis. Treatment strategies have been developed based upon the 

understanding of these compensatory mechanisms.  

Common medical therapies for the management of afflicted patients include β-ARs 

antagonists (β-blockers), that counteract the excessive sympathetic nervous system 

activity; angiotensin-converting enzyme (ACE) inhibitors, Angiotensin II receptor 

blockers (ARB), and mineralocorticoid receptor (MR) antagonists, that counteract the 

effects of RAAS hyperactivation.  

Although considerable improvements have been made in the treatment of HF, some 

people with a severe and progressive pathology can’t be helped by medications; in such 

cases, a heart transplantation may be the only effective option. However, there are also 

some surgical procedures for the management of HF, including cardiac 

resynchronization therapy (CRT), implantation of ventricular assist devices (VAD) or 

implantable cardioverter defibrillator (ICD), valve surgeries and others (Nicolini and 

Gherli, 2009).  
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Despite significant understanding of the pathophysiology of HF, the mortality is still 

elevated, and further research is needed to implement therapeutic approaches and 

improve survival among patients with HF.
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CHAPTER 3   

G Protein-Coupled Receptor Signaling in the heart 

G protein-coupled receptors (GPCRs) are the largest family of cell surface receptors in 

mammalian genomes, and they regulate multiple intracellular signaling cascades in 

response to proteins, hormones, neurotransmitters, ions, and other stimuli.  

Such a variety of extracellular ligands is reflected in the structural diversity of more than 

800 GPCRs, that have been classified into five main subfamilies, based on their sequence 

homology and functional characteristics (Fredriksson, et al., 2003; Katritch, et al., 2013).  

GPCRs are expressed in virtually all tissues, and they play a pivotal role in both 

physiological and pathological processes. Therefore, they represent attractive targets 

for pharmacological drugs (Hilger, et al., 2018). 

The hallmark of GPCRs structure is the seven-transmembrane (7TM) domain, that spans 

the cell membrane with a ligand-binding domain at its extracellular side, and a carboxy-

terminal intracellular domain (Lefkowitz, 2007; Zhou, et al., 2017). 

In its resting state, the GPCR intracellular domain is bound to inactive heterotrimeric G 

proteins, comprising a GDP-bound Gα subunit, as well as Gβ and Gγ subunits. Upon 

binding their ligands, GPCRs undergo conformational changes in the 7TM, which triggers 

the replacement of GDP with GTP within the Gα subunit and the dissociation of the 

heterotrimer from the activated receptor. These events are followed by detachment of 

Gα subunit from the Gβγ subunits, thus allowing both subunits to modulate the activity 

of different downstream effector proteins. (Oldham and Hamm, 2008; Pfleger, et al., 

2019). The heterotrimeric G proteins are generally divided into four main classes, which 

differentially control the signal transduction cascade: Gαs, Gαi, Gαq and Gα12/13. 
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Gαs activates the enzyme adenylyl cyclase (AC), which in turn stimulates the production 

the second messenger cyclic adenosine monophosphate (cAMP). The latter binds to 

protein kinase A (PKA), thus triggering the phosphorylation of downstream target 

proteins. In contrast, Gαi has an inhibitory effect on AC activity. The G⍺q subunit 

activates phospholipase C (PLC), which generates inositol-1,4,5-trisphosphate (IP3) and 

diacylglycerol (DAG) from the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2), 

thus activating protein kinase C (PKC) and increasing calcium efflux from the 

endoplasmic reticulum. Finally, the G⍺12/13 subunit binds to Rho guanine nucleotide 

exchange factors (RhoGEF) (Pfleger, et al., 2019) (Figure 1). 

 

Figure 1. G protein-coupled receptors (GPCRs) signaling pathway. Upon ligand binding to G protein-
coupled receptors (GPCRs), inactive G protein heterotrimers dissociate into separate, active Gα and 
Gβγ subunits. Depending on the subclasses of Gα, various downstream signaling pathways are 
activated. Gαs activates adenylyl cyclase (AC), whereas Gαi inhibits its activity. Gαq activates 
phospholipase C (PLC), which produces inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) 
from the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2). Finally, Gα12/13 activates Rho 
guanine nucleotide exchange factor (RhoGEF). 
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Following receptor activation and signal transduction, a complex regulatory mechanism 

is initiated to attenuate the cellular responses mediated by GPCRs, a process termed 

desensitization.  Activated GPCRs are rapidly desensitized through phosphorylation of 

intracellular serine and threonine residues by specific kinases (GRKs). 

Phosphorylation of agonist occupied GPCRs by GRKs facilitates the recruitment of 

cytosolic proteins called β-arrestins, resulting in the uncoupling of GPCR from G 

proteins, thus preventing further agonist responsiveness of the receptor (Penela, et al., 

2003). In addition, β-arrestins have been shown to directly participate in the clathrin-

mediated endocytic pathway, that results in either receptor degradation in lysosomes 

or recycling to the plasma membrane (Claing, et al., 2002; Pierce, et al., 2002). β-

arrestins may also regulate GPCRs internalization and degradation by regulating their 

ubiquitination and they are involved in the modulation of mitogen-activated protein 

kinase (MAPK) cascades (Shenoy and Lefkowitz, 2011). 

In the cardiovascular system, GPCRs are expressed on various cell types, including 

cardiomyocytes, fibroblasts, endothelial cells (ECs), and vascular smooth muscle cells 

(VSMCs), where they regulate cardiac physiology by modulating critical processes. 

Under pathological conditions, these receptors undergo aberrant changes in expression 

levels and localization, thus affecting downstream signaling pathways. Among the 

GPCRs, β-ARs are the predominant subtypes expressed in the heart and they play an 

important role in the pathophysiology of human heart diseases. As such, they are 

common targets for therapeutic drugs.  
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Three different isoforms of β-ARs have been identified in the human heart, β1-AR, β2-

AR, and β3-AR, which are differentially expressed. β1-ARs are the predominant subtypes 

expressed in cardiomyocytes, whereas β2-ARs and β3-ARs are only present in around 

5% of them (Myagmar, et al., 2017). β2-ARs are most abundant in cardiac fibroblasts, 

ECs and VSMCs, where they are involved in fibrosis and vasodilation (Wang, et al., 2018). 

β1-ARs are traditionally activated by both epinephrine and norepinephrine and their 

activation increases cardiac contractility and cellular growth.  

Both β1-ARs and β2-ARs are coupled to the downstream Gαs protein, which promotes 

the activation of signaling effector AC and the generation cAMP, leading to increased 

cardiac contractility, through PKA-mediated phosphorylation of different target 

substrates (including voltage-gated L-type Ca2+ channel, cardiac ryanodine receptor, 

phospholamban, and troponin I).  

Besides Gαs, β2-ARs are also coupled to Gαi protein, allowing for inhibitory effects on 

cardiac contractile function (Salazar, et al., 2007; Wang, et al., 2018). This different 

signaling cascade might explain why β2-AR signaling has antiapoptotic and 

cardioprotective effects, whereas β1-AR activation enhances cardiomyocytes apoptosis, 

exerting detrimental effects on the heart (Communal, et al., 1999). Although β3-ARs are 

the least abundant subtype in cardiomyocytes, they have been shown to have a role in 

regulating cardiac function (Dessy and Balligand, 2010).  

Modulation of the adrenergic pathway is crucial for the proper functioning of the 

cardiovascular system. It is widely recognized that chronic stimulation of the β-ARs 

exerts toxic effects on the heart and plays a pivotal role in HF progression. 
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Following cardiac injury several neurohormonal systems are hyperactive, such as the 

SNS, which increases circulating levels of CAs, thus inducing selective downregulation of 

β1-ARs, as opposed to β2-ARs. Nevertheless, both β1-ARs and β2-ARs are functionally 

uncoupled from G proteins and desensitized in HF (Bristow, et al., 1986; Lymperopoulos, 

et al., 2013). In conclusion, over- stimulation of β-ARs results in their dysregulation and, 

therefore, induces detrimental dysfunction in downstream signaling pathways. 
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CHAPTER 4   

G Protein-Coupled Receptor Kinases 

The desensitization and downregulation of agonist-activated GPCRs are primarily 

mediated by a family of serine/threonine protein kinases, called GRKs. There are seven 

known members of the GRK family that have been divided into three different 

subfamilies, depending on their sequence homology and structural similarities: the 

rhodopsin kinases subfamily (GRK1 and GRK7), the β-adrenergic receptor kinase 

(βARK) subfamily (GRK2 and GRK3), and the GRK4-like subfamily (GRK4, GRK5, and 

GRK6) (Marzano, et al., 2021). 

Essentially, GRKs are expressed ubiquitously with varying degrees of expression 

depending on the type of tissue or cell. For instance, GRK1 and GRK7 are restricted to 

the retina, where they primarily act as rhodopsin and cone opsin kinases (Weiss, et al., 

2001). GRK4 is mostly expressed in the testes, although it is also present in brain, 

kidneys, and in the uterine myometrium (Virlon, et al., 1998; Brenninkmeijer et al., 

1999; Felder et al., 2002; Villar et al., 2009; Sallese et al., 2000). GRK2, GRK3 and GRK5 

are predominant in the heart (Belmonte and Blaxall, 2011), with GRK5 also appreciably 

expressed the brain (Kunapuli and Benovic, 1993).  

GRKs possess several protein domains, that affect their subcellular localization. For this 

reason, GRKs have been considered “multifunctional” proteins, that interact with both 

GPCRs and non-GPCR-related factors, depending on their location and specific 

circumstances. When present at the plasma membrane, GRKs exerts “canonical” 

effects, regulating the function of several GPCRs. 
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Accordingly, almost all the seven GRK isoforms are localized in specific subcellular 

compartments that afford them proximity and access to GPCRs. However, extensive 

work has revealed the existence of “non-canonical” and GPCR-independent roles for 

GRKs. For GRK2, these activities involve localization within mitochondria, while GRK5 

has non-canonical activity within the cytosol or nucleus of the cells.  

All GRKs share a common and very conserved structure consisting of three main 

modular domains: a short N-terminus (NT) region, that is implicated in GPCR binding 

and it also contains a regulator of G protein signaling (RGS) homology (RH) domain 

(Ribas et al., 2007); a centrally located catalytic domain, which is a Serine/Threonine 

kinase domain (KD) that belongs to the AGC family of kinases; and a C-terminus (CT) 

region, that is variable in length among the different GRKs and is responsible for 

membrane localization (Inglese et al., 1993; Sato et al., 2015a). 

GRK1 and 7 have short CT prenylation sequences (Inglese, et al., 1992), GRK2 and 

GRK3 contain pleckstrin homology (PH) domains that bind anionic phospholipids and 

βγ subunits of G proteins (Pitcher, et al., 1992; Koch, et al., 1993; DebBurman, et al., 

1996), while GRK4 and GRK6 carry CT palmitoylation sites and lipid-binding elements 

(Stoffel et al., 1994; Jiang et al., 2007). Although GRK5 shares a common structure with 

the other GRKs, it possesses distinct structural features.  

It has been suggested that GRK5 contains a group of hydrophobic amino acids within 

its CT, that forms an amphipathic helix and, along with PIP2 binding, mediates its 

localization to plasma membrane (Thiyagarajan et al., 2004). Furthermore, GRK5 

localization to the membrane is regulated by the calcium sensor protein calmodulin 

(CaM). GRK5 possesses CaM binding sites at each terminal domain, within residues 20–
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39 of its NT and residues 540-578 of its CT (Pronin et al., 1997).  GRK5 also contains a 

functional nuclear localization signal (NLS, amino acids 388–395), that enhances its 

ability to translocate into the nucleus and to bind DNA (Johnson et al., 2004). The 

presence of a functional NLS is a common feature in the GRK4 subfamily; however, the 

NLS sequence of GRK5 and GRK6 differ in terms of regulation and DNA-binding ability 

from the one of GRK4. Moreover, a functional nuclear export sequence (NES, amino 

acids 259–265), has been identified within GRK5 catalytic domain (Johnson et al., 

2013). Finally, GRK5 contains specific caveolin binding motifs, and this characteristic is 

also shared by GRK2 and GRK3, that through their PH and NT domains, interact with 

caveolins (Carman, et al., 1999) (Figure 2). 

 

 

Figure 2. Schematic representation of GRKs structure. All GRKs share a common structure, 
comprising a NT region, followed by an RH domain, which includes the kinase domain (KD). Catalytic 
activity is dependent on lysine (K) residues, that are specific for each isoform. The CT region is 
variable among the different subfamilies. 
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CHAPTER 5 

Canonical and Non-Canonical Activities of GRK2 and GRK5 in the heart 

As mentioned above, GPCRs play a pivotal role in the regulation of cardiovascular 

function. Upon agonist stimulation, GPCRs become activated, leading to downstream 

signaling pathway via heterotrimeric G proteins. Cellular responses mediated by GPCRs 

are rapidly attenuated, through a complex regulatory mechanism, termed 

desensitization. This process is mediated by GRKs, that phosphorylate activated GPCRs, 

resulting in β-arrestin binding and uncoupling from G proteins. In physiological 

conditions, GRK2 is primarily located into the cytosol. Upon β-ARs activation, GRK2 

translocates to the plasma membrane and binds to Gβγ subunits through its CT 

domain, thus initiating receptor desensitization. Unlike GRK2, GRK5 is constitutively 

located at the plasma membrane, and it does not need to translocate before 

phosphorylating the receptor (Huang, et al., 2014). 

In the heart, β-ARs are typical GPCRs that, following CAs binding, activate intracellular 

signaling that regulates cardiac rate and myocyte contractile force. Of note, GRK2 and 

GRK5 are highly expressed in the heart, and they have been shown to be both 

upregulated in HF (Dzimiri, et al., 2004).  

Following cardiac stress/injury, elevated SNS activity and increased circulating levels of 

CAs provide chronic hyperstimulation of β-ARs and GRK2 upregulation. Initially, this 

increase in GRK2 activity and expression helps to prevent β-ARs over-stimulation, but, 

in the long term, results in massive β-AR desensitization, thus contributing to the 

progression of HF (Woodall, et al., 2014). 
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Studies in transgenic mice showed that in vivo cardiac-specific GRK2 overexpression 

leads to impaired cardiac response due to an excessive β-ARs dysfunction. 

Interestingly, inhibiting the Gβγ-mediated translocation of GRK2 has been 

demonstrated to be an effective strategy to prevent receptors desensitization both in 

vitro and in vivo. The βARKct, a polypeptide comprising the last 194 amino acids of 

GRK2, is able compete with endogenous GRK2 for Gβγ binding and membrane 

translocation, thus blocking β-ARs desensitization (Koch, et al., 1995; Rockman, et al, 

1998). In addition, studies in humans have shown that GRK2 levels in failing 

myocardium are mirrored by levels in peripheral lymphocytes and may reflect the 

degree of cardiac dysfunction and the severity of the syndrome. Therefore, peripheral 

measuring of levels of this kinase may represent a novel and early biomarker for HF 

diagnosis and prognosis (Iaccarino, et al., 2005; Rengo, et al., 2016). 

GRK2 activity is not only restricted to β-ARs, but it is also capable to regulate other 

GPCRs, including sphingosine 1-phosphate (S1P) receptor 1 (S1PR1). In particular, 

following MI, GRK2 upregulation induced reciprocal downregulation of both β1AR and 

S1PR1, thus contributing to adverse remodeling and progression toward HF (Cannavo, 

et al., 2013). 

Growing evidence has demonstrated that GRK2 can act independently of GPCRs, in a 

“non-canonical” manner. In this context, GRK2 can phosphorylate at the serine 307, 

the insulin receptor (IR) substrate-1 (IRS1), thus modulating glucose uptake and 

contributing to insulin resistance in the failing heart (Ciccarelli, et al., 2011).  
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GRK2 is also a regulator of fatty acid metabolism. In particular, GRK2 overexpression in 

cardiomyocytes impairs β-oxidation rates, leading to increased superoxide levels and 

reduced ATP production (Sato, et al., 2015b).  

Interestingly, GRK2 can bind the chaperone protein heat shock protein 90 (HSP90), 

that facilitates its mitochondrial translocation and negatively affects cardiomyocyte 

survival (Chen, et al., 2013; Cannavo, et al., 2018a).  

Among these non-canonical activities, GRK2 can act downstream aldosterone and MR. 

In response to aldosterone stimulation, GRK2 translocates to mitochondria, leading to 

augmented reactive oxygen species (ROS) generation and activation of pro-death 

signaling pathways in cardiomyocytes (Cannavo, et al., 2016). 

Similarly to GRK2, GRK5 expression is elevated in patients with various cardiovascular 

diseases, including HF (Iaccarino, et al., 2005; Agüero, et al., 2012), dilated 

cardiomyopathy (Dzimiri, et al., 2004) and volume overload disease (Dzimiri, et al., 

2002). As mentioned before, GRK5 is anchored at plasma membrane, exerting its 

“canonical” activities through phosphorylation and desensitization of activated GPCRs, 

including β-ARs. In pre-clinical models of HF, overexpression of GRK5 in mice leads to 

enhanced cardiac hypertrophy and early HF, whereas cardiac deletion of GRK5 is 

associated to reduced hypertrophy and remodeling, along with preserved cardiac 

function, in response to pressure overload, via transverse aortic constriction (TAC), or 

chronic administration of phenylephrine (PE) (Martini, et al., 2008; Gold, et al., 2012). 

In addition to these deleterious effects, GRK5-dependent cardioprotective effects have 

been also reported. GRK5 has been shown to play a role in the transactivation of β1-AR 

and epidermal growth factor receptor (EGFR). Indeed, following β1AR stimulation, 
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GRK5 is able to transactivate the EGFR, which in turn is responsible for the activation 

of mitogenic signaling pathways, enhancing cell survival against chronic isoproterenol-

induced cardiac damage (Noma, et al., 2007).  

The presence of a NLS within its catalytic domain allows GRK5 to interact with cytosolic 

or nuclear non-GPCRs related molecules (Gurevich, et al., 2012; Hullmann, et al., 

2016). Importantly, GRK5 activity into the nucleus of cardiomyocytes can promote 

maladaptive cardiac hypertrophy and HF. In response to pro-hypertrophic stimuli, 

GRK5 translocates into the nucleus, where it acts as a class II histone deacetylase 

(HDAC) kinase, phosphorylating HDAC5 and leading to de-repression of myocyte 

enhancer factor 2 (MEF2) mediated hypertrophic gene transcription (Martini et al., 

2008). Moreover, GRK5 within the nucleus can act as a co-facilitator of the 

pathological transcription factor Nuclear factor of activated T-cells (NFAT). 

Importantly, this facilitation of NFAT activity was dependent on GRK5 DNA-binding 

ability, suggesting kinase-independent nuclear functions of GRK5 (Hullmann et al., 

2014; Traynham et al., 2015). In addition to the above non-canonical activities of 

GRK5, this kinase can also act downstream of aldosterone and MR, promoting 

maladaptative pro-hypertrophic signaling (Cannavo et al., 2016). 

Despite the plethora of effects attributed to GRK2 and GRK5, the role played by these 

kinases in governing physiological and pathological processes is still under intensive 

investigation. Hence, in this thesis, we report several studies which contributed to 

increase the knowledge in these fields.



 24 

 

 

 

 

 

 

 

 

Part II: 

New Roles of G Protein-Coupled Receptor Kinase 2 (GRK2) In the Heart 
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CHAPTER 6  

Aldosterone Jeopardizes Myocardial Insulin and β-Adrenergic Receptor Signaling via 

G Protein-Coupled Receptor Kinase 2 

(Published in Front Pharmacol. 2019;10:888.) 

As previously mentioned, dysregulation RAAS has a central role in HF progression. 

Aldosterone is a corticosteroid hormone secreted by the adrenal cortex, in response to 

renin-angiotensin system activation or high potassium levels. High aldosterone levels 

and the subsequent mineralocorticoid receptor (MR) hyperactivation have been 

associated to HF development and progression and to the onset of insulin resistance, 

which is a well-recognized risk factor of CVDs. Therefore, targeting aldosterone/MR 

system represents an effective therapeutic strategy (Hitomi, et al., 2007; Wada, et al., 

2009; Cannavo, et al., 2018b).  

Hyperaldosteronism impairs cardiac function, leading to adverse LV remodeling either 

via increased fibrosis deposition or mitochondrial dysfunction.  

In this context, we have recently reported novel mechanisms whereby aldosterone may 

affect cardiac function. More in details, some of the effects of aldosterone in the heart 

can be attributed to a linkage with GPCR signaling. Accordingly, we have found that 

hyperaldosteronism induces cardiac activation of GRK2, which is followed by increased 

cell death and mitochondrial dysfunction (Cannavo et al., 2016).  

In addition, this kinase is known to dysregulates both β-ARs and insulin signaling 

(Cannavo, et al., 2018a). Yet, whether aldosterone modulates cardiac insulin sensitivity 

and β-ARs function remains untested. Nor is it clear if this eventual modulation requires 

GRK2. Hence, in this study, we tested the impact of aldosterone stimulation, and the 
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role of GRK2, on both insulin and β-ARs signaling, in vitro, in 3T3 fibroblasts, and in vivo, 

in two murine models of hyperaldosteronism. 

We demonstrated that, after chronic treatment of 3T3 cells with aldosterone, a marked 

inhibition of insulin signaling occurs, as documented by the increased negative 

phosphorylation of IRS1 at the serine in position 307 and by the subsequent reduction 

of Akt activity. Similarly, aldosterone impairs β-AR function, by reducing the activation 

of extracellular signal-regulated kinase (ERK) and the production of cAMP in response to 

isoproterenol. Of note, all these effects were markedly blunted in the presence of the 

GRK2 inhibitor, CMPD101, thus preventing both insulin and β-AR signaling dysfunction 

(Figure 3A-D).  
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Figure 3. Aldosterone impairs insulin and β-ARs signaling in vitro in fibroblasts. A-B) Representative 
immunoblots (upper panels) and densitometric quantitative analysis (lower panel) of multiple 
independent experiments to evaluate (A) IRS1 phosphorylation levels (s307pIRS1), as a ratio of 
inactivated IRS1 to total IRS1 (tIRS1), and (B) Akt phosphorylation levels (s473pAkt) as a ratio of 
activated Akt to total Akt (tAkt). The cells were either NS or stimulated with Aldo (1 μM) and/or 
CMPD101 (3 μM) for 12 h. After Aldo and/or CMPD101 treatment, cells were stimulated with insulin 
(Ins, 100 nM) for 15 min. Tukey’s post hoc test. *p < 0.05 vs NS. #p < 0.05 vs Ins. C) Representative 
immunoblots (upper panels) and densitometric quantitative analysis (lower panel) of multiple 
independent experiments to evaluate extracellular signal-regulated kinase (ERK) 1/2 
phosphorylation (pERK) as a ratio of activated ERK to total ERK (tERK). The cells were either NS or 
stimulated with aldosterone (Aldo, 1 μM) and/or CMPD101 (3 μM) for 12 h. After Aldo and/or 
CMPD101 treatment, cells were stimulated with isoproterenol (ISO, 10 μM) for 15 min. Tukey’s post 
hoc test. *p < 0.05 vs NS; #p < 0.05 vs ISO. D) Dot plots showing levels of cyclic adenosine 3ʹ,5ʹ-
monophosphate (cAMP, pmol/ml) in 3T3 fibroblasts NS or stimulated with ISO (10 μM) for 15 min. 
Prior ISO stimulation some groups of cells were pretreated with Aldo (1 μM) and/or CMPD101 (3 
μM) for 12 h. Tukey’s post hoc test. *p < 0.05 vs NS. 
 
 
Next, to confirm our in vitro findings in an in vivo model of hyperaldosteronism, we used 

wild-type (WT) mice undergoing chronic infusion of aldosterone (2 μg/mouse/day for 4 

weeks). In these mice, we observed a marked GRK2 upregulation that was paralleled by 

a massive β1-AR downregulation and augmented levels of phosphorylated IRS1. 

Interestingly, these negative effects of aldosterone were wholly abolished in cardiac-

specific GRK2-knockout mice (cGRK2KO) (Figure 4A-C). 

 

Figure 4. In vivo effects of chronic aldosterone infusion on murine myocardium. A) Representative 
immunoblots (upper panels) and densitometric quantitative analysis (lower panel) showing levels of 
GRK2 in total cardiac lysates from mice treated with Aldosterone (Aldo) or Vehicle for 4 weeks. 
GAPDH levels were used as loading control; Mann–Whitney test. *p < 0.05 vs Vehicle. B-C) 
Representative immunoblots (upper panels) and quantitative data showing levels of (B) 
phosphorylated IRS1, at serine 307 (s307pIRS1) and (C) β1-adrenergic receptor (β1AR) in total 
cardiac lysates from NLC and cardiac GRK2KO mice either treated with Aldo or Vehicle for 4 weeks. 
GAPDH levels were used as loading control; Dunnet’s post hoc test. *p < 0.05 vs NLC Vehicle. 
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Finally, we used WT mice subjected to surgical-induced myocardial infarction (MI), 

another model of hyperaldosteronism. After 4-week MI, echocardiographic analysis 

showed a substantial deterioration of cardiac function, with increased LV dilation and 

fibrosis deposition. At a molecular level, GRK2 levels were significantly increased, while 

insulin and β1-ARs signaling pathway were impaired. Treating MI mice with the MR 

antagonist, spironolactone (20 mg/kg/day), prevented aldosterone noxious effects, thus 

reducing IRS1 negative phosphorylation, β1-ARs downregulation, and GRK2 

upregulation (Figure 5A-C). In addition, MR antagonism by spironolactone ameliorated 

post-MI LV dysfunction and reduced cardiac fibrosis and apoptosis.  

 

Figure 5. Aldosterone/mineralocorticoid receptor (MR) blockade prevents GRK2 upregulation in 
postischemic failing hearts and abolishes Insulin and βAR signaling downregulation. A–C) 
Representative immunoblots (upper panels) and quantitative data (lower panels) showing levels of 
(A) GRK2, (B) ser307pIRS1 and (C) β1AR in total cardiac lysates of Sham, MI, and MI + Spiro mice (n 
= 3–6 mice per group). tIRS1 and GAPDH levels were used as loading control; Tukey’s post hoc test. 
*p < 0.05 versus Sham. 
 
Our study reveals that GRK2 activity is a critical mediator of the noxious effects 

downstream of the aldosterone signaling pathway. Therefore, combining the benefits 

of a direct MR antagonism to those elicited by the pharmacological inhibition of GRK2, 

is an attractive strategy to prevent cardiac dysfunction that is associated to 

hyperaldosteronism (Figure 6).  
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Figure 6. Schematic representation of GRK2 noxious effects downstream Aldosterone. High levels 
of Aldosterone induce the hyperactivation of MR leading to the upregulation of GRK2, which in turn, 
induces the negative phosphorylation of IRS1 (ser307pIRS1), with a consequent impaired response 
to insulin (INS) and reduced Akt activation, and downregulates βARs that do not response to 
catecholamine (CA) stimulation. Further, this kinase, when phosphorylated at ser670, is able to 
translocate to mitochondria, where it increases myocyte apoptosis. Of note, either spironolactone 
or CMPD101 (GRK2-inhibitor) can block the expression and noxious effects of GRK2 downstream 
aldosterone.  

Aldosterone and ! -Adrenergic Cardiac Receptor SignalingCannavo et al.

8 August 2019 | Volume 10 | Article 888Frontiers in Pharmacology | www.frontiersin.org

armamentarium [i.e. ! -blockers, Angiotensin II receptor (AT1R) 
blockers, ACE inhibitors, and MR antagonists] (Cannavo et al., 
2013; DÕAddio et al., 2017; Komici et al., 2017). However, since not 
all patients can bene" t from these drugs, there is a keen interest in 
the identi" cation of additional, speci" c strategies able to block the 
hyperactivity of these noxious systems (Sha" q and Miller, 2009). 
Importantly, MR antagonists have shown to be therapeutic and safe 
in a wide range of HF patients with reduced EF, both symptomatic 
(in NYHA class III and IV) (Pitt et al., 1999) and in asymptomatic 
or mildly symptomatic (in NYHA class I and II) (Zannad et al., 
2011). Indeed, these therapeutic agents are currently indicated in the 
majority of HF patients; thus, the interest in the mechanism beyond 
MR inhibition is continuously growing.

In this context, we have recently revealed novel mechanisms 
whereby aldosterone may a#ect cardiac function (Cannavo et al., 
2016). More in details, we have found that the adverse e#ects of 
aldosterone on cardiomyocytes are not exclusively mediated by 
MR activation but also mediated by GRK2 (Cannavo et al., 2016). 
Importantly, this kinase is centrally involved in MR-mediated cardiac 
toxicity that is negatively a#ecting mitochondrial function and 
survival of cardiomyocytes. Moreover, in the present study, our data 
add new important pieces to the mosaic of how aldosterone/GRK2 
system impacts on cardiac function and remodeling (Figure!6). In 
this context, we have found that aldosterone negatively a#ects insulin 
and ! 1AR function both in vitro in 3T3 cells and in vivo in the hearts 
of two murine models of hyperaldosteronism (aldosterone-infused 

or infarcted mice). Moreover, we have demonstrated that such 
mechanism appears to be orchestrated by GRK2. More in detail, 
we have shown in 3T3 cells that soon a$er (15 and 30 min) 
aldosterone stimulation initiation, GRK2 becomes upregulated and 
phosphorylated at s670, which is in line with our previous report in 
cardiomyocytes (Cannavo et al., 2016). However, GRK2 expression 
levels remain high even only up to 12 h. A$er that, the amount 
of the kinase phosphorylation comes back to control levels. % is 
evidence suggests that, upon phosphorylation, GRK2 is able to both 
translocate to mitochondria, following phosphorylation, and to bind 
plasma membrane receptor when unphosphorylated, as previously 
reported (Pitcher et al., 1999; Cannavo et al., 2016; Cannavo et al., 
2018b). In the same vein, here we demonstrate that, a$er chronic 
aldosterone treatment of 3T3 cells, a prominent inhibition of insulin 
signaling occurs, as documented by the increased s307pIRS1 levels 
and a subsequent reduction in s473pAkt levels, followed by the marked 
impairment of the ! AR function with a consequent decrease of ERK 
activation and cAMP production in response to ISO stimulation. 
Interestingly, the usage of the GRK2 inhibitor, CMPD101, markedly 
blunted the e#ects of aldosterone, preventing both insulin and ! AR 
signaling dysfunction.

Next, we aimed at con" rming the in vitro " ndings in an in!vivo 
model of hyperaldosteronism, such as the chronic (4 weeks) 
continuous infusion of aldosterone in mice, as done previously 
(Cannavo et al., 2016). With this tool in hand, we demonstrated that 
aldosterone increased cardiac s307pIRS1 levels and caused a massive 

FIGURE 6 | Schematic representation of GRK2 noxious effects downstream Aldosterone. High levels of Aldosterone induce the hyperactivation of MR leading to the 
upregulation of GRK2, which in turn, induces the negative phosphorylation of IRS1 (ser307pIRS1), with a consequent impaired response to insulin (INS) and reduced 
Akt activation, and downregulates ! ARs that do not response to catecholamine (CA) stimulation. Further, this kinase, when phosphorylated at ser670, is able to 
translocate to mitochondria, where it increases myocyte apoptosis. Of note, either spironolactone or CMPD101 (GRK2-inhibitor) are able to block the expression 
and noxious effects of GRK2 downstream aldosterone.



 30 

 

 

 

 

 

 

 

 

Part III: 

G Protein-Coupled Receptor Kinase 5 (GRK5) in Chronic Degenerative Diseases 
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CHAPTER 7  

Targeting GRK5 for Treating Chronic Degenerative Diseases 

(Published in Int J Mol Sci. 2021;22(4):1920.) 

As discussed above, GRK5 is a multifunctional protein, expressed in different cell types 

and subcellular compartments. For instance, when anchored to the plasma membrane, 

GRK5 exerts its canonical function, regulating several GPCRs. However, under certain 

conditions, it can translocate to the nucleus of cells, where it interacts with non-GPCR-

related proteins as well as DNA, thus promoting “non-canonical” signaling, including 

gene transcription.  

Interestingly, several studies have demonstrated that GRK5 has a pivotal role in the 

pathogenesis of chronic-degenerative disorders, such as cancer, cardiovascular, and 

neurological diseases. For this reason, targeting GRK5 could be an attractive therapeutic 

strategy to prevent the development or progression of these diseases. 

In the last decades, GRK5 activities have been extensively studied in CVDs; however, 

since its expression is also prominent in the brain, in the limbic system, in this review 

article, we have also detailed the impact of GRK5 on neuronal pathophysiology, with a 

particular focus on its role in the pathogenesis of Alzheimer’s disease (AD) and 

Parkinson's disease (PD). 

Importantly, given the ability of GRK5 to phosphorylate GPCRs, it is not surprising that 

this kinase interacts with the muscarinic cholinergic receptor, that is involved in the 

modulation of normal cognitive function (Kunapuli, et al., 1994; Bubser, et al., 2012). 

Indeed, GRK5 deficiency resulted in impaired cholinergic activity (Gainetdinov, et al., 

1999), along with cognitive impairment and very early accumulation of soluble β-
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amyloid (Aβ) (Suo, et al., 2004; Suo, et al., 2007). In addition, GRK5 activity in the brain 

is mainly dependent on its subcellular compartmentalization. Indeed, GRK5 

translocation from the membrane to the cytosol facilitated the phosphorylation of the 

AD-associated protein tau, which is a molecular hallmark of AD (Zhang, et al., 2014). 

Further, GRK5 deficiency has also been shown to promote tau hyperphosphorylation 

through the activation of GSK3β, thus contributing to the pathogenesis of AD (Zhao, et 

al., 2019).   

The importance of GRK5 in the pathogenesis of AD has also been suggested by genetic 

sequencing, that have identified two functional SNPs in the grk5 gene, linked to AD risk 

(Zhang, et al., 2017). Although, these data suggest that GRK5 depletion contributes to 

neurodegeneration, high levels of GRK5 have been associated to the pathogenesis of 

PD. Indeed, GRK5 can phosphorylate α-synuclein at Serine in position 129, thus 

promoting its aggregation and the formation of soluble oligomers (Arawaka, et al., 

2006). In addition, α-synuclein enhanced GRK5 nuclear accumulation, thus inhibiting 

BCL-2 transcription and increasing the apoptosis of neuronal cells (Liu, et al., 2010). 

Emerging evidence demonstrated that GRK5 has a pivotal role in cancer development 

and progression, but also in its inhibition, depending on the cellular localization. As 

previously mentioned, GRKs are not only involved in modulating GPCR activities, but 

they can also interact with many non-GPCR proteins, including cell cycle regulators. In 

this context, GRK5 can phosphorylates p53 at a threonine residue at position 55, acting 

as a direct inhibitor of this tumor suppressor (Chen, et al., 2010). 

In line with these data, several studies reported that GRK5 overexpression is linked to 

tumor cell growth, aggressiveness, drug resistance and worse survival rate in patients 



 33 

with different types of cancer (Kim, et al., 2012; Kaur, et al. 2013; Lagman, et al., 2019). 

However, the role of GRK5 in tumor suppression appears controversial, since many 

studies have demonstrated that GRK5 can negatively affect cancer progression, through 

the desensitization of GPCRs and non-GPCR- receptors (Gambardella, et al., 2016). 

Therefore, GRK5 exerts opposite functions depending on subcellular localization. 

Indeed, when at the plasma membrane, GRK5 negatively affects tumor progression, 

whereas, when in the nuclei and the cytosol, it enhances cancer progression (Figure 7). 

 

Figure 7. Schematic representation of GRK5 activities within cardiomyocytes, cancer and neuronal 
cells. In cardiomyocytes: GRK5 is involved in phosphorylation of GPCRs, including the β-adrenergic 
receptor (βAR). Importantly, following catecholamine (CA) stimulation of βAR GRK5 is also able to 
induce the transactivation of the Epidermal Growth Factor (EGF) receptor (EGFR) via β-arrestin (β-
arr)/src/MMP pathway activation. EGFR in turn activates a MAPK/ERK protective pathway. In the 
nuclei, GRK5 can either bind to and phosphorylate, HDAC5 or bind the DNA and NFAT thus enhancing 
hypertrophic gene transcription. In cancer cells: GRK5 regulates p53 via direct phosphorylation and 
degradation. Moreover, into the nuclei, GRK5 can phosphorylate HDAC6 or can increase NFAT1 
expression. In neuronal cells: GRK5 inhibits Tau phosphorylation. Conversely, this kinase can increase 
α-synuclein phosphorylation promoting its aggregation. Finally, in the nucleus GRK5 inhibits bcl2 
gene transcription increasing the apoptosis. 

Int. J. Mol. Sci.2021, 22, 1920 11 of 17

demonstrated a role for GRK5 in the regulatory mechanisms of methadone dose and course
of heroin dependence [129]. Finally, as discussed above, the role of GRK5 in tumor growth
appears relevant but also somewhat controversial. Indeed, when GRK5 is localized at the
plasma membrane, it mostly exerts an anti-tumor effect. However, when GRK5 is in the
cytosol or nucleus, it can promote tumor growth. Thus, the comprehension of how the
subcellular localization drives the effects of GRK5 is utterly necessary. In this regard, as
also discussed in a study by Zhao et al. [81], the lack of molecules able to target GRK5
in speciÞc subcellular compartments limits our understanding of whether and how a
deÞcit and plenty in GRK5 can be considered a generic pathologic alteration. It is equally
important to deÞne how the protein domains of GRK5 and the associated interactome
activate the canonical, rather than non-canonical, pathways. For instance, more efforts
should be made to understand the speciÞc effects of the interaction between GRK5 and p53.
Indeed, p53 is involved in several biological and pathological processes and recently, it has
been associated with the regulation of ferroptosis [ 130]. This iron-dependent new form of
programmed cell death is driven by lipid peroxidation and is involved in cancer, tissue
ischemia/reperfusion injury, and neurodegeneration [ 130,131]. Whether and how GRK5
via p53 regulates ferroptosis is an urgent question that deserves an immediate response.
Thus, these studies will help us in generating a strategy to speciÞcally target this kinase
and block all undesired harmful effects, rather than the protective ones.

In conclusion, in the present study, we have reviewed the current state-of-the-art of
GRK5 biology and its involvement in cardiovascular, neurodegenerative, and neoplastic
disorders (Figure 2). Despite the evidence provided above, the exact mechanism involved in
many of the untoward effects of GRK5 remains uncertain. However, all these translational
questions will be answered, with the advent of novel molecules (like those displayed in
Table 1) that can selectively inhibit GRK5-dependent toxic effects.
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Figure 2. Schematic representation of G protein-coupled receptor (GPCR) kinase 5 (GRK5) activities within cardiomyocytes,
cancer, and neuronal cells. In cardiomyocytes: GRK5 is involved in phosphorylation of GPCRs, including the ! -adrenergic
receptor (! AR). Importantly, following catecholamine (CA) stimulation of ! AR, GRK5 is also able to induce the transactiva-
tion of the epidermal growth factor (EGF) receptor (EGFR) via ! -arrestin (! -arr)/src/matrix metalloproteinases (MMP)
pathway activation. EGFR in turn activates a Mitogen-activated protein kinase (MAPK)/ extracellular-signal-regulated
kinase (ERK) protective pathway. In the nuclei, GRK5 is able to either bind to and phosphorylate Histone deacetylase
5 (HDAC5) or bind the DNA and Nuclear factor of activated T-cells (NFAT), thus enhancing hypertrophic gene transcription.
In cancer cells: GRK5 regulates p53 via direct phosphorylation and degradation. Moreover, into the nuclei, GRK5 can
phosphorylate HDAC6 or can increase NFAT1 expression. In neuronal cells: GRK5 inhibits Tau phosphorylation. Conversely,
this kinase can increase" -synuclein phosphorylation, promoting its aggregation. Finally, in the nucleus, GRK5 inhibits
B-cell lymphoma 2 (bcl2) gene transcription, increasing the apoptosis.
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Given the involvement of GRK5 in these chronic degenerative diseases, targeting this 

kinase could be an attractive therapeutic strategy in the treatment of cardiac and 

neuronal disease, as well as of cancer. 
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CHAPTER 8  

Genetic catalytic inactivation of GRK5 impairs cardiac function in mice via 

dysregulated p53 levels  

(Submitted) 

We have previously mentioned that GRK5 is a multifunctional protein that can elicit 

either protective or deleterious effects, depending on its localization within the cell. 

For instance, when anchored to the plasma membrane, this kinase can regulate 

specific GPCRs via canonical phosphorylation, thus providing cardioprotection.  

Typically, following β1AR-phosphorylation, GRK5 recruits β-arrestin and Src to the 

plasma membrane, leading to metalloproteinase (MMP) activation and release of the 

heparin-bound epidermal growth factor (HB-EGF), which in turn transactivate EGFR. 

Activation of this signaling pathway protects the myocardium against chronic 

isoproterenol-induced cardiac damage (Noma, et al., 2007).  

However, due to the presence of a NLS within its catalytic domain (Johnson, et al., 2013), 

GRK5 can localize to the nucleus, where it can drive pathological hypertrophic gene 

transcription. In this context, nuclear GRK5 can act as a HDAC kinase, specifically 

phosphorylating HDAC5 and leading to MEF2 de-repression and activation of its 

hypertrophic gene transcriptional activity (Martini, et al., 2008). Further, nuclear GRK5 

has been shown to be a facilitator of NFAT-mediated pathological gene transcription. 

Interestingly, the latter effect may occur in a catalytic-independent manner (Hullmann, 

et al., 2014). GRK5 also has non-canonical apoptotic activity involving nuclear and 

cytosolic targets. Interestingly, in cancer cells GRK5 can directly bind to and 
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phosphorylate p53 at threonine in position 55, thus promoting its degradation and the 

inhibition of p53-mediated apoptotic response (Chen, et al., 2010). 

Since some of the above evidence appears to involve interactions of GRK5 

independent of its catalytic activity, it is of interest to specifically determine whether 

the catalytic activity of GRK5 is liable for these undesired pro-hypertrophic effects, or 

rather if it is involved in the protective ones, such as countering apoptosis.  

The role played by the catalytic activity of GRK5 in the heart has not been fully 

elucidated and, for that reason, in this study we sought to assess the in vivo 

consequences of inactivating the catalytic site of GRK5 with an initial focus at 

examining the basal cardiac phenotype and response to stress. 

To determine the overall significance of the catalytic activity of GRK5, we used 

CRISPR/Cas9 technology to generate a novel knock-in mouse model, with the ATP 

binding lysine (K) 215 in GRK5 catalytic site replaced by an arginine (R). This mutation 

(GRK5-K215R) causes the complete loss of kinase activity of GRK5.  

We characterized the cardiac phenotype of these mice basally and after ventricular 

pressure overload and HF development.  

Compared to age-matched WT littermates, GRK5-K215R mice were found to have 

significant deterioration of cardiac function, with high levels of apoptosis and fibrosis 

basally (Figure 8A-E). Certainly, the loss of cardiac cells with replacement fibrosis could 

explain the loss of contractile force and dilatation observed via echocardiography.  

Surprisingly, GRK5-K215R knock-in mice did not show significant cardiac hypertrophy 

compared to WT controls (Figure 8F). 
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Figure 8. GRK5-K215R mice display basal cardiac dysfunction with increased interstitial fibrosis and 
apoptosis A-C) Scatter plot with bar graph showing echocardiographic analysis of (A) LV Ejection 
Fraction (EF, %), (B) Fractional Shortening (FS, %) and (C) LV internal diameter in systole (LVIDs) of 
individual mice from the WT and GRK5 K215R groups. (D) Representative images (left) and 
quantitative data (right) showing percentage of cardiac fibrosis (Picro-Sirius red staining, scale bar 
100 µm) in WT and GRK5-K215R mice. E) Scatter plot with bar graph showing percentage of cell death 
(TUNEL staining) in WT and GRK5-K215R mice. F) Representative panels (left) and quantitative 
analysis (right) showing myocyte cell size (WGA staining, scal bar 100 µm) in cardiac sections from 
WT and GRK5-K215R mice. 
 
 
Molecularly, mutant knock-in mice displayed basal increased p53 gene expression (both 

at mRNA and protein levels), thus suggesting that catalytic activity is not needed for 

GRK5 to upregulate p53 expression (Figure 9A-B).  
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Figure 9. GRK5-K215R mice present increased p53 expression A) Representative immunoblots 
(upper panels) and densitometric quantitative analysis (lower panel) of multiple independent 
experiments to evaluate p53 levels in total LV lysates from WT and GRK5-K215R group of mice. 
GAPDH was used as loading control. B) Scatter plot with bar graph showing mRNA levels of p53 in in 
total LV lysates from WT and GRK5-K215R group of mice. two-tailed unpaired Student's t-test. 
*p<0.05 vs WT.   
 
 
In addition, all these effects translated into increased susceptibility to stress such as LV 

pressure overload. Indeed, GRK5-K215R mice had a heightened pathological response 

to TAC with even more dysfunction that included fibrosis (Figure 10A-E).  
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Figure 10. GRK5-K215R mice display worsened cardiac function in response to stress. A-B-C) Scatter 
plot with bar graph showing echocardiographic analysis of (A) LV Ejection Fraction (EF, %), (B) 
Fractional Shortening (FS, %) and (C) LV internal diameter in systole (LVIDs) of individual mice from 
the WT and GRK5 K215R groups (Sham and TAC). D) Scatter plot with bar graph showing heart weight 
(HW) and body weight (BW) ratio in WT and K215R groups of mice. E) Representative images (left) 
and quantitative data (right) showing percentage of cardiac fibrosis (Picro-Sirius red staining, scale 
bar 100 µm) in WT and GRK5 K215R mice (Sham and TAC). ANOVA with Tukey's multiple comparisons 
post hoc test: *p<0.05 vs WT Sham; ^p<0.05 vs all; #p<0.05 vs TAC.  
 
To better understand whether and how the nuclear activity of GRK5 in cardiomyocytes 

is related to p53 regulation, we next explored the effects of GRK5 nuclear localization 

on p53 in H9c2 cells, a surrogate model of cardiomyocytes. Notably, we found that 

overexpression of GRK5-∆NES, a mutant confined in the nucleus, heightened apoptosis 

along with p53 expression. In contrast, in the presence of the GRK5 mutant lacking the 

NLS (GRK5-∆NLS), both mRNA and protein levels of p53 were significantly reduced 

compared to those observed in cells expressing the WT isoform (Figure 11A-E).  

 

Figure 11. Nuclear GRK5 Serves as a Critical p53 Regulator in vitro A) Representative immunoblots 
(upper panel) and densitometric quantitative analysis (lower panels) of multiple independent 
experiments to evaluate p53 levels in H9c2 cells transduced with Adenovirus (Ad) encoding for 
GFP, GRK5 and the mutant form of GRK5 lacking the NLS (GRK5-ΔNLS). ANOVA with Tukey's 

! " # ! $ %& ' ( ) *
+,-

+,.

/ ,+

/ ,0

/ ,1

2
&3

4!
5

#
6

7
89:

;:
9<

="
>

9?
8>

;:
@8

!
"

#
A

!"#

$%&'(

$)& * +,-$./"

!

! " # $ %&' (
) *)

) *$

+*)

+*$

,
$-

.+
/(

01
"

&
2

034
54

36
78

9
3:

09
54

;0
!

"
#

$<

!

* +0-01!23

!"#

$%&'(

! "

! " #$% &' ! (
) *+

, *)

, *,

, *-

, *.

, */

#
0.

12
3

4
5

6
789

:9
8;

<=
>

8?
7>

:9
@7

2
=

4
A !

# $

! " #$% &' ! (
)

*

+

,

-

#
.,

/*
0(

1"
2

'
3

145
65

47
89

:
4;

1:
65

<1
!

"
#

$%
=

!



 40 

multiple comparisons post hoc test: *p<0.05 vs GFP. B) Scatter plot with bar graph showing mRNA 
levels of p53 in H9c2 cells expressing GRK5 and GRK5-ΔNLS. *p<0.05 vs GRK5. C) Representative 
immunoblots (upper panels) and densitometric quantitative analysis (lower panel) of multiple 
independent experiments to evaluate p53 levels in H9c2 cells expressing an empty vector or the 
mutant form of GRK5 lacking the nuclear exportation signal (GRK5-∆NES). GAPDH was used as 
loading control. *p<0.05 vs Empty. D) Scatter plot with bar graph showing mRNA levels of p53 in 
H9c2 cells expressing GRK5 and GRK5-ΔNES. *p<0.05 vs GRK5.   
 

Overall, these findings add significantly to the understanding of GRK5 in gene 

transcription. This transcriptional regulation, influenced by nuclear GRK5, may occur via 

either kinase-dependent effects or kinase-independent actions (via DNA binding). 

Therefore, we analyzed the ability of the K215R mutant to bind the DNA, in vitro in 3T3 

cells. Intriguingly, this mutation did not influence the subcellular localization of GRK5, 

but positively impacted its DNA-binding ability and increased p53 gene transcription and 

protein expression with an augmented apoptotic response (Figure 12A-E). 

 

Figure 12. K215R mutation influences DNA binding and p53 expression in vitro A) Representative 
immunoblots (left) and densitometric quantitative analysis (right) of multiple independent 
experiments to evaluate GRK5 levels in nuclear extracts purified from both 3T3 cells WT or stable 
expressing GRK5-K215R mutant. Fibrillarin was used as loading control. B) Representative 
immunoblots (upper panels) and densitometric quantitative analysis (lower panel) of multiple 
independent experiments to evaluate the percentage of GRK5 bound to DNA in 3T3 cells (WT-GRK5 
vs stable expressing GRK5-K215R mutant). C) Representative immunoblots (upper panels) and 
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densitometric quantitative analysis (lower panel) of multiple independent experiments to evaluate 
p53 and GRK5 levels in 3T3 cells, either WT or expressing GRK5-K215R mutation.  GAPDH was used 
as the loading control. *p<0.05 vs WT. D) Representative images (left) and quantitative analysis 
(right) showing the percentage of cell death (TUNEL/DAPI staining, scale bar: 50 μM) in 3T3 cells 
WT or GRK5-K215R. 2-tailed unpaired Student's t-test: *p<0.05 vs WT. 
 
 
Our results reveal clear connections between the catalytic activity of GRK5 in the nucleus 

and p53-mediated apoptosis that profoundly influence cardiac function and the heart's 

response to stress. More in detail, basal GRK5 catalytic activity is essential to preserve 

myocardial function since its inactivation impairs p53 regulation, resulting in higher 

rates of apoptosis in the heart (Figure 13).  

The present study provides novel insight into the actions of GRK5 in the heart, 

widening the spectrum of biological actions attributed to this kinase.   

 

Figure 13. Schematic representation of GRK5 activities in cardiomyocytes. When at the plasma 
membrane, GRK5 regulates the function of several GPCRs, including beta-adrenergic receptors 
(βARs). Following β1-ARs phosphorylation, GRK5 recruits β-arrestin and Src to the plasma 
membrane, leading to metalloproteinase (MMP) activation and release of the heparin-bound 
epidermal growth factor (HB-EGF), which transactivate EGF receptor (EGFR) and promote pro-
survival signaling. When in the cytosol and nuclei, GRK5 directly controls p53 expression/activity by 
controlling its degradation. Inhibition of GRK5 catalytic activity increases p53 expression and 
cardiomyocyte cell death. 
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Part V: 

Discussion and conclusions 



 43 

General Discussion 

Despite significant progresses that have been made in understanding the 

pathophysiology of CVDs, the latter are still the leading cause of global mortality and a 

significant burden on global healthcare systems. Among CVDs, HF has dramatically 

increased in incidence and represents the heart disease with the highest degree of 

morbidity and mortality.  

The current therapeutic armamentarium against HF (e.g., β-blockers, ACE inhibitors, 

angiotensin receptor blockers, etc.) has the aim to improve the clinical outcome, thus 

reducing hospitalization and mortality rates. However, these treatments do not cure the 

disease, but rather slow its progression, improving the quality of life of HF patients. 

Therefore, a matter of great interest is further understanding the molecular 

mechanisms involved in HF progression, to identify new potential therapeutic targets.  

GPCRs play a pivotal role in regulation of heart function, by modulating a range of 

physiological responses in various cardiovascular cell types. GPCRs are finely regulated 

by GRKs, that phosphorylate activated receptors, leading to their desensitization and 

downregulation. Among GRKs, GRK2 and GRK5 are highly expressed in the heart, and 

these kinases are known to be upregulated in HF. While the canonical role of GRKs is to 

phosphorylate agonist bound GPCRs located within the plasma membrane, these 

kinases can act independently of GPCRs, in a “non-canonical” manner. Indeed, GRKs are 

capable to regulate several cellular processes, often through localization into different 

intracellular compartments, such as the mitochondria for GRK2 or the nucleus for GRK5. 

Over the last 20 years, the role of these kinases not only in the heart, but also in other 

chronic-degenerative diseases, has been widely studied.  
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Given that increased expression and activity of GRK2 and GRK5 contribute to β-ARs 

dysregulation in HF patients, inhibition of overactive GRKs has been proposed as a novel 

therapeutic approach to restore cardiac function in the failing heart. 

Several approaches have been used to modulate GRK2 activity in a wide variety of 

animal models and cell culture systems. GRK2 inhibition is commonly achieved through 

genetic expression of the peptide βARKct, which competes with endogenous GRK2 for 

Gβγ binding and membrane translocation, thus reducing β-ARs desensitization (Koch, et 

al., 1995).  

Transgenic overexpression of βARKct has shown efficacy in preventing myocardial 

dysfunction and adverse remodeling and in increasing survival in experimental models 

of HF. Similarly, viral-mediated βARKct delivery, using adenovirus or adeno-associated 

virus vectors, was able to improve cardiac function by reversing β-AR desensitization in 

HF. Even though viral-mediated gene delivery of βARKct is a promising therapeutic 

strategy to modulate GRK2 activity in the treatment of HF, there are still major obstacles 

before clinical development. Alternatively, there are several ongoing efforts to develop 

more advantageous small-molecule inhibitors of GRK2 activity (such as M119, gallein, 

etc.), which would presumably avoid all the issues related to clinical gene therapy 

application. Likewise, Paroxetine, that is a selective serotonin uptake inhibitor 

antidepressant, has been identified as a GRK2 binding partner, capable of inhibiting 

agonist-induced β-ARs internalization (Pfleger, et al., 2019).  

Although there are several inhibitors for GRK2, far fewer selective compounds for GRK5 

have been identified. An important compound recently proposed as a GRK5-selective 

inhibitor is an anti-inflammatory and anti-allergic immunomodulator, called amlexanox. 
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This compound has been reported as a low micromolar inhibitor of this kinase, that can 

inhibit GRK5-mediated activation of MEF2 transcriptional activity (Homan, et al., 2014).  

Since the ability of GRK5 to promote maladaptive cardiac hypertrophy and HF, several 

therapeutic strategies have been proposed to inhibit these harmful effects. In this 

regard, intracardiac delivery of an adenovirus encoding for the NT of GRK5 (GRK5-NT), 

which is implicated in GPCR binding and transcription regulation in the nucleus, has been 

recently proposed as a novel therapeutic approach to inhibit and reduce left ventricular 

maladaptive hypertrophy (Sorriento, et al., 2010; Sorriento, et al., 2018). In addition, 

transgenic expression of GRK5-NT resulted in substantial reduction of maladaptive 

cardiac hypertrophy and HF in a mouse model of pressure overload (Coleman, et al., 

2021).  

Of course, further investigations are urgently needed in this field, to identify new 

therapies and interventions that could potentially improve cardiac function and 

outcome in HF patients.  

In this context, as the result of the investigations at the basis of the present thesis, we 

elucidated novel roles of GRK2 and GRK5 in the modulation of cellular processes 

involved in cardiac dysfunction. Further, we also proposed new potential therapeutic 

strategies that might be useful in counteracting the deleterious effects of GRKs in HF. 

The hyperactivation of neurohormonal systems, including SNS and RAAS, is a primary 

pathogenic driver of HF. Hyperaldosteronism is associated to cardiac dysfunction and to 

adverse cardiac remodeling via increased fibrosis and mitochondrial dysfunction. These 

harmful effects are mediated, at least in part, by the activation of GRK2.  
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Previous evidence has attested the existence of an association between aldosterone and 

insulin signaling dysfunction. However, no studies have assessed the relevance of this 

cross talk on heart function. Nor is it clear whether GRK2 has a role in the modulation 

cardiac insulin sensitivity and β-AR function, downstream of aldosterone. We have 

demonstrated, for the first time, that aldosterone impairs insulin and β-AR signaling, in 

a GRK2 dependent manner, confirming the role of GRK2 downstream mineralocorticoid 

receptor (MR) hyperactivation and its inhibition as a potential therapeutic strategy to 

prevent cardiac dysfunction associated to hyperaldosteronism. 

Our study suggests the unique opportunity of combining the benefits of a direct MR 

antagonism to those elicited by the pharmacological inhibition of GRK2, a novel, highly 

translational perspective that warrants further, in-depth investigation. 

Subsequently, we sought to assess the role played by GRK5 catalytic activity in the heart.  

GRK5 is a multifunctional protein, that can have either protective or deleterious effects, 

depending on its cellular localization. Previous evidence has indicated that, besides its 

canonical activities at plasma membrane level, this kinase can accumulate into the 

nucleus, where it can drive pathological hypertrophic gene transcription. Interestingly, 

the latter effects may not be kinase dependent.  

Overall, our data shows that inactivation of GRK5 catalytic activity impairs its nuclear 

regulation of p53. This results in higher expression levels of p53 and higher rates of 

apoptosis in the heart, leading to significant basal cardiac dysfunction and an intolerance 

to stress. Further, our study provides crucial new comprehensions on how nuclear GRK5 

activity influences myocardial signaling and function, widening the spectrum of the 

biological actions attributed to this kinase. Moreover, since this study suggests a 
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potential beneficial role of GRK5 on cardiomyocyte cell survival, perhaps targeting 

specific functional domains of GRK5, to limit its nuclear translocation, would be the best 

way to offer therapeutic avenues for heart disease. 

These intriguing discoveries warrant future in-depth investigation. 
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Conclusions 

In this long-lasting research journey, we investigated the therapeutic potential of 

interfering with canonical and non-canonical activities of GRK2 and GRK5.  

GRK2 inhibition appears to be a novel therapeutic strategy to attenuate cardiac 

dysfunction. New data are emerging, that limiting GRK2 non-canonical activities could 

have beneficial effects in the heart. Here, we showed that combining the direct MR 

antagonism to the pharmacological inhibition of GRK2, could be a highly translational 

perspective in the treatment of cardiac structural dysfunction that accompany any 

clinical condition associated to hyperaldosteronism.  

Similarly, GRK5 is also an emerging novel target due to its non-canonical role in 

promoting pathological hypertrophic response. In addition, given the ability of this 

kinase to modulate many physiological and pathological responses in different cell 

types, targeting GRK5 could be an attractive therapeutic strategy in the treatment of 

neurodegenerative, and neoplastic disorders. 

Our study demonstrated that inactivation of GRK5 kinase activity in mice was associated 

with cardiac dysfunction, either in basal conditions or in response to stress. Moreover,  

GRK5 catalytic activity has been shown to be essential to preserve cardiomyocyte 

survival, by preventing p53-induced apoptosis. Therefore, selective targeting of the 

deleterious effects of this kinase would be the best way to offer therapeutic avenues for 

heart disease. 

Overall, our data significantly contributed to the identification of novel molecular 

mechanisms underlying cardiac dysfunction and provided interesting new molecules 

that could be potentially targeted in the treatment of HF and other CVDs. 
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List of abbreviations 

AC: adenylyl cyclase  

ACE: angiotensin-converting enzyme  

AD: Alzheimer’s disease  

ARB: Angiotensin II receptor blockers  

Aβ: β-amyloid 

β-ARs: β-adrenergic receptors 

βARK: β-adrenergic receptor kinase  

CaM: calmodulin  

cAMP: cyclic adenosine monophosphate  

CAs: catecholamines 

cGRK2KO: cardiac-specific GRK2-knockout mice  

CRT: cardiac resynchronization therapy  

CT: C-terminus  

CVDs: Cardiovascular diseases 

DAG: diacylglycerol  

ECs: endothelial cells  

EGFR: epidermal growth factor receptor  

EPI: epinephrine 

ERK: extracellular signal-regulated kinase  

GPCR: G protein-coupled receptor 

GRKs: G protein-coupled receptor kinases 

HB-EGF: heparin-bound epidermal growth factor 
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HDAC: histone deacetylase  

HF: heart failure. 

HFmrEF: mid-range heart failure 

HFpEF: heart failure with preserved ejection fraction 

HFrEF: heart failure with reduced ejection fraction 

HSP90: heat shock protein 90  

ICD: implantable cardioverter defibrillator  

IP3: inositol-1,4,5-trisphosphate  

IR: insulin receptor  

IRS1: IR substrate 1  

KD: kinase domain  

LV: left ventricular 

LVEF: left ventricular ejection fraction 

MAPK: mitogen-activated protein kinase  

MEF2: myocyte enhancer factor 2  

MI: myocardial infarction 

MMP: metalloproteinase 

MR: mineralocorticoid receptor  

NE: norepinephrine 

NES: nuclear export sequence  

NFAT: Nuclear factor of activated T-cells  

NLS: nuclear localization signal  

NT: N-terminus  
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PD: Parkinson's disease  

PE: phenylephrine  

PH: pleckstrin homology  

PIP2: phosphatidylinositol 4,5-bisphosphate  

PKA: protein kinase A  

PKC: protein kinase C  

PLC: phospholipase C  

RAAS: renin–angiotensin–aldosterone system. 

RGS: regulator of G protein signaling  

RH: RGS homology  

RhoGEF: Rho guanine nucleotide exchange factors  

ROS: reactive oxygen species  

SNS: sympathetic nervous system 

S1P: sphingosine 1-phosphate  

S1PR1: S1P receptor 1  

TAC: transverse aortic constriction  

VAD: ventricular assist devices  

VSMCs: vascular smooth muscle cells  

WT: wild type  

7TM: seven-transmembrane 
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