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ABSTRACT 

 

 G protein-coupled receptor kinase 2 (GRK2) has been a thriving therapeutic target 

for cardiovascular disease treatment since its discovery for desensitizing and 

downregulating b-adrenergic receptors that are vital to cardiac function. GRK2 inhibition 

through a variety of methods in animal models of cardiac ischemia and heart failure 

achieved improvements in cardiac function, hemodynamic function, cardiomyocyte 

apoptosis, and fibrotic scar size among many other observations. Although GRK2 has been 

used as a therapeutic tool in multiple studies, its mechanisms of regulation are necessary 

to understand its role in disease pathogenesis and therapeutic application. This dissertation 

comprises two projects (1) investigating the microRNA (miRNA) regulation of GRK2 and 

(2) investigating the impact of loss of dynamic regulation of GRK2 through S-nitrosylation. 

(1) Candidate miRNAs were selected from miRNA microarray analysis of miRNA 

differential expression data and bioinformatic prediction. In vitro validation of kshv-miR-

K12-3-5p and hsa-miR-181a-5p have shown their ability to bind to the GRK2 3’UTR as 

well as significantly decrease GRK2 mRNA or protein. The successful regulation of GRK2 

through these miRNAs warrant in vivo application and investigation as GRK2-targeting 

HF therapy in a mouse model of HF.  (2) In order to determine the impact of chronic GRK2 

overactivity, mice that contained a knock-in mutation of GRK2 Cys340àSer (GRK2-

C340S), a site of dynamic inhibitory regulation by S-nitrosylation, were allowed to age 

>12 months. Loss of S-nitrosylation of GRK2 was sufficient to cause cardiovascular 

remodeling and dysfunction over time. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Cardiovascular Disease  

Cardiovascular (CV) disease (CVD) continues to be the leading cause of death in 

the United States (US) in both males and females (Heron 2019). The cost burdens to treat 

CVD will continue to grow as the population becomes increasingly more aged (North and 

Sinclair 2012). Additionally, prevalence of CVD has been increasing in young populations 

when comparing 2015 to 2019 statistics from the American Heart Association (AHA) 

(Benjamin et al. 2019; Mozaffarian et al. 2015). Due to such high prevalence and mortality 

rate, achieving a comprehensive understanding of the molecular mechanisms of CVD is 

imperative to designing novel and effective therapies to improve the quality of life and 

survival of patients.  

CVD consists of any disease involving the heart and/or blood vessels such as 

coronary artery disease, myocardial infarction (MI), and hypertension. Long term stress 

and damage to the heart by these diseases can cause heart failure (HF), which is further 

increased by risk factors such as smoking, obesity, and high fat diet (Benjamin et al. 2019). 

The American Heart Association (AHA) defines HF as a “complex clinical syndrome that 

can result from any structural or functional cardiac disorder that impairs the ability of the 

ventricle to fill with or eject blood.” (Hunt et al. 2009). HF afflicts about 6.5 million adults 

in the US alone, contributing to 1 in 8 deaths (Benjamin et al. 2019). Not surprisingly, the 

survival rate of HF following diagnosis is poor with 81% surviving the first year to 30% 
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surviving the tenth year (Taylor et al. 2017). Due to the inability of the heart to pump, 

tissues may experience ischemia. HF is characterized by morphological changes of the 

heart including hypertrophy, wall thinning, dilation of chambers, and fibrosis—all of which 

negatively impact pumping function in the long run. These morphological changes are a 

result of the vast signaling cascades, some originally compensatory to minimize wall stress, 

initiated by pathological stimuli. Biological systems that get activated during HF and 

continue to exacerbate the disease include the renin-angiotensin-aldosterone system, 

sympathetic nervous system, and immune system. Modern HF therapies aim to (1) rapidly 

reperfuse the heart (in cases of ischemia) to minimize cardiomyocyte death and (2) 

pharmacologically manage the chronically weakened heart such as preserving cardiac 

function with b-blockers, which antagonize b-adrenergic receptors (b-ARs). 

 

1.2 b-adrenergic receptors 

 b-adrenergic receptors (b-ARs) belong to the Class A (rhodopsin-like) class of G 

protein-coupled receptors (GPCRs). Three subtypes have been identified and cloned: b1-

AR, b2-AR, and b3-AR. The heart predominantly expresses b1-AR, which make up 75-

80% of cardiac b-AR heart expression (Rockman et al. 2002). b2-ARs and b3-ARs 

compromise the remaining percentage, 15-18% and 2-3% respectively (Lymperopoulos et 

al. 2013). Together these b-ARs promote cardiac chronotropy, inotropy, domotropy, and 

lusitropy in response to norepinephrine (NE) and epinephrine (E) by transducing 

sympathetic responses throughout the whole cell to impact cellular function. Typically 

upon ligand binding, the b-AR undergoes a conformational change to promote binding to 
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the heterotrimeric G proteins: Gas and Gbg (Fig. 1-1)  (Sato et al. 2015b). GDP-bound Gas 

is exchanged for GTP-bound Gas to prompt dissociation of the G-proteins that activate 

downstream signaling pathways. Gas activates adenylyl cyclase (AC) which converts 

adenosine triphosphate (ATP) to the second messenger cyclic adenosine 3’,5’- 

monophosphate (cAMP). cAMP activates cAMP-dependent protein kinases (PKA). PKA 

represents the major effector of the b-AR pathway by phosphorylating downstream targets 

like the L-type calcium channel that induces an initial calcium influx followed by a larger 

calcium-induced-calcium-release response to initiate cardiac contractility. Contractility 

primarily results from stimulation of b1-ARs and to a lesser extent b2-AR. b1-ARs couple 

primarily with Gas while b2-ARs and b3-ARs can also couple to Gai in addition to Gas 

depending on the cellular context to elicit inhibitory responses. (Lymperopoulos et al. 

2013; Skeberdis et al. 2008; Xiao et al. 1999). Due to the ability to couple to Gai, b2-ARs 

and b3-ARs have been reported to be anti-inotropic, anti-apoptotic, and even 

cardioprotective.  

The dissociated Gbg subunit participates in the recruitment of a G protein-coupled 

receptor kinase (GRK) to the plasma membrane. GRKs phosphorylate serine (Ser) and 

threonine (Thr) residues within the intracellular C-terminal tail of ligand-activated b-ARs 

to causes another conformational change that allows b-arrestin (b-arr) recruitment to the 

receptor. b-arr bound to the receptor physically prevents additional G protein activation as 

well as promotes clathrin-mediated receptor endocytosis. The receptor can be recycled  
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FIGURE 1-1. G protein-coupled receptor activation, deactivation, and regulation by 
G protein-coupled receptor kinases (Sato et al. 2015b). Upon agonist binding to a 
GPCR, like the b-AR, the receptor undergoes a conformational change. Most notably, there 
is an outward shift of transmembrane domain 6 (TM6) and a small outward rotation of 
TM5. These conformational changes allow the association of the heterotrimeric G proteins, 
Ga and Gbg, to the receptor to occur. GDP is exchanged for GTP on the Ga subunit, which 
allows the dissociation of Ga and Gbg to modulate activity of downstream signaling. 
Notably, Ga modulates adenylyl cyclase (AC) while Gbg binds GRKs via GRKs’ PH 
domain with high affinity to recruit it to the receptor at the membrane. GRKs then 
phosphorylate the GPCR within their third intracellular loop or C-terminal tails. 
Phosphorylated GPCRs are primed for b-arrestin binding, which prevents any subsequent 
GPCR activation. b-arrestin binding prompts receptor mediated endocytosis where the 
GPCR can be degraded or recycled back to the membrane.  
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back to the plasma membrane or undergo proteasomal degradation. The intrinsic GTPase 

activity of the Gas subunit will revert itself back to being GDP-bound, then reassociated 

with Gbg at the plasma membrane. The b-AR is then ready to undergo another activation 

cycle.  

In summary, catecholamine binding and activation of the b-AR elicit sympathetic 

physiological responses that are promptly deactivated by GRKs and b-arr. This delicate 

balance between activation and deactivation is disrupted during disease ie HF. During HF, 

there is a selective decrease in b1-AR density in response to overactivation. The receptors 

also become uncoupled to downstream effectors like AC. This is accompanied by an 

increase in inhibitory Gai subunits to further antagonize b-AR responsiveness. These 

alterations have detrimental consequences on cardiac function. Another mechanism of  b-

AR-mediated dysregulation during HF, and other CVD, occurs through the pathological 

increase of GRK activity and expression.  

 

1.3 G protein-coupled receptor kinases 

 There are only seven members in the GRK family that are responsible for regulating 

more than 800 GPCRs, including the b-ARs. GRKs represent the rate liming step for GPCR 

desensitization and internalization, important regulatory processes in GPCR function. 

Their structure and function are highly similar to AGC protein kinases like PKA. These 

seven members are further divided into three subcategories based on sequence homology, 

gene structure, and tissue distribution: (1) visual or rhodopsin kinase subfamily – GRK1 

and GRK7, (2) b-AR kinase (bARK) subfamily – GRK2, also known as bARK1, and 
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GRK3, (3) and GRK4 subfamily – GRK4, GRK5, and GRK6 (Fig. 1-2) (Sato et al. 2015b). 

Structurally, all GRKs can be divided into three regions consisting of a short NH2-terminus, 

a regulator of G protein signaling  (RGS) homology domain, and a Ser/Thr kinase domain. 

The NH2 is a highly conserved domain between the GRKs that is implicated in GPCR 

binding at the COOH-terminus (Inglese et al. 1993). The COOH terminus of GRKs is 

highly diverse between members. GRK1 and GRK7, both restricted to the retina, possess 

short COOH-termini prenylation sequences that allow it to be anchored to the membrane 

and membrane-embedded GPCR (Inglese et al. 1992). Alternatively, GRK2 and GRK3 

uniquely contain a pleckstrin homology (PH) domain that facilitates charged phospholipid 

binding within the plasma membrane and Gbg binding, which allow these GRKs to be 

membrane-bound (Cannavo et al. 2013; DebBurman et al. 1996; Inglese et al. 1992). GRK2 

and Gbg bind at high affinities (~30 nM) and appears to be the rate limiting step for GRK2-

dependent GPCR phosphorylation (Carman et al. 2000). GRK2 also localizes to the 

mitochondria through an undetermined mechanism and has been shown to promote cell 

death during myocardial ischemia and impair fatty acid metabolism (Chen et al. 2013; 

Pfleger et al. 2018; Sato et al. 2015a). GRK4, GRK5, and GRK6 all appear to be 

predominantly membrane-bound at basal conditions. GRK4 and GRK6 contain 

palmitoylation sites that are essential for their membrane association, but GRK5 is not 

regulated in this way (Premont et al. 1996; Stoffel et al. 1994). GRK5’s COOH terminus 

includes a phospholipid binding domain, which dictates its intracellular localization 

(Pronin et al. 1998). All GRK4 family members possess a nuclear localization sequence 

(NLS) and a nuclear export signal (NES) for nuclear localization, but seem to be  
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FIGURE 1-2. Domain structure and subfamilies of GRK isoforms. All GRKs consist 
of a N-terminal domain (green), RGS homology domain (yellow) containing the kinase 
domain (light blue), and a C-terminal domain (CTD) (light pink). Specific lysine (K) 
residues important for catalytic activity are in red. Each GRK subfamily has unique 
characteristics. The visual family members have prenylation sequences at the CTD. The 
bARK subfamily contains a pleckstrin homology domain (purple). The GRK4 subfamily 
contains nuclear export (blue) and nuclear localization (dark blue) signals. GRK5 
specifically has a phospholipid binding domain (dark pink). 
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differentially and dynamically regulated (Jiang et al. 2007; Johnson et al. 2013; Johnson et 

al. 2004). For example, calmodulin binding promotes GRK5 nuclear export but does not 

affect GRK6 (Johnson et al. 2013). GRK5 phosphorylates histone deacetylase (HDAC) 5 

(HDAC5) to promote HDAC5 nuclear export, but nuclear functions have not been 

identified for GRK4 and GRK6 (Johnson et al. 2013; Martini et al. 2008). Besides the 

rhodopsin family members, all other GRKs are generally widely or ubiquitously expressed 

in different tissues (Table 1-1). 

 

 

 

Table 1-1.  

Tissue distribution of GRK isoforms 

GRK Tissue Localization 

1 Retina >> pineal 

2 Leukocytes > front cortex of brain >> heart > lung > kidney, 

thyroid nodules 

3 Brain > spleen > heart, lung, kidney, thyroid nodules 

4 Testis >>>> brain, thyroid nodules 

5 Heart, placenta, lung > skeletal muscle > brain, liver, pancreas > 

kidney, thyroid nodules 

6 Brain, skeletal muscle > pancreas > heart, lung, kidney, placenta 

> liver, thyroid nodules 

7 Retina (cones) 

Adapted from (Sato et al. 2015b) 

 

 



 

9 

1.4 GRK2 in cardiac physiology 

 GRK2 transcripts are detected very early on during embryogenesis and remain the 

predominant isoform expressed (Jaber et al. 1996; Sefton et al. 2000). During early heart 

development GRK2 can be detected in the “muscular part of the interventricular septum, 

the atrium, the aortic valve and the pericardium” as well as the interventricular septum, 

aortic valve, and atria at later points in development (Sefton et al. 2000). With such 

widespread and robust GRK2 expression during development, it comes to no surprise that 

global homozygous GRK2 knockout (GRK2−/−) embryos do not survive past gestational 

day 15.5 due to significant ventricular hypoplasia and HF (Jaber et al. 1996; Matkovich et 

al. 2006). It is the only global GRK knockout that results in embryonic lethality. However, 

global hemizygous GRK2 deletion (GRK2+/−) in mice is viable and they develop normally 

as measured by left ventricle (LV) weight to body weight (BW) or tibia length (TL) 

(Rockman et al. 1998b). GRK2+/− have a 62% decrease in expression by messenger RNA 

(mRNA) and 50% by protein that corresponds to 50% decrease in GRK2 activity (Jaber et 

al. 1996; Rockman et al. 1998b). Cardiac-specific GRK2 deletion (~76% decrease in 

protein) driven by Nkx2.5-Cre (GRK2f/f;Nkx2.5Cre) are also viable and exhibit normal heart 

development and function, suggesting that GRK2 in the heart specifically is not essential 

for its development (Matkovich et al. 2006). 

Adult cardiac GRK isoforms are GRK2 and GRK5, but GRK3 and GRK6 have 

been identified at lower levels as measured by protein or mRNA (Agüero et al. 2008; 

Dzimiri et al. 2004). GRK2 and GRK5 both can physiologically phosphorylate ligand-

activated b1-ARs and b2-ARs (Freedman et al. 1995; Koch et al. 1995; Pfleger et al. 2019). 
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Due to its impact on cardiac function physiologically and pathophysiologically, GRK2 

remains the predominant cardiac GRK. GRK2’s role physiologically is to deactivate b-AR 

activation to prevent overstimulation by promoting desensitization and termination of 

signaling (Lefkowitz 1993). GRK2’s critical impact on cardiac function via desensitization 

is demonstrated through genetic models of GRK2 manipulation. Adult (4-6 months) 

βARK1+/− mice display enhanced myocardial contractility and heart rate with 

isoproterenol (ISO) infusion, a nonselective b-AR agonist, compared to wild type mice that 

was even further enhanced with βARKct (Rockman et al. 1998b). βARKct is a peptide that 

consists of the of the COOH terminus of GRK2 (Fig. 1-3) that can bind free Gbg, therefore 

acting as a competitive inhibitor (Koch et al. 1995). Cardiac-specific (aMHC) βARKct 

overexpression in mice (TgβARKct) alone is also sufficient in improving β-AR sensitivity 

and contractility, but with no changes in AC activity reported (Koch et al. 1995). Thus, 

further proving that βARKct modulates at the level of β-AR-GRK2 interaction, by 

preventing phosphorylation-dependent desensitization of the β-AR. GRK2f/f;Nkx2.5Cre mice 

that lack GRK2 since development also elicit enhanced contractility and reduced 

tachyphylaxis in response to acute ISO infusions, but experienced “catecholamine 

cardiomyopathy” in response to chronic ISO infusions compared to control mice 

(Matkovich et al. 2006).  

  In contrast, cardiac-specific (aMHC) overexpression of GRK2 in mice (TgGRK2) 

resulted in blunted inotropic and chronotropic responses after ISO infusion compared to 

control mice. TgGRK2 mice have ~3 times more protein expression and kinase activity 

compared to controls. Blunted myocardial contractility in TgGRK2 was due to reduced b-
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AR coupling as measured by AC activity (Koch et al. 1995). In parallel, mice that have a 

global knock-in point mutation in GRK2 (Cysteine340àSer, GRK2-C340S) that prevents 

S-nitrosylation-mediated inhibition of GRK2 activity also experience declines in 

contractility with ISO (Huang et al. 2013). As a consequence of increased GRK2 activity, 

C340S mice were more susceptible to ischemia/reperfusion (I/R) injury (Huang et al. 

2013).  

In summary, inhibiting GRK2 activity enhances b-AR sensitization and cardiac 

contractility while increased GRK2 activity diminishes b-AR sensitization and cardiac 

contractility. While it is easy to conclude that GRK2 worsens cardiac function, there exists 

a threshold of necessary GRK2 activity for proper heart physiology to protect against 

catecholamine toxicity. GRK2’s expression and activity are tightly regulated in order to 

maintain b-AR responsiveness physiologically. In the setting of CVD, like HF, GRK2 

activity is increased and contributes to disease development and progression.  

 

1.5 GRK2 in cardiac pathophysiology 

Developing HF is characterized by sympathetic nervous system activation, a 

compensatory mechanism to maintain sufficient tissue perfusion (Lymperopoulos et al. 

2013). Chronic catecholamine exposure results in reduced b-AR density and 

responsiveness via increased GRK2 activity, which is a natural GPCR feedback 

mechanism to prevent overactivation (Lefkowitz 1993; Lymperopoulos et al. 2013). b-AR 

dysfunction is one of the earliest molecular indicators of developing HF, even preceding 

overt cardiac dysfunction (Cho et al. 1999; Perrino et al. 2006). Mice that underwent trans-
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aortic constriction (TAC) for 4 weeks did not exhibit any notable changes in 

echocardiographic parameters, but b-AR density and AC activity were significantly 

reduced compared to control (Perrino et al. 2006). Not surprisingly, elevated GRK2 protein 

and activity was observed in these TAC mice, but not in controls. Elevated GRK2 protein 

and activity has been reported even as early as 7 days post-TAC (Choi et al. 1997). These 

b-AR and GRK2 alterations were absent in a forced-swim model of physiological 

hypertrophy, supporting GRK2’s pathological role (Perrino et al. 2006). Indeed, GRK2 is 

the main cardiac desensitizing GRK in LV pressure overload hypertrophy compared to 

GRK5 (Choi et al. 1997). GRK2 upregulation is also observed in MI, or volume overload 

models of HF (Maurice et al. 1999; Schumacher et al. 2015; White et al. 2000).  

Activation of GRK2 activity in HF is also observed in CVD patients. Dzimiri et al 

reported GRK2 protein levels in myocardial biopsies were significantly elevated 

throughout the four chambers of the heart in dilated cardiomyopathy patients and LV 

volume overload patients compared to controls (Dzimiri et al. 2004). Iaccarino et al further 

examined myocardial biopsies obtained from HF patients undergoing cardiac transplant 

and found increased GRK2 expression and activity, which inversely correlated with AC 

activity (Iaccarino et al. 2005). This was the first study to confirm the relationship between 

GRK2 activity and b-AR signaling in humans, as well as establish a correlation between 

lymphatic GRK2 expression and myocardial GRK2 expression. Elevated GRK2 activity 

has also been reported in hypertensive patients (Cohn et al. 2009; Gros et al. 1997).  

Due to GRK2’s large role in HF development reported in mice and humans, 

multiple efforts have been made to inhibit its activity during disease. GRK2 has been 



 

13 

inhibited in HF models through small peptides, small molecules, and genetic manipulation. 

One of the earliest mechanisms of GRK2 inhibition was through the βARKct peptide, as 

previously described. Expression of βARKct in the Muscle Lim Protein (MLP) KO mouse 

(MLP−/−), a model of dilated cardiomyopathy, through crossing mice successfully rescued 

MLP−/− cardiac dimensions and function (Rockman et al. 1998a). Not surprisingly, the 

MLP−/− mouse displays reduced β-AR density, reduced AC activation, and elevated 

GRK2 activity that was reversed with βARKct. Similarly, a heart failure model based on 

overexpression of sarcoplasmic reticulum Ca2+-binding protein, calsequestrin (CSQ), and 

subsequent upregulation of GRK2 was also rescued with βARKct (Harding et al. 2001). 

βARKct gene delivery in rabbits with coronary ligation or cardioplegia was able to rescue 

all parameters of maladaptive signaling and remodeling (Shah et al. 2001; Tevaearai et al. 

2001; White et al. 2000). Gene delivery of βARKct has also been significantly therapeutic 

in pig and rat models of HF (Raake et al. 2013; Rengo et al. 2009). Treatment with a 

selective β1-AR antagonist, metoprolol, alone was able to normalize hypertrophic gene 

expression and β-AR signaling, but had no effect on cardiac contractility (Rengo et al. 

2009). While inhibiting β-AR activation or inhibiting GRK2 activity both dampen 

neurohormonal activation, inhibiting GRK2 activity was more efficacious. βARKct has 

also been therapeutic in pressure overload models of HF by rescuing cardiac function and 

β-AR desensitization, but does not seem to mitigate hypertrophy (Choi et al. 1997; 

Schumacher et al. 2016). 

Small molecule inhibitors against GRK2 that have been used in a HF model include 

paroxetine and gallein. Paroxetine is a selective serotonin reuptake inhibitor (SSRI) class 
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of antidepressants. Paroxetine was found to have selective GRK2 inhibition through 

disrupting its active site in a way that ATP can no longer bind. Paroxetine was able to 

prevent GRK2-mediated phosphorylation of light-sensitive rhodopsin at a IC50 = 4.7  ± 

0.04 nM, tubulin IC50 = 5.7 ± 0.07 nM, and thyrotropin-releasing hormone receptor at a 

IC50 = ~30 µM (Thal et al. 2012). Early experiments using paroxetine in vitro showed 

paroxetine increasing β-AR mediated myocardial contractility after ISO. Paroxetine has 

not been used to treat pressure overload models of HF. However, it has been used in an MI 

model of HF. Chronic paroxetine treatment (5 mg/kg/day for 4 weeks) starting 2 weeks 

after MI induction in mice not only improved echocardiographic parameters, but restored 

β-AR signaling, reduced GRK2 expression, and reduced infarct size (Schumacher et al. 

2015). Gallein is a small molecule inhibitor of Gbg binding interactions making it able to 

disrupt Gbg-dependent recruitment of GRK2 to the plasma membrane similar to bARKct. 

Kamal et al injected gallein intraperitoneally at 10 mg/kg daily for 8 weeks starting at 4-

week or 12-week post-TAC (Kamal et al. 2014). Gallein treatment was reported to improve 

cardiac function, hypertrophy, survival, inflammation, fibrosis, and b-AR signaling. 

Gallein was also able to reverse adrenal α2-AR desensitization by GRK2.  

GRK2 inhibition through genetic knockdown have also been shown to improve HF 

outcomes. Raake et al generated mice that had normal GRK2 expression during 

development that was ablated after tamofixen treatment, driven by αMHC-MerCreMer and 

GRK2 fl/fl crossing (αMHC-GRK2KO) (Raake et al. 2008). Tamoxifen was given 10-14 

days after MI surgery to initiate loss of GRK2. Loss of GRK2 improved overall mortality, 

cardiac function, diastolic dimensions, and hypertrophic gene expression (Raake et al. 
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2008). Ablation of GRK2 before coronary ligation helped limit HF development. αMHC-

GRK2KO mice have also been subject to a 6 week TAC to model pressure overload 

induced HF. Loss of GRK2 attenuated cardiac hypertrophy measured through reduced 

HW/BW ratio, hypertrophic markers, and cardiomyocyte length (Schlegel et al. 2017).  

In summary, there have been numerous studies supporting GRK2’s pathological 

role in HF development and progression so much that it may be used to predict worsened 

HF outcomes (Rengo et al. 2014). Multiple tools have been developed to inhibit GRK2 in 

HF and they unanimously demonstrate GRK2’s therapeutic potential. There are still many 

gaps in knowledge on GRK2’s regulation, such as its exact mechanism of pathological 

increased expression, that will help further our knowledge on how to attenuate its activity.  

  

1.6 GRK2 regulation 

 Alterations in GRK2 homeostasis can have profound effects on GPCR signaling in 

the heart as well as in HF. Little regarding endogenous GRK2 regulation is known. 

Typically, expression of GRK2 is ubiquitous like housekeeping genes (Penn et al. 2000). 

Its widespread expression during embryogenesis and post-natally point to its vital role 

molecularly. The following section will review what is known about GRK2’s regulation.  

 

 1.6.1 GRK2 protein regulation 

 GRK2 protein is short-lived, with reported half-lives ranging from 1 hour in Human 

embryonic kidney 293 (HEK293) cells to 20 hours in HL60 cells (Luo and Benovic 2003; 

Penela et al. 1998). GRK2 was reported to complex with heat shock protein (Hsp) 90 
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(Hsp90) to promote protein stability, but not activity, in HL60 cells (Luo and Benovic 

2003). Inhibition of Hsp90 with geldanamycin drastically reduced GRK2 protein half-life 

(Luo and Benovic 2003). Hsp90 binding, which is enhanced by GRK2 phosphorylation at 

Ser670, is also necessary for GRK2’s mitochondrial localization (Chen et al. 2013). GRK2 

is rapidly turned over through the ubiquitin-dependent proteasome pathway, as its 

degradation was inhibited by cysteine protease inhibitor ALLN or threonine protease 

inhibitor lactacystin, but not lysosomal protease inhibitor leupeptin (Penela et al. 1998). 

Ubiquitination at lysine (Lys) residues 19, 20, 30, and 31 on GRK2 mark for its degradation 

(Salcedo et al. 2006). Mouse double minute 2 homolog and cullin 4a-DNA damage-binding 

protein 1-Gβ have been identified as E3-ubiquitin ligases for GRK2 (Salcedo et al. 2006; 

Zha et al. 2015). GRK2 ubiquitination and degradation can be accelerated upon b-AR 

stimulation with ISO, evident by a 50% reduction in half-life that was reverted with 

proteasomal inhibitors (Penela et al. 1998). Inhibiting GRK2 degradation during ISO 

treatment produced a similar result as TgGRK2 mice treated with ISO: reduced b-AR 

signaling. Kinase dead mutants of GRK2 are resistant to degradation, suggesting its kinase 

activity promotes its degradation (Penela et al. 2001).  

 GRK2’s kinase activity, expression, and target selectivity are dictated by its 

interactions with different interacting partners and its post translational modifications. The 

most canonical example of interaction-dependent modulation is GRK2 binding to Gβγ 

subunits after GPCR stimulation. GRK2 has been shown to interact with non-GPCR targets 

as well and has emerged as a signal transducer itself. GRK2 has been reported to be 

phosphorylated by numerous proteins including: protein kinase A (PKA) at Ser685 to 
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increase catalytic activity (Cong et al. 2001), protein kinase C (PKC) at Ser29 to increase 

catalytic activity (Krasel et al. 2001; Zhao et al. 2016), mitogen-activated protein kinase 

(MAPK) at Ser670 to decease catalytic activity and stability (Elorza et al. 2003; Elorza et 

al. 2000), Src at tyrosine (Tyr) 13/86/92 to increase catalytic activity or degradation (Penela 

et al. 2001; Sarnago et al. 1999), and epidermal growth factor receptor (EGFR) at 

Tyr13/86/92 to increase catalytic activity (Chen et al. 2008b) (Fig. 1-3). GRK2 can also be 

S-nitrosylated by nitric oxide (NO) species at cysteine (Cys) 340 to inhibit GRK2 catalytic 

activity (Huang et al. 2013; Whalen et al. 2007) (Fig. 1-3). GRK2-dependent actions such 

as b-arr recruitment and b-AR phosphorylation were also inhibited with S-nitrosylation 

 

 

 

 

FIGURE 1-3. Post-translational modifications of GRK2. Reported post-translational 
modifications include primarily phosphorylation at the N- and C-terminal regions and one 
reported S-nitrosylation site within the kinase domain. 
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This S-nitrosylation event occurs immediately after b-AR activation as a means to combat 

receptor desensitization. GRK2 has been shown to complex with or interact with, but not 

limited to: calmodulin, calveolin-1, protein kinase B (Akt), 5' AMP-activated protein 

kinase (AMPK), endothelial nitric oxide synthase (eNOS), Raf kinase inhibitor protein 

(RKIP), and insulin receptor substrate 1 (IRS1) (Penela et al. 2019). The interaction of 

GRK2 and eNOS is particularly of interest as there exists a bi-directional and dynamic 

regulation of their activities where GRK2 can inhibit Akt-mediated eNOS phosphorylation 

and nitric oxide derived from eNOS can inhibit GRK2 (Huang et al. 2013).  

It has become apparent that GRK2’s interactome is complex and extensive so that 

it is the primary determinant of GRK2’s regulation (Penela et al. 2019). Understanding its 

interactome aids in understanding GRK2’s role in not only CVD, but other pathological 

processes. Though GRK2’s protein regulation is well known, GRK2’s regulation at the 

gene and mRNA level is less understood.  

 

 1.6.2 GRK2 transcriptional and post-transcriptional regulation 

 In addition to increased protein levels, increased GRK2 mRNA has also been 

observed during HF, hypertension, and hypertrophy as described (Choi et al. 1997; Cohn 

et al. 2009; Schumacher et al. 2016). Little is known regarding GRK2 gene/promoter 

regulation, transcript stability, and transcript regulation. The GRK2 gene is ~23 kb long 

and consists of 21 exons and 20 introns (Penn and Benovic 1994). Notable exons include 

exon 1 for sequences important for GPCR recognition and exon 17 for sequences important 

for Gbg binding.  GRK2 does not have a canonical consensus sequence (AATAAA) for 3’ 
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cleavage and polyadenylation, but instead uses TATAAA (Penn and Benovic 1994). The 

promoter region is characterized by the absence of a TATA box and a CCAAT box, 

classical signals for transcription start sites. The regions immediately upstream of the ATG 

start codon are extremely GC rich qualifying as a CpG island. It is likely modification of 

these CpG islands controls GRK2 promoter activity. These promoter characteristics are 

common features of mammalian housekeeping genes (Zhu et al. 2008). Housekeeping 

genes, as their name suggests, are constitutively and ubiquitously expressed genes required 

for basic cell maintenance and function regardless of cell state (Eisenberg and Levanon 

2013). Therefore, housekeeping genes tend to rely on post-transcriptional regulatory 

mechanisms to adjust gene expression (Piechaczyk et al. 1984). Consistent with these 

features, GRK2 is widely expressed and required for organism survival as previously 

described. 

 GRK2 promoter activity has been reported to be activated by catecholamine or ISO 

stimulation that results in increased GRK2 mRNA, which is reversed by b-blocker 

administration (Iaccarino et al. 1998). Phorbol esters (PKC activator, PMA), Gaq agonists, 

and a1-AR agonists, similarly increase GRK2 promoter activity and mRNA levels (Klenke 

et al. 2018; Ramos-Ruiz et al. 2000). Therefore, activation of Gaq or Gas signaling 

cascades both induce GRK2 expression. Klenke et al reported that PMA-induced GRK2 

transcription was mediated by transcription factor early-growth response 1 (EGR-1) 

(Klenke et al. 2018). EGR-1 has also been reported to be pathologically upregulated in 

peripheral blood mononuclear cells of HF patients (Cappuzzello et al. 2009). In silico 

analysis of the GRK2 promoter identified four putative EGR-1 binding sites that 
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surrounded a novel polymorphism (G(-43)A) identified in humans (Klenke et al. 2018). 

Egr-1 mRNA levels peak 1-hour post-PMA stimulation and gradually decrease back to 

baseline levels by 6-8 hours. GRK2 mRNA levels peak 5 hours post-PMA stimulation and 

gradually decrease back to baseline levels by 8-10 hours. The co-addition of inactive PMA 

(4a-PMA) or transcriptional inhibitor actinomycin D (ActD) did not cause GRK2 mRNA 

induction, suggesting that GRK2 mRNA upregulation by PMA is caused by transcriptional 

events. HEK293 cells transfected with the GRK2 promoter plasmid and pcDNA3.1, Egr-1 

led to stronger GRK2 promoter activity compared to empty pcDNA3.1. Presence of the 

G(-43) allele induced GRK2 expression with strong transcription factor binding more than 

the A(-43) allele. No other transcription factors controlling GRK2 transcription have been 

identified.  

 Post-transcriptional mechanisms of GRK2 regulation are equally lacking (Penela 

et al. 2019). There are no known RNA binding proteins identified for GRK2, but analysis 

of its 3’ untranslated region (UTR) for AU-rich elements (ARE) revealed several motifs 

(http://rna.tbi.univie.ac.at/AREsite2/). Evidence of microRNA (miR)-mediated GRK2 

regulation has been reported during Kaposi’s sarcoma (KS)-associated herpesvirus 

(KSHV) infection (Hu et al. 2015; Li et al. 2016) and leukemia (Bai et al. 2017; Zhou et 

al. 2014). The KSHV genome encodes for a viral miRs called miR-K12-3 (miR-K12), that 

was found to inhibit GRK2 expression to promote endothelial migration and invasion (Hu 

et al. 2015). MiR-125a/b was reported to be upregulated in acute leukemia and leukemia 

cell lines, which caused resistance to chemotherapy by inhibiting apoptosis through 

silencing GRK2 (Bai et al. 2017; Zhou et al. 2014). Long noncoding RNA, UCA1, was 
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reported to promote gastric cancer metastasis by indirectly inducing GRK2 degradation 

(Hu et al. 2015).   

 Other components of b-AR signaling are subject to various miR-based regulations, 

for example b1-AR by miR-133a (Castaldi et al. 2014). This is not surprising as miRs will 

often target multiple components of the same pathway to increase redundancy in pathways 

subject to tight regulation, which is evident in the b-AR pathway (Fischer et al. 2015). 

Therefore, the identification of a miR that regulates GRK2 expression is of interest. 

 

1.7 MicroRNAs 

MiRs are short non-coding RNA duplexes, ranging from 18-24 nucleotides in 

length. The human genome encodes approximately 1,500 miRs that control various aspects 

of physiology and pathophysiology through alterations of specific genes (Jonas and 

Izaurralde 2015; van Rooij 2011). They canonically are responsible for gene silencing 

through RNA interference pathways (RNAi), similar to small interfering RNAs (siRNAs). 

MiRs regulate up to 60% of human (Friedman et al. 2009; Lewis et al. 2005). A single miR 

can regulate multiple transcripts simultaneously (Lim et al. 2005; Selbach et al. 2008). 

Adding to their complexity, genes can also be subject to multitargeting by multiple miRs 

to produce additive or synergistic modulation (Vo et al. 2010). Although miRs are 

canonically associated with 3’UTR targeting to produce gene silencing, there have been 

cases where miRs have been found to target the 5’UTR or even elicit gene stabilization 

(Mallat et al. 2014; Spengler et al. 2016). Regardless of their exact mechanism, it is clear 
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that miRs are a potent class of gene regulators. Multiple clinical trials have been initiated 

to explore the therapeutic applications of these small RNAs.  

 

 1.7.1 MiR biogenesis 

  MiR genes can be located intergenically between genes or intragenically embedded 

within exons or introns, with the majority located intergenically or antisense to annotated 

genes (Kim 2005; Lee et al. 2004; Valinezhad Orang et al. 2014). Within intragenic miRs, 

the majority are located in intronic regions (Lee et al. 2004). Intergenic miRs are regulated 

by their own RNA polymerase (Pol) II (Pol II) or RNA polymerase III (Pol III) promoters 

and expressed independently of other genes (Borchert et al. 2006). Conversely, intragenic 

miRs are subject to their host gene’s regulation by Pol II (Lee et al. 2004). However, there 

is some evidence to suggest intragenic miR:host gene ratios may not always be 

proportional, such as in cases where there was lack of conservation. This suggests the 

presence of other regulatory factors involved in miR post-transcriptional regulation that 

may differentially effect miRs expression vs the host gene (He et al. 2012). Up to ~50% of 

miRs are observed to be clustered, forming a polycistronic transcription unit (Kim 2005). 

MiR transcription can also be regulated by transcription factors or epigenetics (He et al. 

2007; O'Donnell et al. 2005). There is no universal miR transcription process, adding to 

the complexity of these small molecules. Once the Pol II miR gene is transcribed, a long 

primary RNA strand (pri-miR) is generated (Fig. 1-4). Pri-miR transcripts are  
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FIGURE 1-4. Canonical microRNA (miR) biogenesis pathway (Winter et al. 2009). 
MicroRNA (miR) genes are transcribed by RNA polymerase II or III to produce long 
primary transcripts (pri-miRs). Pri-miRs are processed by the Drosha-DGCR8 
microprocessor complex to yield a precursor hairpin miR (pre-miR). Pre-miRs are exported 
out of the nucleus by the Exportin-5-Ran-GTP complex. Once in the cytoplasm, pre-miRs 
are processed again by Dicer-TRBP to produce a short miR duplex. One strand of the 
duplex is loaded into Argonaute (Ago2), which forms the mature miR to mediate gene 
silencing. The other stand is degraded. 
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5′-7-methylguanosine capped, 3’ polyadenylated, and may be spliced, characteristic of Pol 

II transcripts (Lee et al. 2004). Pri-miRs may be edited by adenosine deaminases acting on 

RNA (ADARs) that modifies adenosines to inosines, which can impact its sequence 

properties or subsequent processing (Winter et al. 2009). Structural characteristics of pri-

miRs include a hairpin stem averaging 33 base pairs, a terminal loop, and long single-

stranded overhangs on both 3’ and 5’ ends. While in the nucleus pri-miRs are  

endonucleolytically cleaved by the nuclear microprocessor complex (~650 kDa in humans) 

comprised of RNase III enzyme Drosha and DiGeorge critical region 8 (DGCR8). DGCR8 

directly binds the pri-miR though its double-stranded RNA-binding domains to direct 

Drosha-mediated cleavage. The double stranded stem and single-stranded overhang 

structures are critical for microprocessor cleavage, the terminal loop or specific sequence 

less so. Drosha cleaves the overhangs 11 base pairs away from the double stranded stem 

resulting in a short 3’ overhang to form a precursor miR (pre-miR). Not every pri-miR may 

undergo microprocessor cleavage. Such is the case with intron-derived pri-mRs that 

already have the appropriate size and structure from splicing events (mirtrons) (Winter et 

al. 2009). Pre-miRs are then exported out of the nucleus by Exportin-5 (XPO5) and the 

Ran-GTP cofactor (Yi et al. 2003). Ran-GTP is required for XPO5 function. Structures 

important for XPO5-mediated nuclear export include the >14-bp  

double stranded stem, base-paired 5’ end, and short 3’overhang (Yi et al. 2003). Silencing 

of XPO5 by RNA interference caused a reduction in mature miRs up to 60% (Lund et al. 

2004).  
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  Once in the cytoplasm, the pre-miR undergoes another processing event by the 

RNA-induced silencing complex (RISC) loading complex (RLC). RLC is made up of 

Dicer, Tar RNA binding proteins, protein activator of PKR, and argonaute (AGO). TRBP 

and PACT assist in Dicer stabilization and gene silencing efficiency but are not essential 

for Dicer function. Dicer’s amino-terminal DExD/H-box helicase domain is autoinhibitory, 

but TRBP binding conformationally activates Dicer (Ma et al. 2008). Dicer, an RNAse III, 

cleaves off the terminal loop to generate a ~18-24 nucleotide miR duplex with 2 nucleotide 

overhangs on each 3’ end. Dicer processing is absolutely necessary to produce mature and 

functional miRs (Grishok et al. 2001). Deletion of Dicer causes the accumulation of pre-

miRs (Hutvágner et al. 2001). Deletion in mice is embryonically lethal with the absence of 

stem cells, further supporting the crucial role of miR and Dicer function (Bernstein et al. 

2003).  

After pre-miR cleavage by Dicer, Dicer and TRBP dissociate from the RLC. In 

order to generate the mature miR, the miR duplex needs to be unwound by helicase for one 

strand to be incorporated into AGO, a component of the RISC. RISC is a multi-protein 

complex whose core components consist of one of the AGO family proteins and its 

interaction partner GW182. AGO1 and AGO2 are expressed in humans (Hutvagner and 

Simard 2008). Studies investigating other RISC components and size have yielded 

different results, complicating our understanding of RISC (Hammond et al. 2001; Martinez 

et al. 2002; Nykänen et al. 2001). The AGO family is the only protein found in all forms 

of RISC and responsible for RISC function (Sontheimer 2005). Behm-Ansmant et al. 

reported GW182 depletion mirrored AGO1 depletion in Drosophila, highlighting the 
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significance of GW182 for miR function (Behm-Ansmant et al. 2006). AGO proteins have 

four conserved domains: the N-terminal, PAZ, MID, and PIWI. The N-terminal domain is 

involved with proper positioning and aids in unwinding of the miR within the nucleic acid 

binding channel of AGO (Willkomm and Restle 2015). The PAZ domain is responsible for 

RNA binding, recognizing the 2 nucleotide 3’ overhang from Dicer cleavage. The MID 

and PIWI domains are responsible for AGO’s catalytic activity. The strand that is 

incorporated into AGO is deemed the “guide strand” and dictates target mRNA specificity 

by guiding AGO to mRNA targets. The remaining strand is called the “passenger strand”. 

Passenger strands typically get degraded, but there are instances where they can also be 

functional. Strand flexibility and lower thermodynamic stability determines whether the 5’ 

or 3’ strand becomes incorporated into RISC (Khvorova et al. 2003). With a mature miR 

incorporated into AGO, miR-mediated gene regulation is primed to begin.  

 

1.7.2 MiR mechanisms of action 

 With the mature miR loaded into AGO2, the guide strand will dictate target mRNA 

specificity through its seed sequence complementarity. The seed sequence refers to the 2nd-

7th nucleotide of the miR on the 5’ end with the 1st and 8th nucleotide sometimes playing a 

role (Huntzinger and Izaurralde 2011). Canonically, the seed sequence of an miR will target 

3’UTRs of mRNAs, but there is evidence of 5’UTR and coding sequence (CDS) targeting 

as well (Spengler et al. 2016). Once bound to its target, miR-mediated gene silencing can 

occur in a number of reported mechanisms that can be grouped into two categories: (1) 

miR-mediated translational repression and (2) miR-mediated mRNA decay (Fabian and 
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Sonenberg 2012; Morozova et al. 2012). Although there have been multiple mechanisms 

proposed, the topic remains unclear and controversial. Complicating matters further, gene 

stabilization or activation by miRs has also been reported (Mallat et al. 2014; Ørom et al. 

2008).  

 The following miR-mediated translational repression mechanisms have been 

proposed with supporting experimental data: (1) inhibition of translational initiation 

(Djuranovic et al. 2012; Hendrickson et al. 2009; Humphreys et al. 2005; Kiriakidou et al. 

2007; Mathonnet et al. 2007; Pillai et al. 2005); (2) inhibition of translational elongation 

(Olsen and Ambros 1999; Seggerson et al. 2002); (3) cotranslational protein degradation 

(Nottrott et al. 2006; Pillai et al. 2005); and (4) ribosome drop-off (Hendrickson et al. 2009; 

Petersen et al. 2006). Translational repression was the earliest proposed mechanism for 

animal miRs. The first studies in Caenorhabditis elegans (C. elegans) noted lin-4 miR 

repressed translation of lin-14 and lin-28, but their mRNAs were still detected in polysomes 

(Olsen and Ambros 1999; Seggerson et al. 2002). These C. elegans studies suggested the 

mRNA was intact, but translation was repressed after initiation. MRNAs competent for 

translation initiation must include a 5’ cap and 3’ poly (A) tail. These structures also protect 

the mRNA from degradation. The ribosomal 43S pre-initiation complex assembles at the 

5’ cap and forms a loop with the 3’ poly (A) tail via poly (A) binding protein (PABP) 

(Jackson et al. 2010). The formation of the 43S pre-initiation complex and its attachment 

onto mRNA require multiple eukaryotic translation initiation factors (eIFs), notably eIF4F, 

eIF4B, and eIF4H. Pillai et al. were the first to further investigate how miRs prevented 

protein synthesis by examining polysome profiles of reporter mRNAs with complementary 



 

28 

sequences to let-7 (Pillai et al. 2005). Reporter mRNA polysomes shifted toward the top 

of the gradient, signifying inhibition of translation initiation, which was absent when using 

cap-independent reporter mRNAs (ie mRNAs with an internal ribosomal entry site). It 

seems that RISC machinery can interfere with translation initiation by obstructing eIFs, 

such as eIF4E (Humphreys et al. 2005; Kiriakidou et al. 2007; Pillai et al. 2005) and eIF4F 

(Mathonnet et al. 2007) from binding the 5’ cap. The concept of AGO interfering with cap 

binding has been challenged by studies reporting AGO is structurally unable to bind the 5’ 

cap through its cap-binding domain, but rather binds GW182 at this domain (Eulalio et al. 

2008; Kinch and Grishin 2009). Overall, inhibition of translation initiation remains as the 

most frequently proposed mechanism of miR-mediated translational repression. 

Experimentally it is difficult to distinguish between post-initiation mechanisms, which 

typically relies on polysome profiling subject to interpretation. Advances in technology 

allowing mass spectrometry and transcriptome-wide analysis to monitor changes in protein 

content against mRNA abundance in the presence of different miRs have shifted the 

consensus towards mRNA decay as the primary mechanism of miR-mediated repression 

(Eulalio et al. 2009; Guo et al. 2010; Huntzinger and Izaurralde 2011; Lim et al. 2005). 

The following miR-mediated mRNA decay mechanisms have been proposed: (1) 

mRNA degradation and destabilization (Behm-Ansmant et al. 2006; Eulalio et al. 2009; 

Guo et al. 2010; Wu et al. 2006); (2) mRNA cleavage (Rhoades et al. 2002; Yekta et al. 

2004); (3) transcriptional inhibition (Kim et al. 2008); and (4) sequestration in P-bodies 

(Pillai et al. 2005; Sen and Blau 2005). In cases of perfect seed sequence to target base 

pairing, AGO immediately cleaves the mRNA. This cleavage phenomenon is widespread 
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in plants, but rare in animals due to lack of fully complementary targets. Rather partial 

complementarity directs mRNA towards the 5’ to 3’ mRNA decay pathway where mRNAs 

are deadenylated of their poly (A) tail by the CAF1-CCR4-NOT deadenylase complex, 

then decapped by decapping enzyme DCP2. This leaves the mRNA prone to 5’à3’ 

degradation by exonuclease XRN1 and 3’à5’ degradation by the exosome complex 

(Goldstrohm and Wickens 2008). RNA expression profiling of Drosophila melanogaster 

(D. melanogaster) cells depleted of AGO1, CAF1, or NOT1 showed that about 60% of all 

AGO1 targets are regulated by deadenylation (Eulalio et al. 2009). Studies by Eichhorn 

and Bartel et al suggest up to as much as 90% of transcripts are regulated at the mRNA 

level (Eichhorn et al. 2014). CAF1 and NOT1 deletion resulted in similar RNA expression 

profiles, unsurprisingly (Eulalio et al. 2009). Additionally, loss of CAF1 or NOT1 causes 

a rise in many miR targets, further supporting widespread deadenylation of miR targets 

(Behm-Ansmant et al. 2006). Loss of function of decapping factors also leads to a general 

rise in miR targets (Behm-Ansmant et al. 2006; Eulalio et al. 2007), but without restoring 

protein expression as these miR targets are deadenylated already. To understand the role 

of decapping, RNA expression analysis of D. melanogaster cells depleted of AGO1 or a 

decapping factor (DCP1, Ge-1, HPat, EDC3, or LSm1) was done (Eulalio et al. 2007). 

Profiles from each decapping factor deletion correlated positively with each other, but not 

with AGO1 deletion. Expression analysis revealed up to 15% of transcripts were regulated 

both by AGO1 and a single decapping factor. The percentage seems low until it is 

considered that depleting multiple decapping factors restores miR targets more than 

depleting one decapping factor, suggesting decapping factors have redundancy. 
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Regardless, deadenylation and decapping of miR targets is a widespread effect of and 

significant to miR-mediated mRNA decay and now understood as the major effector of 

silencing. 

Although the general mechanisms of miR-mediated silencing have been identified, 

there is still debate over the temporal relationship between these processes such as if these 

processes occur simultaneously, if they are coupled, and what factors cause bias. Each 

study investigating miR-mediated silencing utilizes a different cell type and miR of 

interest, which makes it difficult to draw any universal conclusions. Even though it is 

established that mRNA decay is a predominant phenomenon, it is undetermined if it is an 

independent mechanism. MRNA decay as a general consequence of translational inhibition 

cannot be excluded (Eulalio et al. 2007). Selbach et al. reported most of their targets on a 

proteome-wide scale were suppressed both the mRNA and translation level especially at 

later time points, which was highly dependent on seed sequence (Selbach et al. 2008). 

Within the seed, the number of mismatches seemed to positively correlate with 

translational inhibition (Selbach et al. 2008). Overall, research suggests there can be several 

coexisting mechanisms occurring, but what is phenotypically observed is highly dependent 

on the intrinsic cell properties ie mRNA content, RNA binding proteins, splicing marks, 

gene transcription, mRNA degradation rate, and mRNA-RISC features (Eulalio et al. 2007; 

Kong et al. 2008; Morozova et al. 2012). 
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1.7.3 MiRs in cardiovascular disease 

 Loss of mature miRs through cardiac specific (aMHC) deletion of Dicer in mice 

(MHCCre/+; Dicerflox/flox) is postnatally lethal, paralleling embryonic lethality observed with 

pre-natal deletion (Chen et al. 2008a). MHCCre/+; Dicerflox/flox mice die within 4 days of 

birth due to dilated cardiomyopathy characterized by defects in the sarcomeres, 

highlighting the absolute necessity of miR function in maintaining a healthy heart. Just as 

we observe differentially regulated mRNAs in HF such as increased GRK2, miRs are 

dysregulated in parallel and contribute to disease development and progression (Matkovich 

et al. 2009). Studies by Matkovich et al suggest that changes in miR signatures during end-

stage HF and left ventricular assist device support are significantly more reflective of 

cardiac function compared to mRNA signatures (Matkovich et al. 2009). MiRs were 

originally researched in the setting of cancer, playing fundamental roles in carcinogenesis, 

cell proliferation, differentiation,  and apoptosis. In 2006, van Rooij et al. published the 

first cardiac study examining the miR profiles of cardiac hypertrophic mouse models 

compared to controls (van Rooij et al. 2006). Mice that underwent TAC or expressed 

activated calcineurin (CnA) had 27 and 33 differentially increased miRs, respectively, 

compared to controls, with 21 miRs commonly increased. TAC and CnA models had 15 

and 14 miRs differentially downregulated, respectively, compared to controls. 

Examination of miR from LV tissue from idiopathic end-stage heart failure patients 

revealed common dysregulated miRs compared to the hypertrophic mouse models 

including miR-24, miR-125b, miR-185 miR-199a, and miR-214. This was the first 

suggestion that HF had a unique miR signature. Overexpression of any of these key miRs 
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found to be upregulated during hypertrophy was sufficient to elicit hypertrophic responses 

alone in vitro and in vivo. For example, mice with a cardiac specific overexpression of 

miR-195 (TgMiR-195) resulted in hypertrophic growth that led to dilated cardiomyopathy 

by 6 weeks of age (van Rooij et al. 2006). Other miRs identified to play a role in modulating 

cardiac remodeling include miR-1, miR-18b, miR-133, and miR-21 (Barwari et al. 2016; 

Divakaran and Mann 2008). One molecular characteristic of HF is the reactivation of fetal 

gene expression, such as atrial natrietic factor (ANF) and b-myosin heavy chain (MHC), 

both of which are considered hypertrophic markers (Thum et al. 2007). Interestingly, not 

only is gene expression between human fetal and failing hearts closely related, but miR 

expression as well. Today, miRs have been identified to perturb virtually all cellular 

processes such has contractility (Wahlquist et al. 2014), fibrosis (Creemers and van Rooij 

2016), and extracellular matrix regulation (Divakaran and Mann 2008). Table 1-2 

summarizes several cardiac miRs altered during HF and their functional impact. It is now 

understood that during HF miR signatures become significantly altered and contribute to 

the aberrations in gene expression observed.  

The specific experimental gain-of-function or loss-of-function of key cardiac miRs 

has demonstrated physiological and pathophysiological relevance of miRs in the heart. 

Given that numerous miR species along with their gene targets have been identified to play 

direct roles in HF, research has looked to using miRs as therapeutic tools (Thum 2012). 

 

 

 



 

33 

1.7.4 MiRs as therapeutic tools 

 In HF models, rescue of dysregulated miR levels has shown therapeutic success in 

animal models. In animal models, overexpression can be achieved through the  

 

 

 

Table 1-2.  

MicroRNAs (miRs) involved in heart failure. 

miR Expression in HF Function in cardiovascular system 

miR-1 ↓ Development and function of cardiac and skeletal 

muscle 

miR-15 ↑ Induces apoptosis 

miR-21 ↑ Induces apoptosis, modulates eNOS activity, and 

fibrosis 

miR-23a ↑ Promotes cardiac hypertrophy 

miR-30 ↓ Antagonizes apoptosis and fibrosis 

miR-27 ↓ Promotes cardiac hypertrophy 

miR-133a ↓ Regulation of b-adrenergic receptor signaling 

miR-181 ↓ or ↑ Regulation of cardiac hypertrophy 

miR-199a ↓ Antagonizes apoptosis 

Adapted from (de Lucia et al. 2017; Oliveira-Carvalho et al. 2013) 

 

 

 

use of miR mimics. MiR mimics consist of double-stranded RNAs that mimic, as the name 

suggests, the endogenous miR duplex prior to its unwinding and incorporation into RISC. 
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The use of mimics will increase gene targeting and further suppress gene expression. 

However not only will mimics be taken up by target tissues, but off-target tissues as well. 

MiRs have also been expressed through viral vectors like adeno-associated viruses, which 

allow the opportunity for the addition of reporters or increased tissue specificity (Wahlquist 

et al. 2014).  MiRs can also be inhibited through miR inhibitors, which consist of single 

stranded RNAs that can bind to endogenous mature miRs through complimentary base 

pairing. MiR inhibitors will antagonize miRs resulting in reduced gene silencing. Both 

mimics and inhibitors consist of modified oligonucleotides to increase stability and resist 

nuclease degradation (Fig. 1-5). Although, the amount of modifications done to mimics is 

limited due to its requirement of having to be incorporated into RISC. As a result, inhibitor  

design is much more advanced (Thum 2012). Chemical modifications include (1) 2’-O-

methylation—the addition of a methyl group to 2’ hydroxyl on ribose, (2) Locked nucleic 

acid (LNA)—the addition of a bridge connecting the 2’oxygen to the 4’carbon on ribose, 

and (3) increasing phosphorothiate linkages between nucleotides (van Rooij 2011). 

Therefore, the use of miRs as medical intervention drugs have been of interest in human 

patients. In 2018, the Food and Drug Administration (FDA) approved the first small non-

coding RNA (ncRNA)-based drug for treating hereditary transthyretin-mediated 

amyloidosis: patisiran (Kristen et al. 2019; Zhang et al. 2019b). Patisiran is a small 

interfering RNA (siRNA) encapsulated in lipid nanoparticles that targets transthyretin 

(TTR) in the liver, operating through RNAi like miRs do (Zhang et al. 2019b). In addition 

to transcription and processing differences compared to miRs, siRNAs are characterized 

by being fully complementary to their mRNA targets to produce mRNA cleavage (Lam et 
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al. 2015). Patisiran certainly sets an exciting precedent for small ncRNA therapeutics,  

especially for miRs. Indeed, there are several biopharmaceutical companies dedicated to 

developing miR therapeutics, including Regulus Therapeutics, Synlogic Therapeutics, and 

miRagen Therapeutics. These companies have pioneered miR drug candidates into early 

phase clinical trial, but none have succeeded into phase 3 trials yet (Table 1-3) (Hanna et 

al. 2019).  

There is also evidence that drug resistance or toxicity may be mediated by miR 

mechanisms (Roca-Alonso et al. 2015; Wagh et al. 2017). Doxorubicin (DOX) is a widely 

used chemotherapy given intravenously indicated to treat multiple types of cancer.  

 

 

 

 
FIGURE 1-5. Types of commonly used microRNA (miR) modifications. (A) 2’-O-
methylation modification consists of the addition of a methyl group to the 2’ hydroxyl of 
the ribose ring. (B) Locked nucleic acid modification consists of the ribose ring being 
“locked” by an extra bridge that connects the 2’ oxygen and 4’ carbon. (C) 
Phosphorothioate linkage modification consists of the non-bridged oxygen being replaced 
by a sulfur atom. Modifications are highlighted in red. 
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Table 1-3.  
MicroRNAs (miRs) used in interventional clinical trials 
miR; drug name Clinical trial #; phase status Disease indication 
miR-34; MRX34 NCT01829971; phase 1 

(terminated) 
liver cancer, lymphoma 

NCT02862145; phase 1 
(withdrawn) 

melanoma 

miR-92; MRG 110 NCT03603231; phase 1 
(completed) 

wound healing, heart failure 

miR-16l MesomiR-1 NCT02369198; phase 1 
(completed) 

mesothelioma, lung cancer 

miR-122; Miravirsen NCT02508090; phase 2 
(completed) 

Hepatitis C virus 

NCT02452814; phase 2 
(completed) 
NCT1200420; phase 2 
(completed) 

miR-29; MRG-201 NCT03601052; phase 1 
(active, not recruiting) 

keloid, fibrous scar 

miR-21; RG-012 NCT02855268; phase 2 
(suspended, sponsor decision) 

Alport syndrome 

miR-155; MRG-106 NCT03713320; phase 2 
(recruiting) 

cutaneous T-cell lymphoma 

NCT03837457; phase 2 
(enrolling by invitation) 

Adapted from (Hanna et al. 2019) 
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However, patients may be afflicted with serious side effects, including cardiotoxicity 

leading to HF. Roca-Alonso et al. discovered one mechanism for DOX-mediated 

cardiotoxicity was through downregulation of the miR-30 family after DOX administration 

(Roca-Alonso et al. 2015). MiR-30 downregulation was also observed after MI. The miR-

30 family was found to modulate b1-AR, b2-AR, and Gia-2 (Roca-Alonso et al. 2015). 

Thus, the loss of miR-30 may compare to settings of increased neurohormonal signaling 

observed in HF, while the administration of miR-30 may compare to the effect of b-

blockers. Although this topic of miR-mediated drug resistance and toxicity require  further 

investigation, studies suggest miR-based drugs may also be beneficial as part of a 

combination therapy for cardiovascular disease.  

Not only are miR expression profiles changed within the heart, but researchers have 

noted altered miR expressions in blood or plasma (Nouraee and Mowla 2015). This 

observation gave rise to developing miRs as disease biomarkers. Biomarkers are clinically 

relevant, as they can help give insights to pathology through minimally invasive 

procedures. The development of miR-based biomarkers has been more successful than 

miR-based drugs. Multiple phase 4 clinical trials are recruiting or have been completed for 

monitoring miR biomarkers in patients receiving an intervention, including for breast 

cancer, pulmonary hypertension, and Parkinson’s disease. Overall, miR therapeutics could 

represent a new class of pharmaceutical drugs. They possess attractive characteristics for 

drug design such as their small size, stability, and specificity and could make useful 

therapeutic tools for cardiovascular disease. 
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1.8 Aging 

 Edward Lakatta, M.D., Chief of the Laboratory of Cardiovascular Science at the 

National Institute on Aging defines aging as the “manifestation of progressive time-

dependent failure of molecular mechanisms that create disorder within a system of DNA 

and its environment” (Lakatta 2015). The environment can refer to anything from the 

cytoplasmic proteins in a cell to the planet’s atmosphere. The accumulation of molecular 

disorder or failure over time results in progressive changes in the structure and function of 

all tissues in the body, including the cardiovascular system. This is evident across humans 

and non-humans alike, a universal phenomenon. The CDC reports that by 2030, the US 

population aged ≥65 will outnumber the population aged ≤18, pointing to a shift towards 

becoming a significantly aged nation. This undoubtedly will be accompanied by 

heightened prevalence of age-related diseases. Understanding how age and disease interact 

and manifest in organ systems is of utmost importance. 

  

1.8.1 Hallmarks of general aging 

 Aging research in general has become more appreciated and advanced in recent 

years. Rightfully so, as aging is the primary risk factor for numerous prevalent diseases 

such as cancer, diabetes, and CVD. Multiple theories of aging have been proposed over 

time (Table 1-4), but each are limited in their application or may not encompass all aspects 

of aging (Volkova et al. 2005). In an effort to develop a comprehensive understanding of 

aging and unite the current aging research, López-Otín et al. identified and classified 

cellular and molecular hallmarks of aging (López-Otín et al. 2013). The hallmarks of aging 
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consist of (1) genomic instability, (2) telomere attrition, (3) epigenetic alterations, (4) loss 

of proteostasis, (5) deregulated nutrient signaling, (6) mitochondrial dysfunction, (7) 

cellular senescence, (8) stem cell exhaustion, and (9) altered intracellular communication 

(López-Otín et al. 2013). This section will briefly review each hallmark and give an 

example of how it impacts CV aging.  

 Genomic instability represents the common denominator of all aging models. The 

stability of DNA receives continuous challenge from the environment that eventually 

results in damage. Damage could result from DNA replication errors, reactive oxygen  

species (ROS), chemical agents, or spontaneous hydrolytic agents and cause a number of  

genetic lesions such as point mutations, telomere shortening, and DNA breaks. Genomic 

instability can also arise from defects in nuclear lamins that maintain nuclear architecture. 

The intrinsic DNA repair mechanisms available that are meant to remedy DNA damage 

will experience dysfunction themselves with aging, resulting in an accumulation of DNA 

damage with increasing age. In the heart, mitochondrial DNA (mtDNA) has been shown 

to be increasingly damaged with age due to mitochondrial ROS. This theory is supported 

by cardiac specific overexpression of catalase in mice that resulted in prolonged lifespans 

and preserved heart function partially due to minimizing mtDNA genomic instability (Dai 

et al. 2009).  

 Telomeres are heterochromatic structures made up of repeated nucleotide 

sequences (TTAGGG) located at the terminal ends of eukaryotic linear chromosomes. 

They are bound, protected, and regulated by a protein complex called shelterin. Due to 

shelterin’s physical binding on telomere regions, DNA mutations that occur in these  
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Table 1-4.  

Major theories of aging 

Theory Description 

Programmed death Cell death and decline with aging is part of our inherent 
evolutionary design. 

Mutation 
accumulation  

Aging is due to an accumulation of mutations that may not be 
deleterious early in life but will be deleterious at advanced 
ages. 

Antagonistic 
pleiotropy 

Expands on the mutation accumulation theory stating that 
aging selects for genes with differential effects at different 
ages, in other words genes with pleiotropic effects. 

Protein modification  Aging results from the accumulation of impaired or post-
translationally altered proteins that negatively impact organ 
function and promotes cellular senescence. 

Free radical Aging results from chronic oxidative damage to cells due to an 
increase of reactive oxygen species as an intrinsic result of 
aerobic metabolism. May result from increased inflammation. 

Energy Restriction Related to the “Free radical theory”, energy expenditure and 
anabolic pathways contribute to aging. Implementing caloric 
restriction to reduce energy intake extends lifespan. 

Longevity Gene  There are genes that positively or negatively impact senescence 
to impact age-related disorders and longevity. Lifestyle and 
other extrinsic factors will also modify longevity.   

Evolutionary 
Biologic  

There exist multiple classes of genes that escape natural 
selection and can modulate senescence.  

Immunological  Aging results from low-grade prolonged autoimmune 
response caused by the immune system. 

Cellular Senescence The accumulation of senescent cells causes aging. 
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regions are inaccessible and unrecognizable to DNA repair machinery (Palm and de Lange 

2008). DNA polymerases are ineffective in replicating telomeres, therefore telomeres 

become increasingly shorter with each division. When telomeres reach a certain length, 

cells can become apoptotic or “replicative senescent” that can lead to tissue dysfunction. 

Cells that undergo replicative senescence adopt a senescence-associated secretory 

phenotype (SAAP), causing chronic inflammation (Tchkonia et al. 2013). Indeed, short 

telomeres are thought to be a primary cause of aging. Although the heart is classically 

thought to be post-mitotic and quiescent, there is some evidence that telomeres in 

cardiomyocytes are subject to deterioration with age and under diseased conditions like HF 

(Sharifi-Sanjani et al. 2017; Terai et al. 2013). The case of age-dependent cardiac telomere 

shortening remains controversial, but evidence for telomere shortening in CVD has been 

confirmed in biopsied cardiac tissue from CVD patients (Booth and Charchar 2017; Oh et 

al. 2003; Sharifi-Sanjani et al. 2017; Terai et al. 2013). Telomere attrition can also result 

from shelterin dysfunction, which has been reported to occur in the vasculature with age 

(Liu et al. 2019).  

 Epigenetics refers to any modifications in gene expression that are independent 

from changing the genomic sequence itself. Epigenetics are critically important when 

considering how a gene is expressed. Epigenetic gene regulation and modifications include 

post-translational histone modifications ie histone acetylation, DNA covalent modification 

ie methylation, transcriptional alterations, miRs, mRNA modification, and chromatin 

remodeling. Histone modifications have been shown to influence longevity in multiple 

animal models. Reduction in histone methylation through deletion of trimethylation 
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complexes in C. elegans and Drosophila were able to extend lifespan (Greer et al. 2010; 

Siebold et al. 2010). The family of NAD-dependent protein deacetylases and ADP-

ribosyltransferases called sirtuins (Sir, SIRT) has been heavily studied for their longevity 

or anti-aging properties experimentally. SIRTs’ influence on healthy aging stem from their 

ability to improve genomic stability and metabolic efficiency through deacetylating 

histones and other key proteins. Overexpression of Sir2 in worms, flies, and yeast extended 

their lifespans, although there is controversy over the degree of lifespan extension (López-

Otín et al. 2013). The overexpression of the mammalian homolog of Sir2, SIRT1, was able 

to reduce age-related DNA damage and liver cancer, but did not impact longevity (Herranz 

et al. 2010). Heart lysates from young (~6 years) and old (~21 years) monkeys revealed 

that SIRT1 protein levels significantly rise with age (Alcendor et al. 2007). Alcendor et al. 

generated transgenic mic with cardiac specific overexpression of SIRT1 (TgSIRT1) to 

investigate the function of SIRT1 in the aging heart (Alcendor et al. 2007). It seemed that 

cardiac hypertrophy was positively correlated with cardiac SIRT1 expression, as examined 

6-month-old TgSIRT1 mice with varying degrees of overexpression. Mice with high 

overexpression of SIRT1 also developed LV dilation and dysfunction compared to low 

overexpressors. In addition to aging, SIRT1 has been observed to increase in both dog and 

mouse models of pressure overload (PO) induced HF (Alcendor et al. 2007; Alcendor et 

al. 2004). Conversely, SIRT1 was observed to decrease after I/R injury in mice. Cardiac-

specific loss of SIRT1 has been reported to worsen myocardial infarction after I/R and 

hypertrophy after PO  (Hsu et al. 2010; Sanz et al. 2019). These data suggest that SIRT1 is 

cardioprotective and anti-aging within a therapeutic window.  
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 Protein homeostasis, or proteostasis, declines with age and age-related diseases. 

Maintaining proteostasis is extremely important for cell function and there are multiple 

mechanisms to preserve protein stability and functionality. Misfolded or damaged proteins 

must be appropriately degraded to prevent proteotoxicity, along with their subsequent 

replacement with correct proteins. Molecular chaperones and heat shock proteins play an 

important role in maintaining proper protein conformation. The presence and accumulation 

of misfolded proteins is sufficient to cause human disease such as myopathies and 

amyloidosis (Koga et al. 2011). Accordingly, impaired proteostasis is also observed during 

aging. Cardiomyocytes are especially susceptible to impaired proteostasis compared to 

most other cell types due to their highly specialized proteins, reduced mitotic capability 

that limits clearance of protein aggregates by cell division, and high rates of oxidative 

phosphorylation that generates proteotoxic agents (Henning and Brundel 2017). Predmore 

et al examined proteasome function in failing hearts from patients and reported reduced 

proteasome activity, as measured by a reduction in chymotrypsin-like activity and 

accumulation of ubiquitinated proteins, compared to nonfailing hearts (Henning and 

Brundel 2017). In addition to the heart, proteolytic pathway activities have also been 

reported to decrease with age in lymphocytes, skeletal muscle, liver, spinal cord, and 

vasculature (Koga et al. 2011; Nakayama et al. 2016). 

 Aging is accompanied by changes in metabolic pathways, which result in insulin 

resistance, reduced growth hormone (GH) and insulin-like growth factor-1 (IGF-1), 

impaired nutrient sensing, and mitochondrial dysfunction that lead to increased adiposity 

(Barzilai et al. 2012). Insulin and IGF-1 activate signaling (IIS) pathways that alert the cell 
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that glucose is available. IIS pathways can converge at FOXO family of transcription 

factors and mTOR to carry out cell growth, cell survival, protein synthesis, autophagy, and 

transcription of key genes (López-Otín et al. 2013). GH and IGF-1 levels have been 

observed to decease during normal aging and mouse models of aging, but continuous 

decreases can extend lifespan. In contrast, mTOR activity has been observed to increase in 

mice with age in hypothalamic neurons (Yang et al. 2012). Interventions to combat these 

signaling pathways, like through rapamycin administration (mTOR inhibitor) or caloric 

restriction (CR), have been shown to prolong lifespan in multiple eukaryotic species 

(Colman et al. 2009; Fontana et al. 2010; Harrison et al. 2009). In parallel, genetic 

inhibition of mTOR activity in mice has increased their lifespans (Lamming et al. 2012; 

Selman et al. 2009).  These studies suggest that anabolic activity accelerates aging and 

minimizing anabolic activity promotes longevity and anti-aging. In the heart, this remains 

true. Quarles et al. demonstrated that rapamycin treatment in 22-24 month old mice 

improved diastolic function and LV stiffness (Quarles et al. 2020). Likewise, inhibition of 

IIS pathways in the heart also limits cardiac aging, although the underlying mechanisms 

are not fully understood (Boudina 2013).  

 As previously mentioned, mtDNA accumulates damage through aging so it comes 

to no surprise that mitochondrial dysfunction represents a hallmark of aging. ROS, which 

is the basis for the mitochondrial free radical theory of aging (Table 1-5), are a byproduct 

of high oxygen consumption during various cellular processes. Although there is no 

question ROS promotes cell damage through oxidative stress, ROS as effectors of aging 

specifically have been called into question. Certain studies that increase or decrease 
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mitochondrial ROS through antioxidant enzyme knockdown or overexpression, 

respectively, have not proven to increase lifespan in mice (Pérez et al. 2009; Van Remmen 

et al. 2003). However, mitochondrial dysfunction due to mitochondrial gene mutations, 

independent of ROS, has been shown to accelerate aging (López-Otín et al. 2013). Declines 

in mitochondrial bioenergetics with age arise from multiple mechanisms, of which some 

have already been mentioned, including reduced mitochondrial biogenesis, telomere 

attrition, mtDNA damage, disorganization of the electron transport chain complexes, 

changes in mitochondrial structure, and defects in mitochondrial autophagy. Indeed all 

these age-related mitochondrial changes occur in the heart and are significantly disruptive 

due to the heart’s high energy demands; these are reviewed in Tocchi et al (Tocchi et al. 

2015). 

 Cellular senescence is characterized by cell cycle arrest and as previously 

mentioned can be a result of telomere attrition. Transition to senescence is thought to 

prevent the proliferation of damaged cells and signal for their removal. However, during 

aging, there is accumulation of  senescent cells that results from either an increase in 

senescent cell generation or a decrease in senescent cell clearance. Beyond telomere 

attrition, there exists other independent stimuli that triggers senescence. Non-telomere 

DNA damage is also able to promote cell cycle arrest and thus is used as a senescence 

marker experimentally. Aberrations in multiple oncogenic or mitogenic genes have been 

identified to induce senescence, as reviewed by Gorgoulis and Halazonetis. Serrano et al 

reported the first evidence of oncogenic stimuli, through derepression of the INK4/ARF 

locus, activating cellular senescence (Serrano et al. 1997). p16INK4a is a cyclin-dependent 
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kinase inhibitor and preventing G1 to S phase transition, effectively acting as a tumor 

suppressor. Unsurprisingly, expression of the INK4/ARF has been suggested to be an aging 

biomarker in the kidney, ovary, and heart that is attenuated with CR (Krishnamurthy et al. 

2004). CR in aged animals also decreased cellular senescence measured through 

senescence-associated β-galactosidase (SA-β-gal) expression, an in vivo senescence 

marker.  

 During aging there is a decline in the regenerative capacity of tissues due to stem 

cell attrition. Functional stem cell decline has been observed in the brain, bone, and muscle 

fibers (López-Otín et al. 2013). Overall decreases in regeneration can be caused my 

telomere shortening. It also correlates with stem cell DNA damage and expression of cell-

cycle inhibitors like gene products from the INK4/ARF locus (Janzen et al. 2006; Rossi et 

al. 2007). Although the heart is traditionally classified as a post-mitotic organ, seminal 

studies in the early 2000s by Orlic et al and Beltrami et al reported that c-kit+ stem cells 

from the bone marrow and the heart were able to regenerate the myocardium in a rodent 

models of MI (Beltrami et al. 2003; Orlic et al. 2001). Harnessing the power of cardiac 

stem cells to regenerate the heart as a therapeutic strategy for CVD has been intensively 

studied and led to numerous clinical trials, which could also be extrapolated to combat 

aging. However, the very existence of these stem cell populations is a highly controversial 

topic. They very well may exist, but their regenerative capacity may be negligible and 

certainly not robust enough to provide cardiac protection during aging nor heart disease. 

Nevertheless, Cesselli et al examined c-kit+ cardiac stem cells (hCSCs) from human atrial 
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tissue and observed age was a crucial factor in hCSCs telomere shortening and p16INK4a 

expression (Cesselli et al. 2011).  

 Lastly, the final hallmark of aging consists of altered intercellular communication. 

Intercellular communications via endocrine, neuroendocrine, or neuronal systems become 

aberrant with age, which has a negative systemic effect. Aging is accompanied by a low-

grade pro-inflammatory phenotype coined ‘inflammaging’ (Salminen et al. 2012). 

Inflammaging can be caused by the other hallmarks mentioned like mitochondrial 

dysfunction but is also influenced by neurohormonal signaling ie renin-angiotensin, 

adrenergic, and IIS. It is proposed that increasing ROS with age can initiate the formation 

of Nod-like receptor 3 (NLRP3) inflammasomes and activate other pro-inflammatory 

pathways that result in an increase of inflammatory cytokines ie interleukin 1 beta (IL-1b), 

tumor necrosis factor (TNF), and interferons (INF). This chronic inflammation can inhibit 

stem cell function itself, compounding the aging process, as well as progress 

atherosclerosis. During aging there is increase neurohormonal activation of the 

sympathetic nervous system, which has maladaptive consequences on heart function. (de 

Lucia et al. 2018a) 

 In summary, López-Otín et al identified and characterized 9 universal hallmarks of 

aging. It is evident these hallmarks are highly interconnected and can influence or 

exascerbate each other. For example, multiple hallmarks may be traced back to DNA 

damage. Thus, we see that there are systemic molecular changes that occur during aging 

that drastically impact organ function.  
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 1.8.2 Characteristics of cardiovascular aging  

Aging represents one of the biggest risk factors for CVD and associated mortality 

(Benjamin et al. 2019). Prevalence sharply increases in individuals 65 years and older. 

Although the Centers for Disease Control already report CVD as the leading cause of death 

in the US, the proportion of deaths from CVD increases further when looking at elderly 

age groups. Among ages 65 and older 25.5% of all deaths are from CVD compared to 

29.2% in ages 85 and older. Therefore, when discussing CVD and its therapeutics age 

cannot be ignored. As previously discussed, the aging process systemically and negatively 

impacts the body and the heart is no exception. The heart and vasculature undergo a number 

of age-associated changes that eventually lead to HF (Fig. 1-6) (North and Sinclair 2012; 

Steenman and Lande 2017; Strait and Lakatta 2012). In fact, many HF-related CV changes 

are also observed in normal aging even in the absence of overt disease. Although aging 

itself does not cause HF, due to age-dependent changes previously discussed, the threshold 

for HF development is lowered. HF represents the common final CV state, where age-

associated changes in the CV system and other organs converge. Age-related CV changes 

can be categorized into 4 levels: functional, structural, cellular, and molecular. 

The heart and vasculature experience a number of functional declines overtime as 

a consequence from the molecular, cellular, and structural CV aberrations. These changes 

impair the CV system’s ability to respond to increased workload as needed in situations 

such as exercise. This decreased adaptability is indicated by a decrease in cardiac reserve, 

which is observed even in the absence of coronary artery disease (Lakatta 1994). During 

exercise, maximal oxygen uptake, oxygen consumption, heart rate (HR), and end diastolic 



 

49 

volume (EDV) have all been reported to decrease in aged individuals (Strait and Lakatta 

2012). Increases in vascular peripheral vascular resistance (PVR), systolic blood pressure 

(SBP), and cardiac end systolic volume (ESV) occur in parallel (Strait and Lakatta 2012). 

Cardiac output (CO) also declines with aging likely due to inability to accelerate HR. 

Overall resting function may still be normal. Diastolic dysfunction is the most recognized  

consequence of aging. Systolic function as measured by ejection fraction (EF) remains 

mostly stable with age with an exception during exercise, but other components of systole  

 

 

 

 

FIGURE 1-6. Physiological aging-associated cardiovascular changes. The heart and the 
vascular undergo numerous changes during natural aging as a result of the progressive 
time-dependent failure of molecular mechanisms that involve the interaction between 
intrinsic and extrinsic cellular factors. Arrows dictate how each parameter is changed with 
aging. 
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may also be changed (Strait and Lakatta 2012). Despite this, there is growing appreciation 

for systolic dysfunction with aging as echocardiographic analysis becomes more advanced 

with the development of speckle tracked-based echocardiography (STE) (de Lucia et al. 

2019). Diastole refers to the phase in the cardiac cycle where the heart relaxes to fill with 

blood subsequent to contraction during systole. Normal diastolic filling occurs in two 

phases (1) early passive filling of the ventricles under no pressure (E wave, peak velocity) 

and (2) late active filling of the ventricles under pressure from atrial contraction (A wave, 

peak velocity). Alterations in both phases can occur with aging and is measured through 

the E/A ratio. The aged heart fills with blood more slowly compared to a young heart, 

which limits the duration of early phase filling. Impaired LV relaxation, as a result of 

increased myocardial stiffness, occurs as a result of prolonged isovolumic relaxation time 

(IVRT). The majority of ventricular filling shifts towards late phase diastole and manifests 

as a decrease in E/A ratio. As diastolic function progressively worsens to a “restrictive 

filling pattern”, E/A ratio (>2) is observed to increase due to elevated left atrial pressures. 

Within the vasculature, significant impairment of endothelial-dependent vasodilation of 

resistance arteries has been reported, which parallels the impaired relaxation observed in 

the heart (Muller-Delp et al. 2002). Declines in vascular vasodilation will have negative 

consequences on maximal vasodilatory capacity and maximum O2 consumption, 

contributing to the age-related decline in exercise capacity. Overall, the aged heart 

experiences a decline in function especially during increased workload and diastole. These 

functional aberrations are a consequence of age-related changes to the CV structure. 
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There are significant structural alterations to the heart and vasculature with age. 

Overall heart shape becomes more spheroid than elliptical. Most observable is an increase 

in heart size and LV wall thickening due to cardiomyocyte hypertrophy. Left and right 

ventricular myocytes were reported to grow by 110 microns3/year and 118 microns3/year, 

respectively (Olivetti et al. 1991). Despite an increase in cardiomyocyte size, the total 

number of cardiomyocytes is reduced with age due to increased necrotic and apoptotic cell 

death (Kajstura et al. 1996). Loss of cardiomyocytes with age is accompanied by an 

increase in both reactive and reparative collagen accumulation in the heart, which is 

observed in both animals and humans (Eghbali et al. 1989; Gazoti Debessa et al. 2001). 

Age-related cardiac fibrosis can explain the functional consequences previously described, 

including diastolic dysfunction from ventricular stiffening (Biernacka and Frangogiannis 

2011). Fibrotic remodeling may even negatively impact systolic function, especially in 

hypertensive conditions, by disrupting myocardial excitation-contraction coupling 

(Iwanaga et al. 2002; Janicki and Brower 2002). Song et al. noted increased fibrosis and 

fat deposition within the sino-atrial node, atrio-ventricular node, and bundles, which 

interferes with impulse conduction along the cardiac conduction system (Song et al. 1999). 

Increased fibrosis has been reported to occur perimysially (around groups of muscle fibers), 

endomysially (around individual myocytes), and even perivascularly (around vasculature). 

In fact, the progressive cardiac hypertrophy observed with age is a consequence of age-

related peripheral vasculature changes that promote vascular stiffening. Vascular stiffening 

is a result of collagen accumulation, elastin degeneration, endothelial dysfunction, and 

vascular wall thickening. Vascular wall and intima-media thickening results from vascular 
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smooth muscle cell (VSMC) proliferation and VSMC hypertrophy, and accumulation of 

collagens (Xu et al. 2017). The accumulation of collagens is accompanied by a decrease in 

elastin content in vessels. Age-related vascular stiffening has critical impacts on 

hemodynamics, increasing hemodynamic load, increasing pulse pressure, increasing SBP, 

and decreasing diastolic BP (DBP). Capillary luminal volume and density is observed to 

decrease with age not just in the heart, but in the brain and skeletal muscle as well (Anversa 

et al. 1994; Rakusan et al. 1992; Sonntag et al. 1997). Overall, we see cardiomyocyte and 

VSMC hypertrophy that leads to cardiac and vascular hypertrophy, respectively. This 

hypertrophy is accompanied by fibrotic remodeling that further damages CV function.  

The structural and histological observations during aging result from cellular-based 

changes. The heart is made up of mostly cardiomyocytes by volume, ~75%, but make up 

25-35% of total cell number (Pinto et al. 2016). The remaining cells mainly consist of 

fibroblasts (~11%), endothelial cells (~60%), VSMCs (~6%) and hematopoietic-derived 

cells (5-10%) (Pinto et al. 2016). During aging, the heart undergoes changes in its cellular 

composition. The population of cardiomyocytes decline with age from increased apoptosis 

and necrosis, which evidently cannot be replenished by the small pool of cardiac stem cells 

(Goldspink et al. 2003). Olivetti et al examined 67 hearts from individuals aged <20 to 90 

years old without any signs of CVD and calculated 38 million and 14 million 

cardiomyocyte nuclei per year are lost after the onset of puberty (Olivetti et al. 1991). This 

significant loss of cardiomyocytes with aging provides a structural-based explanation for 

reduced cardiac reserve and increased cardiac dysfunction observed. The remaining aged 

cardiomyocytes are more likely to be senescent, marked by p16INK4a (Chimenti et al. 2003). 
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Endothelial cells undergo a similar fate to cardiomyocytes, experiencing age-dependent 

apoptosis and senescence (Xu et al. 2017). This may not be surprising considering there is 

endothelial cell dysfunction with age. Fibroblasts, on the other hand, are activated and 

adopt a “myofibroblast” phenotype marked by α-smooth muscle actin expression. 

Myofibroblasts are the cellular effector of fibrotic responses, including during aging.  

Various molecular changes are responsible for the cellular changes observed in 

aging. The phenotypic switch to myofibroblasts is mediated by autocrine and paracrine 

factors, including angiotensin II (AngII), endothelin-1 (ET-1), and transforming growth 

factor-beta 1 (TGF-b1). These factors also play roles in stimulating cardiomyocyte 

hypertrophy and contributes to aging phenotypes (Biernacka and Frangogiannis 2011; 

Vajapey et al. 2014). Impaired endothelial-dependent vasodilation can be linked to loss of 

endothelial nitric oxide synthase (eNOS) activity leading to reduced nitric oxide (NO) 

bioavailability (Collins and Tzima 2011). NO and related compounds are critical 

vasodilators, anti-inflammatory agents, antioxidants, and anti-thrombotics. NO is 

necessary to maintain healthy vasculature. Loss of NO also contributes to endothelial 

senescence. Impaired function of the heart can be explained through the age-related 

abnormalities in the b-AR signaling pathway. As mentioned, the b-AR and downstream 

signaling factors are vital for regulating cardiac function in response to sympathetic stimuli. 

In response to CV stress during aging, levels of E and NE are elevated in the circulation 

and synapses, respectively. In addition, clearance of NE is diminished with age that further 

contributes to elevated levels. This chronic catecholamine exposure mimics the SNS 

activation that is observed in HF to elicit receptor desensitization in aging. Unsurprisingly, 
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there have been reports of decreases in b-AR density, both b1-AR and b2-AR, in aged rats, 

humans, or guinea-pig hearts (Ferrara et al. 2014). Despite conflicting studies that report 

no change,  b-AR density is likely to be reduced and this provides the molecular basis to 

reduced reserve capacity with age. Gai  expression and activity has also been observed to 

increase with age, contributing to reduced cAMP and impaired b-AR responsiveness.  

 

 1.8.3 GRK2 in aging 

 It is evident that GRK2 also plays a role in reducing b-AR responsiveness and other 

GPCRs during HF, but whether or not it mediates b-AR impairment during aging is not 

well studied. Of the available studies on GRK2 in the aging heart, there are conflicting 

conclusions making it difficult to determine a definitive physiological role. Schutzer et al 

examined aortas from 6 week and 24 month rats to determine if GRKs had role in age-

related decline in b-AR-mediated vasodilation (Chapman et al. 1999; Schutzer et al. 2001). 

Increased total GRK2 activity was increased in 24-month rat aortas compared to 6 weeks. 

Within both the cytoplasmic and membrane fraction both GRK2 and GRK3 protein levels 

were elevated in aortic lysates, but GRK5 was not elevated in the membrane fraction. 

Although multiple GRKs were elevated, Schutzer et al did not confirm a functional link to 

b-AR desensitization experimentally, but can be assumed (Schutzer et al. 2001). Leosco et 

al’s study in 2003 would later establish this functional link in rat aorta (Leosco et al. 2003). 

GRK2 expression was confirmed to be expressed in the aortic endothelium. Measurement 

of GRK2 activity in rat carotid arteries revealed increased GRK2 activity in aged rats (24 

month) that corresponded to a decrease in b-AR density. Elevated GRK2 activity and 
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reduced b-AR density in old rats was returned to levels similar to young rats when subject 

to swim exercise (Leosco et al. 2003). In the aged heart, the increase in GRK2 does not 

seem to hold true. Evaluation of GRK activity in human right atria did not reveal any 

increases in activity in neither the membrane or cytosolic fraction in elderly patients with 

coronary heart disease without HF compared to children, but was elevated in HF 

(Leineweber et al. 2003). Nor were there any differences reported in GRK2 expression or 

activity in 24-month rat LVs (Xiao et al. 1998). However, GRK2 activity beyond its kinase 

activity have not been assessed. Assessing kinase activity only would mean ignoring the 

plethora of kinase-independent interactions GRK2 participates in, for example its 

interaction with Akt. Further, heart tissue analysis of GRK2 expression may not reveal cell 

specific changes in expression that may occur. There have not been investigations on 

GRK2 levels in physiologically aged human vasculature. Elevated GRK2 expression 

and/or activity has also been detected in rat liver where it mediates hepatic b1-AR 

overactivation during aberrant glucose and lipid metabolism during aging (Shi et al. 2018). 

GRKs may not be the cause of age-related reductions in b-AR density in cardiomyocytes, 

but whether they are responsible for the reductions in the vasculature or they play other 

roles during aging remains to be investigated. Although there is no clear consensus between 

GRK2’s role in the CV system during aging, it is a topic that demands further research 

when it is considered those with CVD are predominantly elderly. 

 

1.9 Summary and objectives 
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 The abundant research on CV GRK2 has strongly documented GRK2’s critical role 

in physiology and pathophysiology. Under normal basal conditions, GRK2 maintains b-

AR homeostasis through phosphorylated-mediated receptor deactivation. During disease, 

GRK2 expression and activity rise beyond physiological levels to plunge b-AR density and 

responsiveness down to dysfunctional levels. Furthermore, how this relationship between 

GRK2 and b-AR function extrapolates into aging to impact CVD remains an important 

research question as the aged molecular landscape will change how disease states are dealt 

with. Some evidence suggests GRK2 activity is increased in the aged vasculature, but 

perhaps not the myocardium. GRK2 inhibition has proven to be a powerful tool to rescue 

GRK2-mediated b-AR dysfunction, as well as rescue other signaling aberrations. 

Therefore, there is upmost interest in understanding how GRK2 is regulated during disease 

and aging in order to develop efficient strategies for GRK2 inhibition.  

The research contained within this dissertation comprises of two independent 

studies that aim to understand GRK2 regulation in HF and aging.  

 

 1.9.1 Cardiac GRK2 and microRNAs in heart failure 

 Given the evidence that (1) multiple components of the b-AR pathway are regulated 

by miRs ie. miR-133 and miR-30, (2) there is evidence of viral miRs targeting GRK2 in 

lymphocytes, (3) GRK2’s nearly ubiquitous expression similar to housekeeping genes 

suggests post-transcriptional mechanisms of regulation, we hypothesized that GRK2 can 

be post-transcriptionally regulated by a miR. Furthermore, this GRK2-targeting miR would 

likely be dysregulated during HF to contribute to pathological increases in GRK2. With an 
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interest in miR-based drugs, manipulation of this miR during HF may be used as a 

therapeutic to ameliorate HF phenotypes through antagonizing GRK2. In this study, we 

examined miR expression profiles in mouse models of MI and selected miR candidates to 

test in vitro and in vivo for their ability to silence GRK2 gene expression. Ultimately, we 

hope to develop a miR-based therapeutic to inhibit GRK2  expression during HF. 

 

1.9.2 Loss of dynamic regulation of GRK2 by nitric oxide and cardiovascular 

aging 

As previously mentioned, GRK2 undergoes dynamic S-nitrosylation at Cys340, 

which inhibits its kinase activity, subsequent to b-AR activation as a means to limit 

receptor desensitization by GRK2. In order to investigate the physiological role of this 

post-translational modification, mice were generated with a global knock-in (KI) point 

mutation in GRK2 where Cys340 was mutated to a Ser (GRK2-C340S). Although GRK2-

C340S (8-10 weeks) had increased infarct size after I/R injury, at baseline there were no 

phenotypic alterations observed with increased GRK2 activity. With an interest in 

understanding the impact of increased GRK2 during aging and to highlight chronic GRK2-

inhibition mediated benefits, we allowed the GRK2-C340S mice to age at least for a year 

(52 weeks). We hypothesized that chronic GRK2 overactivity would cause cardiovascular 

remodeling and dysfunction in aged mice. Understanding how chronic GRK2 overactivity 

impacts the cardiovascular system gives us broader insight how upregulated GRK2 in the 

context of age-associated CVD further exacerbates the aged molecular landscape and 

contributes to disease. 
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CHAPTER 2 

CARDIAC GRK2 AND MICRORNAS IN HEART FAILURE 

 

2.1 Introduction  

 Heart disease remains the leading cause of mortality with little to no improvements 

on hospitalization rates (Hall et al. 2012). In the face of declining cardiac function due to 

cardiac injury, b-AR desensitization by pathologically increased GRK2 expression and 

activity represents the most profound threat to cardiac function. GRK2 inhibitory strategies 

have proven beneficial in improving structural and functional outcomes in multiple cardiac 

injury models. Therefore, identification of compounds or molecules to inhibit GRK2 are 

of high interest.  

 Identification of GRK2 regulatory molecules or interaction partners can provide 

points of interest where experimental GRK2 inhibition can occur. Research has identified 

numerous protein interactors and protein modifications that regulate GRK2 activity, which 

has revealed an extensive and complex GRK2 interactome. However, methods of GRK2 

transcriptional and post-transcriptional regulation are sparse (Penela et al. 2010a; Sato et 

al. 2015b). Given that GRK2 has a nearly ubiquitous and constitutive expression, it 

provides a strong premise for post-transcriptional regulatory mechanisms fine-tuning its 

expression in response to stimuli. It is established that GRK2 promoter activity increases 

in response to pharmacological agents that induce vasoconstriction or hypertrophy. 

Exposure to catecholamines or other adrenergic agonists are also sufficient in increasing 

GRK2 transcription and expression (Klenke et al. 2018; Ramos-Ruiz et al. 2000). One 
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transcription factor identified to be involved in PMA-induced GRK2 transcription was 

EGR-1 (Klenke et al. 2018). We postulate that GRK2 mRNA can be post-transcriptionally 

regulated and this regulation is modulated in HF to promote the pathological increase in 

GRK2 expression and activity. One method of post-transcriptional regulation is through 

miRs. MiRs, as discussed, can be powerful mediators of gene regulation, canonically gene 

silencing. Cardiac miR profiles have been shown to be altered in all models of cardiac 

injury and contribute to phenotypes observed such as hypertrophy, contractile dysfunction, 

and fibrosis. Indeed, miR-133 has been identified to target multiple components of the b-

AR pathway, which is impaired during HF and contributes to b-AR dysfunction (Castaldi 

et al. 2014).  

MiR-133 is one of the most abundant cardiac miRs and its expression protects  

against cardiomyocyte hypertrophy, fibrosis, and promotes proper cardiomyocyte 

development/proliferation (Carè et al. 2007; Liu et al. 2008; Matkovich et al. 2010). 

Overexpression of miR-133 in neonatal cardiac myocytes prevented PE and ET1 induced 

hypertrophy, measured by blunted protein synthesis compared to cells without miR-133. 

Thus, there is an inverse relationship between miR-133 and hypertrophy, regardless of the 

hypertrophic stimuli. MiR-133 was validated to target multiple genes involved in 

hypertrophy development—RhoA (Rho subfamily of GTPases), Cdc42 (Rho subfamily of 

GTPases), and NELFA/Whsc2 (negative regulator of RNA polymerase II). In addition to 

these targets, Castaldi et al. also identified b1-AR, AC6, the catalytic subunit of PKA, and 

the exchange protein activated by cAMP (EPAC) as direct targets of miR-133-mediated 

silencing. Reduced silencing of these additional miR-133 targets involved in the β1-AR 
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signaling cascade during hypertrophy is compatible with the findings in Carè et al, as β-

AR dysfunction also accompanies pressure-overload hypertrophy (Carè et al. 2007; Choi 

et al. 1997; Perrino et al. 2006). The addition of miR-133 in neonatal cardiomyocytes 

significantly limited cAMP generation and AC6 activity after NE stimulation with selective 

β2-AR-selective inhibition through ICI-118,551 compared to control cells (Castaldi et al. 

2014). Castaldi et al generated a cardiac-specific overexpression of miR-133 inducible 

mouse model (Tg133). Tg133 mice were protected against pathological hypertrophy 

development and declining cardiac function with TAC compared to sham, as expected due 

to miR-133-mediated inhibition of β1-AR signal transduction similar to β-blocker therapy. 

Tg133 mice observed a ~20% reduction in GRK2 mRNA compared to sham after TAC, 

which corresponded to reduced cell death. Although miR-133 is not strongly predicted to 

directly target GRK2, partial normalization of GRK2 activity could result from inhibiting 

β1-AR stimulation as seen with b-blocker therapy (Iaccarino et al. 1998). The identification 

of miRs that can regulate β-AR signaling opens up the possibility that GRK2 may also be 

subject to miR-mediated regulation. 

MiRs capable of targeting GRK2 have been identified in non-cardiac diseases such 

as Kaposi’s sarcoma and leukemia, as mentioned previously. Therefore, we believe that 

there exists a GRK2-targeting cardiac miR that regulates GRK2 mRNA levels during 

normal physiology and pathophysiology. Although miR-mediated regulation may not be a 

primary nor sole way GRK2 expression is increased in HF, identification of a miR would 

uncover a new understanding of how this key enzyme is regulated.  
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 Thus, we sought to determine whether there was a miR-based regulatory pathway 

impacting GRK2 expression. Specifically, we used miR expression profiling methods to 

assess how miRs were altered in a MI model of HF along with bioinformatic prediction 

software to identify candidate miRs. We assessed our candidate miRs in their ability to 

inhibit GRK2 mRNA and protein expression, as well as their binding capabilities to the 

GRK2 3’UTR in vitro. Successful candidates were advanced to in vivo investigation with 

the ultimate goal of using this candidate miR as a HF therapeutic through inhibiting GRK2 

expression and activity.  

 

2.2 Experimental procedures 

 2.2.1 Experimental animals 

 All animal procedures were carried out according to National Institute of Health 

Guide for the Care and Use of Laboratory Animals and approved by the Animal Care and 

Use Committee of Temple University. Adult male C57BL/6 (9-12 weeks) mice purchased 

from Jackson Laboratory were utilized for all in vivo experiments. Mice were euthanized 

by isoflurane inhalation and cervical dislocation, as approved by the American Veterinary 

Medical Association (AVMA).  

 

2.2.2 Echocardiography 

All echocardiography was performed using the Vevo 2100 imaging system from 

VisualSonics as previously described (de Lucia et al. 2019; Schumacher et al. 2016). Hair 

from the mouse chest was removed with Nair >24 hours before echocardiography. Mice 
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were anesthetized with 3% isoflurane and maintained at 1-3% during procedures. 

Traditional echocardiography (TE) utilized the MS400 (30-MHz centerline frequency) 

probe to obtain B- and M-mode images from parasternal long-axis and short-axis to 

evaluate LV internal diameters (LVIDs), fractional shortening (FS), end diastolic volume 

(V;d), end systolic volume (V;s), stroke volume (SV), cardiac output (CO), and heart rate 

(HR). 

 

 2.2.3 Myocardial infarction 

 MI surgery was performed as previously described (Gao et al. 2010). Mice were 

anesthetized with 2% isoflurane inhalation using an isoflurane vaporizer (Viking Medical) 

without intubation. While on a heated surface, a small incision was made on the left side 

of the chest to expose the fourth intercostal space. The heart was gently pushed out of the 

thoracic cavity and a slipknot was tied around the left coronary artery (LCA) using a 6-0 

silk suture. The heart was placed back with manual evacuation of the pneumothoraxes. The 

skin was closed by suture. Sham operated animals did not receive LCA occlusion. The 

mouse was then removed from isoflurane inhalation and closely monitored for recovery. 

Buprenorphine was administered (0.1 mg/kg b.wt, s/c) for pain management.  

 

 2.2.4 Myocardial injections 

 In vivo ready miR mimics (250 nmol), purified by HPLC, were obtained from 

ThermoFisher. Mimics were obtained for the following miR species: Negative Control #1 

(miR-Neg) and kshv-miR-K12-3-5p (miR-K12). Mimics have an approximate molecular 
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weight of 14,000-15,000 g/mol. Mimics were resuspended in sterile PBS at 10 mg/mL or 

20 mg/mL. Mimics were prepared with  Invivofectamine™ 3.0 Reagent (ThermoFisher) 

according to a modified protocol recommended by the manufacturer. A 1:1 mix between 

mimic and complexation buffer was prepared ie 10.8  µL of miR-Neg + 10.8 µL 

complexation buffer; 6 µL miR-K12 + 6 µL complexation buffer. Invivofectamine™ 3.0 

Reagent, at room temperature (RT) was added to the mixture at the following ratio: 1.2 µg 

mimic to 1 µL lipid. The diluted mimic and Invivofectamine™ 3.0 Reagent mixture were 

immediately vortexed and incubated at 50°C for 30 minutes. Solutions were spun down. 

Intramyocardial injections were performed in a similar manner to MI surgery, but instead 

of coronary occlusion the mimic solution was injected across 3 points of the LV using a 

Hamilton syringe, 31G with ½ inch length. Twenty-five µL of mimic solution was diluted 

with 5 µL sterile PBS prior to injection. Dosage was estimated to be ~0.0214 mg/heart or 

1 mg/kg, depending on the mouse body weight (BW). Hearts were harvested 2 days after 

injection.  

 

 2.2.5 In vitro miR mimic transfections 

 Neonatal ventricular cardiomyocytes (NRVMs) and the AC16 human 

cardiomyocyte cell line were utilized for in vitro miR mimic and inhibitor transfections. 

NRVMs were plated at 0.75x106 cells/well in a 6-well plate in Ham’s F10 media, 10% 

horse serum (HS), 5% fetal bovine serum (FBS), and 1% penicillin/streptomycin (P/S). On 

Day 2, NRVMs were serum starved with Ham’s F10 media, 1% FBS, 1% P/S for 5 hours. 

MiR mimics for miR-Neg, miR-K12, or hsa-miR-378a-5p (miR-378a) were complexed 
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with Lipofectamine® RNAiMAX Transfection Reagent (ThermoFisher) in Opti-MEM™ 

I Reduced Serum Medium (ThermoFisher) according to manufacturer’s protocols with 

either 25 pmol, 50pmol, or 75 pmol mimic. Lipofectamine® RNAiMAX Transfection 

Reagent is a proprietary RNAi-specific cationic lipid formulation for cellular transfection. 

Cells were transfected for 48 hours before harvesting. 

 

 2.2.6 Immunoblotting 

Cells for western blotting were harvested in RIPA buffer containing protease and 

phosphatase inhibitors (10 mM Tris, 0.5 M EGTA, and 0.5 M EDTA solution) and scraped. 

Cell lysates were vortexed and frozen before use. Protein lysates from LV tissue were also 

homogenized in RIPA buffer containing protease and phosphatase inhibitors. Protein 

lysates from LV tissue were subject to 30-minute rotation in 4°C. All lysates were 

centrifuged to pellet cell debris. Quantification of protein content was performed through 

the Pierce™ BCA Protein Assay (Bio-Rad) before lysates were mixed with protein loading 

dye. Following SDS-PAGE and transfer to nitrocellulose membranes, primary antibody 

incubations were performed overnight at 4° C. Visualization of Western blot signals was 

performed using secondary antibodies coupled to Alexa Fluor 680 or 800 (Invitrogen 

Molecular Probes) or IRDye 680 or 800 (LI-COR Biosciences) on an Odyssey CLx 

infrared imager (LI-COR Biosciences). Odyssey version 1.2 infrared imaging software was 

used to process all images.   
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 2.2.7 RNA isolation and Semi-quantitative RT-PCR 

 Cells were lysed in TRIzol™ Reagent (ThermoFisher) and were froze. Total RNA 

was eluted in nuclease-free water. LV tissue was homogenized in TRIzol™ Reagent using 

the VCX 130PB ultrasonic processor from Sonics & Materials Inc. Solutions were 

centrifuged to pellet cell debris. Total RNA isolation was performed using the Direct-zol™ 

RNA Miniprep kit (Zymo Research) according to manufacturer’s protocol. RNA was 

quantified using the NanoDrop™ 2000/2000c Spectrophotometer (ThermoFisher). cDNA 

was generated from isolated RNA using the iScript cDNA Synthesis Kit (Bio-Rad). Semi-

quantitative PCR on cDNA was done using SYBR Green (Bio-Rad) and a final 

concentration of 100 nM of gene-specific oligonucleotides GRK2 and Rn18s (18S) on a 

CFX96 Real Time System with BioRad CFX Manager 2.1 software. (Bio-Rad). 

Quantification was through 18S rRNA normalization and compared using the ΔΔCt 

method. 

 

 2.2.8 Creation of stable Ad293-GRK2 cell line 

Ad293 cells were transfected with 300 ng of pmiRGLO-3’UTR-GRK2 using 

Lipofectamineâ 2000 Reagent  (ThermoFisher). The pmiRGLO-3’UTR-GRK2 plasmid 

consists of the pmiRGLO Dual-Luciferase miR Target Expression Vector (Promega) 

backbone with the entire length of murine GRK2 3’UTR (UCSC Genome Browser) or a 

mutated GRK2 3’UTR sequence inserted using XbaI and SalI restriction enzymes. Both 

GRK2 3’UTR sequences were sequenced by GenScript. Cultures were allowed to grow for 

48 hours. After, cells were trypsinized and titration of G418 (1.0-1.4 mg/mL) and titration 
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of A293 cell number (1-2000 cells) were done in order to determine the optimal plating 

density and G418 concentration. Cells were incubated under standard conditions and fed 

every 3-5 days with fresh selection medium. Cell clones were analyzed under a light 

microscope. Clones were selected and further tested. One clone was ultimately expanded 

for WT and mutant GRK2 3’UTR, Ad293-GRK2 and Ad293-mGRK2 respectively. Stable 

lines were maintained with 1.0 mg/mL of G418. Media for Ad293-GRK2 or Ad293-

mGRK2 cells cultured for experiments did not contain G418. 

  

2.2.9 3’UTR analysis  

Ad293-GRK2 or Ad293-mGRK2 cells were seeded in a 24 well plate with 1x105 

cells/well with DMEM 10% FBS, 1% P/S. After cell adhesion, cells were serum starved 

with DMEM 1% FBS, 1% P/S for 5 hours. Cells were transfected with Lipofectamine® 

RNAiMAX Transfection Reagent (ThermoFisher) in Opti-MEM™ I Reduced Serum 

Medium (ThermoFisher) with 25 pmol of miR mimic or inhibitor and allowed to incubate 

for 48 hours. Cells were scraped in a Luciferase Lysis Buffer (LLB) containing 25 mM 

Tris/phosphate, 4 mM EGTA, 1% Triton X-100, 10% glycerol, and 2mM dithiothreitol 

(DTT). The pH of LLB was adjusted to 7.8 with dilute o-phosphoric acid prior to glycerol 

and Triton X-100 addition. DTT was added immediately prior to use. Protein quantification 

of cell lysates was done with a Bradford Protein Assay (Bio-Rad). Equal amounts of protein 

were added to a flat-white clear-bottom 96 well plate in triplicate. Firefly luciferase and 

Renilla luciferase activities were measured using the Dual-Glo® Luciferase Assay System 

(Promega) according to manufacturer’s protocol. Luminescence was measured using the 
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Infinite® M1000 PRO plate reader (Tecan). Luminescence values were normalized to 

background wells containing untransfected Ad293 cells.  

 

 2.2.10 Statistics 

 All values in the text and figures are presented as mean ± SEM. Statistical 

significance between two groups with one variable was determined by student’s unpaired 

t-test. Statistical significance between three or more groups with 1 variable was determined 

by one-way ANOVA with Tukey’s multiple comparisons test. Statistical significance 

between three or more groups with 2 variables was determined by two-way ANOVA with 

Tukey’s multiple comparisons test. Probabilities of 0.05 or less were considered to be 

statistically significant. Statistical calculations were done in Prism 7 (GraphPad).  

 

2.3 Results 

 2.3.1 Myocardial infarction changes miR expression profile 

 Male C57BL/6 underwent sham or MI surgery. Echocardiography was performed 

2 weeks after surgery to assess cardiac function and to assess severity of surgery (Fig. 2-

1A). As expected, mice had various degrees of cardiac dysfunction depending on MI 

surgery. Three mice were selected to submit isolated total RNA from LV tissue for miR 

microarray analysis through LCSciences. The three mice selected were selected for similar 

EF: 24.39%, 26.57%, and 24.59%. As expected, MI surgery induced drastic changes in 

miR expression in varying degrees of significance (Fig. 2-1B). In accordance with the  
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FIGURE 2-1. Changes in microRNA (miR) expression after myocardial infarction. 
(A) Ejection fraction (EF, %) measured through traditional echocardiography in sham and 
2-week post MI mice. (n=5,9). (B) miR microarray clustering graph of statistically 
significant and high signal miR transcripts in sham and 2-week post-MI mice with similar 
EF% post-MI ~25%. (n=3). 
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literature, our microarray results reported a decrease in miR-133a, miR-30, and miR-29c 

while an increase in miR-214, miR-199a, and miR-21 (van Rooij et al. 2006).  

 

 2.3.2 Analysis of miR candidates with bioinformatic prediction  

 In order to examine whether a miR was capable of binding the 3’UTR to inhibit its 

expression, we generated a reporter construct (pmirGLO-GRK2) that contained the full 

mouse GRK2 3’UTR sequence downstream of the firefly luciferase gene (luc2) under the 

control of the human phosphoglycerate kinase (PGK) promoter within the pmirGLO Dual-

Luciferase miRNA Target Expression Vector (Promega) (Fig.2-2A). A separate Renilla 

luciferase gene (hRluc) under the SV40 promoter was also included as a control. Successful 

binding of a miR to the 3’UTR will destabilize the 3’UTR transcript, which will also inhibit 

luc2 translation. Reduced luminescence as a result of reduced luciferase activity signifies 

miR-mediated silencing. The 1900 miRs that were included in the miR microarray were 

categorized as either being upregulated or downregulated after MI (Fig. 2-2B). MiRs that 

were considered downregulated were examined for their seed sequence binding through 

base complementarity to the 3’UTR of GRK2 (yielded 343 miRs) as well as through 

TargetScan7.1 (yielded 29 miRs). If a miR is able to regulate GRK2 expression, it would 

likely be downregulated during HF to contribute to pathological increases in GRK2. It is 

also possible for the miR to not be extensively downregulated in order to result in altered 

regulation of GRK2 expression. We wanted to also look for mouse and human 

conservation, as this would yield a more translational mechanism and suggests tighter 

binding affinity. Ad293-GRK2 cells, which stably express the GRK2 3’UTR downstream 
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of a luciferase reporter, were transfected with mimics for each miR for 48 hours before 

assessing luciferase activity. MiR-K12 was utilized as a positive control for miR-mediated 

silencing of GRK2. Multiple miRs were able to successfully bind and inhibit GRK2’s 

3’UTR reported through reduced luminescence, while others had no effect (Fig. 2-2C). 

Although some candidates appear to strongly inhibit GRK2 such as miR-15a-3p, miR-134-

3p, and miR-3620-5p—they were very poorly expressed in the heart and were not pursued.  

 

 2.3.3 Selected miR candidates reduced GRK2 expression in vitro 

 The following miRs were further investigated: miR-Neg, miR-K12, miR-181a, 

miR-181b, miR-181c, miR-378a, miR-497a, and miR-125a. Details on their location on 

the 3’UTR targeting, seed sequence characteristics, and known targets within the 

cardiovascular system are shown in Table 2-1. Of particular interest were the miR-181 

family members: miR-181a, miR-181b, and miR-181c (miR-181d is also a member). The 

miR-181 family members are conserved miRs that share the same seed sequence, but 

slightly different mature sequence. The miR-181 family’s 3’UTR binding site (1039-1045) 

highly overlaps with the miR-K12 binding site (1040-1046) and this is conserved in both 

human and mouse sequences (Fig. 2-3A). This binding site resides within highly similar 

sequence region of 3’UTR (~900-1100) between human and mouse (Fig. 2-3B). MiR-23a 

is also a conserved miR and overlaps with miR-K12 binding in both human and mouse. 

Conserved pairing improves miR prediction and reduces false-positive predictions (Bartel 

2009). MiR-125a, although a published target, did not score very highly during prediction 

nor had conserved binding sites. 
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FIGURE 2-2. Identifying miR candidates for targeting GRK2 3’UTR. (A) Illustration 
of the target sensor construct (pmiRGLO-GRK2) using the pmiRGLO vector. hPGK, 
human-phosphoglycerate kinase promoter; luc2, firefly luciferase gene; GRK2 3’UTR, 
mouse GRK2 3’ untranslated region. (B) Workflow of miR microarray screening for 
candidate miR selection. All miRs detected via microarray were separated by whether they 
were up- or down-regulated after MI, with the highest interest in the latter. miR seed 
sequences were analyzed solely on sequence complementarity to the 3’UTR of mouse and 
human GRK2. TargetScan 7.0 prediction software was used for human and mouse GRK2 
to select miRs of interest. (C) Screening luciferase activity in relative luminescence units 
(RLU) in Ad293-GRK2 cells, which stably express the target sensor construct shown in 
(A), transfected with various miR mimics (25 pmol). (n=3). 
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FIGURE 2-3. Mouse and human alignment of highly similar sequences within GRK2 
3’UTR. (A) Seed sequence of miR- K12 (bold) and miR-181 family (green) targeting the 
3’UTR of GRK2 in human (1028-1087) and mouse (1021-1080). 3’UTR targeting shows 
overlap and conservation. (B) Screenshot of alignment of highly similar sequences between 
mouse GRK2 3’UTR (Query) and human GRK2 3’UTR (Sbjct).  
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Mimics were transfected into NRVMs or AC16s for 48 hours to validate whether our miRs 

of interest were able to regulate GRK2 expression at the mRNA and/or protein level in 

vitro, as 3’UTR analysis is an artificial system that only looks at binding ability and may 

not translate to a cardiac cell. The 48-hour post-transfection time point is commonly used 

in the literature to assess miR oligo function, as well being recommended by 

manufacturers. (Hu et al. 2015) In NRVMs, we assessed 3 different doses of mimics (5 

pmol, 25 pmol, and 75 pmol) to determine which was the optimal dose as NRVMs have 

lower transfection efficiencies. Using miR-K12 and miR-378a as an example, the amount 

of GRK2 protein expression negatively correlated with the amount of mimic (Fig. 2-

4A,B,C). 75 pmol was selected as the mimic amount for NRVMs, which corresponds to 

37.5 nM of mimic (Fig. 2-4D). Although we assessed several miRs in NRVMs (Fig. 2-

5A), use of AC16s proved to have better transfection efficiencies at reduced concentrations 

and reduced variability between biological replicates (Fig. 2-5B,C,D,E). The positive 

control miR-K12 transfected into AC16s showed significant knock down of GRK2 protein 

expression (~50-70%). The conserved miR candidates, miR-181 family members (miR-

181a/b/c) and miR-23a, also elicited significant downregulation of GRK2 expression. miR-

378a was variable in its silencing and does not significantly affect GRK2 protein. 

Interestingly, miR-125a was unable to sufficiently silence GRK2 in the cardiomyocyte like 

it was reported to do in leukocytes cells. This simply could be from a difference in cell 

environment. Overall, the use of miR-K12 as a means to reduce GRK2 expression through 

a miR-dependent mechanism was validated. This miR has not been used in cardiomyocytes  
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FIGURE 2-4. GRK2 inhibition dose response with miR mimics. Neonatal rat 
ventricular myocytes (NRVMs) were transfected for 48 hours with 5, 25, or 75 pmol of 
miR-K12 or miR-378a to assess transfection efficiency. (A) Representative Western blot 
of GRK2 (~80 kDa) and GAPDH (~37 kDa) protein from transfected NRVM lysates. Ctrl 
= untransfected cells; Lipo = LipofectamineRNAiMAX only. Quantification of Western 
blot data of NRVMs miR treatments normalized to (B) untransfected NRVM lysates (n=4) 
or (C) miR-Neg (dotted line) (75 pmol) transfected NRVM lysates. (n=4). (D) 
Quantification of Western blot data of NRVMs with 75 pmol treatment of miR-Neg, miR-
K12, or miR-378a. *p<0.05, **p<0.01, ***p<0.001 as determined by one-way ANOVA 
compared to miR-Neg with Dunnett’s post hoc analysis. 
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FIGURE 2-5. Transfection of various miR mimics decreased GRK2 protein 
expression. (A)  Quantification of Western blot data of NRVMs that were transfected with 
miR mimics for 48 hours. GRK2 protein was normalized to miR-Neg condition. (n=3-12). 
Representative Western blot images of GRK2 (~80 kDa) and GAPDH (~37 kDa) protein 
from AC16s transfected (50 pmol) with (B) miR-Neg, miR-K12, miR-181c, miR-23a, 
miR-125a, and miR-378a or (C) miR-Neg, miR-K12, and miR-181a. Ctrl: untransfected 
AC16s. Quantification of Western blot data of AC16s that were transfected with miR 
mimics normalized to (D) untransfected AC16s or (E) miR-Neg (dotted line). (n=3-6). 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 as determined by student’s t-test 
compared to miR-Neg. 
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before. MiR-181a, miR-181b, miR-181c, and miR-23a successfully reduced GRK2 

protein. 

Next we assessed whether these miRs of interest had any effect on GRK2 mRNA 

expression. Although protein is the ultimate read-out of miR-mediated gene silencing, 

measuring mRNA levels could give insights to how these miRs behave. We observed 

significant reduction in GRK2 mRNA levels after miR-K12 and miR-181c transfection 

(Fig. 2-6A,B). Given that miR-K12 forms an exact match through its entire seed sequence, 

it may be able to initiate mRNA cleavage. To assess whether miR-K12 influenced GRK2 

mRNA half-life, we treated NRVMs with ActinomycinD (ActD, 5µg/mL), a transcription 

inhibitor, for up to 3 hours after 48 hours of mimic transfection. DMSO, ActD, or the 

addition of miR-Neg for up to 3 hours did not affect GRK2 half-life in NRVMs (Fig. 2-

6C). However, NRVMs that were transfected with miR-K12 had a trending decrease in 

GRK2 half-life by 60 minutes and was significantly decreased at 180 minutes, suggesting 

that miR-K12 is able to destabilize GRK2 mRNA (Fig.2-6C).  

 

 2.3.4 Antagonizing miR candidates increased GRK2 expression in vitro 

 To further establish if there was a direct and functional link between our miR 

candidates and GRK2, we transfected AC16s with miR inhibitors (50 pmol) of miR-Neg, 

miR-K12, miR-181a, miR-181b, miR-181c, and miR-23a for 48 hours before analysis of 

GRK2 expression. The addition of miR inhibitors would blunt any miR-mediated silencing 

of GRK2, if it was existent. However, given that miR-mediated silencing is not the sole 

way of GRK2 regulation, miR inhibition at basal levels may not produce a significant  
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FIGURE 2-6. Transfection of various miR mimics decreased GRK2 mRNA 
abundance. AC16s were transfected for 48 with miR-Neg, miR-K12, miR-181a, miR-
181b, miR-181c, miR-23a, or miR-378a. Quantification of qRT-PCR data from RNA 
isolated from untransfected or transfected AC16 normalized to (A) untransfected cells or 
(B) miR-Neg. (n=4-6). NRVMs were transfected with miR-Neg, miR-K12, or miR-378a 
for 48 hours before treatment with 5µg/mL ActinomycinD (ActD) for 0, 60, or 180 minutes 
before RNA isolation and (C) quantification of GRK2 mRNA through qRT-PCR (n=2-4). 
*p<0.05, **p<0.01 as determined by student’s t-test compared to miR-Neg.  
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change. We saw small trending increases in GRK2 protein expression with anti-miR-181a 

and anti-miR-23a (Fig. 2-7A,B,C). GRK2 protein was significantly increased in AC16s 

with anti-miR-K12 or anti-miR-181c transfection (Fig. 2-7A,B,C). We also observed 

trending increases in GRK2 mRNA expression with anti-miR-K12 or anti-miR-181b 

transfection, while anti-miR-181a significantly increased GRK2 mRNA (Fig.2-7D). MiR-

K12 is not endogenously found in cells unless infected with KSHV, but since it has a highly 

similar sequence to miR-181a/b/c/d or miR-23a it may be able to inhibit these miRs to 

increase GRK2 expression. Overall, at basal levels antagonizing miR-K12, miR-181a, 

miR-181c, or miR-23a increased GRK2 expression levels to some extent. It is likely that 

if cells were treated with a GRK2-upregulating stimulus, the addition of miR inhibitors 

would be more apparent.  

 

 2.3.5 Selected miR candidates bind to GRK2 3’UTR 

 Our candidate miRs were then validated for their ability to bind to the GRK2 

3’UTR through 3’UTR analysis using the Ad293-GRK2 cells. Ad293-GRK2 cells were 

transfected as described for 48 hours before measuring luciferase activity. Luminescence 

quantification was significantly reduced in miR-K12 and miR-181a conditions, confirming 

that these miRs can bind to GRK2’s 3’UTR (Fig. 2-8A). To further validate these binding 

sites, the 3’UTR was mutated between sites 1040-1046: GATGTG à CTTAGAC (Fig. 2-

8B). Mutating these 7 nucleotides encompasses binding sites for miR-K12, miR-181 

family, and miR-23a, allowing for one set of mutations to be made to assess all three miRs. 

Ad293-mGRK2 cells that stably express the mutated 3’UTR were transfected with miR  
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FIGURE 2-7. Candidate miR inhibitors induce small increases in GRK2 expression. 
(A) Representative Western blot images of AC16s were transfected with miR inhibitors 
(50 pmol) for 48 hours and GRK2 expression by protein through Western blot 
quantification normalized to (B) untransfected AC16s (n=4-8) or (C) anti-miR-Neg and 
(D) mRNA through quantification of qRT-PCT data were examined. (n=3-5). *p<0.05 as 
determined by student t-test compared to anti-Neg.   
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FIGURE 2-8. Validated 3’UTR analysis of GRK2. Ad293-GRK2 cells were transfected 
with miRmimics (25 pmol) for miR-Neg, miR-K12, miR-181a, miR-181b, or miR-23a for 
48 hours before measuring luciferase activity through relative luminescence units (RLU). 
(n=2-4) (B) Illustration of base pairs mutated in the 3’UTR of GRK2 to generate Ad293-
mutant GRK2 stable cell line (Ad293-mGRK2. (C) Quantification of RLU from Ad293-
mGRK2 cells transfected with miR mimics normalized to miR-Neg (dotted line). (n=2-3). 
*p<0.05, **p<0.01 as determined by student’s t-test compared to miR-Neg.  
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mimics for 48 hours. We observed complete ablation of miR-181a-mediated inhibition of 

luciferase activity with the mutated GRK2 3’UTR sequence (Fig. 2-8C). Complete reversal 

of targeting suggests this site contains the only functional binding site for miR-181a. 

Although miR-K12-mediated inhibition of luciferase activity was not completely reversed, 

it was blunted considerably: ~45% decline in Ad293-GRK2 vs ~22% decline in Ad293-

mGRK2. MiR-K12 may be able to bind other sites within the GRK2 mRNA, which can be 

further investigated.  

 

 2.3.6 GRK2 expression in miR-181a/b KO mice 

 Due to our interest in miR-181a possibly regulating GRK2 expression, we were 

investigated whether miR-181a knock-out mice had increased GRK2 expression. Whole 

hearts from homozygous miR-181a knock-out (miR-181aKO) or WT mice were obtained 

from the Samarjit Das laboratory at John Hopkins . Hearts were analyzed for GRK2 protein 

and mRNA expression. We did not observe any changes in GRK2 mRNA levels at baseline 

(Fig. 2-9B). GRK2 protein levels were trending towards an increased in the miR-181aKO 

mice compared to WT (Fig. 2-9A,C). The lack of drastic changes in GRK2 expression in 

miR-181aKO mice mirror what was observed with miR-181a/b inhibition in AC16s. 

Changes in GRK2 protein may not have been significant due to antagonizing baseline 

levels of miR-181a/b, miR-based regulation not being a predominant GRK2 regulatory 

pathway, or compensatory inhibition through other miR-181 family members. Also, 

analysis of more mouse hearts could lead to statistical significance and an increase in 

myocardial GRK2 levels in these KO hearts. 
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FIGURE 2-9. GRK2 expression in homozygous miR-181a/b knock-out mice. (A) 
Representative Western blot images of GRK2 (~80 kDa) and GAPDH (~37 kDa) protein 
from WT or homozygous miR-181a/b knock-out mouse (181a/bKO) heart lysates. (B) 
Quantification of GRK2 mRNA by qRT-PCR or (C) GRK2 protein by Western blot from 
WT or 181a/bKO mouse heart lysates. (n=3,5).  
 

 

 

 

 2.3.7 miR-K12 reduced GRK2 expression in vivo 

 With a top miR candidate selected, miR-181a, we next wanted to explore miR 

delivery into mice through intramyocardial injections. In order to deliver a specific -5p or 

-3p strand, we opted to use miR mimics. To validate whether miR mimics delivery was 

feasible, miR-K12 mimic was complexed with Invivofectamine3.0 or 

LipofectamineRNAiMAX according to manufacturer’s recommendations. 20 µL of the 

miR:lipid mixture was injected into hearts of WT mice. This corresponded to a 1-1.6 mg/kg 

dosing depending on mouse BW. Hearts were collected 48 hours after injection to assess 

GRK2 protein levels. In vivo delivery of miR-K12 mimics successfully reduced GRK2 
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protein levels after 48 hours when complexed with either Invivofectamine3.0 (Fig. 2-

10A,B) or LipofectamineRNAiMAX (Fig. 2-10C,D). GRK2 mRNA levels were 

unchanged with miR-K12 delivery, suggesting miR-K12 may rely on a more translation-

inhibition mechanism of gene silencing in the heart or the involvement of other RNAi-

related proteins in its mechanism in vivo.  

 

 

 

 

FIGURE 2-10. Intramyocardial delivery of miR-K12 reduces GRK2 protein 
expression. Intramyocardial delivery of miR-Neg or miR-K12 mimics complexed with 
either (A,B) Invivofectamine3.0 transfection reagent at a mimic dose of ~1.6 mg/kg 
(n=3,2) or (C,D) LipofectamineRNAiMAX transfection reagent at a mimic dose of ~1.0 
mg/kg after 48 hours. (n=3) (A,C) Representative Western blot images of GRK2 and 
GAPDH protein from LV heart lysates. (B,D) Quantification of Western blot data of GRK2 
from mice injected with miR-Neg or miR-K12. *p<0.05 as determined by students t-test. 
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 2.3.8 GRK2 overexpression changes miR expression profile in vivo 

 b-arr was reported to influence the processing of a subset of miRs subsequent to 

carvedilol stimulation (Kim et al. 2014). In order to determine if GRK2 also had any impact 

on miR biogenesis or processing, we isolated RNA from whole hearts from TgGRK2 mice. 

These mice have cardiac-specific GRK2 overexpression 3-4-fold over endogenous levels 

(Koch et al. 1995). Total RNA was sent to LCSciences for miR sequencing and 

bioinformatic analysis. MiR sequencing revealed that TgGRK2 had a different miR 

expression profile compared to NLC mice. The most differentially expressed miRs are 

represented in Fig. 2-11A. Gene ontology (GO) analysis of these differentially up- or -

down- regulated miRs showed enrichment in certain molecular pathways (Fig. 2-11B). 

Interestingly, GO functional pathways enriched included signal transduction, GPCR 

signaling, and plasma membrane—all of which GRK2 has a role in.  

 

2.4 Discussion 

 The major aim of this project was to identify a miR that could negatively regulate 

GRK2 expression and was involved with the pathological upregulation of GRK2 during 

HF. Ultimately, this miR could be harnessed as an anti-GRK2 therapy in the treatment of 

HF and other CVDs where GRK2 is upregulated. Through the use of 2-week post-MI 

model and bioinformatic prediction, we identified a number of miR candidates to pursue. 

Using in vitro based assays, we identified a top candidate to be applied to a future HF study. 

We made use of a miR identified as part of the KSHV genome: miR-K12-3-5p (miR-K12). 

MiR-K12 inibited GRK2 (Hu et al. 2015). Our top miR of interest is miR-181a-5p or  
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FIGURE 2-11. Differential miR expression in TgGRK2 mice. (A) Heatmap of 
differentially expressed miRs with p<0.05 and p<0.1. (B) Gene ontology enrichment 
analysis of molecular functions of differentially expressed miRs in (A).  
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commonly referred to as miR-181a. MiR-181a was able to bind the 3’UTR of GRK2 and 

decrease GRK2 protein. Inhibition of miR-181a at baseline increased GRK2 protein 

slightly and mRNA significantly. Its targeting of the 3’UTR was completely abolished with 

mutation of the 3’UTR target site. MiR-181a, as well as other family members, scored very 

high context scores (82-83%) for targeting GRK2 based on TargetScan7.0 prediction 

algorithms. In addition to seed sequence complementarity, TargetScan considers features 

surrounding the seed, context scores, that can improve predictions such as 3’UTR target-

site abundance, predicted seed-pairing thermodynamic stability, and predicted structural 

accessibility (Agarwal et al. 2015; Grimson et al. 2007). Thus, these are important 

considerations when characterizing true miR targets. Indeed, miR-181a meets many of 

these criteria as evident of its high context score ie miR-181a is a conserved miR binding 

a conserved sequence region and contains a complimentary base pairing at position 8. After 

identifying miR-181a as our top candidate, we proceeded with target validation strategies.     

 MiR-181a belongs to the miR-181 family of miRs, consisting of 6 members: miR-

181a1, miR-181a2, miR-181b1, miR-181b2, miR-181c, and miR-181d. These miRs exist 

in clusters across 3 separate chromosome locations. The miR-181a1/b1 cluster is located 

on chromosome (Chr) 1 within the intron of a noncoding RNA host gene called MIR181a1-

HG  in both humans and mice. The miR-181a2/b2 cluster is located on Chr9 in humans or 

Chr2 in mice within an intron of the NR6A1 gene. The miR-181c/d cluster is located on 

Chr19 in humans or Chr8 in mice and is within an uncharacterized sequence. These 6 

family members result in the production of 4 mature miRs, miR-181a/b/c/d, that share a 

common seed sequence: ACAUUCA. Their genomic organization and sequence are 
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evolutionarily conserved across many species including humans, rodents, monkeys, frogs, 

and boney fish (Ji et al. 2009). High conservation and redundancy suggest their important 

role in development. Various forms of KO mice for miR-181 members have been 

generated: 181a1/b1KO, 181a2/b2KO, and 181c/dKO (Henao-Mejia et al. 2013). Within 

the normal mouse heart, miR-181a belongs to the group of most highly expressed miRs 

(Cheng et al. 2007). It is suggested that the CV system predominantly expresses the miR-

181a1/b1 cluster, as miR-181a1/b1 ablation significantly decreases miR-181a/b expression 

in the vasculature (Hori et al. 2017). Analysis of RNA isolated from mitochondria from the 

heart revealed 2-fold enrichment for miR-181c compared to total heart (Das et al. 2012). 

Although import of nuclear DNA-encoded RNA into the mitochondria is not 

unprecedented, the mechanism is not well studied and the concept controversial but seem 

to require some protein factor for targeting (Jeandard et al. 2019; Magalhães et al. 1998). 

Analysis of expression of miR-181a/b/d show they also are found in the mitochondrial 

fraction, but miR-181a and miR-181d to a lesser extent (Das et al. 2017). MiR-181a and 

miR-181b have been identified to target phosphatase and tensin homolog (PTEN), a 

cytosolic protein. 181a1/b1KO and 181c/dKO mice have differential responses to I/R, 

further enforcing their differential targets and effects. 181c/dKO mice were protected from 

I/R injury with reduced infarct size, ROS generation, mitochondrial swelling (Das et al. 

2017). On the other hand, 181a1/b1KO mice did not receive the same cardioprotection 

after I/R injury. They displayed significantly increased cardiomyocyte death, infarct size, 

higher trend of mitochondrial swelling, and similar ROS production compared to WT mice 

(Das et al. 2017). In addition, loss of miR-181a1/b1 has significantly negative impacts on 
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cardiomyocyte contractility by reducing sarcomere shortening and increased time to 

relaxation. Delivery of miR-181a during I/R surgery was protective in rats (Zhang et al. 

2019a). Increased I/R injury in 181a1/b1KO animals parallels increased I/R injury 

observed in TgGRK2 animals, providing further circumstantial evidence to support our 

hypothesis (Brinks et al. 2010). If we suspect our GRK2 targeting miR to be downregulated 

during disease to contribute towards GRK2 upregulation, then the loss of that miR during 

disease should exacerbate injury. MiR-181a is highly expressed in the heart and further 

enriched in the cytoplasm compared to mitochondrial enrichment of its other family 

members. Thus, miR-181a’s subcellular localization strengthens its candidacy for targeting 

GRK2. Additionally, it is interesting that loss of miR-181a1/b1 has a negative effect on 

contractility in mice by reduced ejection fraction and fractional shortening, which parallels 

GRK2’s negative effect on contractility (Koch et al. 1995). This could theoretically be from 

increased GRK2 expression due to loss of miR-181a. Henao-Mejia et al originally 

generated the global homozygous miR-181a/b KO mouse (181a/bKO) to investigate the 

requirement of miR-181 for Natural Killer T cells (NK) development and homeostasis. 

Deletion of miR-181a1/b1 perturbed thymocyte development, reduced glycolysis, and 

reduced NK cell number and development through regulating phosphoinositide 3 kinase 

(PI3K) signaling via PTEN inhibition. Das et al. showed that miR-181a/b targeted PTEN 

in cardiomyocytes as well (Das et al. 2017). MiR-181a/b targeting in PTEN was the 

mechanism of increased I/R injury in 181a/bKO mice. PTEN dephosphorylates 

phosphatidylinositol-3,4,5-triphosphate (PIP3), which is an important phospholipid 

involved in intracellular signaling. Thus, PTEN reverses phosphoinositide 3-kinase (PI3K) 
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activity. PIP3’s most notable target is Akt. Therefore, loss of miR-181a/b relieves PTEN 

silencing to cause Akt inhibition. 181a/bKO mice were characterized by increased PTEN 

expression and decreased pAkt (Ser 473) expression that resulted in reduced 

cardioprotection by the PI3K/Akt pathway after I/R (Das et al. 2017; Murphy and 

Steenbergen 2007). Coincidentally, PTEN and GRK2 have the same effect on Akt 

activation and activity. Similarly, increased GRK2 is able to directly bind both Akt and 

pAkt to inhibit Akt activity (Liu et al. 2005). GRK2 expression levels were not examined 

in 181a1/b1KO mice after I/R, but we showed at baseline there was a trending increase in 

GRK2 protein. It would be interesting to see if 181a1/b1KO mice after I/R had increased 

GRK2 expression or activity compared to WT. As discussed, it is a known pattern for a 

single miR to target multiple components within a critical pathway to increase redundancy 

and regulation as in the case of miR-133a and  b-AR signaling. If GRK2 is indeed a target 

of miR-181a, this could follow that pattern of multi-targeting within Akt signaling where 

miR-181a can increase Akt activity through inhibiting PTEN and GRK2. This pathway 

may be particularly relevant in cases of endothelial dysfunction and further research is 

required to confirm this relationship.  

 In order to further validate GRK2 as a target of miR-181a, a number of future 

studies would need to be done. Our study includes the traditionally and commonly used 

miR target validation techniques. Each technique has its own caveats and pitfalls, therefore 

employing multiple would be the most rigorous. With overexpression of miRs, like through 

mimics, it is possible to saturate available RISC or force target mRNA binding that would 

otherwise be low-affinity (Thomson et al. 2011). Additionally, mimics do not require any 
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processing as they are readily available to be incorporated into RISC. This would bypass 

any alterations in miR processing or regulation that might be relevant in HF. Indeed, it is 

understood these processes are perturbed during disease in order to drastically change miR 

expression profiles. Therefore, the use of inhibitors alongside mimics would avoid issues 

with off-target effects and improves rigor. We utilized both mimics and inhibitors of miR-

K12 and miR-181a to show that mimicry reduced GRK2 expression and inhibition 

enhanced GRK2 expression to an extent. Together, these data strengthen GRK2 as a target 

of miR-181a. In the case of miR-181a and many other miR families, it shares the same 

seed sequence with its other family members, which can make quantifying each specific 

member challenging. For example, primers that detect miR-181a were also found to detect 

miR-181c due to their highly similar sequences (Das et al. 2017). Thus, in our miR inhibitor 

experiments, we cannot rule out that miR-181a inhibitors may also bind to other members. 

Additionally, it is possible there may be degree of compensation between the miRs derived 

from the miR-181a/b1 and miR-181a/b2 clusters that may have prevented more robust 

GRK2 upregulation with miR-181a1 inhibition. Although compensation has not been 

directly assessed, a single deletion of amiR-181a/b cluster is viable whereas deletion of 

both clusters affects viability (Henao-Mejia et al. 2013).  

Another method to validate targets is immunoprecipitation of RISC components 

and subsequent detection of miR or mRNAs associated, which is how mt-CO1 was 

identified as a target for miR-181c (Das et al. 2012). Immunoprecipitation (IP) of AGO has 

been done on small and large scales in cells or tissues, although it is a technically 

challenging process. Spengler et al. performed the first high-throughput sequencing of 
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RNA isolated by crosslinking immunoprecipitation (HITS-CLIP) study using heart 

biopsies from HF patients to map transcriptome-wide AGO2:RNA binding interactions 

(Spengler et al. 2016). HITS-CLIP provides a powerful comprehensive ‘omics’ view of 

miR targeting events in the heart and can be used for further target validation. However, 

GRK2 was not included in the published data set, but the study still provided insights into 

general miR targeting and miR translational research. Human AGO2 cluster location 

within transcripts was largely within the coding sequence (CDS, 49%) or 3’UTR (38%) 

(Spengler et al. 2016). We have currently only examined the GRK2 3’UTR in our 

luciferase reporter studies but examining targeting within the CDS may be worthwhile. The 

5’UTR may also be examined, since it also contains regions of conservation. Within the 

3’UTR, AGO2 clustering seems to occur at the very 5’ end or very 3’ end of the 3’UTR, 

which agrees with the Bartel group’s previous study showing increased endogenous 

targeting efficiency as distance from the nearest 3’UTR terminus decreases (Grimson et al. 

2007). The miR-K12 and predicted miR-181a binding sites on GRK2’s 3’UTR exist 

extremely close to the 3’ terminal end, about 56-57 nt away, which agrees with Spengler 

et al and Grimson et al findings (Grimson et al. 2007; Spengler et al. 2016). Coincidentally, 

the 3’ terminal end is also the region that we found to be conserved between humans and 

mice. A potential pitfall in RISC component IPs is that it biases towards strong and stable 

interactions between a miR, mRNA, and AGO and thus weaker valid interactions may be 

lost during the crosslinking process. The target site for miR-K12 and predicted site for 

miR-181a exists as a single site on the 3’UTR, in contrast to other 3’UTRs that exist 

clustered target sites for a single miR. Clustering of target sites improves miR efficiency. 
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Therefore, in the case of miR-181a-GRK2-AGO2 interaction, this may not be a strong 

interaction which may further explain limited GRK2 mRNA degradation. Investigation of 

miR targets can also be done through proteomic-based approaches, despite the consensus 

that 60-90% of miR-mediated repression is from mRNA destabilization. Translational 

profiling such as polysome profiling or ribosome profiling have been used to investigate 

what transcripts are associated with ribosomes and undergoing translation. Employing 

these methods during miR-181a overexpression or knockdown could give us insights on if 

miR-181a specifically has any effect on GRK2 translation that contributed to its protein 

silencing especially since we did not observe decreased GRK2 mRNA with miR-181a 

overexpression, but we did observe increased GRK2 mRNA with miR-181a inhibition. 

MiR-181a silencing of SIRT1 was also solely observed at the protein level, while silencing 

of Renin was identified at the mRNA level (Marques et al. 2011; Zhou et al. 2012). These 

data solidify there can be multiple methods of gene silencing by miR-181a depending on 

the target mRNA and cell type, further confirming GRK2 translational inhibition by miR-

181a can be a direct effect. Using polysome or ribosome profiling would give a more 

detailed insight on how translational inhibition is occurring.  

 We initially chose a 2-week post-MI model of HF to observe miR expression 

changes. However, the type of HF model utilized will, no doubt, impact miR signatures 

and may influence how we implement miR-targeting GRK2 therapy. We observed all miR-

181 family members to decrease in expression. However, whether or not miR-181a is 

upregulated or downregulated across different CVD depend on the model used and what 

tissues are investigated. Based on plasma samples from congestive heart failure due to non-
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ischemic cardiomyopathy patients, miR-181a and miR-181b were found to be significantly 

upregulated compared to healthy patient samples (Marques et al. 2016). High expression 

of circulating miR-181a strongly correlated with hypertension (Marques et al. 2016). In 

contrast, miR-181a within the kidney was reduced during hypertension and contributed to 

hypertension development due reduced miR-181a-dependent renin targeting. Renin, part 

of the renin-angiotensin-aldosterone system (RAAS), represents the first enzymatic step in 

generating angiotensin II to promote vasoconstriction. Both miR-181a and miR-181b 

expression were reduced in the aortic intima of the ApoE-/- mice fed with HFD and both 

can directly contribute to the development of atherosclerosis and associated endothelial 

dysfunction (Liu et al. 2016; Sun et al. 2014). Reduction in miR-181a expression was also 

observed in a rat model of diabetic cardiomyopathy using HFD and streptozotocin (STZ) 

(Raut et al. 2016). Multiple studies using rat hypertrophy models have reported a decrease 

in miR-181a expression after TAC. Feng et al. examined miR expression after at various 

time points after TAC and found miR-181a to be downregulated by day 5, but expression 

may begin to normalize by day 15-20 (Feng et al. 2014). MiR-1 and miR-133 were reduced 

in parallel, as expected. Hypertrophy from 4 week transverse abdominal aortic constriction 

(TAAC) of rats also was accompanied by reduced miR-181a expression in the heart (Li et 

al. 2017). In these CVD and CVD-related models (hypertension, atherosclerosis, diabetes) 

discussed where miR-181a was found to be reduced, GRK2 upregulation is involved in 

their pathogenesis (Izzo et al. 2008; Otten et al. 2013; Taguchi et al. 2011; Taguchi et al. 

2012). As we are concerned with mainly cardiomyocyte GRK2 expression, the use of a 

pressure-overload model of HF in mice may be the best model to employ miR-181a 
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replacement therapy as it has been more consistently reported to be reduced in the heart. 

However, ischemic models of HF seem to more likely report increased miR-181a 

expression despite our 2-week MI model showing it to be reduced. This discrepancy could 

very well be due to timing of miRNA profiling, as miR-181a levels have been reported to 

change during disease progression (Feng et al. 2014). Human LV tissue taken from 

ischemic cardiomyopathy, dilated cardiomyopathy, or aortic stenosis patients during 

transplant had increased miR-181a expression (Ikeda et al. 2007). Ikeda et al did not assess 

mRNA expression, but we can suspect GRK2 is increased due to extensive reports in the 

literature from other studies. In CVD, it is difficult to provide a universal statement on what 

occurs with miR-181a expression given heterogeneity of disease onset, time of observation, 

and disease development between studies. It is also important to consider that individual 

changes in miR-181a expression in a given study do not affect physiological processes in 

isolation, as miR-181a itself and its downstream targets are subject to global regulatory 

processes that consist of integrative cross-talk among numerous networks to ultimately 

determine disease phenotype (Naga Prasad et al. 2017).  

Whether or not GRK2 itself has roles in influencing miR expression or regulation 

is completely unknown. Given that GRK2 interacts with and phosphorylates a growing 

number of substrates certainly opens up the possibility for GRK2 to have some role, even 

if indirectly. Interestingly, b-arr has been shown to regulate the biogenesis and processing 

of a small subset of miRs. Kim et al. observed that carvedilol selectively induced the 

expression of a small subset of miRs (miR-125a-5p, miR-125b-5p, miR-150, miR-199a-

3p, miR-214, and miR-190) in HEK293 cells that was not induced with metoprolol (Kim 



 

96 

et al. 2014). Given that carvedilol elicits a b-arr-bias in contrast to metoprolol, b-arr likely 

played a direct role in carvedilol-induced miR-190 expression. Indeed, knockdown of b-

arr1 prevented the carvedilol-mediated miR-190 induction as did GRK5 and GRK6 

siRNA-mediated inhibition, suggesting these specific GRK phosphorylation events on b1-

AR play a role in carvedilol bias. b-arr1 was able to translocate to the nucleus upon 

carvedilol stimulation to interact with hnRNAP1 and Drosha to increase the processing of 

a small subset of miRs. This was evident by an increase in their pre-miR and mature miR 

forms but not pri-miR (Kim et al. 2014). It is certainly interesting that b1-AR 

phosphorylation by GRK5 or GRK6, but not GRK2 or GRK3, was absolutely required for 

b-arr1-mediated miR processing. Whether or not a similar function for GRK2 or GRK3 

exists is open to investigation and is a further direction. Our miR sequencing data between 

TgGRK2 and NLC mice indeed show a number of differentially expressed miRs (Fig. 2-

10). MiRs of interest include miR-27a-3p that was downregulated and miR-30a that was 

upregulated in TgGRK2 hearts. Both miRs are well expressed in the heart and have been 

implicated in heart failure. Loss of miR-27a has been reported to induce cardiac 

hypertrophy and dysfunction likely through promoting FoxO1-dependent transcription 

(Qin and Liu 2019). It would be interesting to determine whether GRK2 could influence 

miR-27a expression and whether this contributes to worsened prognosis of TgGRK2 mice 

after HF induction.  

In conclusion, we have identified miR-181a to be able to regulate GRK2 expression 

due to our observation its of direct binding to the GRK2 3’UTR to elicit significantly 

reduced GRK2 protein expression. Further, inhibition of miR-181a was able to increase 
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GRK2 mRNA and to a lesser extent protein expression. We understand that miR-181a is 

likely not the sole determinate of GRK2 expression and it is possible that miR-181a may 

only be a “fine-tuner” (Mukherji et al. 2011). As post-transcriptional regulation of GRK2 

is largely unknown, the identification of miR-181a indeed provides insight on how GRK2 

is upregulated during heart failure. Further studies with miR-181a administration and 

subsequent examination of GRK2 expression during HF will need to be carried out to 

further characterize this interaction.  
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CHAPTER 3 

LOSS OF DYNAMIC REGULATION OF GRK2 BY NITRIC OXIDE AND 

CARDIOVASCULAR AGING 

 

3.1 Introduction  

Nitric monoxide or nitric oxide (NO) is a free radical and gaseous molecule. As 

small of a molecule as it is, NO has received much investigation in the CV field since its 

discovery as a signaling molecule in the CV system in 1977 by Ferid Murad (Arnold et al. 

1977). Arnold et al observed that nitric oxide gas and other nitrogen containing compounds 

were able to activate soluble guanylate cyclase to increase intracellular cyclic guanosine 

monophosphate (cGMP) concentrations (Arnold et al. 1977). Furchgott et al discovered 

that acetylcholine (ACh)-dependent vascular smooth muscle relaxation required an 

endothelial-derived factor, which was later identified to be NO 7 years later (Furchgott and 

Zawadzki 1980; Ignarro et al. 1987). NO is generated by enzymes called nitric oxide 

synthases (NOSs), of which there are 3 mammalian isoforms: neuronal NOS 

(nNOS)/NOS1, inducible NOS (iNOS)/NOS2, and endothelial NOS (eNOS)/NOS3. NOS 

catalyzes the conversion of L-arginine to L-citrulline and forms NO in the process. This 

reaction requires several cofactors, identified as tetrahydrobiopterin (BH4), flavin adenine 

dinucleotide (FAD), flavin mononucleotide (FMN), Ca2+-calmodulin, and NAPDH. A 

heme group, BH4, and L-arginine bind to the N-terminal oxygenase domain to help 

stabilize eNOS. FAD, FMN, and NADPH bind to the C-terminal reductase domain 

(Massion and Balligand 2003). The two domains are linked by a calmodulin binding site. 
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The reductase domain is the site of Ca2+-dependent NAPDH electron transfer to 

FAD/FMN, then to heme, lastly to L-arginine (Massion and Balligand 2003). 

Cardiomyocytes basally express NOS3 and NOS1 that are localized to distinct subcellular 

compartments. These spatial confinements deliberately confer target protein specificity. 

For example, localization of NOS3 to plasmalemmal caveolae and NOS1 to sarcoplasmic 

reticulum (SR) allow their NO to target plasmalemmal L-type Ca2+ channel/b-AR and SR 

Ca2+ ATPase (SERCA2a), respectively (Lima et al. 2010). NOS3’s localization to caveolae 

allows it to interact with other receptors or signaling molecules. The most well-known post-

translational modification of NOS3 is its phosphorylation on Ser1177 to cause increased 

activity. Ser1179 has also been identified as a site of phosphorylation dependent NOS3 

activation. Ser1177 and Ser 1179 are subject to phosphorylation by Akt, PKA, PKG, and 

AMPK. Their phosphorylation can be induced with insulin or stretch stimuli (Fulton et al. 

1999; Petroff et al. 2001).  

In the myocardium, NO has complex modulatory effects on contractile function 

that are not quite straightforward due to its versatile biochemistry and diversity of its 

intracellular targets (Massion et al. 2003). Brunner et al. describes NO as a “dual 

endogenous regulator of myocardial contractility that tonically supports pump function at 

physiological concentrations, but unloads the heart when generated in great amounts by 

lowering the calcium sensitivity of the contractile elements” (Brunner et al. 2001). 

Generally, at low concentrations NO exhibits positive inotropic effects, but becomes 

negatively inotropic at high concentrations. This bimodal phenomena has been mainly 

demonstrated in in vitro systems with exogenous sources of NO (Massion and Balligand 
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2003). Genetic manipulation of NOS in mice has given more physiologically relevant 

insight on the impact of NO on cardiac function. Mice deficient in global NOS1 (NOS1-/-

) do not have compensatory changes in NOS3 expression, nor any changes in basal 

contractility, chamber dimensions, or systolic blood pressure compared to control hearts 

(Barouch et al. 2002). NOS3 global deletion in mice (NOS3-/-) also display similar basal 

contractility compared to WT mice, but are hypertensive as measured by higher systolic 

blood pressure and mean arterial blood pressure (Barouch et al. 2002; Gyurko et al. 2000; 

Huang et al. 1995). Deletion of NOS3 reduces total NOS activity in the heart, lung, and 

aorta to virtually none ie. 3.7±0.1 pg ⋅ mg−1 ⋅ ml−1 in control mice compared to 0.6±0.1 pg 

⋅ mg−1 ⋅ ml−1 in NOS3-/- hearts, signifying that NOS3 is the major source of NOS activity 

and NO production in these tissues (Gyurko et al. 2000). However, in response to b-AR 

stimulation, NOS1-/- and NOS3-/- mice display changes in contractility. NOS1-/- had 

impaired contractility in response to ISO, especially at higher doses (Barouch et al. 2002). 

NOS3-/- hearts had similar dP/dtmax and dP/dtmin values in response to ISO doses less than 

1 ng, but with ISO doses more than 1 ng NOS3-/- hearts showed enhanced contractility 

and relaxation that was independent of b-AR density alterations (Gyurko et al. 2000). 

Contractility of control mice treated with a NOS inhibitor during ISO infusion was 

indistinguishable from NOS3-/- treated with ISO alone. Overall, these studies suggest that 

in the presence of high concentrations of b-AR agonist, NO from predominantly NOS3 

antagonizes b-AR-mediated inotropy, chronotropy, and lusitropy. It is evident that NOS1 

and NOS3 have divergent effects on cardiac function. Contractility in mice with cardiac-

specific overexpression of NOS3 (TgNOS3) has also been examined. Overexpressed 
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NOS3 maintains its plasmalemmal localization (Brunner et al. 2001; Janssens et al. 2004). 

TgNOS3 mice have been generated by multiple groups. Brunner et al.’s TgNOS3 mice 

generated less LV pressure compared to control mice, which was normalized with a NOS 

inhibitor (Brunner et al. 2001). Reductions in contractility were not due to cardiomyocyte 

damage nor ROS production, but was a result of reduced myofilament responsiveness to 

Ca2+ (Brunner et al. 2001). However, TgNOS3 mice used in the studies by Elrod et al. and 

Janssens et al. did not display any changes in basal contractility or hemodynamics (Elrod 

et al. 2006; Janssens et al. 2004). It is notable that assessment of contractility were 

measured by different parameters and methods in these studies: Brunner et al. assessed 

pressure development in isolated perfused hearts, while Elrod et al. and Janssens et al. 

assessed more parameters in the intact mouse (Elrod et al. 2006; Janssens et al. 2004). 

NOS3 does not seem to play a significant role in basal relaxation, likely due to other 

compensatory pathways like ANP upregulation (Gyurko et al. 2000).  

It is well appreciated that NO has many beneficial effects in the CV system, and 

this becomes significant when considering CVD therapies. In fact, its initial discovery of 

its vasodilatory properties is itself cardio- and vaso-protective, as vascular relaxation 

improves blood flow and oxygenation. NO’s vasodilatory properties are the basis for 

nitrates used as treatment for angina, HF, and ischemic heart disease. Additional cardio- 

and vaso- protective actions of NO include being: (1) anti-thrombotic by inhibiting platelet 

adhesion, (2) anti-inflammatory by attenuating leukocyte-endothelial adhesion and 

scavenging ROS, (3) anti-proliferative by inhibiting VSMC hyperplasia, (4) anti-

desensitizing by antagonizing b-AR signaling, and (5) anti-apoptotic in cardiomyocytes 
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(Naseem 2005). Indeed, administration of NO is sufficient in limiting myocardial 

ischemia/reperfusion injury in animal models and mortality in humans (Johnson et al. 1990; 

Lefer et al. 1993; Taylor 2005). TgNOS3 that were subjected to ischemia/reperfusion (I/R) 

injury had significantly preserved cardiac function, decreased area at risk, and decreased 

infarct size compared to control mice due to increases in NO bioavailability (Elrod et al. 

2006). TgNOS3 also had preserved LV dimensions after I/R. TgNOS3 mice have also been 

shown to be significantly protected after MI injury compared to controls, as shown through 

limiting LV dysfunction and hypertrophy development (Janssens et al. 2004). Although 

high levels of NO from NOS3 cardiac-overexpression have shown to be beneficial, high 

levels of NO from NOS2 cardiac-overexpression exaggerated cardiac injury due to NO 

reacting with oxidants to produce peroxynitrite (Mungrue et al. 2002). Being a free radical 

itself, high levels of NO share the same cytotoxic characteristics as classical ROS.   

NO is capable of acting as a biological signaling molecule to regulate a wide range 

of cellular functions such as contractility, apoptosis, metabolism, enzyme activity, 

transcription factor stability, subcellular localization, and cellular redox state. It is 

necessary for cells to maintain NO and redox homeostasis for normal physiology and NO 

modulation has been implicated in the pathophysiology of many diseases. One mechanism 

in which NO can regulate cellular processes is through the post-translational modification 

of proteins, called S-nitrosylation, to form S-nitroso proteins (SNO-proteins) (Fig. 3-1) 

(Stamler et al. 1992). Indeed, NO’s ability to modulate cardiac contractility as described 

involves S-nitrosylation of key proteins. S-nitrosylation of proteins allows for NO to be 

significantly more stable and mobile compared to free NO. Increased NO stability is  
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FIGURE 3-1. S-nitrosylation and transnitrosylation NO-based reactions (Lima et al. 
2010). (A) Nitric oxide (NO) synthase (NOS) synthesizes NO that can either activate 
soluble guanylyl cyclase (sGC) to generate cyclic GMP (cGMP) or participate in protein 
S-nitrosylation of cysteine thiols. cGMP levels activate phosphodiesterase 5 (PDE), which 
is responsible for degrading cGMP. Cysteine thiols on proteins can be dynamically 
nitrosylated (Protein-Cys-SNO) and denitrosylated (Protein-Cys-SH). (B) Recycling of 
NO groups on proteins is mediated by two main pathways of denitrosylation: S-
nitrosoglutathione (GSNO) reductase (GSNOR) or thioredoxin (Trx). Protein-Cys-SNO 
can transnitrosylate glutathione (GSH) to become S-nitrosoglutathione (GSNO). GSNO 
can be reduced by GSNO reductase (GSNOR) in a NADH-dependent manner. The 
generated glutathione S-hydroxysulfenamide (GSNHOH). Oxidized glutathione (GSSG) 
can be converted back to GSH via GSSG reductase (GR) in a NADPH-dependent manner. 
Denitrosylation can also be carried out by active site dithiol motif (CXXC) of Trx to reduce 
Protein-Cys-SNO. Oxidized Trx can be reduced back to Trx through Trx reductase, 
allowing Trx to be an active denitrosylase again. 
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important for NO to serve as cellular signaling intermediates. S-nitrosylation specifically 

refers to the covalent modification of thiol side groups (-SH) on cysteine residues or 

transition metal centers by NO. Typically, only one specific cysteine undergoes 

physiological modification and its likely within an acid-base or hydrophobic motif (Seth 

and Stamler 2011). So far, hundreds of  proteins have been identified to be regulated this 

way (Stamler et al. 2001). Table 3-1 highlights S-nitrosylated proteins involved in b-AR 

regulation. Endogenous sources of NO for S-nitrosylation can be NO itself, other nitrogen 

molecules, SNO-proteins themselves (via trans-S-nitrosylation/transnitrosylation), or 

small-molecular-weight S-nitrosothiol ie S-nitrosoglutathione (GSNO). The addition of 

exogenous NO containing compounds is also sufficient to promote S-nitrosylation such as 

nitroprusside. Hemoglobin is an unique example that undergoes auto-S-nitrosylation, 

transferring NO from its heme center to Cys93 (Luchsinger et al. 2003).    

In 2007, GRK2 kinase activity was identified to be dynamically decreased by S-

nitrosylation after observations that NO could specifically modulate GRK2-dependent 

processes (Whalen et al. 2007). Whalen et al. observed that non-specific NOS inhibition 

through L-NG-nitroarginine methyl ester (L-NAME accelerated the decline in contractility 

during ISO infusion in WT mice, reaching tachyphylaxis much faster than PBS infusion 

while basal contractility was unchanged (Whalen et al. 2007). When mice were 

continuously infused with ISO for 7 days, b-AR density was reduced. Infusion of GSNO 

alone or co-infusion of GSNO with ISO prevented b-AR decline, suggesting that b-AR 

signaling itself can be regulated by NO signaling and further supporting a cardioprotective 

role for NO. ISO treatment also enhanced b-arrestin2 (b-arr2) recruitment to b2-AR, which  
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Table 3-1. 
S-nitrosylated substrates involved with b-AR regulation. 
 
Substrate 

NO 
Source 

 
Cys 

 
Functional impact 

 
Reference 

GRK2 NOS3 C340 
 

• Inhibits b-AR desensitization 
• Inhibits barr membrane 

recruitment 
• Inhibits b-AR internalization 
• Inhibits b-AR downregulation 

(Whalen et 
al. 2007) 

b-arrestin2 NOS3 C410 
 

• Promotes association with 
clathrin 

• Promotes b-AR internalization 
• Promotes b-AR downregulation 

(Ozawa et 
al. 2008) 

NOS1/2 C253 • Inhibits barr membrane 
recruitment 

• Inhibits b-AR internalization 
• Inhibits b-AR downregulation 
• Promotes G protein biased 

signaling 

(Hayashi et 
al. 2018) 

b-arrestin1 NOS1/2 C251 • Inhibits barr membrane 
recruitment 

• Inhibits b-AR internalization 
• Inhibits b-AR downregulation 
• Promotes G protein biased 

signaling 

(Hayashi et 
al. 2018) 

Dynamin NO3 C607 • Promotes scission of endocytic 
vesicles 

• Promotes b-AR internalization 

(Wang et al. 
2006) 

Cys: Cysteine; b-AR: b adrenergic receptor; b-arr: b-arrestin; GRK2: G protein-
coupled receptor kinase 2; NOS1: neuronal nitric oxide synthase; NOS2: inducible 
nitric oxide synthase; NOS3: endothelial nitric oxide synthase. 
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coincides with increased desensitization or tachyphylaxis, in HEK293 and U2-OS cells 

(Whalen et al. 2007). b-arr2 recruitment was reversed with S-nitrosocysteine (CysNO, 

exogenous NO) delivery. Reduced phosphorylated b2-AR was also observed with CysNO 

treatment in cells, even when PKA sites were mutated. As b2-AR phosphorylation, 

desensitization, downregulation, and b-arr2 recruitment involve GRK2, Whalen et al. 

investigated whether GRK2 was itself modulated by NO through S-nitrosylation (Whalen 

et al. 2007). Indeed, NO was able to S-nitrosylate GRK at Cys340 with a ~1:1 

stoichiometry. SNO-GRK2 levels are detected  at basal levels and increased with GPCR 

stimulation, likely coordinated by NOS3’s proximal localization. SNO-GRK2 is 

denitrosylated by at least the GSNO reductase (GSNOR) pathway; the involvement of 

thioredoxin denitrosylase pathway has not been investigated. Cys340 was identified to be 

the main Cys residue dynamically regulated by NO. Cys340 resides in GRK2’s catalytic 

domain and conforms to the typical acid-base motif. Therefore, NO adducts likely perturb 

GRK2’s active conformation to inhibit its activity. This residue is conserved in GRK3, but 

not any other GRKs. Mutation of Cys340 to Ser340 in vitro prevented CysNO-dependent 

inhibition of b2-AR phosphorylation. Overall, S-nitrosylation at Cys340 is a mechanism to 

prevent receptor desensitization and downregulation.  

The predominant source of NO that nitrosylates GRK2 to inhibit its kinase activity 

seems to be from NOS3. In other words, protection after I/R injury in TgNOS3 mice 

previously described may be, in part, mediated through inhibition of GRK2 through S-

nitrosylation. NOS3-/- mice have significantly decreased SNO-GRK2 levels as a result of 

decreased NO bioavailability (Whalen et al. 2007). Based on SNO-GRK2 quantification in 
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WT and NOS3-/- mice, NOS3 accounts for >75% of the NO on SNO-GRK2. Additionally, 

mice with double cardiac-specific overexpressing transgenic GRK2 (TgGRK2) and NOS3 

expression show protection after I/R compared to TgGRK2 alone (Huang et al. 2013). 

TgGRK2 mice without NOS3 do not show any post-MI protection. Additionally, 

TgbARKct mice (cardiac-expression of a GRK2 inhibitory peptide, previously shown to 

be cardioprotective after I/R) that do not express NOS3, lose their post I/R protection 

(Brinks et al. 2010). Therefore, the adverse effects mediated by GRK2 are exacerbated with 

deficiency of NOS3 and NO as shown in the TgGRK2xNOS3-/-. Studies in the TgbARKct 

mice suggested that the beneficial effects of GRK2 inhibition are partially mediated by 

NOS3 and loss of NOS3 blunts bARKct protection. These studies show that GRK2 and 

NOS3 can modulate each other’s activity. Indeed, Huang et al. confirmed that GRK2 forms 

a complex with NOS3 in cardiac lysates. Akt is likely to be mediating this interaction was 

it was previously shown in endothelial cells that GRK2 can directly bind to both Akt and 

pAkt to inhibit Akt activity and thus downstream NOS3 activation (Liu et al. 2005). 

GRK2’s association with NOS3 increased after I/R, suggesting that in WT mice GRK2 is 

able to negatively modulate NOS3 to decrease NO production. Inhibition of NOS3 by 

GRK2 can be rescued with NOS3 overexpression. Thus, there exists a bi-directional and 

dynamic relationship between NOS3 and GRK2 where NO from NOS3 can inhibit GRK2 

activity through S-nitrosylation and GRK2 can indirectly inhibit NOS3 activation.  

In order to determine the physiological relevance of GRK2 S-nitrosylation in vivo, 

Huang et al. generated a global knock-in (KI) mutant mouse (GRK2-C340S) that contains 

a point-mutation in the codon for Cys340, changing UGU à UCU to code for Ser (Huang 
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et al. 2013). Mutant GRK2 was expressed at endogenous levels with no compensatory 

changes in b-AR, other GRKs, or AC5/6 expression. As expected, GRK2-C340S mice are 

resistant to GRK2 S-nitrosylation with GSNO infusion and resistant to ISO-mediated 

changes in desensitization with L-NAME pretreatment. 8-10-week-old GRK2-C340S mice 

appeared undistinguishable from WT mice in appearance and cardiac function. However, 

when subjected to I/R injury GRK2-C340S mice had larger infarct areas compared to WT 

mice, despite having similar areas at risk (Huang et al. 2013). Pretreatment with GSNO 

was unable to rescue infarct size in GRK2-C340S as it did in WT mice. Pretreatment with 

L-NAME did not worsen infarct size in GRK2-C340S mice as it did in WT mice (Huang 

et al. 2013). Larger infarcts were due to increased myocardial apoptosis around the border 

zone in GRK2-C340S hearts, consistent with GRK2 being a pro-death kinase (Chen et al. 

2013). Overall, we now have an understanding that during b-AR stimulation, NOS3 

activation parallels Gbg-dependent GRK2 recruitment to the membrane. While GRK2 

promotes desensitization and receptor internalization, NOS3 via S-nitrosylation of GRK2 

promotes sensitization. This balance between desensitization and sensitization are altered 

in CVD due to pathological increases in GRK2 expression and activity and a concomitant 

loss in NO bioavailability that tip the scales towards receptor desensitization. These 

discoveries give insight to the success of b-blockers in HF treatment.  

Although the young 8-10-week-old GRK2-C340S mice had no obvious basal CV 

phenotype compared to WT control mice, if allowed to age with chronic GRK2 

overactivity GRK2-C340S mice would likely develop cardiovascular dysfunction and 

remodeling. Given that age is the biggest risk factor in CVD development and what little 
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is known about GRK2 in aging, we allowed the GRK2-C340S mice to age at least 52 

weeks. This would give us insights on the consequences of chronic GRK2 overactivity 

observed in HF and hypertensive patients as well as give us insight on GRK2’s role in 

aging. We hypothesized that GRK2-C340S mice that have chronic un-checked GRK2 

activity globally may develop CV remodeling and dysfunction at baseline. 

 

3.2 Experimental procedures 

 3.2.1 Experimental animals 

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. GRK2-C340S mice expressing endogenous levels 

of GRK2 with a KI mutation Cys340→Ser were generated as previously described (Huang 

et al. 2013). The GRK2-C340S line was maintained on a C57BL6/J background in which 

WT controls are mice that do not contain the KI mutation from the GRK2-C340S line. The 

overall age range of old WT and GRK2-C340S mice used in this manuscript were 52-82 

weeks. Old WT and GRK2-C340S mouse groups within each individual experiment were 

age matched to highlight phenotypic changes based on genotype. Young mice used were 

between 8-15 weeks of age. Both males and females were used for experiments and sex 

matched. 

Cardiac-specific overexpression of GRK2 (TgGRK2) mice were generated as 

previously described (Koch et al. 1995). Briefly, the alpha myosin heavy chain (aMHC) 

promoter was ligated to the entire coding sequence of GRK2 to cause cardiac specific 
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overexpression of GRK2 in the adult atria and ventricles. TgGRK2 mice were compared 

with non-transgenic littermate controls (NLCs). Male and female mice were used. Young 

mice were aged 13 weeks and old mice were aged 73 weeks. 

 

 3.2.2 Echocardiography 

 All echocardiography was performed using the Vevo 2100 imaging system from 

VisualSonics as previously described (de Lucia et al. 2019; Schumacher et al. 2016). Hair 

from the mouse chest was removed with Nair >24 hours before echocardiography. Mice 

were anesthetized with 3% isoflurane and maintained at 1-3% during procedures. 

Traditional echocardiography (TE) utilized the MS400 (30-MHz centerline frequency) 

probe to obtain B- and M-mode images from parasternal long-axis and short-axis to 

evaluate LV internal diameters (LVID), fractional shortening (FS), end diastolic volume 

(V;d), end systolic volume (V;s), stroke volume (SV), cardiac output (CO), and heart rate 

(HR).  

LV deformation was evaluated using echocardiographic speckle tracking-based 

strain echocardiography (STE) images from parasternal long-axis B mode loops consisting 

of 300 frames at  ≥200 frame/second. Images were analyzed using the Vevo Strain 

Software Vevo LAB 1.7.1. Strain, which is a measure of the change in length, was 

calculated from radial axis and the longitudinal axis. Strain rate, which is a measure of the 

change in length over time, was calculated from both axis as well. Strain or strain rate may 

be presented regionally (basal, mid, and apical anterior; basal, mid, and apical posterior) 

or globally across the whole LV. Reverse longitudinal and radial strain rate measured 
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longitudinal and radial strain during early LV filling (diastole), which was obtained using 

the “reverse peak” algorithm from Vevo LAB 1.7.1. Strain.  

Diastolic function was evaluated from 2D echo in combination with tissue Doppler 

and pulsed wave Doppler from apical long-axis views. Using pulsed wave Doppler spectral 

waveforms, peak early (E wave) and late diastolic (A wave) transmittal velocities were 

obtained to calculate E/A ratio and isovolumic relaxation time (IVRT). Using tissue 

Doppler spectral waveforms, early-diastolic myocardial relaxation velocity was obtained 

to calculate E’/E ratio. 

 

 3.2.3 RNA isolation and semi-quantitative PCR 

 LV tissue was homogenized in TRIzol™ Reagent using the VCX 130PB ultrasonic 

processor from Sonics & Materials Inc. Solutions were centrifuged to pellet cell debris. 

Total RNA was isolated using Trizole and the Direct-zol RNA Miniprep Kit (Zymo 

Research) according to manufacturer’s instructions. RNA was quantified using the 

NanoDrop™ 2000/2000c Spectrophotometer (ThermoFisher). cDNA was generated from 

isolated RNA using the iScript cDNA Synthesis Kit (Bio-Rad). Semi-quantitative PCR on 

cDNA was done using SYBR Green (Bio-Rad) and a final concentration of 100 nM of 

gene-specific oligonucleotides for atrial natriuretic factor (Nppa, ANF), brain natriuretic 

peptide (Nppb, BNP), GRK2, and Rn18s (18S) on a CFX96 Real Time System with 

BioRad CFX Manager 2.1 software. (Bio-Rad). Quantification was through 18S rRNA 

normalization and compared using the ΔΔCt method. 
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 3.2.4 Serum catecholamine quantification 

 Serum epinephrine and norepinephrine levels were measured using Adrenaline 

Research ELISA and Noradrenaline Research ELISA from Labor Diagnostika Nord GmbH 

& Co.KG according to manufacturer’s protocol, respectively. Briefly, under anesthesia 

blood was collected from the right carotid artery and incubated at room temperature for 30 

minutes. Serum was collected after centrifugation. Sample volumes used were 10 µL for 

norepinephrine ELISA and 40 µL for epinephrine ELISA. 

 

 3.2.5 Radioligand binding 

 In brief, crude cardiac membrane preparations were prepared as previously 

described (Pleger et al. 2008). The total density of expressed b-ARs in cardiac lysates was 

determined by saturation binding experiments using the nonselective b-AR antagonist (-

)3-[125I]iodocyanopindolol ([125I]CYP) as the radiolabel. 10 μM propranolol was used to 

determine nonspecific binding. Amounts of total and nonspecific radiolabel bound to cell 

membranes were calculated from radioactive counts remaining on the glass fiber filters. 

From the plotted saturation hyperbola, b-AR density (Bmax) and affinity value (Kd) of 

[125I]CYP for each sample were calculated using iterative nonlinear regression analysis. 

 

 3.2.6 Terminal hemodynamics 

 Briefly, a 1.4-French micromanometer-tipped catheter (Millar Instruments) was 

inserted into the right carotid artery and then advanced into the LV. A polyethylene-50 

catheter was placed in the left external jugular vein for continuous infusion of 



 

113 

isoproterenol, and an isoproterenol dose response curve was performed as we have done 

previously (Schumacher et al. 2016). Systolic blood pressure was recorded in closed-chest 

mode throughout the experiment with a PowerLab DAQ System (Millar Instruments). 

 

 3.2.7 Non-invasive tail cuff measurements 

 Systolic and diastolic peripheral blood pressures were obtained using the BP-2000 

Blood Pressure analysis system (Visitech Systems, Apex, NC, USA), an inflatable 

occlusion cuff system. Mice went through 6 training sessions to acclimate to the mouse 

holders. Once basal pressure was achieved, the tail cuff was inflated to 180 mmHg.  After 

mice were adequately trained, as confirmed through heart rate and systolic pressure 

stabilization throughout the training sessions, a blinded final experimental session & 

analysis of blood pressure curves was done. 

 

3.2.8 Telemetry measurements 

Analysis of blood pressure and heart rate were evaluated in conscious mice over 3 

days by telemetry (DSI equipped with ADInstrument 6 software) via carotid catheter (PA-

C10). Briefly, the telemeter was inserted on the left dorsal side of the mouse. After securing 

the telemeter, a longitudinal incision was made on the anterior portion of the neck lateral 

to the trachea on the left of the animal in order to expose the left carotid artery. After 

locating and isolating the carotid artery using blunt dissection, a 6-0 silk suture was used 

to occlude and tie-off the internal and external carotid artery. The suture was slightly 

elevated to further isolate the vessel. Another loose suture was made around the carotid 
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towards the aortic arch. Using a 19-gaugce bent-tip needle an incision was made and the 

catheter was inserted into the carotid artery 10-12 mm. After catheter placement, the loose 

suture was tightened. After completion, all incisions were closed with vetbond tissue-glue 

(3M). 

 

 3.2.8 Histology 

 Renal vascular hypertrophy and perivascular fibrosis were evaluated with Sirius 

Red (EMS) staining in kidney samples obtained from aged WT and GRK2-C340S. Briefly, 

after de-paraffinization and re-hydration, sections (4-5 µm thick) were stained in equal 

parts Weigart’s Iron Hematoxylin A and B (EMS) for 10 minutes at room temperature.  

Sections were washed twice in distilled water for 3 minutes per wash.  Sirius Red was 

added for 1 h at room temperature. Slides were washed twice in 0.01N HCL for 3 minutes 

per wash. Sections were then dehydrated and penetrated using ethanol and xylene, 

respectively. Thoracic aortas and hearts and were stained with Masson’s trichrome to 

distinguish media area from adventitia and fibrosis, respectively as previously described 

(58). Briefly, after de-paraffinization and re-hydration, sections were incubated with 

Bouin’s fluid for 1 hour at 56ºC. Sections were washed three time in distilled water for 3 

minutes per wash and incubated with working HE solution for 7.5 minutes followed by 

washing in distilled water for 30 seconds. Sections were then incubated with Biebrich 

Scarlet-Acid Fuchsin solution for 5 minutes. After incubation with phosphotungstic-

phosphomolyhdic acid solution for 5 minutes, sections were stained with Aniline Blue stain 

solution for 5 minutes. Sections were washed in 1% acetic acid for 30 sec and distilled 
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water for 30 seconds. To analyze cell cross sectional area, heart sections were stained with 

wheat germ agglutinin (WGA, ThermoFisher, 10 µg/mL in PBS) for 1 hour in a humidified 

dark chamber, as described previously. Sections were dehydrated and penetrated using 

ethanol and xylene, respectively. Analysis was conducted using ImageJ software.  

(Schumacher et al. 2016) 

 

 3.2.10 Immunohistochemistry 

 Subsequent to heat induced antigen retrieval, heart sections were immunolabeled 

with primary antibodies for platelet endothelial cell adhesion molecule (PECAM-1)/cluster 

of differentiation 31 (CD31) (R&D AF3628) and alpha-smooth muscle actin (aSMA) 

(Sigma-Aldrich A5228) as described (Cimini et al. 2019). Secondary fluorophore-

conjugated antibodies (ThermoFisher A21432, A21202) were then used to analyze the 

immunofluorescence. Images throughout the heart were obtained with the Nikon Eclipse 

Ti-E fluorescence microscope, merged using Adobe Photoshop (Adobe), and analyzed 

with ImageJ. CD31 and  aSMA counts were normalized to tissue area. 

 

 3.2.11 Histological quantification 

 Cardiomyocyte cell cross sectional area was quantified as previously described 

from WGA staining (Schumacher et al. 2016). To quantify cardiac fibrosis, multiple 

images from Masson’s Trichrome stained hearts were taken across the LV. The blue 

stained area (fibrosis) was outlined and quantified. To calculate cardiac perivascular 

fibrosis, the value of the fibrosis area was subtracted from the value of the vessel area 
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divided by the true area of the vessel. To quantify vascular hypertrophy in the kidney, the 

value of medial area was divided by the true area of the vessel. True area was calculated 

by vessel outer perimeter2 divided by 4π. To calculate renal perivascular fibrosis, the value 

of fibrosis area was subtracted from vessel area and divided by the true area of the vessel. 

Minimum of three representative vascular images were analyzed per sample. Medial 

hypertrophy of thoracic aorta was quantified by measurements of medial thickness in 4 

randomly selected locations per slide. A minimum three representative vascular images 

were analyzed per biological replicate. 

 

 3.2.12 Isometric aortic contraction 

 Isometric aortic contraction assays were performed as described previously (Pleger 

et al. 2008). Briefly, thoracic aortas from WT or GRK2-C340S mice were cleaned of 

surrounding tissue, cut into 2.5 mm rings, and then mounted onto a myograph. (Radnoti 

Wire Myograph, Radnoti LLC). Rings were equilibrated for 60 minutes before measuring 

max contraction with KCl (100 mM). After washing out the KCl, phenylephrine (PE) dose-

response was assessed (1x10-9 – 3x10-3 M). Rings were pre-contracted with an EC50 

concentration of PE before assessing endothelium-dependent relaxation using 

acetylcholine (ACh, 1x10-9 – 3x10-3 M). To evaluate basal tone NO release, rings were 

incubated with L-NAME (50 µM) for 45 minutes. 
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 3.2.13 Statistics 

 All values in the text and figures are presented as mean±SEM. Statistical 

significance between two groups was determined by student’s unpaired t-test. Statistical 

significance between three or more groups with 2 or more variables was determined by 

two-way ANOVA with Tukey’s multiple comparisons test. Probabilities of 0.05 or less 

were considered to be statistically significant. Statistical calculations were done in Prism 7 

(GraphPad).  

 

3.3 Results 

 3.3.1 Aged GRK2-C340S mice have reduced cardiac function 

WT and GRK2-C340S mice were allowed to age to 2-3 months (8-15 weeks) or 

12-20 months (52-82 weeks) before implementation into the young or old study groups, 

respectively. Old GRK2-C340S mice express GRK2 protein at endogenous levels seen in 

old WT mice, corresponding with our previous study confirming young GRK2-C340S 

mice also express GRK2 at endogenous levels seen in young WT mice while activity is 

increased (Fig. 3-2) (Huang et al. 2013; Lieu et al. 2020). A typical laboratory mouse 

lifespan is 1.3-3 years, making our young mice equivalent to ~20-30 human years and our 

old mice equivalent to ~40-64 human years (19, 23, 33). As GRK2-C340S mice aged, we 

observed a steady decline in cardiac function as determined by traditional 

echocardiography (TE) or speckle tracking-based strain echocardiography (STE). By ≥12 

months of age, GRK2-C340S mice have a significant reduction in ejection fraction (EF) 

detected by TE or STE compared to age-matched WT counterparts (Fig. 3-3A,B) (Lieu et 
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al. 2020). GRK2-C340S groups experienced declines in EF over time. WT EFs also 

declined significantly by TE and trending by STE: young WT = 65.3% vs old WT = 57.5% 

(Fig. 3-3A,B). EF in old GRK2-C340S males and females were significantly declined to 

the same extent as measured through TE (Fig. 3-3C,D). LV internal dimensions (LVID) at 

systole (LVIDs) and diastole (LVIDd) were both significantly increased in old GRK2-

C340S mice compared to age-matched WT mice, indicative of LV dilation (Fig. 3-4A,B).  

 

 

 

 

FIGURE 3-2 – Aged GRK2-C340S mice express mutant GRK2 at endogenous protein 
levels (Lieu et al. 2020). (A) Representative Western blot image of GRK2 (~80 kDa) and 
GAPDH (~37 kDa) protein levels from old WT and old GRK2-C340S heart lysates. (B) 
Quantification of GRK2/GAPDH protein levels from Western blot showing no change 
between old WT (64-75 weeks) and old GRK2-C340S hearts (68-71 weeks). (n=4).  

 

 

 

Internal diameters were increased in old groups compared to young as well (Fig. 3-4A,B). 

Volumes at systole and diastole were also significantly increased in old GRK2-C340S mice 
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compared to age matched WT, which further suggests impaired contractility in aged 

GRK2-C340S mice (Fig. 3-4C,D). Old WT and GRK2-C340S mice had increased volumes  

compared to their respective young groups, as observed in all other parameters. Fractional 

shortening (FS) was reduced in aged GRK2-C340S mice compared to aged WT mice with 

a similar decline in each group over time (Fig. 3-4E). Additional echocardiographic 

parameters can be found in Fig. 3-4 F-H. Measurement of global longitudinal strain (GLS) 

through STE in aged GRK2-C340S mice revealed that they had significantly greater degree 

of impaired LV deformation during systole compared to aged WT (Fig. 3-5A). Further 

analysis of regional longitudinal or radial strain within the LV revealed similar findings 

that aged GRK2-C340S cardiac contraction was impaired (Fig. 3-5B,C,D,E). Overall, over 

time GRK2-C340S experience significantly worsened systolic function compared to age 

matched WT mice. Declines in systolic function with aging have become more appreciated 

as advances in echocardiography techniques, ie STE, improve its sensitivity (de Lucia et 

al. 2019).  

As impaired diastolic function has traditionally been most appreciated to 

accompany aging, we assessed diastolic function through STE, pulse wave doppler, and 

tissue doppler echocardiography. STE revealed that reverse longitudinal strain rate in both 

young and old GRK2-C340S mice were significantly impaired compared to age-matched 

WT groups, suggesting there are impairments in cardiac relaxation (Fig. 3-6A). Multiple 

other diastolic indices trended towards impairment in aged GRK2-C340S mice compared 

to aged WT, including increased isovolumic relaxation time (IVRT) (Fig. 3-6B), reduced 

E/A ratio (Fig. 3-6C), reduced E/E’ ratio (Fig. 3-6D), and increased LV myocardial  
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FIGURE 3-3 – Aged GRK2-C340S mice have reduced ejection fraction (Lieu et al. 
2020). (A) Ejection fraction (EF) from traditional echocardiography (TE) (n=8-20) and (B) 
speckle tracking-based strain echocardiography (STE) in young (8-15 weeks) and old (52-
82 weeks) wild type (WT, white circles) or GRK2-C340S (black squares) mice. (n=8). 
Ejection fraction (EF) by TE in aged WT or GRK2-C340S mice separated by (C) males 
and (D) females (n=6-14); *p<0.05, **p<0.01, ***p<0.001,****p<0.0001 as determined 
by two-way ANOVA with Tukey’s post hoc analysis. ttp<0.01; tttp<0.001 as determined 
by student’s t-test between WT and GRK2-C340S. 
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performance index (MPI) (Fig. 3-6E) compared to age-matched WT controls. Over time 

we observed declining cardiac function, congruent with previously published studies in 

aging (de Lucia et al. 2019). Importantly, GRK2-C340S mice with global loss of SNO-

mediated GRK2 regulation have significant systolic and diastolic dysfunction that is more 

pronounced compared to aged WT mice.    

 

  3.3.2 Aged GRK2-C340S mice have adrenergic abnormalities 

We have previously observed that the loss of SNO regulation on GRK2 in the hearts 

of GRK2-C340S mice led to over-active GRK2 and enhanced b-AR desensitization with 

isoproterenol challenge (Huang et al. 2013). In order to determine if the cause of decreased 

cardiac function stemmed from cardiac b-AR abnormalities, b-AR density was measured 

by radioligand binding of cardiac membranes. A decrease in b-AR density was observed 

in young GRK2-C340S mice compared to young WT (Fig. 3-7A) (Lieu et al. 2020). 

However, as previously established, young WT mice do not show cardiac dysfunction at 

baseline suggesting that reduced b-ARs alone was not sufficient to produce dysfunction. 

b-AR density was reduced in both aged groups compared to young WT mice, but to the 

same extent (Fig. 3-7A). Although young GRK2-C340S mice have reduced b-AR 

expression that is maintained over time, it does not appear to be the primary contributor to 

the developing cardiac dysfunction.  

Next, we looked at serum catecholamine levels as sympathetic nervous system 

(SNS) activation is a hallmark of CVD, including heart failure and accompanies b-AR 

desensitization and downregulation (Lymperopoulos et al. 2013). Further, catecholamines  
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FIGURE 3-4 – Aged GRK2-C340S mice have reduced cardiac function – additional 
echocardiographic parameters. Aged GRK2-C340S mice have reduced cardiac function 
as shown through multiple echocardiographic parameters obtained through traditional 
echocardiography beyond ejection fraction: left ventricular internal diameters (LVID, mm) 
of young or aged WT or GRK2-C340S at (A) systole and (B) diastole; end diastolic 
volumes (µL) at (C) systole and (D) diastole obtained by TE; (E) fractional shortening (FS, 
%); (F) cardiac output (CO, mL/min); (G) stroke volume (SV, µL); (H) heart rate (HR, 
bpm) in young and old WT or GRK2-C340S mice. (n=8-20). *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001 as determined by two-way ANOVA with Tukey’s post hoc 
analysis.   
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FIGURE 3-5 – Aged GRK2-C340S mice have impaired longitudinal and radial 
myocardial strain (Lieu et al. 2020). The following parameters were obtained with to 
show myocardial strain in aged GRK2-C340S mice: (A) global longitudinal strain (GLS); 
(B) radial and (C) longitudinal strain peak (%) in young WT or GRK2-C340S animals; (D) 
radial and (E) longitudinal strain peak (%) in old WT or GRK2-C340S animals (n=8). 
tp<0.05; ttp<0.01 as determined by student’s t-test between WT and GRK2-C340S. 
*p<0.05 as determined by two-way ANOVA with Tukey’s post hoc analysis.  
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FIGURE 3-6 – Aged GRK2-C340S mice have a degree of diastolic dysfunction (Lieu 
et al. 2020). (A) Reverse longitudinal strain rate peak (1/s) in young and old GRK2-C340S 
mice obtained through speckle-tracking based echocardiography. Pulsed wave doppler 
and/or tissue doppler was used to obtain: (B) isovolumic relaxation time (IVRT, ms); E 
(peak early diastolic transmitral velocity) and A (peak late diastolic transmitral velocity) 
waves for (C) E/A ratio; E’ (early-diastolic myocardial relaxation velocity for (D) E/E’ 
ratio; and (E) left ventricular myocardial performance index. (n=8). *p<0.05, **p<0.01, 
***p<0.001   as determined by two-way ANOVA with Tukey’s post hoc analysis.  
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have been shown to increase over time (Dai et al. 2009). Of note, we found significantly 

elevated serum levels of epinephrine in aged GRK2-C340S mice compared to age-matched 

controls (Fig. 3-7B). Norepinephrine was significantly elevated in aged groups compared 

to young groups, but with no apparent differences within groups (Fig. 3-7C). The increased 

serum epinephrine is of physiological significance as we have previously shown GRK2 

activity to be critically important in the release of this catecholamine release from the 

adrenal medulla as increased activity does lead to increased epinephrine levels 

(Lymperopoulos et al. 2007). 

 

 3.3.3 Aged GRK2-C340S mice exhibit cardiac hypertrophy 

Changes in LV function are strongly associated with cardiac remodeling (37, 54). 

Therefore, we examined the cardiac morphology in old GRK2-C340S. Old GRK2-C340S 

mice presented with hypertrophied hearts observed by significantly increased heart weight-

to-body weight (HW/BW) ratios (Fig. 3-8A) as well as heart weight-to-tibia length 

(HW/TL) ratios (Fig. 3-8B) compared to aged WT (Lieu et al. 2020). There is also a 

striking increase in HW/BW and HW/TL in young vs old GRK2-C340S mice that is 

significantly more pronounced than WT mice overtime (Fig. 3-8A,B). HW/BW in WT 

mice do not appear to increase over time, but rather trend to be lower likely due to large 

increases in BW with age that masks present physiological heart growth (Fig. 3-8A). 

Hypertrophy was due to increased cardiomyocyte size, as measured from cardiomyocyte 

cross sectional area (CSA) through wheat germ agglutinin (WGA) staining (Fig. 3-8C). 

CSA increased in both aged WT and GRK2-C340S groups compared to their young  
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FIGURE 3-7 – Aged mice have increased neurohormonal activation measured by 
catecholamines (Lieu et al. 2020). (A) Quantification of b-AR density from radioligand 
binding assay in cell membranes from young and old WT or GRK2-C340S mice (n=3-7). 
(B) Serum epinephrine (ng/mL) (n=3-5) and (C) serum norepinephrine (ng/mL) (n=4-12) 
levels measured by ELISA in young and old WT or GRK2-C340S mice. *p<0.05, 
**p<0.01,****p<0.0001 as determined by two-way ANOVA with Tukey’s post hoc 
analysis. 
 

 

 

 

 

 



 

127 

counterparts (Fig. 3-8D). Aged GRK2-C340S mice displayed more pronounced and 

significant hypertrophy compared to aged WT (Fig. 3-8D). Trending increased expression 

of ANF (Fig. 3-8E), BNP (Fig. 3-8F), and GRK2 mRNA (Fig. 3-8G) in GRK2-C340S 

mice supports this hypertrophy being pathological in nature. 

 

3.3.4 Aged TgGRK2 mice do not exhibit age-dependent cardiac dysfunction 

We also examined traditional echocardiographic parameters in aged (73 weeks) 

mice with cardiac-specific overexpression of GRK2 (TgGRK2) compared to age-matched 

non-transgenic littermate controls (NLCs). TgGRK2 mice have increased cardiac-specific 

GRK2 activity in contrast to GRK2-C340S mice that have increased global GRK2 activity. 

This could give us insights on the important role of S-nitrosylation on GRK2 on long-term 

cardiac function. Interestingly, aged TgGRK2 mice do not show any declines in 

echocardiographic parameters compared to aged NLCs including: EF (Fig. 3-9A), LVIDs 

(Fig. 3-9B), LVIDd (Fig. 3-9C), LV end systolic volume (Fig. 3-9D), LV end diastolic 

volume (Fig. 3-9E), FS (Fig. 3-9F), CO (Fig. 3-9G), SV (Fig. 3-9H), or HR (Fig. 3-9I). 

In summary, aged TgGRK2 cardiac function was indistinguishable from age matched 

NLCs, emphasizing the importance of intact NOS3 regulation. 

 

3.3.5 Aged TgGRK2 mice do not experience maladaptive remodeling compared 

to non-transgenic littermate controls. 

Previous TAC studies in mice with cardiac-specific overexpression of GRK2 

(TgGRK2), overexpression confirmed in Fig. 3-10G, have demonstrated that TgGRK2  
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FIGURE 3-8 – Aged GRK2-C340S mice exhibit cardiac hypertrophy. Measures of (A) 
heart weight (HW) to body weight (BW) ratios and (B) HW to tibia length (TL) ratios 
between young and old WT or GRK2-C340S mice. (n=12-18) (C) Representative images 
of wheat germ agglutinin (red) and 4′,6-diamidino-2-phenylindole (DAPI, blue)–stained 
young and old WT or GRK2-C340S mouse heart sections. Scale bar, 100 µm. (D) 
Quantification of cardiomyocyte cross sectional area (CSA) from WGA staining in young 
and old WT or GRK2-C340S hearts (n=4). Quantification of qRT-PCR data in young and 
old WT or GRK2-C340S hearts showed fold change in mRNA expression of (E) atrial 
natriuretic factor (ANF), (F) brain natriuretic peptide (BNP) (n=5-6), and (G) GRK2 
(n=11). *p<0.05, **p<0.01, ***p<0.001,****p<0.0001 as determined by two-way 
ANOVA with Tukey’s post hoc analysis. 
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FIGURE 3-9 – Aged cardiac TgGRK2 mice do not experience declines in cardiac 
function compared to aged NLC. Cardiac function in aged TgGRK2 mice are similar to 
aged non-transgenic littermate controls (NLCs), measured through traditional 
echocardiography: (A) ejection fraction (EF,%); left ventricular internal diameters (LVID, 
mm) at (B) systole and (C) diastole; left ventricular end volumes (µL) at (D) systole and 
(E) diastole; (F) fractional shortening (FS, %); (G) cardiac output (CO, mL/min); (H) 
stroke volume (SV, µL); (I) heart rate (HR, bpm). (n=4).  
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FIGURE 3-10 – Aged cardiac TgGRK2 mice do not experience maladaptive 
remodeling compared to aged NLC (Lieu et al. 2020). Measures of (A) heart weight 
(HW) to body weight (BW) ratios (HW/BW) and (B) HW to tibia length (TL) ratios 
(HW/TL) in young (13 weeks) and old (73 weeks) male  non-transgenic littermate controls 
(NLC, white bars) or cardiac-specific transgenic GRK2 mice (TgGRK2, black bars). (C) 
Representative images of wheat germ agglutinin (red) and 4′,6-diamidino-2-phenylindole 
(DAPI, blue)–stained aged NLC or TgGRK2 mouse heart sections. Scale bar, 100 µm. (D) 
Quantification of cardiomyocyte cross sectional area (CSA) from WGA staining in young 
and old NLC or TgGRK2 hearts. (n=3-5). Quantification of qRT-PCR data in young and 
old WT or GRK2-C340S hearts showing fold change in mRNA expression of (E) atrial 
natriuretic factor (ANF), (F) brain natriuretic peptide (BNP) and (G) G protein-coupled 
receptor kinase 2 (GRK2). (n=4-5). *p<0.05, **p<0.01, ****p<0.0001 as determined by 
two-way ANOVA with Tukey’s post hoc analysis.   
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mice develop cardiac hypertrophy to the same extent as their non-transgenic littermate 

controls (NLCs), despite having increased GRK2 expression and activity (Schumacher et 

al. 2016). In order to determine if cardiac GRK2 was specifically responsible for the 

GRK2-C340S phenotype, we aged TgGRK2 mice to 73 weeks. Although old TgGRK2 

hearts hypertrophied over time, it was no different than age matched NLCs as measured 

through HW/BW (Fig. 3-10A), HW/TL (Fig. 3-10B), and CSA (Fig. 3-10C,D) (Lieu et al. 

2020). Maladaptive hypertrophic markers, ANF and BNP, between aged TgGRK2 and 

NLC animals were unchanged (Fig. 3-10E,F). Like aged WT controls, aged NLC animals 

did not show any notable increase in ANF or BNP compared to young counterparts. 

Overall, GRK2-C340S mice develop maladaptive cardiac hypertrophy over time beyond 

what is physiologically normal, likely due to non-cardiomyocyte un-checked GRK2 

activity since TgGRK2 do not show signs of maladaptive hypertrophy or cardiac 

dysfunction. 

 

3.3.6 Aged GRK2-C340S mice exhibit adverse cardiac and renal remodeling 

As hearts age physiologically, there are changes in the vasculature including 

increased fibrosis (Biernacka and Frangogiannis 2011). Examination of the vasculature in 

aged GRK2-C340S hearts through Masson’s Trichrome (Fig. 3-11A) revealed 

significantly increased perivascular fibrosis compared to aged WT hearts (Fig. 3-11B) 

(Lieu et al. 2020). Additionally, perivascular fibrosis increased over time in both WT and 

GRK2-C340S mice, but more pronounced in the latter. Decreases in capillary density with 

age have been previously reported predominantly in the brain, but in the heart and skeletal 
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muscle as well (Groen et al. 2014; Li et al. 2018; Maizel et al. 2014; Sonntag et al. 1997). 

To examine if there were any changes in vascular density over time due to increased GRK2 

activity, immunohistochemistry on heart sections were done with CD31 (Fig. 3-11C) to 

mark all vessels, including capillaries, and aSMA to mark larger vessels (arteries, 

arterioles, veins, and venules). We observed a trend towards decreased CD31 density over 

time in WT mice, which was significantly reduced in GRK2-C340S mice over time (Fig. 

3-11D). Similar findings were observed in aSMA density over time (Fig. 3-11E).  

Given that the renal system is closely linked to the cardiovascular system so that 

pathology in one system increases the risk of pathology in the other and vice versa, we 

investigated whether the vasculature in the kidneys was also abnormal (Agarwal and 

Thomas 2003; Coresh et al. 2001; Liu et al. 2014). Histological examination of the kidneys 

by Sirius Red staining of aged GRK2-C340S mice (Fig. 3-12A) revealed an increase in 

vascular medial thickness shown by an increase in vascular medial area to internal arterial 

area ratio in renal vessels compared to age-matched WT mice (Fig. 3-12B). Moreover, we 

found that aged GRK2-C340S mice had significantly more renal perivascular fibrosis 

compared to aged WT mice, parallel to what was observed within the cardiac vasculature 

(Fig. 3-12C). Thus, aged GRK2-C340S mice exhibit adverse remodeling not only in the 

myocardium but also in the kidneys that include significant perivascular fibrosis and 

vascular hypertrophy. This perivascular fibrosis is evident in multiple organs and 

highlights the vasculature’s vulnerable nature to GRK2 activity. Pathological signaling and 

remodeling due to upregulated GRK2 activity in the vasculature may be a significant cause 

of the GRK2-C340S phenotype. Overall, aged GRK2-C340S mice displayed significant  
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FIGURE 3-11 – Aged GRK2-C340S mice exhibit cardiac vascular abnormalities 
(Lieu et al. 2020). (A) Representative images of Masson’s trichrome stained aged WT or 
GRK2-C340S mouse heart sections. Scale bar, 100 µm. (B) Quantification of perivascular 
fibrotic area in young or aged WT and GRK2-C340S hearts (n=4). (C) Representative 
images of young and old WT or GRK2-C340S cardiac sections immunolabeled with cluster 
of differentiation 31 (CD31) (red). Nuclei (blue) were stained with 4′,6-diamidino-2-
phenylindole (DAPI). Scale bar, 50 µm (D) Quantification of CD31 density expressed as 
a percentage of CD31 positive vessels per tissue area. (n=4). (E) Quantification of a-
smooth muscle actin (aSMA) density expressed as a percentage of aSMA positive vessels 
per tissue area. (n=4). *p<0.05, **p<0.01, ****p<0.0001 as determined by two-way 
ANOVA with Tukey’s post hoc analysis. 
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FIGURE 3-12 – Aged GRK2-C340S mice develop renal vascular hypertrophy and 
fibrosis (Lieu et al. 2020). (A) Representative higher magnification (100x) images of 
Sirius Red stained aged kidneys from WT and GRK2-C340S mice demonstrating 
perivascular fibrosis. (B) Quantification of vascular medial area to internal arterial area 
ratio as a measure showing increased medial hypertrophy in aged GRK2-C340S mice 
compared to WT. (C) Quantification of perivascular fibrosis to vascular area ratio from 
Sirius Red staining in aged WT and GRK2-C340S mice (n=4-6). ttttp<0.0001 as 
determined by student’s t-test. 
 

 

 

multi-organ perivascular fibrosis, renal vascular hypertrophy, and decreased cardiac vessel 

density over time. 

 

3.3.7 Aged GRK2-C340S mice exhibit increased systolic blood pressure 

With increased perivascular fibrosis, we next examined aged GRK2-C340S mice 

hemodynamically to give insights on vascular function. Young mice had no differences in 

blood pressure (Fig. 3-13A). Consistent with elevated SNS activity, we found that aged 

GRK-C340S mice had significantly higher systolic pressures at baseline compared to aged 
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WT mice within the LV (Fig. 3-13B) (Lieu et al. 2020). Aged GRK2-C340S mice 

continued to display significantly elevated pressures during b-adrenergic challenge with 

isoproterenol compared to aged WT mice despite the young groups being no different (Fig. 

3-13C,D). 

We also investigated whether peripheral blood pressures were concomitantly 

elevated through two methods: 1— telemeter inserted in the left carotid artery for 3 days 

and; 2— BP2000 Blood Pressure Analyzer, representing a non-invasive tail cuff method. 

Although both methods did not reveal any statistically significant differences in the 

individual parameters of systolic and diastolic pressure, there was a trend towards narrowed 

pulse pressure (Fig. 3-14). This phenotype is of interest as reduced pulse pressure has been 

linked to advanced HF and independently predicts mortality, a reflection from poor cardiac 

function (Yildiran et al. 2010). Increases in pulse pressure windows have also been 

associated with CVD, but more so with mild HF (Yildiran et al. 2010). 

 

3.3.8 Aortic size is reduced in GRK2-C340S mice 

Given that aged GRK2-C340S mice had increased LV pressures and significant 

multi-organ perivascular fibrosis, we took a closer look at the aortic morphology within 

these mice. This is especially important since the eNOS machinery is prevalent in vessels 

and the un-checked GRK2 activity via the loss of SNO regulation will lead to a loss of 

eNOS activity as we have previously shown (Huang et al. 2013). We examined aortic 

sections with Masson’s Trichrome stationing from young and old WT and GRK2-C340S 

mice (Fig. 3-15A). Aged KI mice had significantly reduced medial thickness compared to  
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FIGURE 3-13 – Aged GRK2-C340S mice exhibit increased blood pressures (Lieu et 
al. 2020). Invasive hemodynamic analysis of WT or GRK2-C340S mice within the left 
ventricle: systolic pressure (mmHg) at baseline in (A) young and (B) old mice; systolic 
blood pressure (mmHg) in (C) young and (D) old mice in response to isoproterenol (0-10 
ng) (n=11) tp<0.05, as determined by student’s unpaired t-test between WT compared to 
GRK2-C340S.  
 

 

 

aged WT aortas, seemingly through a reduction in vascular smooth muscle cells (VSMC) 

(Fig. 3-15B). Surprisingly, young GRK2-C340S mice presented with the same phenotype 

of reduced medial thickness. Although aortic abnormalities are observed at early time 

points, it does not produce any functional consequences until seemingly at later time points. 

Additionally, it could be a driving force further supporting a potential vasculature origin of 

GRK2-mediated CV dysfunction. These morphological changes begin at an early age and 

could result in pressure gradients that could induce the hypertrophic and fibrotic changes 

we found in the hearts of aged GRK2-C340S mice above. These data suggest aged GRK2- 
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FIGURE 3-14 – Aged GRK2-C340S mice trend towards narrowed pulse pressure 
windows (Lieu et al. 2020). (A) Systolic pressure and (B) diastolic pressure in young and 
old WT (white bars) or GRK2-C340S (black bars) mice measured with the BP-2000 Blood 
Pressure analysis system utilizing a non-invasive tail cuff system. (C) Pulse pressure 
calculated from systolic and diastolic pressures obtained through tail cuff. (n=5) (D) 
Systolic and (E) diastolic pressures in young and old WT or GRK2-C340S mice measured 
through a telemeter inserted into the left carotid artery for 3 days. (F) Pulse pressure 
calculated from systolic and diastolic pressures obtained through telemetry. (n=9,11). 
*p<0.05 as determined by two-way ANOVA with Tukey’s post hoc analysis.   
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FIGURE 3-15 - Aortic size is reduced in GRK2-C340S mice (Lieu et al. 2020). (A) 
Representative images of Masson-trichome stained aged aortas from WT and GRK2-
C340S mice demonstrating reduced medial thickness in GRK2-C340S mice. Scale bar, 100 
µm. (B) Quantification of medial thickness from Masson Trichrome staining in young and 
old WT and GRK2-C340S mouse aortas (n=3-4) *p<0.05, **p<0.01 as determined by two-
way ANOVA with Tukey’s post hoc analysis. 
 

 

 

C340S aortas are overall smaller or narrower than their WT counterparts. Thus, the loss of 

cardiac function observed in aged GRK2-C340S likely was a result of global, likely cardiac 

independent, differences in GRK2 activity through loss of S-nitrosylation that originated 

in the vasculature, which resulted in reduced vascular media and smaller aortic dimensions. 

 

3.3.9 Aged GRK2-C340S mice have impaired aortic contraction 

Given that aged GRK2-C340s mice have reduced VSMCs within their media and 

significant perivascular fibrosis, we examined whether this caused any changes in aortic 

contractile properties. Aortic rings were isolated from young or old WT and GRK2-C340S 
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mice then placed in tissue baths. Upon 100 KCl incubation, aortic rings from young WT 

and GRK2-C340S mice responded with the same force of contraction (Fig. 3-16A). 

However, aged GRK2-C340S aortas displayed significantly reduced contraction compared 

to aged WT (Fig. 3-16B). Similar impaired contraction responses were seen with the b-AR 

agonist phenylephrine (PE), as contraction was similar in young WT and GRK2-C340S 

aortas but was significantly reduced in aged GRK2-C340S mouse aortas (Fig. 3-16C,D). 

Relaxation responses in pre-contracted rings to acetylcholine were identical in WT and 

GRK2-C340S mice regardless of age (Fig. 3-16E,F). As loss of SNO-mediated GRK2 

regulation is likely responsible for these vascular contractile changes, we challenged rings 

with the eNOS inhibitor L-NG-Nitroarginine methyl ester (L-NAME) to induce loss of 

NO. Aortic rings from young WT and GRK2-C340S mice had similar contractile responses 

due to the loss of the vasorelaxant NO (Fig. 3-16G). However, aortas from aged GRK2-

C340S mice had significantly impaired responses to L-NAME compared to age-matched 

WT mice  demonstrating the importance of SNO-mediated GRK2 inhibition in the vascular 

contractile response (Fig. 3-16H). 

 

3.4 Discussion 

GRK2 has been studied for decades and has been established as a critical 

pathological kinase in CVD. We see that in animal models subject to cardiac injury–MI, 

I/R, and trans-aortic constriction (TAC)–GRK2 expression and/or activity increase and 

contribute to cardiac dysfunction and myopathy (Lieu and Koch 2019). How GRK2 

initiates maladaptive signaling pathways in the heart and related tissues or contributes to  
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FIGURE 3-16 – Aged GRK2-C340S mice exhibit aortic contraction dysfunction. Two 
to four aortic sections were analyzed from each mouse to obtain: (A-B) Isometric 
contractility from baseline of aortic rings with 100 mM KCl incubation from (A) young 
(n=5) and (B) aged (n=8) WT (white bars) or C340S mice (striped bars). (C-D) Contractile 
dose response curves to phenylephrine in (C) young (n=5) and (D) old (n=8) WT (solid 
circle) or C340S (open circle) aortic rings. (E-F) Relaxation dose response curves to 
acetylcholine in (E) young (n=5) and (F) old (n=8) WT (solid circle) or C340S (open circle) 
aortic rings. (G-H) Contractility from baseline of aortic rings with 50 µM N-Nitroarginine 
methyl ester (L-NAME) incubation from (G) young (n=5) and (H) aged (n=4-5) WT (white 
bars) or C340S mice (striped bars). tp<0.05, tttp<0.001, ttttp<0.0001 as determined by 
student’s unpaired t-test between WT and GRK2-C340S 
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the changing molecular landscape overtime remains pertinent research questions as we 

continue to understand GRK2’s functions. In this study, we allowed GRK2-C340S mice 

that lack dynamic SNO-GRK2 regulation, an endogenous mechanism for attenuating 

GRK2 activity, to age at least 12 months before enrollment. This unique mechanism of 

GRK2 activation in GRK2-C340S mice plus aging allowed us to investigate the 

consequences of global GRK2 over-activity that may not be observed using other GRK2 

mouse models. The use mice ranging from 12-20 months may not be old enough to 

significantly recapitulate all hallmarks of aging compared to 24-36 month old mice used in 

traditional aging studies (Dai et al. 2009; Zheng et al. 2003), but we are primarily concerned 

with the effects of long term GRK2 overactivity on the cardiovascular system. For 

example, we see significant increases in LV hypertrophy and activation of neurohormonal 

signaling, but only trends in declining diastolic function. Overall, we report that chronic 

GRK2 overactivity is sufficient in causing significantly worsened cardiovascular 

parameters compared to WT mice, which can provide insights into how GRK2 participates 

in CVD development including during intrinsic aging. A summary of our findings in the 

GRK2-C340S mouse is reviewed in Fig. 3-17. 

It is debated whether GRK2 has a direct mechanistic role in inducing 

cardiomyocyte hypertrophy in mice (Lieu and Koch 2019). Multiple in vitro studies have 

shown GRK2 is sufficient to upregulate hypertrophy markers (ie. ANF, BNP, beta-myosin 

heavy chain) or hypertrophic genes (ie nuclear factor of activated T-cells and nuclear factor 

kappa-light-chain-enhancer of activated B cells) and increase cell size in cardiac cell lines 

(Schlegel et al. 2017; Sorriento et al. 2015). However, animal models with GRK2  
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FIGURE 3-17 – Summary of aged GRK2-C340S phenotype (Lieu et al. 2020). 
Illustration summarizing the age-dependent cardiovascular changes as a result of 
hyperactive GRK2 from loss of dynamic S-nitrosylation negative regulation in the GRK2-
C340S mouse. At young ages, WT and GRK2-C340S cardiovascular function and structure 
are indistinguishable, save for reduced aortic medial thickness in GRK2-C340S mice that 
is maintained. Over time, increased GRK2 activity causes cardiovascular pathology 
beyond what is observed in normal physiological aging in WT mice. Aged GRK2-C340S 
mice present with increased cardiac hypertrophy, cardiac and renal perivascular fibrosis, 
serum catecholamines, and systolic pressure. Cardiac and aortic function decline in aged 
GRK2-C340S mice compared to aged WT. GRK2 overactivity in the vasculature and 
adrenals is likely to play an important role in the overall cardiovascular phenotype 
observed. 
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manipulation largely have not translated these findings. For example, we have previously 

shown cardiac-specific GRK2 overexpressing transgenic (TgGRK2) mice do not 

experience any changes in cardiac mass after TAC surgery compared to NLCs 

(Schumacher et al. 2016). Of note, these studies enrolled TgGRK2 animals at 8-10 weeks 

of age, which would not take into account changes in the molecular landscape over time. 

Studies involving GRK2 inhibition in cardiac hypertrophy animal models present with 

conflicting results making it difficult to conclude if cardiac GRK2 can primarily cause 

hypertrophy (Lieu and Koch 2019). Further, transgenic mice with cardiac-specific 

expression of the bARKct, a GRK2 peptide inhibitor, underwent TAC and hypertrophied 

to the same degree as NLCs mice (Choi et al. 1997; Schumacher et al. 2016). Kamal et al. 

reported inhibition of GRK2 through gallein, was able to ameliorate hypertrophy in TAC 

operated mice compared to sham (Kamal et al. 2014). Gallein being a small molecule 

delivered systemically would make it difficult to differentiate whether its effect was from 

inhibition of cardiac myocyte GRK2 or from other cell types. Gallein’s highly homologous 

structural analog, M119, was also able to inhibit phospholipase C activation which could 

be another mechanism to explain hypertrophic protection from gallein (Bonacci et al. 

2006). In the present study, we demonstrated that 73-week-old cardiac TgGRK2 animals 

still do not experience hypertrophy any differently than NLCs over time. Unchanged 

cardiac hypertrophy in aged TgGRK2 was represented by unchanged HW/TL ratios, 

hypertrophic gene expression, and cardiomyocyte cross sectional area compared to NLC. 

However, the GRK2-C340S KI mouse with global over-activation of GRK2 did present 

with cardiac hypertrophy over time. This supports cardiomyocyte pools of GRK2 may not 
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be directly responsible nor sufficient to elicit cardiac hypertrophy in vivo, which agrees 

with our previous studies that demonstrate young TgGRK2 and bARKct mice 

hypertrophied to the same extent as NLC mice after TAC (Iaccarino et al. 2005; 

Schumacher et al. 2016).  Currently, there have been no studies done investigating the 

effect of TAC on aged TgGRK2 nor TgbARKct mice, but something worthy of a future 

study. However, TAC has been performed on aged WT rodents to investigate the effects 

of aging on cardiac stress responses. Old age during TAC has been reported to augment 

pressure overload adaptations in a number of ways, but hypertrophic responses across 

studies were minimal if present at all likely due to reduced overall protein production 

(Geng et al. 2017; Isoyama et al. 1987; Sopko et al. 2010). It is clear aging changes the 

molecular landscape so that cardiac stress responses will be different compared to young 

subjects. It is difficult to hypothesize how aged TgGRK2 or bARKct will respond to TAC 

given these distinctions, but GRK2 activity is likely to have no effect on hypertrophy while 

still worsening cardiac function. Despite increased GRK2 activity being detrimental to 

cardiac function during stress (ie isoproterenol challenge, TAC surgery), TgGRK2 mice 

do not experience declines in EF overtime like the GRK2-C340S mice likely due to the 

NOS3 pathway being intact in TgGRK2 animals. 

Non-cardiomyocyte pools of GRK2 may be more likely the cause for our 

hypertrophic phenotype observed. Our data suggests that GRK2 activity in adrenal glands 

and vasculature is the culprit for initiating maladaptive hypertrophic signaling in the heart. 

Indeed other animal models with elevated serum catecholamine levels from non-GRK2 

manipulations or chronic b-AR stimulation develop cardiac hypertrophy overtime 
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(Iaccarino et al. 1999; Mathar et al. 2010). There was a trend towards increased serum 

epinephrine in young KI mice that was significantly elevated in old KI mice, which is 

consistent with increased GRK2 activity in the adrenal medulla where desensitization of 

a2-ARs have been observed (Lymperopoulos et al. 2007). Increased GRK2 activity seems 

to play a role in perivascular collagen deposition and hypertension. In addition to 

fibroblasts, multiple cell types have been implicated in perivascular fibrosis development 

including smooth muscle cells, endothelial cells, pericytes, and immune cells (Ytrehus et 

al. 2018). The ability of the heart to delivery oxygen-rich and nutrient-rich blood is subject 

to cardiac vessel compliance, which perivascular fibrosis greatly impairs (Dai et al. 2012). 

Of note, fibrosis during hypertension begins in the perivascular space (Ytrehus et al. 2018). 

Vascular stiffness itself increases the risk of stroke and MI  (Mattace-Raso et al. 2006; Said 

et al. 2018). Both aging and hypertension are known risk factors of vascular stiffness, and 

indeed our aged GRK2-C340S mice presented with higher systolic blood pressures in the 

LV compared to aged matched controls at baseline and during b-AR stimulation. Roles 

for GRK2 in endothelial and vascular smooth muscle cell physiology have been previously 

identified. Loss of GRK2 in endothelial cells impaired vasorelaxation, increased 

macrophage infiltration, and collagen degradation (Ciccarelli et al. 2013). Interestingly, 

antagonizing GRK2 through systemic administration of M119 in an ISO model of HF 

reduced perivascular fibrosis compared to ISO treatment alone (Casey et al. 2010). 

Vascular smooth muscle (VSM) specific overexpression of GRK2 in mice (TgSM22α-

GRK2), 2-4 months old, presented with significant increases in peripheral blood pressures 

compared to this study (Eckhart et al. 2002). TgSM22α-GRK2 have ~80% increase in 
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GRK2 expression compared to NLC and aortic primary smooth muscle cells derived from 

these mice have ~300% increase, both leading to increased GRK2 activity as well (Eckhart 

et al. 2002). Although GRK2-C340S mice do have increased global GRK2 activity 

including the VSM, we may not see such dramatic increases in peripheral blood pressure 

due to lack of transgenic overexpression and the existence of other GRK2 regulatory 

pathways beyond S-nitrosylation. It is likely that the increase in GRK2 activity observed 

in GRK2-C340S mice is far less than in TgSM22α-GRK2. Eckhart et al did not report any 

changes in perivascular fibrosis or vascular density in TgSM22α-GRK2 mice, but VSM-

specific GRK2 overexpression was sufficient in inducing myocardial hypertrophy 

measured by increased HW/BW ratio (Eckhart et al. 2002). Mice with VSM-specific 

knockout of GRK2 did not observe any changes in heart size at baseline compared to 

controls and hypertrophied to the same extend as controls in a renal stenosis model of 

hypertension  (Cohn et al. 2008). The impact of GRK2 on vessel density remains as a gap 

in knowledge in the heart, but hypertrophic cardiomyopathy patients were reported to have 

reduced arteriolar density (Schwartzkopff et al. 1998). Further, inhibition of GRK2 by 

miR-K12 enhanced tumor angiogenesis while overexpression of GRK2 inhibited 

angiogenesis (Li et al. 2016). GRK2’s role in angiogenesis during cancer sets the 

precedence for its investigation in the heart. Overall, it is evident that GRK2 plays an 

important role in vascular and adrenal physiology and has a mechanistic role in producing 

the cardiovascular effects observed in the aged GRK2-C340S mice.  

Over the course of a lifetime, there is progressively increasing disorder at 

molecular, structural and functional levels due to age that is ironically exacerbated by the 



 

147 

body’s compensatory mechanisms to preserve function (Lakatta 2015). Therefore, the 

impact of age-related changes on the CV landscape cannot be underestimated when it 

comes to studying CVD therapies and mechanisms, especially when prevalence and risk 

of CVD continue to increase after adult onset (≥20 years) (Benjamin et al. 2019). GRK2’s 

role in aging is another area of research that remains obscure within the CV system, but 

area that demands more research considering CVD is marked with GRK2 activity and 

patients are predominantly elderly. The few existent studies suggest GRK2 is increased in 

expression and activity in the aging rat aorta and carotid artery, but not in lymphocytes 

(Leosco et al. 2003; Schutzer et al. 2001). This may not be surprising considering normal 

physiological aging is characterized by b-AR system alterations such as: including 

increased circulating catecholamines, reduced b-AR density, increased b-AR 

desensitization, increased Gai protein and signaling, and decreased contractility (Crimmins 

et al. 2008; Ferrara et al. 2014). GRK2 has been established to directly cause all of the 

above during CVD via phosphorylating b-ARs (de Lucia et al. 2018a). Increased GRK2 

expression has also been reported in aged rat livers and aged human brains (Obrenovich et 

al. 2006; Shi et al. 2018). As GRK2 levels increase over time and are elevated in CVD, the 

GRK2-C340S mouse presents with a chronic disease phenotype that considers CVD and 

age which can be a valuable tool. GRK2’s role in aging demands more research in the 

future in order to comprehensively understand its contribution. GRK2 remains an attractive 

therapeutic target and multiple efforts have been made to inhibit its activity, including 

pharmacologically (Kamal et al. 2014; Schumacher et al. 2015), virally (Raake et al. 2013; 

Schlegel et al. 2017; White et al. 2000), and genetically (Koch et al. 1995; Raake et al. 
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2008). Anti-GRK2 therapy may be beneficial not only during CVD but perhaps as a 

preventative measure.  

Besides the limited current research available for GRK2 in aging, this present study 

has other limitations. The phenotype of reduced medial thickness, seemingly from reduced 

smooth muscle content, in our GRK2-C340S mice was unexpected and incongruent with 

phenotypes in aging models and humans. Aging does cause vascular structural remodeling, 

but it is comprised of collagen accumulation, decreased elastin, and VSMC proliferation 

within the media (Xu et al. 2017). The mechanism resulting in this unique phenotype would 

require further investigation. The seemingly smaller aortas may be the cause of reduced 

pulse pressure. Reduced pulse pressure can be observed in settings of aortic narrowing, 

like aortic stenosis or aortic coarctation although there can be high heterogeneity between 

patients and dependence on severity (Arani and Carleton 1967; GUPTA and WIGGERS 

1951). Our aortic phenotype remains histologically different compared to aortic stenosis or 

coarctation, but we do observe parallels within our present data ie high pressures above the 

aorta and lower pressures below the aorta (DUNNILL 1959; Mourino-Alvarez et al. 2018). 

Although the origin of reduced medial thickness lies within our manipulation of GRK2, 

the subsequent mechanisms of our unique aortic phenotype are currently unknown.  

The mechanisms of increased GRK2 activity seen in the TgGRK2 and GRK2-

C340S mouse are brought upon differently. One is through transgenic overexpression and 

the other is through loss of a negative regulatory mechanism, respectively. At this point, it 

is unknown whether SNO-GRK2 changes GRK2’s interactome or whether it is gaining or 

losing interacting partners, aside from preventing b-arrestin recruitment. Therefore, it is 
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debatable whether the loss of SNO-GRK2 may impact other protein functions that are 

relevant to CVD. 

Although, the relationship between NOS3, NO, and GRK2 has been under adequate 

investigation, there is still much unknown about SNO-GRK2 specifically. GRK2 is a 

negative regulator of NO bioavailability not only during in heart disease, but in diabetes as 

well, contributing to insulin resistance and endothelial dysfunction. Avendaño et al. 

measured vascular NO production in GRK2+/− and WT mice after AngII infusion and 

found that while AngII typically decreases NO bioavailability in WT mice, bioavailability 

in GRK2+/− was significantly preserved (Avendaño et al. 2014). Indeed, increased NO in 

GRK2+/− mice supports GRK2’s negative role on NO production. Additionally, pAkt and 

NOS3 expression were partially rescued in GRK2+/− mice, which further solidifies 

GRK2’s ability to prevent NOS3 activity through inhibiting Akt phosphorylation at Thr308 

(Taguchi et al. 2012). These molecular changes simply from reduced GRK2 expression in 

GRK2+/− mice caused mice to be resistant to hypertension, vascular remodeling, and 

endothelial dysfunction with chronic AngII treatment. Aberrations in the Akt/NOS3 

pathway by GRK2 also contribute to insulin sensitivity in diabetes. Ob/ob mice, a model 

of type 2 diabetes, had increased GRK2 expression and activity in aortic lysates compared 

to lean controls. Elevated GRK2 expression and activity corresponded with reduced NO 

production, reduced pAkt, and impaired relaxation with insulin stimulation, that was 

rescued with GRK2 inhibition (Taguchi et al. 2012). Although these studies did not 

measure SNO-GRK2 levels directly, we can hypothesize that in cases were pAkt and NO 

production were reduced, S-nitrosylation of GRK2 was also reduced which contributed to 
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endothelial dysfunction and insulin resistance due to increased GRK2 activity. In addition 

to disease, how aging impacts physiological levels of SNO-GRK2 is also an area to be 

investigated. Similar to how NO bioavailability is decreased in heart disease and diabetes,  

NO production also declines with aging. This has been reported to occur in the vasculature, 

specifically in the endothelium (Muller-Delp et al. 2002; Tschudi et al. 1996). From our 

acquired data, we may hypothesize that there is a gradual loss of SNO-GRK2 in the 

vasculature and positively correlates with endothelial dysfunction. However, since our 

GRK2-C340S mouse is unable to be S-nitrosylated regardless of age, we see hallmarks of 

aging occurring significantly sooner as if aging was accelerated. Although we did not 

assess endothelial function in depth and there was no impairment of ACh-mediated 

relaxation, we can suspect that relaxation due to clonidine would be impaired (Taguchi et 

al. 2011). Clonidine, an a2-AR agonist, promotes relaxation in an Akt/NOS3 dependent 

manner in contrast to ACh-mediated relaxation. Kawakami et al suggested that GRK2 has 

a potential negative role in regulating nitrosative stress in the setting of sepsis-associated 

encephaolopathy (Kawakami et al. 2018). Thus, these studies suggest there is an intimate 

relationship between GRK2 and NO that is not just limited to cardiomyocytes.  

S-nitrosylation of GRK2 is likely to impact other intracellular effectors within its 

vast interactome. The most obvious consequence of GRK2 S-nitrosylation is that its kinase 

activity is abolished, revealing some sort of cross talk between S-nitrosylation and 

phosphorylation post-translational modifications (Zhou et al. 2018). Loss of kinase activity 

could then impact the phosphorylation state of other proteins. S-nitrosylation has also been 

shown to prevent kinase-substrate interactions, act synergistically with other PTMs, change 
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protein function, or subcellular localization. SNO-GAPDH is a prime example of how S-

nitrosylation can change subcellular localization. Once S-nitrosylated, GAPDH has been 

shown to localize to the nucleus and the mitochondria where it promotes cell death or S-

nitrosylates other proteins, respectively (Kohr et al. 2014). GRK2 has been shown to 

localize to the mitochondria (Chen et al. 2013). Whether or not S-nitrosylation of GRK2 

also regulates mitochondrial localization basally or during stress is unknown. Interestingly, 

GRK2 mitochondrial localization can be enhanced with Ser670 phosphorylation. Whether 

there is cross talk between Ser670 and Cys340 sites is yet to be investigated and an 

interesting discussion. It was recently discovered that GRK6 was subjected to S-

nitrosylation in HEK293s and mouse brains, which opens up the possibility of cardiac 

GRK5 also being regulated by S-nitrosylation (Wu et al. 2020).  
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CHAPTER 4 

CONCLUDING REMARKS AND SIGNIFICANCE 

 

4.1 Extended discussion 

The research described within this dissertation comprises of two independent 

studies that aimed to understand GRK2 regulation in HF and aging. Although HF and aging 

may be investigated as separate disorders, the phenotypic similarities between the two 

conditions is overwhelming. In fact, the cardiovascular phenotype that results from either 

HF or aging can be philosophically thought of as one and the same to varying degrees. 

Time-dependent cardiovascular disorder is inevitable with aging, even in individuals 

without overt disease, making it difficult to distinguish between age and disease (Lakatta 

2018). The source of cardiac stress in HF may be overtly identified ie hypertension, MI, or 

coronary artery disease. In aging, the source of cardiac stress is the overall progressive 

molecular disorder that negatively impacts the heart diffusely and gradually over time. 

Regardless of whether the source of stress was CVD or aging, the resulting responses that 

the heart undergoes is similar. Both HF and aging promote cardiac hypertrophy, no doubt 

contributed by the continuous loss of cardiomyocytes in both conditions. In congruence 

with increased heart size is increased wall thickness and LV chamber dilation. Increased 

collagen deposition interstitially and perivascularly promote cardiac and vascular 

stiffening and dysfunction in both disorders. Classical isoform switching, aMHC to 

bMHC,  and other sarcomere-based alterations observed in HF is also observed in aging, 

which contributes to contractile deficiencies observed along with reduced Ca2+ cycling 
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(Carnes et al. 2004; Froehlich et al. 1978; O'Neill et al. 1991). Increased neurohormonal 

(ie RAAS and sympathetic) and inflammatory signaling are both key in driving HF and 

aging development (Dick and Epelman 2016; Strait and Lakatta 2012). Understanding 

these age-associated molecular changes in the cardiovascular system may be the key in 

developing innovative HF therapeutics and understanding HF development on a broader 

scale. Further, Classical anti-aging strategies have been employed experimentally to 

improve heart failure outcomes in animal models, such as the Koch lab as shown with 

chronic caloric restriction (de Lucia et al. 2018b). Thus the molecular pathways activated 

during disease and aging share substantial overlap.  

Although miR-181a and GRK2 were only discussed in the first project related to 

HF, this axis may play a relevant role in cardiac aging and senescence that has not been 

explored that will also contribute to heart failure. Based on the literature miR-181a and 

GRK2 pathways may converge at the level of sirtuin (SIRT) 1. SIRT1 belongs to a family 

of SIRT proteins that are classically nicotinamide adenine dinucleotide (NAD+) -

dependent deacetylases, though they possess ADP-ribosyltransferase activity as well. They 

play essential roles in protecting against cellular senescence, with SIRT1 being the most 

characterized (Lee et al. 2019). Through deacetylating effector proteins, such as FOXO 

transcription factors, SIRTs may promote DNA damage repair, mitochondrial function, 

fatty acid oxidation, and inhibit inflammation (Kida and Goligorsky 2016; Lee et al. 2019).  

There is growing evidence that GPCRs play roles in cellular senescence, which may 

not be surprising considering the vast intracellular signaling pathways they initiate, 

including GRKs (Santos-Otte et al. 2019). GRK2 downregulation was required for G2/M 
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progression, and elevation of GRK2 expression during the G2/M checkpoint prolonged the 

cell cycle (Penela et al. 2010b). Despite evidence on its role in regulating the cell cycle, 

GRK2’s role in senescence has not been directly explored but it is likely to play a role. 

GRK2 has been reported to be reduced in UV-senescence induced fibroblasts to contribute 

to reduced protein translation (Yang et al. 2019a). FOXO1, a known SIRT1 target, was 

shown to positively regulate GRK2 transcription during high glucose in H9c2 cells to 

inhibit proliferation and promote apoptosis (Yang et al. 2019a; Yang et al. 2019b). 

Although Yang et al did not assess the role of SIRT1 in response to high glucose, other 

have studies have characterized SIRT1-mediated deacetylation of FOXO1 to promote or 

inhibit its transcriptional activity (Sin et al. 2015). MiRs may also be dysregulated during 

aging and senescence, just as during disease (de Lucia et al. 2017). MiR-181a is no 

exception. Although there is not a comprehensive understanding of how miR-181a 

expression changes with age, it has been reported to be reduced in skeletal muscle (Soriano-

Arroquia et al. 2016), serum (Noren Hooten et al. 2013), and T-cells (Ye et al. 2018). In 

skeletal muscle, miR-181a was shown to directly target SIRT1 to negatively regulate 

myotube diameter (Soriano-Arroquia et al. 2016). MiR-181a targeting of SIRT1 has not 

been explored in cardiomyocytes or other cardiac cell types, but it has been shown in 

granulosa cells (Zhang et al. 2017). In granulosa cells, miR-181a also silences SIRT1 

expression to cause FOXO1 nuclear translocation from its acetylation, causing apoptosis. 

As discussed GRK2 expression can induce cardiomyocyte apoptosis after I/R injury 

(Brinks et al. 2010). Thus it would be of interest to see how miR-181a, SIRT1, FOXO1, 

and GRK2 interact in cardiomyocytes in aging and heart disease. Loss of miR-181a during 
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pressure overload-induced HF could contribute to the increase both SIRT1 and GRK2 

protein expression observed. These alterations in SIRT1 and GRK2 by miR-181a could 

have implications in regulating cardiomyocyte hypertrophy and apoptosis. Due it 

potentially being downstream of SIRT1 and FOXO1, this further supports GRK2 being 

involved in senescence and aging. This represents an exciting topic of research that 

demands investigation.    

The overarching theme of these investigations is to highlight the impact of GRK2 

in HF prognosis and GRK2 inhibition in improving HF outcome in patients. GRK2 

inhibition not only improves cardiac function in animal models of HF, but also fibrosis, 

cardiomyocyte apoptosis, and endothelial dysfunction-making its therapeutic efficacy 

multifactorial. These characteristics have driven the decades long endeavor to develop 

GRK2 therapies for use in the clinic. The clinical trial titled “Measuring G Protein-coupled 

Receptor Kinase-2 (GRK2) in the Blood to Diagnose and Treat Heart Failure patients” 

(NCT00419965) in 2007 confirmed that GRK2 protein levels analyzed from blood samples 

from HF patients positively correlated with CV mortality and all-cause mortality (Rengo 

et al. 2016). Pre-clinical delivery of bARKct in large animal models has proven it’s not 

only safe, but efficacious in ameliorating cardiac function in HF (Katz et al. 2012; Raake 

et al. 2013). Additionally, due to paroxetine’s success in mouse model of MI (Schumacher 

et al. 2015), a Phase II clinical trial (NCT03274752) to assess its ability to reduce cardiac 

remodeling after MI has been initiated in 2017 and is actively recruiting. Research on 

optimizing paroxetine’s targeting of GRK2 is ongoing to produce more robust inhibition 
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(Bouley et al. 2020). These progressions show immense promise for anti-GRK2 therapy 

for not only improving HF outcomes but improving patient quality of life.  
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