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ABSTRACT 

 

JIAN PENG TEOH and IL-MAN KIM 

β-adrenergic receptor/β-arrestin-mediated microRNA maturation regulatory network: A 

new player in cardioprotective signaling 

 (Under the direction of IL-MAN KIM) 

          Chronic treatment with the β-blocker carvedilol (Carv) has been shown to reduce 

established maladaptive left ventricle (LV) hypertrophy and to improve LV function in 

experimental heart failure. However, the detailed mechanisms by which carvedilol 

improves LV failure are poorly understood. We previously showed that carvedilol is a β-

arrestin-biased β1-adrenergic receptor ligand, which activates cellular pathways through 

β-arrestins in the heart independent of G protein-mediated second messenger signaling, a 

concept known as biased signaling.  

Here, we sought to (i) identify the effects of Carv on LV gene expression on a 

genome-wide basis and (ii) investigate whether Carv could regulate novel miR 

expression/biogenesis, thereby providing a novel mechanism for its cardioprotective 

effects. Gene expression profiling analysis revealed that subsets of genes are 

differentially expressed after Carv treatment. Further analysis categorized these genes 

into pathways involved in tight junction, cardiac response to malaria, viral myocarditis, 

glycosaminoglycan biosynthesis, and arrhythmogenic right ventricular cardiomyopathy 

(ARVC). Genes encoding proteins in the tight junction, malaria, and viral myocarditis 



 

 

 

 

vii 

pathways were upregulated in the LV by Carv, while genes encoding proteins in the 

glycosaminoglycan biosynthesis and ARVC pathways were downregulated by Carv.  

In addition, our findings also revealed that Carv indeed upregulates 3 mature miRs, 

but not their pre-miRs and pri-miRs, in a β-arrestin1/2-dependent manner. Interestingly, 

Carv-mediated activation of miR-466g or miR-532-5p, and miR-674 is dependent on 

β2AR and β1AR, respectively. Mechanistically, β-arrestins regulate maturation of 3 

newly identified βAR/β-arrestin-responsive miRs (β-miRs) by associating with The Dicer 

Complex as well as two RNA binding proteins (hnRNPK and dyskerin) on three pre-

miRs. Cardiac cell approaches uncover that β-miRs act as gatekeepers of cardiac cell 

function by repressing deleterious targets. Our findings indicate a novel role for βAR-

mediated β-arrestin signaling activated by Carv in miR maturation, which may be linked 

to its protective mechanism. Altogether, our findings indicate that (i) the gene expression 

changes may reflect the molecular mechanisms that underlie the functional benefits of 

Carv therapy and (ii) the novel role for βAR-mediated β-arrestin signaling activated by 

Carv in miR maturation, which may be linked to its protective mechanism. 
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I. INTRODUCTION 

 This study focused on the usage of β-blocker Carv, as a tool, to investigate its 

clinical properties in the modulation of cardiac gene expression, and to further identify 

previously known and unknown roles of signaling pathways, in order to effectively 

dissect on the beneficial signaling pathways. The study will also highlight the 

involvement of novel miRs dependent on β-arrestins, and their roles to modulate 

cardioprotective signaling in cardiac cells. An overview of β-blockers, and the literature 

concerning heart failure and miRNAs are given below, followed by detailed descriptions 

of miRNA biogenesis and functions in heart diseases.       

 

Heart Failure 

 Heart failure (HF), is an increasing, common disorder that is generally 

characterized by symptoms (e.g. fatigue, palpitations, anorexia, and breathlessness) 

accompanied with signs (e.g. increased left or right atrial pressure, peripheral edema, and 

left ventricular dilatations), which is often influenced by functional or structural cardiac 

abnormalities, that indirectly reduce cardiac output or increase intra-cardiac pressure at 

rest or during insult (1). HF after acute myocardial infarction follows a paradigm of failed 

heart regeneration. Briefly, after the occlusion of one or more coronary arteries, ischemic 

death of cardiomyocytes happens within hours. At this point, the release of pro-

inflammatory cytokines, the invasion of neutrophils, and the recruitment of monocytes 

from the spleen will be triggered by cardiomyocyte injury and death (2). Although 

surgical intervention methods such as primary percutaneous coronary intervention can 
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salvage the injured myocardium, oxidative stress accrued within the short period of 

ischemia can exacerbate cardiomyocyte death. Furthermore, even after reperfusion, 

accumulating thrombotic and plaque debris, accompanied by endothelial damage, could 

lead to microvascular obstruction (MVO), a phenomenon still found in up to 50% of the 

HF patients (3). Moreover, the presence of inflammation can cause further infarct 

expansion at the border zones, contributing to a larger infarct size. In order to attenuate 

the expansion of infarct size, a transition from inflammation to repair will be initiated, 

where the transactivation of fibroblasts into myofibroblasts, to deposit collagen matrix 

will happen, that leads to eventual scar formation (4).  

 With the formation of scar tissue, the remodeling of the injured left ventricle will 

ensues over the following weeks to months, which involve ventricular dilatation, scar 

thinning and activation of interstitial fibrosis (5, 6). As a consequence, reduced cardiac 

output may follows and subsequently initiate the activation of neurohormonal systems in 

order to maintain the blood circulation (7). The discharge of angiotensin II, aldosterone 

and catecholamine will lead to sodium and fluid retention, increased blood pressure 

through vasoconstriction and excessive cardiac work (8). These adaptive mechanisms are 

initially compensatory, but as time progresses, and if left untreated, will become 

maladaptive, by causing fluid overload, myocardial hypertrophy and gradual 

cardiomyocyte death, which leads to further decline in ventricular function (9, 10).  

 It is also commonly understood that patients suffering from HF usually have poor 

prognosis, with high rates of re-admission and mortality. This is because pathophysiology 

of HF is progressive, where the start of reduced ejection fraction caused by multiple risk 

factors (e.g. coronary artery disease, diabetes, exposure to cardiotoxic agents such as 
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alcohol, family history, and hypertension), proceed rapidly and develop into myocardial 

dysfunction, and consequently became end-stage HF as the time progresses (11). Since 

HF is a dominant public health concern, which affects approximately more than 5 million 

Americans, it attracts astronomical amounts of payments for healthcare, estimated to be 

over $30 billion annually, and is projected to surge as the population ages (12). However, 

despite the advancement in clinics, HF remains the number one cause for hospital 

admissions (12). Multiple pharmacological agents have hence been developed to improve 

the clinical outcomes, which include beta-blockers, angiotensin converting enzyme 

(ACE) inhibitors or blockers, and aldosterone antagonists, by treating and limiting the 

progression of HF in patients.  

 Substantial benefits can be gained if HF can be identified early by improving 

early salvage, lessening micro-vascular obstruction (MVO) occurrences, and further 

inhibition of maladaptive mechanisms. However, novel approaches are required to 

address the fundamental issues of cardiomyocyte death. Despite the numerous efforts by 

multiple pharmaceutical companies into the development of HF therapies, current 

therapeutic agents to prevent or delay the progression of HF remained limited. Although 

limited, current therapies including neurohormonal antagonists such as angiotensin-

converting enzyme (ACE) inhibitors (ACEi), angiotensin receptor blockers (ARBs), and 

beta-blockers (BBs) as well as aldosterone antagonists have been shown to improve 

clinical outcomes in patients.   

 For example, the use of pharmacological agents to target the renin-angiotensin-

aldosterone system (RAAS) had been shown to improve exercise tolerance, ejection 

fraction (EF) and overall heart function. It is reported in a systematic review, which had 
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evaluated the effect of ACEi on LV capacities and EF in MI patients and in patients with 

LV dysfunction, that an improvement in LVEF in both short- and long-term treatments 

were observed with the use of ACEi (13). Since another common cause of HF is coronary 

artery disease, where the arteries that supply blood to heart muscle become hardened and 

narrowed, due to the build-up of plaque (atherosclerosis) formed by cholesterol and 

lipids, the use of pharmacological agents Hydroxymethylglutaryl CoA reductase 

inhibitors (statins) as an adjunctive HF treatment has been introduced. Statins have been 

found to promote nitric oxide (NO) synthesis and subsequently improve endothelial 

function (14). Due to these endothelial effects, statins can improve autonomic function, 

reverse myocardial remodeling, and inhibit the production of inflammatory cytokines and 

chemokines (14-16).  

 Aside from statins, digoxin, a cardiac glycoside, has been widely used to treat HF. 

In particular, it has been reported that digoxin can exert favorable hemodynamic 

implications in patients with reduced LV function and abnormal heart rhythm, by 

increasing EF and reducing the pulmonary capillary wedge pressure, to functionally 

increase cardiac output both at rest and during exercise (17-19). In addition, it has been 

suggested that xanthine oxidase (XO) inhibitors may have beneficial effects as potential 

antioxidant-based HF treatments. Accumulating evidence gathered from multiple 

previous studies have indicated a pathophysiological role of XO metabolic pathways in 

HF (20-22). In short, XO inhibitor will inhibit the production of uric acid and superoxide 

during purine catabolism through oxidation of hypoxanthine and xanthine, thus inhibiting 

vascular dysfunction.  
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β-Blockers 

  Since beta (β) adrenergic receptors (βARs) are found abundantly expressed in 

heart muscle, conventional therapy, such as β-blocker, has been developed. β-blockers, 

among other known HF medications, are well-appreciated as they can lead to reduced 

mortality and morbidity in patients with HF (23). There is solid evidence that treatment 

with β-blockers improves HF symptoms, LV function and survival primarily through the 

reversal of the neurohumoral effects caused by the sympathetic nervous system with clear 

improvements on LVEF (24). There are two different types of β-blockers, which are 

categorized into selective or non-selective β-blockers. Among β-blockers that are 

identified, β-blockers such as bisoprolol, metoprolol, carvedilol (Carv), and nebivolol, 

have been extensively studied to treat systolic heart failure.  

 In particular, Carv stands out as one of the most promising β-blockers and its use 

in HF therapy has been backed by evidence reported in numerous previous studies.  In 

one clinical trial with HF patients of ischemic etiology, a year-long Carv therapy has 

been shown to result in a 5.8% increase of EF (25). Moreover, another separate clinical 

study also indicated that β-blocker treatments in HF patients for a period of 3 months was 

associated with a mean increase of 11% in EF (26). Another meta-analysis, which 

compared Carv and metoprolol on LVEF in HF, has suggested that long-term treatment 

with both agents increased EF, but Carv treatment prevailed as it induced a greater 

therapeutic advantage (27). However, not all previous studies show Carv to be superior to 

other approved β-blockers in HF treatment. In a clinical trial of non-ischemic HF 

patients, treatment using Carv and nebivolol similarly improved EF after 6 months (from 

33 ± 4 to 36 ± 5% and from 34 ± 5 to 37 ± 5%, respectively) (28). Lombardo et al. had 
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also reported similar findings in another separate study investigating the effects of 

nebivolol compared with carvedilol on the LV function in HF patients. After 6 months, 

LVEF was observed to increase in both the nebivolol group (from 34 ± 7 to 38 ± 10%) 

and the Carv group (from 33 ± 6 to 37 ± 11%) respectively with no obvious differences 

between both groups (29). Other clinical trials that were performed in previous studies 

had also highlighted the beneficial effects conferred by these β-blockers (30-34). 

However, the downstream signaling pathways modulated by these β-blockers are still 

poorly understood. Altogether, these evidences suggested that further investigation on 

downstream signaling pathways conferred through these β-blockers is warranted to 

further exploit their therapeutic advantage.   

  

miRNA Biogenesis 

 Recent advances have identified one of the downstream signaling pathways 

modulated through Carv is the activation of non-coding RNAs mediated signaling 

pathways. The discovery of non-coding RNAs (ncRNAs) in the 1960’s has inevitably 

expanded the science of transcriptomics, which revealed that ncRNAs participate in 

diverse cellular processes, including cell proliferation, cell migration, cell survival and 

cell maturation processes (35). Hence, given that accruing evidence have linked ncRNAs 

to multiple cellular processes, ncRNAs could therefore, play critical roles in cell 

regulation, and health and disease progression (35). Due to the significant roles played by 

these ncRNAs in cellular mechanisms and regulation, ncRNAs have gradually received 

much needed attention (36-38). For example, dysregulated expressions of ncRNAs are 

found in various diseases including various cancers and heart diseases (36-38). It is 
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known that protein-coding genes only account for a small part of the human genome, 

where the vast majority of transcripts are comprised of non-coding RNAs (ncRNAs) 

including long ncRNAs (lncRNAs) and small ncRNAs, microRNAs (miRNA or miRs). 

Hence, given their abundance in the genome, ncRNAs such as miRs, can therefore serve 

as novel and promising therapeutic targets.  

 miRNAs, a class of ~22 nucleotide small non-coding RNAs, govern post-

transcriptional repression of target mRNAs. Many roles of miRs in cardiac physiology 

have been reported including the regulation of cardiomyocyte growth, contractility, and 

the maintenance of cardiac rhythm (39). Furthermore, gain- and loss-of-function studies 

of various miRs suggested that aberrant expression of the miRs could be necessary and 

sometimes even sufficient for the pathogenesis of various heart diseases (40, 41), 

pointing towards miRs as new regulatory mechanisms and potential therapeutic targets 

for heart disease to complement pharmacological approaches (39).      

    While functional mature miRNAs exist as single-stranded short nucleotides, their 

biogenesis is tightly regulated. miR biogenesis is regulated in a complex manner, 

involving numerous protein-protein and protein-RNA interactions (42). miRNAs are first 

transcribed by RNA polymerase II, where they can be derived from distinct miRNA-

coding genes or from within the introns of protein-coding genes (43). After transcription, 

primary miRNAs (pri-miRNAs), which retained long stem-loop structures, will then 

undergo cleavage in the nucleus by an RNase-III-type enzyme, Drosha, in order to form 

60-to-70-nucleotide precursor miRNAs (pre-miRNAs). Alternatively, miRNAs derived 

from within the introns of protein-coding genes can bypass Drosha, and form pre-

miRNAs directly through spliceosome-mediated processing (44). Ran GTPase Exportin-5 
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complex will then transport all pre-miRNAs from nuclear pore complexes into the 

cytosol. In cytosol, pre-miRNAs are then further processed by Dicer to generate miRNA-

miRNA duplexes. Then, with the assistance from the enzyme Argonaute 2, miRNA-

miRNA duplexes will dissociate, and the guide RNA strands will remain active, while the 

passenger strands will degrade. However, in some cases, guide and passenger strands will 

both remain active. The formation of RNA-induced silencing complex (RISC) will then 

takes place, which will form mature miRNAs and other additional proteins needed for 

mRNA silencing activity (45). After RISC assembly, mature miRNAs can then bind to 

the 3′ untranslated region (UTR) of mRNAs, 5′ UTR, or the open reading frame (ORF) 

with their complementary seed sequences (46-48). miRNAs then regulate protein 

production either by promoting mRNA degradation or by inhibiting protein translation 

(49).  

Both miR-regulator and miR-target availability, however, often differ among cell 

types, tissues and especially during disease initiation and progression, responding to 

different upstream signaling pathways to activate distinct downstream targets. It is 

understood that miRs are influenced at the transcriptional level by many transcription 

factors, but are also regulated during further downstream steps in which two RNase III 

enzymes, Drosha and Dicer, play dominant roles in the regulation of miR expression. 

Multiple post-transcriptional regulatory mechanisms of miR biogenesis have been 

identified. For example, several proteins including Cyclin D1, EGFR, and MCPIP1 

modulate Dicer-mediated miR maturation (50-52).  

In the event that organs are injured, or in a diseased state, affected cells or tissues 

will release specific subsets, or single specific miRNAs, into blood circulation, altering 
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miRNAs expression in the circulation. These circulating miRNAs can be detected in the 

blood, urine or numerous other body fluids, which further suggested them as suitable 

biomarkers (53). In terms of stability, miRNA biomarkers are remarkably stable since 

they are usually packaged within microvesicles, or bind to RISC protein complex, or are 

packaged into high-density lipoproteins (54). Current technologies have also enabled the 

development of nucleotide-based therapeutics that can either mimic or inhibit miRNA 

expression in vivo. These artificial miRNA mimics or miRNA inhibitors were equipped 

with modifications to the nucleotide backbone, or packaged within microvesicles before 

dosing in order to resist degradation in systemic circulation (55-57). Thus, coupled with 

these aspects, the transformative potential of miRNAs as mechanistic biomarkers and 

therapeutic targets in translational medicine is therefore warranted. 

 

Roles of miRNAs in the heart 

One of the most common major obstacles faced by current drug development and 

the use of many pharmacological agents is the issue in regards to cardiotoxicity, which 

has been hard to predict in preclinical studies (58). It also has been shown that induction 

of cardiotoxicity by targeting cardiomyocytes with miRNAs can give rise to the 

development of coronary heart disease (59). Currently, the established pre-clinical and 

clinical cardiotoxicity biomarkers, which include, but are not limited to, the measuring of 

the electrical efficiency of the heart using electrocardiography, cardiac echography and 

QT interval prolongation assessment using hERG assays. Additionally, methods such as 

cardiac troponin measurements or endomyocardial biopsies have also been used to assess 

cardiac injury (60). However, because the nature of these methods are invasive, there 
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arises a need for alternative methods to detect or access cardiac dysfunction in order to 

prevent or reduce associated risks or complications.  

Thus, miRNAs may serve as the potential alternative method. To date, some 

miRNAs have been documented to change in respond to cardiac injury, where they were 

found to be involved in the mechanisms of cardiomyocyte survival, regeneration, and 

proliferation, which are elucidated as follows. For an example, upon miRNA sequencing, 

miR-34a was identified as one of the miRNAs, that is up-regulated, in serum exosomes 

derived from patients who suffered from HF, showing its potential as a prognostic 

biomarker (61). Furthermore, another miRNA, miR-208a, has been identified as a 

cardiac-specific miRNA, that originates from the intronic region of the gene, that was 

found responsible for the coding of a major protein that regulates myocardial contractility 

in the adult heart, which is known as α-myosin heavy chain (α-MHC) (62). As a result, 

miR-208a is also found involved in the regulation of critical cardiac transcription factors, 

and is required for proper cardiac function (63).  

 Aside from cardiomyocyte cell survival, miRs are also implicated in 

cardiomyocyte regeneration. Briefly, there is short amount of time (approximately 7 days 

or less) after birth, where the heart at this time point can sustain ischemic injury without 

sustained damages, due to the proliferative capacity of cardiomyocytes to facilitate full 

regeneration (64). However, the regeneration mechanisms are silenced after this brief 

period (64). Previous studies have shown that the miR-15 family participated in the 

regulation of this cardiomyocyte regeneration mechanism. Interestingly, the miR-15 

family, in particular, miR-195, has been shown to promote premature cardiomyocyte cell 

cycle withdrawal by targeting checkpoint kinase 1 (Chek1), which was found to be 
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regulating cell progression through G2/M and spindle assembly checkpoints in the cell 

cycle process (65). Later studies had also verified that miRs also have implications in 

cardiomyocytes, pertaining to the regulation of cardiac differentiation and proliferation 

(66). For an example, the miR-17/92 cluster were all found to be expressed differentially, 

where genetical approaches using miR-17/92 knockout mice and other in vitro 

knockdown strategies, have revealed that the cluster can target cardiac progenitor genes 

and subsequently, promote proper myocardial differentiation (67, 68). Taken together, 

miRNA is likely a crucial regulator in maintaining cardiac health, and has the potential to 

be favorable alternative prognostic and diagnostic biomarkers. 

 

β-Adrenergic System in the Heart 

 miRNAs have also been previously found to be modulated by β-adrenergic 

signaling in the heart, which is one of the major signaling pathways, that is tightly 

regulated in the heart to maintain cardiac functions. Chronically elevated activation of the 

cardiac β-adrenergic system has been found to be detrimental to the heart, and contribute 

to the pathogenesis of congestive HF. Treatments such as either β-adrenergic agonists or 

phosphodiesterase inhibitors were used initially to combat HF symptoms, but these 

treatments have been shown to decrease survival of patients with chronic HF, even 

though immediate and long-term hemodynamic benefits are exhibited (69). In addition, 

elevated circulating catecholamines can also lead to reduced activity of cardiac β1-

adrenergic receptors (β1ARs), and thus desensitize the heart to β-adrenergic stimulation, 

which has been observed, both in human HF as well as in several animal models (70). 

These biochemical and physiological changes appear to be mediated by elevated levels of 
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G-protein-coupled receptor kinases (GRKs), such as GRK 2 or 3, in the heart that 

mitigated the responsiveness to catecholamine stimulation (71).  

 Briefly, when GPCRs (e.g. βARs in the heart) bind to their agonist, the receptor 

will stabilize in its active conformation (72), and subsequently stimulate heterotrimeric 

guanine nucleotide-binding regulatory (G) proteins, with its intracellular domains. Upon 

stimulation, these G proteins dissociate into α and βγ subunits, which can modulate the 

activity of one or more effectors (e.g. adenylyl cyclases, phospholipases, 

phosphodiesterases, and ion channels for calcium or potassium) to elicit the cellular 

responses specific to the agonist bound by the receptor. Chronic activation can therefore 

lead to the desensitization of a G protein–coupled signaling system, which can involve 

the receptor, the G protein, and/or the effector, where the resultant effect would be the 

impairments of the receptor’s ability to activate subsequent G protein signaling.  

 With the investigation into the mechanisms responsible for short-term, 

homologous desensitization of the β2-adrenergic receptor (β2AR) and rhodopsin (73), G 

protein–coupled receptor kinases (GRKs) were discovered. Interestingly, even in cells 

genetically lacking cAMP-dependent protein kinase, agonist-induced receptor 

phosphorylation associated with homologous desensitization was found to occur (73, 74). 

G protein–coupled receptor kinases (GRKs), constitute a family of six mammalian 

serine/threonine protein kinases that can phosphorylate agonist-bound, or activated, target 

G protein–coupled receptors (GPCRs) as their primary substrates. The six mammalian 

members of the GRK subfamily of serine/threonine kinases, which have been identified 

thus far, are GRK1 (also known as rhodopsin kinase) (75); GRK2 (also known as β-

adrenergic receptor kinase-1) (76); GRK3 (also known as β-adrenergic receptor kinase-2) 
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(77); GRK4 (also known as IT-11) (78); GRK5 (79, 80); and GRK6 (81). While there are 

GRK subfamilies, not all are ubiquitously expressed. Out of the 6 subfamilies, GRK2, 3, 

5, and 6 are ubiquitously expressed, where GRK1 is exclusively enriched in retina and 

GRK 4 is enriched in testes (75, 78). To further examine how GRKs mediate activation 

of downstream mechanisms, their structures were examined. Generally, GRKs contain a 

centrally located 263–266 amino acid catalytic domain, which is flanked by large amino- 

and carboxyl-terminal regulatory domains. A fair degree of structural homology is also 

observed at the amino-terminal domains of GRKs (∼185 amino acids in size). Thus, it is 

speculated that the amino-terminal domains may perform a common function in all 

GRKs, to initiate receptor recognition (82). However, the carboxyl-terminal domain of 

GRKs differed greatly in both length and structure. For an example, the carboxyl terminal 

of GRK1 is approximately 100 amino acid residues, while the carboxyl terminal of 

GRK1 is approximately 230 amino acid residues. The difference observed in the carboxyl 

region of GRKs results from several posttranslational modifications and regulatory 

protein/protein interactions, where the carboxyl terminal of GRKs appears to be involved 

in the membrane and receptor targeting.  

 Although they may differ structurally, GRKs display several hallmark 

characteristics in function, and they preferentially phosphorylate activated β-adrenergic 

receptor antagonist-occupied βAR substrates. This is because activated GPCRs are 

accompanied by a change in receptor conformation, where GRKs can interact with and 

phosphorylate exposed regions of the receptor following receptor activation (72). 

Besides, it has been found that the participation of regulatory mechanisms responsible for 

membrane localization and receptor targeting are required for GRK-mediated GPCR 
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phosphorylation. GRK2 and 3 are generally found involved in receptor or membrane 

localization, while GRK 5 and 6 have been found to mediate downstream signaling 

pathways. In another separate example, protein kinase C (PKC) mediated 

phosphorylation also appear to be subfamily specific, where this event will lead to the 

activation of GRK2 and inhibition of GRK5(83, 84). Given that the functions of GRKs 

subfamilies differed greatly, their roles in the cardiac β-adrenergic system to modulate 

downstream signaling mechanisms is therefore crucial to proper cardiac functions.   

 

β-arrestins and Biased Signaling 

    Among all downstream mechanisms identified for GRKs, β-arrestin1 and β-

arrestin2 are modulated through phosphorylation of β-adrenergic receptors in the heart. 

Recent success of β-blockers in treating chronic HF is generally explained by their ability 

to block the noxious effects of chronic endogenous sympathetic stimulation of the failing 

heart. β-arrestin1 and β-arrestin2 were initially discovered to desensitize GPCR signaling 

in response to agonist stimulation. However, it is now well-appreciated that β-arrestin can 

also transduce multiple effector pathways independent of G protein signaling when 

receptors are stimulated by certain ligands, a concept known as biased signaling (85-89). 

It has been proposed that GPCRs respond to different ligands much like a barcode reader, 

which responds to different barcodes. In this barcode hypothesis, unbiased and β-arrestin-

biased ligands impart distinct patterns of receptor phosphorylation by specific GPCR 

kinases (GRKs), thus converting ligand-induced conformation of the receptor into 

selective β-arrestin functions (90-92). For example, ligands that promote GRK2/3-

mediated receptor phosphorylation lead to receptor internalization whereas ligands, such 
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as the βAR antagonist (β-blocker) carvedilol (Carv) that promote GRK5/6-mediated 

receptor phosphorylation, stimulate β-arrestin signaling (90-92). Indeed, Carv is one of 

three β-blockers approved for heart failure and has many documented actions including 

antagonism of β1AR, β2AR and α1AR as well as antioxidant effects (93, 94).  

Interestingly, a proteomic analysis assessing the global cellular interactions of the 

G protein-coupled receptor (GPCR) signaling mediators, β-arrestin1 and β-arrestin2, 

identified that β-arrestins interacted with many RNA binding proteins (95), suggesting 

regulatory roles of β-arrestins in miR biogenesis. Our previous studies showed that β-

arrestin1-mediated β1-adrenergic receptor (β1AR) signaling promotes the processing of a 

subset of miRs via a nuclear interaction between β-arrestin1 and the Drosha 

microprocessor complex (96) and that these β1AR/β-arrestin1/Drosha-responsive miRs 

confer cardioprotective effects (97, 98). Besides, others also previously showed that Carv 

also stimulates β-arrestin-mediated βAR cardioprotective signaling without activating G 

proteins, providing an additional mechanism for its clinical efficacy (85, 86). In 

particular, using the β-arrestin-biased ligand Carv, we recently demonstrated a function 

of β-arrestin1 (not β-arrestin2)-mediated β1AR (not β2AR) signaling in miR processing 

(96). However, our understanding of whether β-arrestin-biased βAR signaling regulates 

other steps of miR biogenesis remains limited.
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II. MATERIALS AND METHODS 

Animal Study 

1. Mice 

 We used 8 to 12 weeks old adult C57/BL6 wild-type (WT; Jackson laboratory) 

mice for both Chapter 1 and 2 studies, and genetically modified mice such as β-arrestin1 

knockout (KO), β-arrestin2 KO, GRK5 KO, GRK6 KO, β1-adrenergic receptor (β1AR) 

KO, β2AR KO, β1AR/β2AR double KO (DKO), cardiac-specific transgenic (TG) mice 

overexpressing WTβ1ARs, and cardiac-specific TG mice overexpressing mutant β1ARs 

that lack GRK phosphorylation sites  (GRK−β1AR TG) for Chapter 2 studies. Animal 

research carried out in these studies is handled according to approved protocols and 

animal welfare regulations of Augusta University’s Institutional Animal Care and Use 

Committee.  

 All Animal procedures were performed to conform to National Institutes of 

Health guidelines (Guide for the Care and Use of Laboratory Animals). Carv was 

dissolved in 10% DMSO, and mini-osmotic pumps (Alzet model 2001, DURECT) were 

then filled to deliver at the rate of 19mg/kg/day (which is the maximum dose we can 

administer due to its solubility) for Carv over a period of 7 days (when the relative 

expression levels of several chosen cardiac-enriched miRs and transcripts reached the 

maximum in our time-course experiments from 1 to 7 days of Carv treatment) as 
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previously described (96). In control mice, vehicle (10% DMSO) was used. All used 

mice injected with Carv via mini-osmotic pumps displayed no significant changes in 

cardiac function compared with DMSO controls as described previously (96). Seven days 

after drug administration, all mice were euthanized within 2 hours of each other by 

thoracotomy with 1-4% inhalant isoflurane, and LV tissues were excised and flash-frozen 

in liquid nitrogen for mRNA analysis as decribed previously (96). For Chapter 2 studies, 

all wild-type and KO mice injected with Carv using mini-osmotic pumps displayed no 

cardiac dysfunction and the extensive studies including verification of KO mice have 

been described previously (99-101). 

 

2. Rats 

 One to two days-old Sprague Dawley rats (Envigo) were used for Chapter 2 

studies. Research with animals carried out for this study was handled according to 

approved protocols and animal welfare regulations of Augusta University’s Institutional 

IACUC Committees. All animal procedures were performed to conform to the NIH 

guidelines (Guide for the care and use of laboratory animals). Neonatal rats were 

euthanized by decapitation under anesthesia for cardiomyocyte and cardiac fibroblast 

isolation. 

 



 

 

 

 

18 

Mouse model of myocardial infarction  

 WT mice were subjected to myocardial infarction (MI) as previously published 

(97). Briefly, the mice were anesthetized using 1-3% inhalant isoflurane and placed on a 

heating pad. Animals were intubated and ventilated with medical oxygen using a 

PhysioSuite MouseVentTM ventilator. The left anterior descending (LAD) coronary artery 

was visualized under a stereoscope and ligated using an 8-0 prolene suture. Regional 

ischemia was confirmed by visual inspection under a stereoscope by discoloration of the 

occluded distal myocardium. Sham-operated animals were subjected to the same 

procedure without occlusion of the LAD. One dose of buprenorphine (0.05mg/kg) was 

given subcutaneously immediately after the surgery. Responses to toe/skin pinch, heart 

rate and blood pressure were used for intra- and post-operative monitoring.  

 

Fractionation of cardiac cell types from heart tissues 

 The thorax of animals was opened and the aorta was cannulated. The fractionation 

of highly purified cardiac cell populations was performed as we previously published 

(97). Briefly, the heart together with the cannula was removed and perfused with a 

collagenase solution (Cellutron, Cat#: ac-7031) as described (97). The hearts were then 

minced and filtered through a nylon mesh (200µm pore size). Cardiomyocytes (CMs) and 

cardiac fibroblasts (CFs) were separated by a sedimentation step as described (102). 

Within the non-CM cell fraction retained in the supernatant, an incubation step with 
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CD45-antibodies coupled to microbeads was performed and subjected to magnetic 

affinity cell sorting according to the manufacturer’s recommendations (Mouse CD45 

microbead leukocyte isolation kit, Miltenyi Biotec). An additional incubation step with 

CD45− fraction and CD31-antibodies coupled to microbeads was performed and 

subjected to magnetic affinity cell sorting according to the manufacturer’s 

recommendations (Mouse CD31 microbead endothelial isolation kit, Miltenyi Biotec).  

RNA preparations 

 Total RNA from six independent mouse LVs (3 vehicle controls and 3 Carv-

treated samples) was prepared as described previously (9, 33). RNA quantity and quality 

were measured by NanoDrop ND-1000. RNA integrity was assessed by standard 

denaturing agarose gel electrophoresis. Intact total RNA run on a denaturing gel had 

sharp 28S and 18S rRNA bands. The 28S rRNA band was approximately twice as intense 

as the 18S rRNA band, further confirming that the RNA was intact. mRNA levels were 

validated by custom-designed Taqman PCR array (Applied Biosystems) as described 

below.  

Gene Microarray Analysis  

 The experiments were conducted using the Arraystar Mouse Mi- croarray v2.0 (8 

x 60K, Arraystar) designed for the global profiling of mouse protein-coding transcripts as 
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previously described (103-106). Using the second-generation microarray we detected 

25,376 coding transcripts. Each transcript was represented by a specific exon or splice 

junction probes, which can identify individual transcripts accurately. We also printed 15 

positive probes for housekeeping genes and 20 negative probes onto the array for 

hybridization quality control.  

RNA labeling and array hybridization  

 Sample labeling and array hybridization for six independent LV samples were 

performed according to the Agilent One-Color Microarray-Based Gene Expression 

Analysis protocol (Agilent Technology) with minor modifications. To reduce possible 

bias due to different dyes, we used a single color system as described previously (107, 

108). The Agilent Quick Amp Labeling Kit was used for sample labeling. Hybridization 

was performed in Agilent’s SureHyb Hybridization Chambers. Briefly, mRNA was 

purified from total RNA after removal of rRNA (mRNA-ONLY Eukaryotic mRNA 

Isolation Kit, Epicentre). Then, each sample was amplified and transcribed into 

fluorescent cRNA along the entire length of the transcripts without 3= bias utilizing a 

random priming method.  

 The labeled cRNAs were purified by RNeasy Mini Kit (Qiagen). The 

concentration and specific activity of the labeled cRNAs (pmol Cy3/µg cRNA) were 

measured using NanoDrop ND-1000. We fragmented 1µg of each labeled cRNA by 



 

 

 

 

21 

adding 5µl of 10X blocking agent and 1 µl of 25X fragmentation buffer, and then the 

mixture was heated at 60°C for 30 min. Finally, 25µl of 2X GE hybridization buffer was 

added to dilute the labeled cRNA. We dispensed 50µl of hybridization solution into the 

gasket slide and assembled it to the gene expression microarray slide. The slides were 

incubated for 17 h at 65°C in an Agilent hybridization oven. The hybridized arrays were 

washed, fixed, and scanned with using the Agilent DNA Microarray Scanner (part 

number G2505C).  

Cell culture and transfection 

 HEK293 cell lines stably expressing β1AR and β2AR have been previously 

described (109, 110). The cells were transfected with cDNA of FLAG-β-arrestin1, HA-β-

arrestin1, FLAG-β-arrestin2, HA-β-arrestin2, FLAG-Drosha, HA-Dicer, TRBP, V5-

hnRNAPK or FLAG-dyskerin with LipofectamineTM reagent (Invitrogen). Transfected 

cells were incubated overnight in serum-free MEM medium supplemented with 0.1% 

BSA, 10 mM HEPES (pH 7.4), and 1% penicillin before stimulation. Under serum 

starvation conditions, cells were stimulated with 1 µM Carv for 20 hours as described 

previously (85).   

 The mouse adult atrial cardiomyoblast HL-1 cell line obtained from Dr. 

Claycomb was maintained as previously described (111). The adult mouse cardiac 

endothelial cell (MCEC) line was purchased from Cedarlane (CLU510) and maintained 

according to the company’s recommendation. The cell lines were established from 
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primary cells by transfection with SV40 T antigen and displayed normal CM or CEC 

characteristics and cellular markers. We used multiple batches of the cell lines with 

passage number of 3-5. The primary adult mouse cardiac fibroblasts (AMCFs) were 

purchased from Cell Biologics, Inc (C57-6049) and maintained according to the 

company’s recommendation. Primary neonatal rat ventricular cardiomyocytes (NRVCs) 

and neonatal rat ventricular fibroblasts (NRVFs) were isolated by dissociation of 1- to 2-

day-old Sprague-Dawley rats and were maintained as we published (97). Rod-shaped and 

clearly striated cardiomyocytes were used within 6 hours in all experiments. The cardiac 

fibroblast pellet was maintained in RPMI 1640 medium with 5mM glucose, 10% FBS 

and antibiotics. Non-adherent cells were removed by aspiration after 4 hours and 

discarded. The purity of NRVCs and NRVFs was previously shown by cell type-

dependent gene expression patterns (97).  

 In order to inhibit the expression of miR-466g, miR-532-5p, and miR-674 in 

myocardial cells, we transfected 100nM mirVannaTM miR Inhibitors (Life Technologies) 

specific to miR-466g (MH12523), miR-532-5p (MH11553 for mouse and MH12818 for 

rat), miR-674 (MH11743) and a miR inhibitor negative control (4464076) using 

Lipofectamine™ 2000 reagent (Invitrogen) as described previously (112). For gain-of-

function studies, we transfected the cells with a miR mimic negative control (4464058), 

miR-466g mirVannaTM mimic, miR-532-5p mirVannaTM mimic and miR-674 

mirVannaTM mimic (Life Technologies, MC12523, MC11553 for mouse and MC12818 
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for rat, and MC11743, respectively). All in vitro assays were performed 60-72 hours after 

transfection when maximum knockdown efficiency was reached.  

 

In vitro simulated ischemia/reperfusion (sI/R)  

 Cells plated on coverslips or 6 well plates were transfected with miR inhibitors or 

miR mimics as aforementioned, washed, and placed in an ischemia buffer that contained 

118mM NaCl, 24mM NaH2CO3, 1mM NaHPO4, 2.5mM CaCl2, 1.2mM MgCl2, 20mM 

sodium lactate, 16mM KCl and 10mM 2-deoxyglucose (pH 6.2). Cells were then 

incubated in the anoxic chamber (5% CO2, 0% O2) for 1 hour followed by replacing the 

ischemic buffer with normal cell medium and were incubated under normoxia conditions 

for 4 hours to complete the sI/R protocol as described (113). Coverslips or plates were 

processed for qRT-PCR, immuoblotting, TUNEL staining, wound migration, BrdU 

staining, and tube formation assays as mentioned below. 

 

RNA isolation and quantitative real-time RT-PCR analysis  

 Total RNA from cells and mouse hearts was prepared using Trizol Reagent 

(Invitrogen) and treated with RNase-free DNase I to remove genomic DNA as described 

(114, 115). For detection of mature miRs, the TaqMan MiR Reverse Transcription Kit (a 

highly specific kit that generates only mature miRs, not precursors; ThermoFisher 

Scientific) was used to synthesize cDNA for TaqMan MiR Assays. The following probes 
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were used to amplify and measure the amount of mature miRs by Real-Time RT-PCR: 

miR-467b*, 001671; miR-669p*, 465247_mat; miR-669a-3p, 463964_mat; miR-466f-3p, 

241006_mat; miR-466g, 241015_mat; miR-532-5p, 001518 (mouse) or 002051 (rat); 

miR-671-5p, 197646_mat; miR-676, 001959; miR-674-5p, 002021; miR-208-5p, 

462036_mat; miR-146a, 000468; miR-322, 001059; miR-1-1*, 462049_mat; miR-192, 

000491; miR-1249, 002868; miR-290-5p, 002590; miR-698, 001632; miR-764-5p, 

002031; and U6 snRNA, 001973 for endogenous controls. The following reaction 

components were used for each probe: 2µL cDNA, 10µl 2X TaqMan Universal PCR 

Master Mix (ThermoFisher Scientific), 1µl probe, and 7µl water in a 20µL total volume. 

 Expression of premature miRs was detected using Applied Biosystems Power 

SYBR Green PCR Master Mix with pre-miR primers that were designed based on the 

miRBase database (http://microrna.sanger.ac.uk/sequences/) as successfully used (116). 

The following sense and anti-sense primers were used to amplify and measure the 

amount of premature miRs by Real-Time RT-PCR: mmu-pre-miR-466g, 5'-

GTGTGTGCATGTGGATGTATG-3' and 5'-GTGTGTGCATGTGTCTGTATATG-3'; 

mmu-pre-miR-532-5p, 5'-TTTCTCTTCCATGCCTTGAGT-3' and 5'-

TGGGTGTGGGAGGGTAAT-3'; mmu-pre-miR-674, 5'-

TAGTCATCACCCTGAGCCTT-3' and 5'-CTGTGCATACCTGAGCCTTAC-3' and 

HPRT1 probe, Mm00446969_m1 for endogenous controls. The following reaction 

components were used for each premature miR: 2µL cDNA, 10µl 2X Power SYBR 
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Green PCR Master Mix and 4µl each primer (33pmole/µl) in a 20µL total volume. Real 

time PCR Reactions were amplified and analyzed in triplicate using an ABI Sequence 

Detection System as described previously (115).  PCR reaction conditions were as 

follows: Step 1: 50°C for 2 minutes, Step 2: 95°C for 10 minutes, Step 3: 40 cycles of 

95°C for 15 seconds followed by 60°C for 1 minute. Expression relative to endogenous 

controls was calculated using 2−ΔΔCt and levels were normalized to control. We performed 

at least six independent experiments in triplicate using different batches of RNAs each 

time. 

 

Immunoprecipitation, immunoblotting, and detection   

 Following stimulation with Carv, cells were washed once with 1X PBS, 

solubilized in 1ml of lysis buffer (5mM HEPES, 250mM NaCl, 10% glycerol, 0.5% 

Nonidet P-40, 2mM EDTA, and protease inhibitors) for whole cell lysates as previously 

described (85). Prior to immunoprecipitation, 25µl of lysates was aliquoted into a 

separate tube for protein estimation. Immunoprecipitation was carried out as previously 

described (99, 117). Immunoprecipitates or lysate samples were resolved by SDS-PAGE 

and transferred to PVDF (Bio-Rad) for immunoblotting. β-Actin, FLAG, or HA 

immunoblotting was carried out using monoclonal antibodies at dilutions of 1:5,000 each 

(Sigma-Aldrich) as previously described (85). TRBP (rabbit, ab180947, Abcam), 

dcun1d4 (rabbit, ab75595, Abcam), usp14 (rabbit, ab137433, Abcam), and V5 (mouse, 
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R96025, Life Technologies) antibodies were purchased and were used at dilutions of 

1:1,000 each. Detection was carried out using ECL (Amersham Biosciences).  

 

Cell apoptosis by TUNEL staining  

 DNA fragmentation was detected in situ using TUNEL (118). In brief, cells were 

incubated with proteinase K, and DNA fragments were labeled with fluorescein-

conjugated dUTP using terminal deoxynucleotidyl transferase (Roche Diagnostics). The 

total number of nuclei was determined by manual counting of DAPI-stained nuclei in 6 

random fields per coverslip (original magnification, ×200). All TUNEL-positive nuclei 

were counted in each coverslip. Digital photographs of fluorescence were acquired with a 

Zeiss microscope (ApoTome.2; Carl Zeiss) and processed with Adobe Photoshop.  

 

Wound migration assay  

 Cell migration was detected as previously described (119). In brief, cells were 

plated into Culture-Insert 2 Well in µ-Dish 35 mm (81176, Ibidi) with 1X104 cells for 

each well. Once the cells were confluent, the silicone insert on each dish was removed to 

reveal defined cell-free gap. The medium was replaced and images were taken at 0, 8, 12 

and 24 hours. Subsequently, the distance between cell fronts was quantified in three wells 

of each group using Image J software. Initial open areas (0 hour) were measured to serve 
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as total open area, and the percentage of open area after indicated time points was 

calculated to determine the cell’s migrative potential. 

 

Bromodeoxyuridine (BrdU) proliferation assay  

 Cell proliferation was detected in situ using BrdU as described (111). In brief, 

cells were labeled with BrdU for 2 hours, and then fixed with ethanol and immunostained 

for BrdU incorporation using the BrdU-Labeling and Detection kit II (Roche 

Diagnostics) according to manufacturer's recommendations. The total number of nuclei 

was determined by manual counting of DAPI-stained nuclei in 6 random fields per 

coverslip (original magnification, ×200). All BrdU-positive nuclei were counted in each 

coverslip. Digital photographs of fluorescence were acquired with a Zeiss microscope 

(ApoTome.2; Carl Zeiss) and processed with Adobe Photoshop.  

 

In vitro tube formation assay 

 Tube formation was detected using the Matrigel matrix (354230, Corning) as 

described (120). In brief, cells were harvested and 2X104 cells were seeded on top of 

Matrigel-coated 96 well plates. After 2 to 4 hours, images were taken for each well to 

observe and to quantify in vitro tube formation. The images were then analyzed using 

Wimasis software (Onimagin Technologies SCA).  
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In silico miR target prediction analysis 

 We used several prediction algorithms based on evolutionary conservation of 

target sites across species including miRwalk, miRanda, DIANA-microT-CDS, and 

Targetscan (121-123). Each of these algorithms predicts hundreds of possible targets for 

miR-466g, miR-532-5p, and miR-674. We focused on the targets important for 

deleterious signals that were predicted by at least three prediction programs. 

 

Statistical analysis.   

 Data are expressed as mean ± SEM from at least six independent experiments 

with different biological samples or mice per group. Statistical significance was 

determined by using two-way ANOVA for 2 variables, one-way ANOVA with 

Bonferroni correction for multiple comparisons or Student unpaired t-tests (GraphPad 

Prism version 5). Fisher’s exact test was also used to calculate significance. A P value 

<0.05 was considered statistically significant.
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III. RESULTS 

 

Chapter 1: Identification of gene signatures regulated by carvedilol (Carv) in  

                   mouse heart 

1. Carv Induces the Expression of a Relatively Small Number of Genes in Mouse 

LVs 

  To identify if the β-arrestin-biased agonist and β-blocker Carv (10, 34) is capable 

of regulating specific cardiac-enriched gene expression, gene microarray profiling was 

performed in mouse LVs following DMSO (vehicle) or Carv treatment. Eight to 12 

weeks old wild-type mice were infused with 10% DMSO (10g/100mL) (124) or Carv 

(19mg/kg/day) (124). Using 10% DMSO as vehicle control, we observed no 

abnormalities in cardiac function or hemodynamic parameters when compared against 

untreated WT mice in our previous study (124). We have managed to profile a total of 

25,376 mouse genes, and among them, 49 genes were found up-regulated (Figure 1, 

Figure 2, and Table 1), while 34 genes were found down-regulated (Figure 1, Figure 2, 

and Table 2) through Carv treatment. We further validated key gene expression changes 

with real-time PCR analysis on independent LV samples (Table 1 and 2) using custom-

designed Taqman PCR arrays. Thus, we have validated that Carv can regulate gene  



 

 

 

 

30 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 
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Figure 1. Gene array analysis in mouse hearts.   

WT mice were infused with 10% DMSO (10g/100mL) or carvedilol (Carv) [19mg/Kg/day] for 7 days by 

using micro-osmotic pumps in consistent with our previous study (124). Microarray experiments were 

performed in mouse left ventricles. The heat map represents mRNA expression values in two conditions 

(DMSO vs Carv). The expression level was visualized via colors. The dendrogram shows the relationships 

among the expression levels of samples. Hierarchical clustering was performed based on "differentially 

expressed mRNAs". Red indicates high relative expression and green indicates low relative expression. 

Significance was calculated using Fisher’s exact test with the value of p<0.05 as significant (n=3 per 

group).  
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Figure 2 
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Figure 2. Volcano plot analysis of differentially expressed mRNAs.  

Volcano Plots are constructed using fold-change values and false discovery rate (FDR) values, allowing to 

visualize the relationship between fold-change and statistical significance (which takes both magnitude of 

change and variability into consideration). The vertical lines correspond to 1.5-fold up and down and the 

horizontal line represents a FDR value of 0.05. So the red box in the plot represents the differentially 

expressed mRNAs with statistical significance (n=3 per group).  
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Seqname GeneSymbol Microarray Real-time PCR 
    (Carv/DMSO)  Fold Change 
NM_133186 Steap3 16.08 0.88 
NM_011315 Saa3 14.51 9.6** 
NM_023220 Sppl2a 7.29 0.97 
NM_016768 Pbx3 6.69 0.86 
NM_025706 Tbc1d15 6.47 0.96 
NM_016875 Ybx2 6.45 0.88 
NM_011091 Pira4 6.03 2.11* 
NM_011088 Pira11 6.01 1.79* 
NM_011331 Ccl12 4.45 2.61* 
NM_001159567 Meis2 4.2 0.96 
NM_001177417 Gm6792 4.12 UD 
NM_001164329 Gm6904 3.88 0.69 
NM_008624 Mras 3.87 0.9 
NM_175273 Fam219b 3.7 0.88 
NM_001115085 Tssc4 3.67 0.86 
NM_001199940 Serpina3i 3.57 4.96** 
NM_011094 Pira7 3.47 1.64* 
NM_026405 Rab32 3.45 1.2 
NM_027118 Cdk13 3.4 0.96 
NM_030729 Nckipsd 3.35 0.92 
NM_207245 Zfp870 3.35 0.95 
NM_008933 Prm2 3.34 UD 
NM_021895 Actn4 3.31 0.77 
NM_011116 Pld3 3.24 0.93 
NM_001167913 Smok2b 3.24 UD 
NM_001178012 Sfxn3 3.14 0.71 
NM_026136 Gm3404 2.92 UD 
NM_011250 Rbl2 2.91 0.81 
NM_001142337 Lmo2 2.9 0.87 
NM_207659 Hook3 2.74 0.88 
NM_001085419 Gm13102 2.71 2.03* 
NM_207671 Zfp318 2.62 0.88 
NM_009879 Ift81 2.51 0.86 
NM_177191 Sycp2 2.38 0.82 
NM_153778 Atoh8 2.36 0.74 
NM_026573 Upf3b 2.34 1.17 
NM_027980 2310003H01Rik 2.32 0.84 
NM_146331 Olfr954 2.27 UD 
NM_001033245 Hk3 2.25 1 
NM_134065 Epdr1 2.21 0.91 
NM_028009 Rpusd1 2.21 0.9 
NM_080728 Myh7 2.16 2.09** 
NM_021398 Slc43a3 2.1 0.82 
NM_026644 Agpat4 2.1 0.73 
NM_026909 Thap7 2.09 1.23 
NM_080448 Srgap3 2.04 1.07 
NM_023292 Pus3 2.04 0.85 
NM_008277 Hpd 2.01 2.70* 
NM_011144 Ppara 2.01 0.81 

 

Table 1 
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Table 1. Genes differentially upregulated in Carvedilol (Carv)-treated mouse hearts. 
The expression of genes identified by microarray analysis (Figure 1) was verified by using real-time RT-

PCR analysis. Fold change values represent mean of expression levels from three (microarray) or six (real-

time PCR) independent mice per group. Red color means that those genes are significantly upregulated by 

carvedilol (Carv) compared to vehicle control (DMSO) in both microarray and real-time PCR analyses. 

Treatments were given as indicated in Figure 1 and 2 consistent with our previous study (124). UD: 

undetectable. *, P < 0.05 vs. DMSO; **, P < 0.01 vs. DMSO. 
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Seqname GeneSymbol Microarray Real-time PCR 

    (Carv/DMSO) Fold Change 

NM_001159627 Heph 0.24 0.9 

NM_178671 Ubxn10 0.29 UD 

NM_001136068 Klrc1 0.31 1.3 

NM_001025435 BC053393 0.32 UD 

NM_178655 Ank2 0.37 0.87 

NM_001044697 Zfp2 0.38 0.92 

NM_175408 Tmem139 0.38 1.12 

NM_027728 Enkur 0.38 0.19*** 

NM_023063 Lima1 0.41 0.65* 

NM_178444 Egfl7 0.43 0.64* 

NM_001033382 Cacna2d4 0.43 UD 

NM_026661 Aar2 0.43 0.94 

NM_175280 4930529M08Rik 0.43 0.28*** 

NM_001001650 Prss48 0.44 UD 

NM_029654 Atg2b 0.44 0.94 

NM_009541 Zbtb17 0.44 0.84 

NM_025496 Cdrt4 0.44 0.37* 

NM_029614 Prss23 0.44 0.31* 

NM_001081196 Hnrnpul2 0.45 0.96 

NM_021325 Cd200r1 0.45 1.26 

NM_024474 Col26a1 0.45 0.16*** 

NM_001167879 Gareml 0.45 0.31** 

NM_011097 Pitx1 0.45 UD 

NM_001114179 Slc25a53 0.46 1.41 

NM_177657 D630003M21Rik 0.46 0.51** 

NM_177854 Sertm1 0.47 0.63* 

NM_001163569 Kif9 0.47 0.50* 

NM_028326 Zfp618 0.47 1.05 

NM_001024846 Zfp62 0.48 0.91 

NM_173375 Fam180a 0.48 0.14*** 

NM_019577 Ccl24 0.49 0.52* 

NM_027025 Adora3 0.49 0.56* 

NM_177919 Tceal5 0.49 0.37** 

NM_148944 Chrnb4 0.49 UD 

 

Table 2 
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Table 2. Genes differentially downregulated in carvedilol (Carv)-treated mouse       

               hearts. 
The expression of genes identified by microarray analysis (Figure 1) was verified by using real-time RT-

PCR analysis. Fold change values represent mean of expression levels from three (microarray) or six (real-

time PCR) independent mice per group. Red color means that those genes are significantly downregulated 

by carvedilol (Carv) compared to vehicle control (DMSO) in both microarray and real-time PCR analyses. 

Treatments were given as indicated in Figure 1 and 2 consistent with our previous study (124). UD: 

undetectable. *, P < 0.05 vs. DMSO; **, P < 0.01 vs. DMSO; ***, P < 0.001 vs. DMSO. 
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expression differentially.       

2. Carv-responsive Genes are Ubiquitous in Cells and have Diverse Functions 

 Based on our gene ontology (GO) data analysis, it is understood that these Carv-

responsive genes are widely distributed in the cell. The breakdown of subcellular 

localization and cellular component analysis of up-regulated genes (Figure 3A and B), 

and down-regulated genes (Figure 3C and D) indicated that these Carv-responsive genes 

are ubiquitously expressed in cells. To dissect the functional scope of Carv, we next 

grouped the identified Carv-responsive genes according to their GO biological and 

molecular functions. We found that up-regulated genes generally coded for proteins were 

involved in cellular and metabolic processes (Figure 4A and B), as well as protein and 

nucleic acid binding (Figure 5A and B), while down-regulated genes were found highly 

involved in metabolic processes (Figure 4C and D) as well as binding and catalytic 

activities (Figure 5C and D). Based on these observations, we speculate that Carv may 

regulate metabolic processes to confer its function. Interestingly, our findings coincide 

with previous proteomic profiling study of cellular response to Carv in vascular smooth 

muscle cells (33), where majority of differential expression (DE) proteins were metabolic 

proteins. Thus, this supports our hypothesis that Carv can regulate metabolic processes.  

 From the data analysis, we have also identified numerous other associated 

functions including multicellular organismal processes, nitrogen, nucleobase-containing 

compound metabolic processes, developmental processes, positive regulation of 

biological processes, cellular component organization or biogenesis  (Figure 4), metal  
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Figure 3 



 

 

 

 

40 

Figure 3. Cellular component (CC) analysis of differential expression (DE) genes.  

The upregulated (A, B) or downregulated (C, D) genes by Carv compared against DMSO treated group 

(n=3 mice per group) were classified by CC by the Gene Ontology (GO) classification system. Fisher’s 

exact test is used to find if there is more overlap between the differential expression (DE) list and the GO 

annotation list than would be expected by chance. The P value denotes the significance of GO terms 

enriched in the DE genes. The top 10 terms with the lowest P value are shown as bar plots. A or C: 

Enrichment Score, the GO ID’s enrichment score value, and it equals [-log10(P value)], was used to show 

significance in respective GO terms for ranking purposes from top to bottom (highly significant to less 

significant). B or D: Fold Enrichment, the GO ID’s fold enrichment value, and it equals 

(Count/Pop.Hits)/(List.Total/Pop.Total). Pop. Hits, the number of background population genes associated 

with the listed GO ID. List. Total, the total number of DE genes. Pop. Total, The total number of 

background population genes.  
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Figure 4 
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Fig. 4. Biological process (BP) analysis of DE genes.  

The upregulated (A, B) or downregulated (C, D) genes Carv compared against DMSO treated group (n=3 

mice per group) were classified by biological processes (125) by the gene ontology (GO) classification 

system. Fisher’s exact test is used to find if there is more overlap between the differential expression (DE) 

list and the GO annotation list than would be expected by chance. The P value denotes the significance of 

GO terms enriched in the DE genes. The top 10 terms with the lowest P value are shown as bar plots. 

Enrichment Score, the GO ID’s enrichment score value, and it equals [-log10(P value)], was used to show 

significance in respective GO terms for ranking purposes from top to bottom (highly significant to less 

significant). Fold Enrichment, the GO ID’s fold enrichment value, and it equals 

(Count/Pop.Hits)/(List.Total/Pop.Total). Pop. Hits, the number of background population genes associated 

with the listed GO ID. List. Total, the total number of DE genes. Pop. Total, The total number of 

background population genes.  
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Figure 5 
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Figure 5. Molecular function (MF) analysis of differential expression (DE) genes.  

The upregulated (A, B) or downregulated (C, D) genes Carv compared against DMSO treated group (n=3 

mice per group) were classified by molecular function (MF) by the Gene Ontology (GO) classification 

system. Fisher’s exact test is used to find if there is more overlap between the DE list and the GO 

annotation list than would be expected by chance. The P value denotes the significance of GO terms 

enriched in the DE genes. The top 10 terms with the lowest P value are shown as bar plots. Enrichment 

Score, the GO ID’s enrichment score value, and it equals [-log10(P value)], was used to show significance 

in respective GO terms for ranking purposes from top to bottom (highly significant to less significant). Fold 

Enrichment, the GO ID’s fold enrichment value, and it equals (Count/Pop.Hits)/(List.Total/Pop.Total). Pop. 

Hits, the number of background population genes associated with the listed GO ID. List. Total, the total 

number of DE genes. Pop. Total, The total number of background population genes.  
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ion binding, cation binding, transcription factor activity, hydrolase activity, and protein 

dimerization activity (Figure 5). Interestingly, our finding in Figure 5A and B, which 

revealed the positive regulations of nucleic acid binding, DNA binding, sequence specific 

DNA binding RNA polymerase II transcription activity, and phosphatidylinositol-3, 5-

biphosphate binding induced by Carv, may underlie the mechanism in a previous study 

compared between Carv and metoprolol [another beta-blocker, used clinically to protect 

the heart (31)]. Only Carv significantly enhanced Serca2 gene transcription under 

oxidative stress, through two Sp1 sites in the Serca2 gene promoter region.  Hence, our 

result (Figure 5A and B) and previous finding together indicate that Carv can specifically 

regulate gene transcription. Thus, it is conclusive that Carv is involved in a plethora of 

cellular processes in various cellular compartments.  

3. Carv Regulates the Expression of Genes Involved in Tight Junction, Malaria 

Infection, Viral Myocarditis, Glycosaminoglycan Biosynthesis, and ARVC 

 Because we observed that Carv can specifically regulate gene transcription 

(Figure 5), we next investigated the potential involvement of signaling pathways, which 

can be modulated through Carv-responsive genes. Our signaling pathway analysis using 

Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathway classification 

system further demonstrate that up-regulated genes are involved in tight junction, malaria 

response and viral myocarditis pathways (Figure 6A), while down-regulated genes are 

associated with glycosaminoglycan biosynthesis and ARVC (Figure 6B). Specifically, in 

both microarray and real-time PCR verification data, the expression of genes involved in 
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tight junction (e.g. myh7), response to malaria infection (e.g. ccl12 and itgb2), and viral 

myocarditis (e.g. itgb2 and myh7) are increased after Carv treatment (Table 1). Likewise, 

in both microarray and real-time PCR verification data, the expression of genes involved 

in glycosaminoglycan biosynthesis keratan sulfate (e.g. chst1 and chst2) and ARVC (e.g. 

cacnb1 and ctnna2) are decreased after Carv treatment (Table 2). In agreement with our 

studies, Carv has been shown to attenuate the downregulation of fatty acid and glycolytic 

enzyme encoding genes in pressure-overload-induced hypertrophy rats (126). This 

indirectly suggests that metabolic enzyme-encoding genes can be regulated through Carv 

therapy, which concur with our results. Altogether, our data indicate that Carv can 

modulate the expression of a subset of genes, impacting its signaling pathways, which 

regulate cardiac cell metabolism and functions.        
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Figure 6 
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Figure 6. Signaling pathway analysis of differentially expressed genes.   

Pathway analysis is a functional analysis mapping genes to Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathways. The P value denotes the significance of the Pathway correlated to the conditions (A: 

up-regulated or B: down-regulated in Carv compared to DMSO control (n=3 mice per group)). Enrichment 

Score is the value of the Pathway ID and it equals "-log10(Pvalue)”. The bar plot shows the top five 

enrichment score value of the significant enrichment pathway in mice. 
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Chapter 2: β-arrestin-biased agonism of β-adrenergic receptors regulates Dicer- 

mediated microRNA maturation to promote cardioprotective signaling 

1. Carvedilol (Carv), a β-arrestin-biased βAR ligand, induces the expression of 

miR-466g, miR-532-5p and miR-674 in mouse heart 

 Our previous study suggested that the Carv, a β-blocker used stimulates β-

arrestin-mediated βAR signaling (85, 86, 99), promotes the processing of six miRs (96). 

We also recently showed that three of these Carv-responsive miRs (miR-150, miR-199a-

3p, and miR-214) repress apoptotic genes to confer cardioprotective effects (97, 98). 

Interestingly, others have also shown that these Carv-responsive miRs are 

cardioprotective (113, 127, 128). This led us to further examine whether Carv can 

regulate different subsets of miRs in the heart with different mechanisms. Upon further 

verification analysis of our microarray data (96), we identified an additional three miRs 

(miR-466g, miR-532-5p, and miR-674) among eighteen miRs that we validated using 

QRT-PCR analyses, which were upregulated upon stimulation with the Carv when 

compared to the vehicle (DMSO) control (Table 3 and Figure 7A-C). 

2. Increased levels of three newly identified miRs elicited by β-arrestin-biased βAR 

stimulation require β-arrestin1/2 or GRK5/6 

We next tested, using global genetic knockout (KO) mouse hearts (β-arrestin1 & 

2 or GRK5 & 6 global KO), whether β-arrestin signaling and GRK5/6 phosphorylation  
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Table 3 

MicroRNA name  

Microarray  Real-time PCR 

(Carv/DMSO) Fold change 

mmu-miR-467b*  9.6 0.46 ± 0.11 

mmu-miR-669p* 8.38 0.80 ± 0.18 

mmu-miR-669a-3p 8.17 0.74 ± 0.17 

mmu-miR-466f-3p 6.47 3.81 ± 2.39 

mmu-miR-466g 5.89 2.27 ± 0.41** 

mmu-miR-532-5p 1.74 1.46 ± 0.15* 

mmu-miR-671-5p 1.52 1.00 ± 0.14 

mmu-miR-676 1.45 1.01 ± 0.17 

mmu-miR-674-5p 1.33 1.56 ± 0.21* 

mmu-miR-208a-5p 0.62 1.16 ± 0.37 

mmu-miR-146a 0.58 1.23 ± 0.21 

mmu-miR-322 0.55 1.29 ± 0.22 

mmu-miR-1-1* 0.46 1.18 ± 0.33 

mmu-miR-192 0.44 1.19 ± 0.17 

mmu-miR-1249 0.41 1.39 ± 0.19 

mmu-miR-290-5p 0.33 1.25 ± 0.46 

mmu-miR-698 0.12 1.12 ± 0.53 

mmu-miR-764-5p 0.07 1.08 ± 0.31 
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Table 3. Mouse microRNA signatures regulated by carvedilol-induced β-arrestin-

biased agonism. 

The expression of miRs identified by microarray analysis (96) was verified using real-time RT-PCR 

analysis. Eighteen miRs (9 miRs that showed upregulation and 9 miRs that showed downregulation by 

Carv compared to the DMSO control in the microarray analysis) having an intensity of less than 500 were 

verified to identify additional β-arrestin-regulatable miRs in the heart. Real-time PCR data are shown as 

mean ± SEM for at least twelve independent mice per group. *, P < 0.05 vs. DMSO; **, P < 0.01 vs. 

DMSO. 
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Figure 7 
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Figure 7. Carvedilol (Carv)-mediated in vivo elevation of miR-466g, miR-532-5p and 

miR-674 requires β-arrestin1 or β-arrestin2 and GRK5 or GRK6.  

A-C, WT, β-arrestin1 knockout (KO) or β-arrestin2 KO mice were infused with DMSO (10g/100mL) or 

Carv (19mg/Kg/day) for 7 days by using micro-osmotic pumps (124). QRT-PCR experiments were 

performed on RNAs from mouse hearts. Three mature miRs were elevated upon Carv stimulation in WT 

mice (Table 3). However, this induction was completely abolished in β-arrestin1 KO or β-arrestin2 KO 

mice, indicating an essential role of either β-arrestin in the synthesis of mature miRs. D-F, WT, GRK5 KO, 

or GRK6 KO mice were treated with Carv as aforementioned. Carv-mediated miR activation, which is seen 

in WT, was abolished in GRK5 KO and GRK6 KO mice. Data are shown as mean ± SEM for n=6 

independent mice per group.  *P<0.05 or **P<0.01 vs. DMSO. 
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were required for Carv-induced expression of the three newly identified miRs (miR-466g, 

miR-532-5p, and miR-674). We found that the Carv-mediated elevation of these three 

miRs occurred in WT mice, but was not observed in hearts from β-arrestin1 KO or β-

arrestin2 KO mice (Figure 7A-C) and hearts lacking either GRK5 or GRK6 (Figure 7D-

F). In contrast with our previous study showing the β-arrestin1 specificity on the 

regulation of Drosha-mediated miR processing (96), these data suggest that Carv-

mediated activation of three newly identified miRs is not solely dependent on β-arrestin1, 

but also depends on β-arrestin2 (Figure 7A-C). Consistent with previous findings (124), 

GRK5/6 phosphorylation (Figure 7D-F), which promotes β-arrestin-dependent signaling 

(129), is also required for the activation of these three newly discovered β-arrestin-

responsive miRs by Carv. 

 

3. Carvedilol-mediated β-arrestin-biased agonism of β1AR and β2AR induces post-

transcriptional expression of miR-674 and miR-466g/miR-532-5p in vivo, 

respectively by promoting miR maturation.  

 Because Carv is a β-arrestin-biased ligand for both β1AR and β2AR (85, 86), we 

then measured the expression of 3 βAR/β-arrestin-responsive miRs (β-miRs) in β1AR 

KO, β2AR KO, or double receptor KO mouse hearts. Interestingly, we showed that the 

Carv-mediated activation of miR-466g and miR-532-5p seen in WT mice was blunted in 

hearts lacking β2AR (Figure 8A-B), and that the Carv-mediated activation of miR-674 

seen in WT mice was blunted in hearts lacking β1AR (Figure 8C), and that the Carv 

stimulation of transgenic (TG) mice overexpressing WTβ1ARs induced an increase in  
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Figure 8 
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Figure 8. β1-adrenergic receptors (β1ARs) are required for Carv-mediated post-

transcriptional elevation of miR-674, while β2-adrenergic receptors (β2ARs) are 

required for Carv-mediated post-transcriptional elevation of miR-466g or miR-532-

5p.  

A-C, WT, β1AR KO, β2AR KO, and β1AR/β2AR double KO (DKO) mice were treated with DMSO or 

Carv as aforementioned in Figure 1 (124). Carv-mediated activation of miR-466g and miR-532-5p, which 

is seen in WT and β1AR KO mice, was abolished in β2AR KO and β1AR/β2AR DKO mice (A-B). Carv-

mediated activation of miR-674, which is seen in WT and β2AR KO mice, was abolished in β1AR KO and 

β1AR/β2AR DKO mice (C). Data are shown as mean ± SEM for n=6 independent mice per group. *P<0.05 

or **P<0.01 vs. DMSO. D-E, WT mice were infused with DMSO or Carv as above. QRT-PCR 

experiments were performed on RNAs from mouse hearts.  Three pri- (D) or pre- (E) miRs were not 

changed significantly upon Carv stimulation in WT mice. NS: not significant. Data are shown as mean ± 

SEM for n=8 independent mice per group. 
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Figure 9 
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Figure 9. Carvedilol-mediated elevation of miR-674 requires GRK phosphorylation 

of the β1AR and β-arrestin signaling.  

Cardiac specific transgenic (TG) mice expressing WTβ1AR or GRK− β1AR were treated with DMSO or 

Carv as aforementioned in Figure 1 (124). WTβ1AR induced an increase in mature miR-674 expression 

following Carv treatment, while GRK− β1AR lacked this effect. Data are shown as mean ± SEM for n=6 

independent mice per group. *P<0.05 vs. DMSO. 
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expression of miR-674, hearts overexpressing a receptor that lacks GRK phosphorylation 

sites  (GRK−β1AR TG) showed no induction of miR-674 (Figure 9). Our data suggest 

that miR-674 is regulated mainly by β1AR following Carv treatment, while miR-466g 

and miR-532-5p are regulated mainly by β2AR following Carv treatment. 

To examine which step of miR biogenesis was regulated by β-arrestin, we 

measured the expression of primary transcript (pri)- and premature (pre)-miRs of miR-

466g, miR-532-5p and miR-674. Carv did not increase the expression of pri-miRs and 

pre-miRs (Figure 8D-E) although levels of mature miRs were increased upon Carv 

stimulation in WT (Figure 8A-C). Taken together, these data indicate that Carv-mediated 

induction of the 3 mouse miRs occurs post-transcriptionally and that β-arrestin-biased 

signaling of βAR stimulates the maturation of a subset of miRs.  

 

4. β-arrestin1/2 may interact with the Dicer miR maturation complex.  

 We next tested whether β-arrestin may regulate miR maturation by interacting 

with the Dicer complex. Because we previously showed that the β-arrestin-mediated miR 

regulatory mechanism exists in both mouse hearts and HEK293 cells overexpressing 

WTβ1ARs (96), we performed co-immunoprecipitation (Co-IP) experiments with the 

total lysates of both WTβ1AR cells and WTβ2AR HEK293 cells transiently 

overexpressing tagged-plasmids with and without Carv treatment. We first serum starved 

the tagged-plasmids overexpressed WTβ1AR cells and WTβ2AR HEK293 cells for 4 

hours before treatment with Carv or DMSO for 20 hours. After 20 hours, we harvested  
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Figure 10 
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Figure 10. β-arrestin1 or β-arrestin2 may interact with the Dicer complex and two 

RNA binding proteins (hnRNPK and dyskerin) in β1-adrenergic receptor-

overexpressing HEK293 cells.  

A-B, WTβ1AR HEK293 cells were transfected with Flag- or HA-β-arrestin1 and HA-Dicer or TRBP (the 

HIV-1 TAR RNA binding protein) (A) or FlAG- or HA-β-arrestin2 and HA-Dicer or TRBP (B). 

Transfected WTβ1AR cells were serum-starved for 4 hours and stimulated with Carv or DMSO (vehicle 

control) for 20 hours as we have performed in our previous study (124). After Carv treatment, cell extracts 

were prepared and subjected to immunoprecipitation (IP) with anti-FLAG, anti-HA, or non-specific IgG 

(control). Interaction of Dicer or TRBP with β-arrestin1 or β-arrestin2 was examined by immunoblotting 

(IB) with anti-HA, anti-FLAG, and anti-TRBP. C-D, WTβ1AR cells were transfected with HA-β-arrestin1 

and V5-hnRNPK or FLAG-dyskerin (C) or HA-β-arrestin2 and V5-hnRNPK or FLAG-dyskerin (D). 

Transfected WTβ1AR cells were serum-starved for 4 hours and stimulated with Carv for 20 hours or 

DMSO (vehicle control) as we have performed in our previous study (124). After Carv treatment, cell 

extracts were prepared and subjected to IP with anti-FLAG, anti-HA, or non-specific IgG (control). 

Interaction of hnRNPK or dyskerin with β-arrestin1 or β-arrestin2 was examined by IB with anti-V5, anti-

HA, and anti-FLAG. Representative blots are shown as n=1. 
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Figure 11 
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Figure 11. β-arrestin1 or β-arrestin2 may interacts with the Dicer complex and two 

RNA binding proteins (hnRNPK and dyskerin) in β2-adrenergic receptor-

overexpressing HEK293 cells.  

A-B, WTβ2AR HEK293 cells were transfected with FLAG- or HA-β-arrestin1 and HA-Dicer or TRBP (A) 

or FLAG- or HA-β-arrestin2 and HA-Dicer or TRBP (B). Transfected WTβ2AR cells were serum-starved 

for 4h and stimulated with Carv or DMSO (vehicle control) for 20h as we have performed in our previous 

study (124). After Carv treatment, cell extracts were prepared and subjected to immunoprecipitation (IP) 

with anti-FLAG, anti-HA, or non-specific IgG (control). Interaction of Dicer or TRBP with β-arrestin1 or 

β-arrestin2 was examined by immunoblotting (IB) with anti-HA, anti-FLAG, and anti-TRBP. C-D, 

WTβ2AR cells were transfected with HA-β-arrestin1 and V5-hnRNPK or FLAG-dyskerin (C) or HA-β-

arrestin2 and V5-hnRNPK or FLAG-dyskerin (D). Transfected WTβ2AR cells were serum-starved for 4h 

and stimulated with Carv or DMSO (vehicle control) for 20h as we have performed in our previous study 

(124). After Carv treatment, cell extracts were prepared and subjected to IP with anti-FLAG, anti-HA, or 

non-specific IgG (control). Interaction of hnRNPK or dyskerin with β-arrestin1 or β-arrestin2 was 

examined by IB with anti-V5, anti-HA, and anti-FLAG. Representative blots are shown as n=1. 
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the total lysates and performed Co-IP. We observed that Carv may induce an association 

of β-arrestin1 or β-arrestin2 with Dicer in the total lysates of WTβ1AR HEK293 cells 

(Figure 10A-B) and WTβ2AR HEK293 cells (Figure 11A-B) based on our Co-IP result. 

We also demonstrated that β-arrestin1 or β-arrestin2 may Co-IP with another component 

of the Dicer miR maturation complex, TRBP (the HIV-1 TAR RNA binding protein) in 

both WTβ1AR HEK293 cells (Figure 10A-B) and WTβ2AR HEK293 cells (Figure 11A-

B) independent of Carv treatment.  

 Although we showed that β-arrestin may interact with Dicer (Figure 10A-B and 

Figure 11A-B), a key component of the general Dicer miR maturation complex, this 

potential interaction does not address the specificity of why Carv promotes the 

maturation of the three newly identified βAR/β-arrestin-responsive miRs (β-miRs). 

Based on β-arrestin’s potential interaction with two RNA binding proteins (hnRNPK and 

dyskerin) suggested by a proteomic analysis (95), we performed co-IP experiments using 

the same methods as aforementioned in Figure 10A-B (WTβ1AR HEK293 cells) and 

Figure 11A-B (WTβ2AR HEK293 cells) to address the specificity issue (124). We 

observed that β-arrestin1 or β-arrestin2 may constitutively associates with hnRNPK and 

that β-arrestin2 may constitutively associates with dyskerin in the total lysates of 

WTβ1AR cells (Figure 10C-D) and WTβ2AR cells (Figure 11C-D). Interestingly, we 

also found that Carv may enhance an association of β-arrestin1 with dyskerin in the total 

lysates of WTβ1AR HEK293 cells and WTβ2AR HEK293 cells (Figure 10C and Figure 
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11C). Taken together, our data may suggest that Carv stimulation of the β1AR or the 

β2AR may enhance or facilitate protein interactions of the hnRNPK/dyskerin/β-arrestin 

complex with the Dicer enzyme to mature a subset of pre-miRs. 

 

5. The newly identified three βAR/β-arrestin-responsive miRs (miR-466g, -532-5p, 

and -674) function as protective miRs in cardiac cells  

 Because the three newly identified β-miRs are increased by Carv-mediated 

βAR/β-arrestin cardioprotective pathways, we next hypothesized that these three miRs 

may function as cytoprotective miRs. By qRT-PCR analysis, we first observed 

upregulation of miR-466g and miR-674 in the hearts of WT mice subjected to 8 weeks of 

chronic left anterior descending artery ligation (LAD ligation) (Figure 12A). We next 

examined the expression of miR-466g and miR-674 in cells isolated from the heart 

[cardiomyocytes (CMs), cardiac fibroblasts (CFs), cardiac endothelial cells (CECs), and 

cardiac inflammatory cells (CIs)], and showed that the two miRs are ubiquitously 

expressed in each cell type, and that miR-674 is significantly downregulated in CMs and 

CFs isolated from the heart at 1 week post-MI (Figure 12B). miR sequence analyses 

revealed that miR-674 is conserved across species, and miR-532-5p is conserved between 

mouse and human with 1 base-pair mismatch in non-seed (target) sequences of rat, 

suggesting that the target genes & roles of these two miRs are evolutionally conserved. 

However, the sequences between mouse miR-466g and its human and rat counterparts 

were not conserved despite some homologies (Figure 13). 
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Figure 12 
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Figure 12. miR-466g and miR-674 are dysregulated after myocardial infarction and 

are ubiquitously expressed in myocardial cells.  

A, qPCR expression analysis of three newly identified β-arrestin-responsive miRs in WT LVs at 8 weeks 

post-MI. *P<0.01 or **P<0.001 vs. sham. N=6. B, The expression of miR-466g and miR-674 in 

cardiomyocytes (CMs), cardiac fibroblasts (CFs), endothelial cells (CECs), and inflammatory cells (CIc) 

from adult mouse heart was detected by real time RT-PCR. N=6. *P<0.05 vs. CM or CF in sham. Notably, 

our recent study showed that miR-532-5p is highly expressed in cardiac endothelial cells and is 

downregulated at 1 week post-MI (162). 
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Figure 13 
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Figure 13. Conservation of mature and pre-miR sequences for 3 newly identified β-

arrestin-responsive miRs from mouse to human.  

The sequences of both mature (A) and pre-miR-674 (B) are conserved across species. Mature miR-532-5p 

is conserved between mouse and human with 1bp mismatch in non-seed (target) sequences of rat, 

suggesting that the target genes & roles of this miR are same in three species (A). Human pre-miR-532-5p 

and rat pre-miR-532-5p have only 1bp mismatch and 7bp mismatches compared to mouse sequences, 

respectively (B). miR-466g is mouse-specific and has closely similar sequences with human miR-466 and 

rat miR-466b-3p. 
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To determine the importance of three newly identified β-miRs (miR-466g, miR-

532-5p, miR-674) in myocardial cells under conditions of low oxygen, we used the 

immortalized adult mouse CM HL-1 cell line, neonatal rat ventricular CMs (NRVCs), 

adult mouse CFs (AMCFs), neonatal rat ventricular CFs (NRVFs), and adult mouse 

CECs (MCECs) as in vitro models (97, 130). Our loss-of-function approaches using in 

vitro anti-miRs demonstrated successful knockdown of each of the three β-miRs (miR-

466g, miR-532-5p, miR-674) (Figure 14A, 14C, 15A, 15C & 16 A). To identify if these 

three β-miRs (miR-466g, miR-532-5p, miR-674) might affect cell apoptosis, we first 

used TUNEL assay as our means to suggest the functional effects of these three β-miRs 

on cell apoptosis at basal and simulated ischemia reperfusion (sI/R) condition as 

described in Methods. Interestingly, we uncovered that knockdown of each of the three β-

miRs (miR-466g, miR-532-5p, miR-674) does not affect the number of TUNEL-positive 

cells in CMs and CFs (Figure 14B, 14D, 15B & 15D), while knockdown of miR-466g or 

miR-532-5p increases CEC TUNEL-positive cells in both normoxic and simulated 

ischemia/reperfusion (sI/R) conditions (Figure 16B-D).  

 Because our recent study showed that the expression of miR-532-5p is 

significantly higher in CECs compared to other myocardial cell types (162), we examined 

the functional effects of these three miRs in CECs. Also, since it also had been shown in 

our previous study that miR-532-5p, one of the three newly identified β-miRs, can 

regulate CEC proliferation and cardiac vascularization (162), we next performed wound 

healing assays (cell migration), BrdU assays (cell proliferation), and tube formation 

assays (angiogenesis) to delineate the cellular roles of these three β-miRs 
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Figure 14 
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Figure 14. Knockdown of each of three β-arrestin-responsive miRs does not affect 

the number of TUNEL-positive cells count in the HL-1 cardiomyocyte cell line and 

mouse primary cardiac fibroblasts.  

The immortalized adult mouse cardiomyocyte HL-1 cell line (A) or primary adult mouse cardiac fibroblasts 

(AMCFs) (C) were transfected with anti-miR control, anti-miR-466g, anti-miR-532-5p, or anti-miR-674. 

The expression of these three miRs is shown. The HL-1 cell line (B) or AMCFs (D) transfected with anti-

miR control, anti-miR-466g, anti-miR-532-5p, or anti-miR-674 were subjected to in vitro simulation of I/R. 

TUNEL assays were then performed under both normoxic (basal) and simulated I/R conditions (sI/R) as 

described in methods. The percentage of TUNEL positive cells was calculated by normalizing to the 

number of DAPI positive cells. All data are mean ± SEM from at least 6 independent experiments. 

**P<0.01 or ***P<0.001 vs. anti-miR control (A or C). *P<0.05 or **P<0.01 vs. anti-miR control in basal 

(B or D). 
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Figure 15 
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Figure 15. Knockdown of miR-532-5p or miR-674 does not affect the number of 

TUNEL-positive cell in rat primary cardiomyocytes and cardiac fibroblasts.  

Primary neonatal rat ventricular cardiomyocytes (NRVCs) (A) or primary neonatal rat ventricular 

fibroblasts (NRVFs) (C) were transfected with anti-miR control, anti-miR-532-5p, or anti-miR-674. The 

expression of two miRs was shown. NRVCs (B) or NRVFs (D) transfected with anti-miR control, anti-

miR-532-5p, or anti-miR-674 were subjected to in vitro simulation of I/R. TUNEL assays were then 

performed in both normoxic (basal) and simulated I/R conditions (sI/R) as described in methods. The 

percentage of TUNEL positive cells was calculated by normalizing DAPI positive cells. All data are mean 

± SEM from at least 6 independent experiments. ***P<0.001 vs. anti-miR control (A or C). ***P<0.001 

vs. anti-miR control in basal (B or D). 
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Figure 16 
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Figure 16. Knockdown of miR-466g or miR-532-5p significantly increased the 

number of TUNEL-positive cells in cardiac endothelial cells under basal (normoxic) 

and simulated ischemia reperfusion (sI/R).  

A, Mouse cardiac endothelial cells (MCECs) were transfected with anti-miR control, anti-miR-466g, anti-

miR-532-5p, or anti-miR-674. The expression of these three miRs is shown. B-D, MCECs transfected with 

anti-miR control, anti-miR-466g, anti-miR-532-5p, or anti-miR-674 were subjected to in vitro simulation of 

I/R as described in methods. TUNEL assays were then performed in both normoxic (basal) and simulated 

I/R conditions (sI/R) (B and D). The percentage of TUNEL positive cells was calculated by normalizing 

DAPI positive cells. All data are mean ± SEM from 6 independent experiments. ***P<0.001 vs. anti-miR 

control (A). *P<0.05, **P<0.01, or ***P<0.001 vs. anti-miR control in basal. #P<0.05 or ###P<0.001 vs. 

anti-miR control in sI/R (B). 
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Figure 17 
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Figure 17. Knockdown of miR-466g decreases migration and proliferation of 

cardiac endothelial cells (CECs), while knockdown of miR-532-5p decreases CEC 

proliferation.  

A-B, MCECs transfected with anti-miR control, anti-miR-466g, anti-miR-532-5p, or anti-miR-674 were 

subjected to wound migration assays. Confluent MCEC monolayers were wounded and wound closure was 

monitored by microscopy at the indicated times as described in Methods. Representative images are shown 

in A. Initial open areas (0 hr) were measured to serve as total open area, and the percentage of open area 

after 8 or 12 hrs was calculated to determine MCEC’s migrative potential (B). C-D, MCECs transfected 

with anti-miR control, anti-miR-466g, anti-miR-532-5p, or anti-miR-674 were subjected to fluorescently 

labeled BrdU incorporation assays as described in methods. The percentage of BrdU positive cells was 

calculated by normalizing DAPI positive cells. All data are mean ± SEM from 6 independent experiments. 

*P<0.05 vs. other groups (B). ***P<0.001 vs. antimiR control (D). 
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(miR-466g, miR-532-5p, miR-674) in cardiac cells. Knockdown of miR-466g, but not 

miR-532-5p or miR-674, decreased CEC migration (Figure 17A-B). We also observed 

that knockdown of miR-466g or miR-532-5p (not miR-674) decreases CEC proliferation 

(Figure 17C-D). Interestingly, knockdown of miR-532-5p, but not the other two miRs, 

diminished tube formation (a model of angiogenesis) in CECs (Figure 18). These results, 

coupled with our recent study demonstrating that knockdown of miR-532-5p in mice 

reduces CEC proliferation and cardiac vascularization after acute myocardial infarction 

(AMI) (162), suggest that miR-466g and miR-532-5p function as gatekeepers of CEC 

function. In order to identify a potential role of miR-674 in myocardial cells, we next 

used NRVFs and showed that knockdown of miR-674 (not miR-532-5p) decreased CF 

migration in the basal condition (Figure 19A-B). We also observed that knockdown of 

miR-532-5p or miR-674 decreases CF proliferation in the basal condition, where CF 

proliferation is decreased compared to normoxia (Figure 19C-D). Together with our 

recent study showing that (i) the expression of miR-532-5p was significantly 

downregulated in CECs isolated from ischemic myocardium at 1 week post-MI, and (ii) 

miR-532-5p protects the mouse heart from AMI (162), our data suggest that three newly 

identified β-miRs exert functional effects in myocardial cells despite their distinct actions 

on different cell types (CECs for miR-466g and miR-532-5p, and CFs for miR-674). 
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Figure 18 
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Figure 18. Knockdown of miR-532-5p impairs angiogenic properties of cardiac 

endothelial cells (CECs).  

MCECs transfected with anti-miR control, anti-miR-466g, anti-miR-532-5p, or anti-miR-674 were 

subjected to tube formation assays. Tube formation was monitored by microscopy at 2 or 4 hours after 

adding Matrigel matrix. Representative images are shown in A. Quantitative analysis of tube length (B) and 

tube area (C) was performed. Because the total number of cells plated in each group is the same (105 cells), 

and in culture medium suspension, no representative images were shown. The angiogenic properties of 

MCEC were evaluated by the degree of relative fold change of tube length and changes in tube area from 2 

hours to 4 hours time points. All data are mean ± SEM from 6 independent experiments. *P<0.05 or 

**P<0.01 vs. antimiR control at 2 hours. #P<0.05 vs. antimiR control at 4 hours. 
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Figure 19 
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Figure 19. Knockdown of miR-674 decreases basal proliferation and migration of 

neonatal rat ventricular fibroblasts (NRVF), and knockdown of miR-532-5p 

decreases basal proliferation in NRVF.  

A-B, NRVFs transfected with anti-miR control, anti-miR-532-5p, or anti-miR-674 were subjected to 

wound migration assays as described in Figure 17. Confluent NRVF monolayers were wounded and 

wound closure was monitored by microscopy at the indicated times as described in Methods. 

Representative images are shown in A. Quantitative analysis of relative wound size was performed. Initial 

open areas (0 hour) were measured to serve as total open area, and the percentage of open area after 12 or 

24 hours was calculated to determine NRVF’s migratory potential (B). C-D, NRVFs transfected with anti-

miR control, anti-miR-532-5p, or anti-miR-674 were subjected to BrdU assays as in Figure 17. The 

percentage of BrdU positive cells was calculated by normalizing to the number of DAPI positive cells. All 

data are mean ± SEM from 6 independent experiments. *P<0.05 vs. other groups (B) or antimiR control 

(D). 
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6. The three newly identified βAR/β-arrestin-responsive miRs (miR-466g, -532-5p, 

and -674) regulate deleterious genes DCUN1D4, PRSS23, and USP14, respectively 

 In order to determine if these three β-miRs regulate cardiac cell functions, we first 

used multiple miR target prediction algorithms (121-123) and detected a substantial 

number of genes with putative binding sites for three β-miRs. By focusing our attention 

on potential target genes that were predicted by at least three bioinformatic tools, we 

identified DCUN1D4 (defective in cullin neddylation 1 domain containing 4) for miR-

466g, PRSS23 (protease serine 23) for miR-532-5p, and USP14 (ubiquitin specific 

peptidase 14: deubiquitinating enzyme) for miR-674 as genes of interest. Interestingly, 

two predicted target genes of the three β-miRs, USP14 (132), and PRSS23 (162), were 

suggested to play deleterious roles in cardiac function. Li et. al. showed that USP14 is 

upregulated in left ventricular tissues following transverse aortic constriction in rats and 

in CMs exposed to AngII, and that knockdown of USP14 in CMs reduces expression of 

cardiac hypertrophy markers (132). We recently showed that PRSS23 is a positive 

regulator of maladaptive endothelial-to-mesenchymal transition (EndMT) and a direct 

functional target of miR-532-5p in CECs and intact hearts (162).  

Because miR-466g or miR-532-5p, and miR-674 have protective roles in CECs 

and CFs, respectively as supported by our data (Figure 16-19), we next performed loss- 

or gain-of-function studies in CECs and CFs to investigate whether the three targets, 

which we decided to focus on because of the prediction by multiple algorithms, are 
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functional targets of these three β-miRs. We first observed that mRNA and protein levels 

of DCUN1D4 were upregulated with miR-466g inhibition, and that DCUN1D4 was 

downregulated with miR-466g overexpression (Figure 20A & 21A-C). To test whether 

DCUN1D4 is dysregulated in CECs exposed to low oxygen conditions, we measured its 

expression level and found downregulation in simulated I/R (Figure 20B), which is 

inversely correlated with miR-466g expression in left ventricular tissues 8 weeks post-

LAD ligation (Figure 12A). These results suggest that DCUN1D4 may be a functional 

CEC target of miR-466g.  

We next showed that PRSS23 was upregulated with both miR-532-5p inhibition 

in CECs and myocardial cells subjected to sI/R (Figure 20C, 20D & 22). These 

expression patterns of PRSS23 are consistent with our recent report on loss- and gain-of-

function of miR-532-5p in intact hearts subjected to MI or CECs subjected to TGF-β2-

mediated EndMT (162). Our previous and current findings thus indicate that PRSS23 is 

an important direct and functional target of miR-532-5p in CECs and hearts.  

We also found that mRNA and protein levels of USP14 were downregulated with 

miR-674 overexpression, while USP14 was upregulated with miR-674 inhibition (Figure 

20E & 23). We further observed that USP14 was upregulated in NRVFs subjected to sI/R 

(Figure 20F), which is inversely correlated with miR-674 expression in CFs isolated 

from ischemic hearts (Figure 12B). Along with the previous report on upregulation of 

USP14 in stressed hearts (132), and downregulation of miR-674 in CFs from ischemic 

hearts (Figure 12B), our results suggest that USP14 may be a functional CF target of 

miR-674.  
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Figure 20 
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Figure 20. miR-466g or miR-532-5p represses DCUN1D4 or PRSS23 in mouse 

cardiac endothelial cells, respectively, and miR-674 represses USP14 in neonatal rat 

ventricular fibroblasts.  

A, RNAs isolated from MCECs transfected with 100nM miR-466g inhibitor (antisense) or 15-mer control 

(scrambled control) were analyzed by QRT-PCR. Loss-of-function of miR-466g in MCECs resulted in 

increased DCUN1D4. B, MCECs were subjected to in vitro simulation of I/R (sI/R). The expression of 

DCUN1D4 in basal and sI/R was shown. Results are representative of 6 independent experiments. *P<0.05 

vs. control (antimiR control or basal). C, RNAs isolated from MCECs transfected with 100nM miR-532-5p 

inhibitor (antisense) or 15-mer control (scrambled control) were analyzed by QRT-PCR. Loss-of-function 

of miR-532-5p in MCECs resulted in increased PRSS23 expression. D, MCECs were subjected to sI/R. The 

expression of PRSS23 in basal and sI/R is shown. Results are representative of 6 independent experiments. 

*P<0.05 vs. antimiR control. ***P<0.001 vs. basal. E, RNAs isolated from NRVFs transfected with miR-

674 inhibitor (antisense) or 15-mer control (scrambled control) were analyzed by QRT-PCR. Loss-of-

function of miR-674 in NRVFs resulted in increased USP14 expression. F, NRVFs were subjected to sI/R. 

The expression of USP14 in basal and sI/R is shown. Results are representative of 6 independent 

experiments. *P<0.05 vs. antimiR control or basal.  
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Figure 21 
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Figure 21. miR-466g represses DCUN1D4 in mouse cardiac endothelial cells 

(MCECs).  

A-C, RNAs (B and C) and proteins (A) isolated from MCECs transfected with 100nM miR-466g inhibitor 

(antisense) or 15-mer control (scrambled control) (A) and miR-466g mimic (sense) or 15-mer control (131) 

were analyzed by QRT-PCR and immunoblotting. Loss-of-function of miR-466g in MCECs resulted in 

increased protein levels of DCUN1D4 (A). Gain-of-function of miR-466g in MCECs resulted in decreased 

DCUN1D4 expression (131). Results are representative of 6 independent experiments. *P<0.05 vs. control 

(antimiR control or miR mimic control). 
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Figure 22 
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Figure 22. PRSS23 is upregulated in neonatal rat ventricular fibroblasts (NRVFs) 

and the HL-1 cardiomyocyte cell line subjected to simulated ischemia/reperfusion 

(sI/R).  

A-B, NRVFs (A) and the HL-1 cell line (B) were subjected to in vitro simulation of sI/R. The mRNA 

expression of PRSS23 in basal and sI/R is analyzed using QRT-PCR. Results are representative of 6 

independent experiments. ***P<0.001 vs. basal. 
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Figure 23 
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Figure 23. miR-674 represses USP14 in neonatal rat ventricular fibroblasts.  

A-C, RNAs (A and C) and proteins (B) isolated from NRVFs transfected with 100nM mirvana miR-674 

mimic (sense) or 15-mer control (scrambled control) were analyzed by QRT-PCR and immunoblotting. 

Gain-of-function of miR-674 in NRVFs resulted in decreased mRNA (C) and protein (B) levels of USP14. 

Results are representative of 6 independent experiments. **P<0.01 vs. miR mimic control. 
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Because our data suggest that miR-466g and miR-532-5p mainly regulate CEC 

functions, and miR-674 mainly regulates CF functions, we lastly evaluated the expression 

of the three miRs and the target genes in MCECs and NRVFs treated with Carv. We 

found that Carv upregulated miR-466g and miR-532-5p, but downregulated their targets 

DCUN1D4 and PRSS23 in MCECs (Figure 24A-D). We also observed that Carv 

upregulated miR-674, but downregulated its target USP14 in NRVFs (Figure 24E-F). 

These data indicate that the pairs of these three miRs and their targets are sensitive to 

Carv, and that Carv may inhibit these deleterious genes by upregulating the three 

protective miRs that are regulated by βAR/β-arrestin-mediated signaling. Taken together, 

our current data along with previous reports indicate that downregulation of deleterious 

DCUN1D4, PRSS23 and USP14, which are predictive and experimentally validated 

targets, in part contributes to the protective actions of miR-466g, miR-532-5p and miR-

674 in myocardial cells, respectively. 
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Figure 24 
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Figure 24. Carvedilol (Carv) induces the expression of miR-466g and miR-532-5p, 

or miR-674, and inhibits the expression of DCUN1D4 and PRSS23, or USP14 in 

mouse cardiac endothelial cells (MCECs) or neonatal rat ventricular fibroblasts 

(NRVFs) respectively.  

 

A-D, MCECs were treated with either 1µM of DMSO (vehicle control) or carvedilol (Carv) for 20 hours. 

The expression of miR-466g, miR-532-5p, DCUN1D4 and PRSS23 was detected using TaqMan assays. 

Carv elicits upregulation of miR-466g and miR-532-5p, while downregulating DCUN1D4 and PRSS23. E-

F, NRVFs were treated with either 1µM of DMSO (vehicle control) or carvedilol (Carv) for 20 hours. The 

expression of miR-674 and usp14 was detected using TaqMan assays. Carv elicits upregulation of miR-

674, while reducing the expression of usp14. N=6 in each group. *P<0.05 or **P<0.01  vs. DMSO.  
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IV. DISCUSSION 

 The purpose of the experiments undertaken for this dissertation was (i) to 

understand the effects of Carv on miRs and consequent protein-encoding gene expression 

and its implications on biased agonist/β-arrestin signaling pathways in mouse hearts and 

(ii) to understand how the changes on cardiac-enriched gene expression modulated by 

Carv-responsive β-miRs, which specifically mediated through Dicer maturation process, 

could contribute to the cardioprotective signaling in cardiac cells.  

  

A: Identification of gene signatures regulated by Carv in mouse heart 

 Carv is one of the three β-blockers, approved for the treatment for heart failure 

(HF) in the US. Furthermore, various mechanisms of Carv action have been documented 

over the past decade, including antagonism of β1ARs, β2ARs, and α1ARs as well as 

antioxidant effects (93, 94). Recent meta-analysis also suggested the usage of Carv can 

lead to less sudden cardiac death as well as all-cause mortality in patients with acute MI 

and HF, when compared to the other two β-blockers (133). Previous studies also showed 

that Carv can stimulate β-arrestin-mediated β1AR cardioprotective signaling without 

activating G proteins (85), which suggest an additional beneficial mechanism, if 

amplified, could significantly enhance its clinical impact. Therefore, this warrants the 

need to further identify additional Carv-regulated beneficial downstream signaling 

pathways in order for us to better understand how β-arrestin biased ligands exert their 

cardioprotective effects. 
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  To do this, we have used microarray-based transcriptome and real-time PCR 

verification approaches. Our results have identified 10 genes (Table 1) in cardiac left 

ventricle (LV) that were upregulated, and 17 genes (Table 2) that were downregulated in 

adult mice chronically treated with Carv. Furthermore, we have shown that these genes 

were ubiquitously expressed in the mouse heart. We also found that these identified genes 

were enriched in signaling pathways mediated through Carv treatment, which includes 

tight junction, mammalian cell response to malaria, viral myocarditis, glycosaminoglycan 

biosynthesis, and arrhythmogenic right ventricular cardiomyopathy (ARVC). Thus, our 

findings have indirectly suggested that Carv's cardioprotective effects may in part be due 

to the modulation of gene expression linked to novel signaling pathways involving β-AR-

β-arrestin signaling. 

 When compared with other β-blockers, multiple previous studies shown below 

have suggested that Carv can exert greater cardioprotective effects in experimental 

myocarditis by reducing LV inflammation and oxidative stress. For an example, the 

activation of p38MAPK pathway by viral myocarditis through β1AR and β2AR is 

inhibited in the presence of Carv (108). Moreover, Carv can also modulate the degree of 

inflammation, where an increase in the production of anti-inflammatory cytokines IL-12 

and IFN-gamma (134) and a decrease of inflammatory cytokines IL-6 and TNF-α have 

been observed, by inducing the cardiac cAMP response element binding protein 

expression and phosphorylation (135). This inevitably results in a greater effect to reduce 

myocardial virus replication, when compared to both selective β1-blocker metoprolol and 

the nonselective β-blocker propranolol (136). In addition, Carv, can also improve 

survival, lower lipid peroxidation, and increase antioxidant enzyme activities with 
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amelioration of acute viral myocarditis, effects which are absent with the β1AR β-blocker 

metoprolol (136). In agreement with this study, our gene profiling and real-time PCR 

analyses have indicated that the expression of genes encoding proteins in viral 

myocarditis (e.g., itgb2 and myh7) was increased in LV tissues isolated from animals 

treated with Carv when compared with the vehicle controls (Figure 6A, and Table 1). 

Combined together, our data along with previous studies suggest that Carv reduces LV 

inflammation and oxidative stress by regulating genes that can be over-expressed in viral 

myocarditis. 

 Additionally, Carv has been reported to improve LV functions in some patients 

with ARVC and cardiac arrhythmias (137). Studies have revealed that Carv treatment can 

significantly improve d-galactose-induced senescence in mice through attenuation of the 

increased level of acetylcholine esterase (138). This study further suggested that the 

Carv-induced protective effects involved enhanced antioxidant actions and the 

modulation of mitochondrial permeability transition process. Our results further show 

that the expression of genes encoding proteins up-regulated in ARVC (e.g. cacnb1 and 

ctnna2) were found to decrease in cardiac LV isolated from mice chronically treated with 

Carv when compared to vehicle controls (Figure 6B, and Table 2), which is consistent 

with observation derived from previous studies (138). 

 Carv-mediated effects on the genes encoding proteins previously reported to be 

associated with tight junctions (e.g., myh7), cardiac response to malaria (e.g., ccl12 and 

itgb2), and glycosaminoglycan biosynthesis pathways (e.g., chst1 and chst2), which have 

not been extensively studied in the mammalian hearts. Heparin, a glycosaminoglycan, has 

been well appreciated to exert cardioprotection effects in the events of ischemic 
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myocardium (139), while low-molecular-weight glycosaminoglycans were considered 

cardioprotective in isoproterenol-induced HF in rats by retaining lactate dehydrogenase-

isoenzyme (140). Another study done by Bongo et al. (141) also has suggested the 

cardioprotective importance of neuroimmune axon guidance cue netrin-1, in 

ischemia/reperfusion injury. Incidentally, activation of netrin-1 receptor has been found 

to mediate netrin-1/NO-dependent cardioprotection in a separate study (142). Hence, this 

implies that glycosaminoglycan biosynthesis and axon guidance pathways may play 

important roles in heart remodeling. However, additional studies will be required in order 

to further clarify the relationship between the pathways identified in our study and Carv’s 

cardioprotective effects. 

 In conclusion, our findings provide mechanistic clues to identify gene signatures 

regulated by Carv in mouse LVs, which can be used to explain some of its superior 

effects on LV function, when compared to β-blocker such as metoprolol. Based on our 

findings, it is evident that the biological functions of Carv are much broader than what we 

currently understand. Therefore, in order to better characterizes the regulation between 

Carv and individual target genes, and to define the cellular consequences of their 

regulation, it is imperative to broaden our studies studies on Carv. 

 

B: β-arrestin-biased agonism of β-adrenergic receptor regulates Dicer-mediated 

microRNA maturation to promote cardioprotective signaling  

  Here, we show a potential essential role of β-arrestin1 or β-arrestin2 in Dicer-

mediated miR maturation following stimulation by the β-arrestin-biased βAR ligand 

Carv. We demonstrate that this process results from stimulation of the β1AR or β2AR and 
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requires β-arrestin1 or β-arrestin2 to promote the maturation of three miRs (miR-466g, 

miR-532-5p and miR-674) in murine hearts. The molecular mechanism for this β-

arrestin-mediated miR maturation may involves the enhancement or promotion of β-

arrestins/Dicer complex formation upon Carv stimulation with the specificity conferred 

by the constitutive binding of RNA-binding protein (hnRNPK and dyskerin) on Dicer 

Complex (Figure 25). Our working hypothesis is that GRK5/6 phosphorylation of the 

β1AR or β2AR mediates the association of β-arrestins with a subset of pre-miRs in a 

multi-protein complex, which includes the Dicer maturation complex and two RNA 

binding proteins, hnRNPK and dyskerin. Collectively, this multi-complex enhances 

specific subset of Carv-responsive miR maturation. 

Our sequence motif detection analyses using the three βAR/β-arrestin-responsive 

miRs (miR-466g, miR-532-5p, miR-674) identified in this study suggest that β-miRs do 

not have conserved sequence motifs or consensus sequences for direct hnRNPK or 

dyskerin binding in their pre-miR regions (Figure 13), although additional profiling 

analyses in different tissues or cells and RNA structure analyses will be required to 

identify a potential secondary RNA structure for the recruitment of the β-arrestin-

containing multi-complex to pre-miRs. While we believe the direct association of β-

arrestin with pre-miRs bound by Dicer to be a plausible mechanism, it is possible that 

activation of βAR signaling pathways downstream of β-arrestin (eg. EGFR, ERK or 

AKT) could regulate Dicer-mediated miR maturation via phosphorylation and thus 

indirectly exert regulatory effects on the activation of miR maturation (51, 143). This 

idea is supported by the fact that β-arrestins do not have known RNA binding motifs. It is 

also possible that β-arrestin could interact with other regulators in miR biogenesis such as  
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Figure 25. β-arrestin-biased agonism of β-adrenergic receptors stimulate the Dicer-

mediated maturation of a subset of miRs to induce cardioprotective signaling.  

The β-arrestin-biased ligand Carv, which was shown to stimulate β-arrestin-mediated cardioprotective 

signaling in the absence of G protein activation (85), induces the expression of three newly identified 

βAR/β-arrestin-responsive miRs (β-miRs) in a β1AR-, β2AR-, GRK5-, or GRK6-dependent manner. Our 

data also suggest that β-arrestin1 or β-arrestin2 promotes Dicer-mediated maturation of premature miR 

(pre-miR) into mature miRs of β-miRs by forming a novel complex with two RNA binding proteins 

(hnRNPK and dyskerin) and the Dicer complex consisted of TRBP and Dicer. Our myocardial cell 

approaches also suggest that despite their distinct roles in different cell types, β-miRs act in part as 

protective miRs by repressing deleterious genes, DCUN1d4, PRSS23 and USP14. P: phosphorylated; GRK: 

GPCR kinase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 104 

 

regulators of miR stability or components of RNA-induced silencing complex  to increase 

levels of the three newly identified β-miRs highlighted in this study. Lastly, the 

regulation of Dicer by β-arrestin could be indirect through interaction with other RNA-

binding proteins, although our sequence analysis showed that β-miRs have no consensus 

motifs on their pre-miRs. Additional studies such as RNA-CHIP assays along with loss-

of-function of the multi-protein complex will be needed to further clarify the mechanism 

of β-arrestin in Dicer-mediated miR maturation. 

 β-arrestins not only desensitize G protein signaling but also activate a number of 

signaling networks by scaffolding a diverse group of signaling proteins at the GPCRs 

(144, 145). The important roles of β-arrestins in regulating cytoplasmic signaling 

networks are now well recognized (146, 147). For example, either β-arrestin1 or β-

arrestin2 is shown to involve in β1AR-mediated cardioprotective signaling (85, 99). 

Interestingly, we previously reported that only β-arrestin1 regulates Drosha-mediated 

miR processing in the nucleus upon β1AR stimulation (96). This likely reflects the fact 

that β-arrestin1 lacks a nuclear export sequence (thus allowing for its retention in the 

nucleus after activation) and that β-arrestin1 monomers display increased nuclear 

localization (148). Together with the possibility that β-arrestin2 could also interact with 

many RNA binding proteins such as hnRNPK and dyskerin (95), our previous finding on 

β-arrestin1 specificity in Drosha-mediated miR processing (96) suggests that β-arrestin2 

may regulate other miR biogenesis steps (eg. miR degradation, nuclear export, and 

dicing) rather than Drosha processing. The current study indeed identifies β-arrestin2 like 

β-arrestin1 as a regulator of miR maturation after stimulation of β1ARs or β2ARs, 
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indicating that both β-arrestins play regulatory roles in miR biogenesis. 

 It was previously shown that β1AR uses GRK5/6 and β-arrestins to promote 

cardiomyocyte survival pathways against chronic catecholamine stimulation in the 

absence of G protein activation (99). Our subsequent study suggested that Carv (known 

as a nonselective βAR antagonist) also functions as a βAR-β-arrestin-biased ligand to 

promote cardioprotective signaling (85), providing an additional possible mechanism for 

a portion of its clinical efficacy. Interestingly, a meta-analysis showed that Carv did not 

reduce patient readmissions compared with other β-blockers despite less sudden cardiac 

death and all-cause mortality in patients with AMI and those with heart failure (133).  

Therefore, identifying additional beneficial downstream signaling pathways activated by 

Carv should lead to a better understanding of how biased ligands exert their 

cardioprotective effects. We previously showed a new mechanism that only β1AR 

stimulation by Carv mediates Drosha-mediated miR processing (96). Interestingly, our 

current study also discovers a novel miR regulatory mechanism by which either β-

arrestin1 or β-arrestin2 is recruited to either β1AR or β2AR after Carv stimulation, 

potentially mediate β-arrestin/Dicer interaction, to promote subsets of miR maturation. 

Aberrant expression of miRs has been linked to several clinical scenarios of 

cardiovascular diseases such as ischemia/reperfusion (I/R) injury and heart failure (149-

151). Accordingly, miR mutant mice have been generated to study their functions in 

cardiovascular phenotypes (152-158). Among the five Carv/β1AR/β-arrestin1-regulatable 

miRs that we identified (96), four miRs (miR-125b-5p, miR-150, miR-199a-3p and miR-

214) were reported to play important roles in cardiac function (97, 113, 127, 128). 

Interestingly, our current results suggest that the three new Carv/βAR/β-arrestin-
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responsive miRs may act as convergent hubs for cardioprotective signaling. Our recent 

study indeed demonstrated that one of them, miR-532-5p, protects the heart from AMI 

(162). Although miR-466g has been shown to play a role in renal cells (159) and miR-

674 has been implicated in immune responses and liver injury (160, 161), there has been 

no evidence that these two newly identified β-arrestin-responsive miRs play a functional 

role in either cardiac cells or heart tissues. Interestingly, we report novel findings that (i) 

knockdown of miR-466g increases cardiac endothelial cell (CEC) TUNEL-positive cells 

but decreases migration and proliferation of CECs, and (ii) knockdown of miR-674 

decreases migration and proliferation of cardiac fibroblasts (CFs) only in basal 

conditions. Based on our recent report on identification of miR-532-5p as a 

cardioprotective miR (162) and our current results (Figure 16-19), we postulate that β-

miRs are cardioprotective miRs activated by βAR-mediated β-arrestin signaling, resulting 

in beneficial adaptive remodeling in the failing hearts. Further in vivo studies are 

warranted to investigate the function of miR-466g and miR-674 for their potential 

utilities in the management of cardiac disease. 

In this study, we also show that the three β-miRs (miR-466g, miR-532-5p, miR-

674) are upregulated by Carv-mediated cardioprotective signaling and elicit protective 

effects in cardiac endothelial cells, adult mouse cardiac fibroblast, and neonatal rat 

cardiac fibroblast despite their distinct roles in different cell types by repressing 

DCUN1D4, PRSS23 and USP14. We also demonstrate that the three targets are 

downregulated by Carv treatment in CECs and CFs, suggesting that Carv may inhibit the 

targets by upregulating these three β-miRs. Interestingly, two identified targets of these 

three β-miRs [USP14 (132), and PRSS23 (162)] are known to be involved in maladaptive 
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cardiac remodeling. We also recently demonstrated that PRSS23 is a direct functional 

target of miR-532-5p in CECs and hearts during acute myocardial infarction (AMI) 

(162). Although additional studies will be needed to validate DCUN1D4 or USP14 as a 

direct target of miR-466g or miR-674, respectively and to directly link the functional 

relationships of the pairs, our bioinformatics and experimental evidences indicate that 

DCUN1D4 is a CEC target of miR-466g, PRSS23 is a direct functional target of miR-

532-5p supported by our recent study (162), and USP14 is a CF target of miR-674. 

Altogether, our previously published and current data suggest that βAR/β-arrestin-

mediated miR maturation regulatory network induced by Carv has therapeutic potential 

and point to the urgent need for further studies that investigate the effect of gain- or loss-

of-function of this newly identified regulatory mechanism in cardiac pathophysiology. 

In conclusion, our data identify β-arrestin1 or β-arrestin2 as an important 

mediator of Dicer function to regulate miR maturation in mouse hearts and provide new 

insights into our understanding of how selective ligands for the βAR may modulate the 

metabolism of specific miRs. We postulate that the development of high affinity βAR-β-

arrestin biased ligands, that display better efficacy for this newly discovered β-arrestin-

mediated miR regulatory network, may provide a new class of drugs for the treatment of 

cardiovascular diseases. 
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V. OVERALL SUMMARY 

 

 βAR-β-arrestin-biased agonism is an emerging concept in the G protein-coupled 

receptor (GPCR) signaling field, in which unique ligand-activated conformational states 

can selectively stimulate GPCRs like βARs to signal through β-arrestin in the absence of 

G protein activation. Because GPCRs are the target of approximately 40% of all modern 

medicinal drugs (23), β-arrestin-biased ligands have been considered to have important 

therapeutic utilities. 

 In this study, we focused on (i) the identification of gene signatures regulated by 

Carv in mouse heart and (ii) to show that the Carv-induced βAR-β-arrestin-biased agonist 

can regulate Dicer-mediated miR maturation to promote cardioprotective signaling 

against simulated ischemia. Since the gene signatures regulated by Carv have not been 

previously addressed, we first investigate whether stimulation of βARs by the β-arrestin-

biased ligand Carv, can up-regulate a distinct subset of gene expression. The 

identification of the gene signatures can therefore narrow down the signaling pathway by 

which Carv potentially mediates its cardioprotective effects.  

 Indeed, upon verification, we have validated that Carv can regulate gene 

expression differentially. Specifically, we demonstrated that Carv up-regulates genes that 

are involved in tight junction (e.g. myh7), response to malaria (e.g. ccl12 and itgb2), and 
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viral myocarditis pathways (e.g. itgb2 and myh7), while down-regulating genes that are 

involved in glycosaminoglycan biosynthesis (e.g. chst1 and chst2) and ARVC (e.g. 

cacnb1 and ctnna2). Altogether, our data indicate that Carv can modulate the expression 

of a subset of genes in mouse heart, influencing its downstream signaling pathways, and 

consequently regulate cardiac cell metabolism and functions, in a manner, favorable to 

cytoprotection in cardiac cells. 

 Here, we also demonstrated for the first time, how the molecular mechanisms of 

β-arrestin-biased agonism of βAR regulates Dicer-mediated miR maturation to establish 

the importance of this novel mechanisms in cardioprotective signaling. Briefly, consistent 

with our previous findings, we managed to identify three newly identified Carv-

responsive miRs (miR-466g, miR-532-5p, and miR-674) upon verification analysis of our 

previous microarray data (96). We found that these three additional miRs (466g, 532-5p, 

and 674) were upregulated by Carv stimulation and that this effect was absent in mice 

lacking β-arrestin1, β-arrestin2, GRK5, or GRK6. Interestingly, different from our 

previous findings, Carv-mediated activation of miR-466g and miR-532-5p is β2AR-

dependent, but the activation of miR-674 by Carv is β1AR-dependent. While Carv did not 

increase the expression of both pri-miRs and pre-miRs, it may enhanced the expression of 

mature miRs by enhance the possible interaction between β-arrestins and the Dicer 

complex as well as RNA binding proteins, hnRNPK and dyskerin. Thus, it may implies 

that our data may indirectly suggest a novel mechanism, by which Carv may enhance the 

formation of a complex consisting of β-arrestins with two RNA binding proteins 
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(hnRNPK and dyskerin) and the Dicer complex, to promote the maturation for these three 

β-miRs. 

 To understand the roles of these three β-miRs, we further performed multiple 

gain- and loss-of-function studies using primary cardiac cell lines under both basal and 

anoxia conditions. Results from our cardiac cell approaches further demonstrated that the 

three newly identified βAR/β-arrestin-responsive miRs (β-miRs) act as gatekeepers of 

cardiac cell function by repressing deleterious target genes, DCUN1D4, PRSS23 and 

USP14 respectively. Our data provide evidence that the β-arrestin-biased ligand Carv 

stimulates activation of the three newly identified β-miRs, which contributes to 

cardioprotection through regulating cardiac cell functions. Altogether, our data provide 

evidence that the β-arrestin-biased ligand Carv, can enhance Dicer-mediated miR 

maturation, which may be an important mechanism, to modulate its downstream 

cardioprotective effects in cardiac cells. 
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