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Abstract 

Circular RNAs (CircRNAs) are ubiquitous, and covalently closed loop structures. They are 

single-stranded molecules without free 3′ and 5 ′ ends. CircRNAs have been rapidly gaining 

momentum as a potential therapy option for a wide range of cardiovascular disorders, including 

coronary artery disease (CAD), Cerebrovascular disease (CVD), Peripheral artery disease 

(PAD), and Aortic atherosclerosis. This review explores several critical aspects such as circRNA 

biogenesis and suggested biogenesis models, circRNA detection and validation methods, 

circRNA functions, and current therapeutic uses of circRNA technology. To increase efficacy, 

these advancements are being researched both independently and in combination with other 

technologies as well. Significant advances may pave the road for circular RNA technology to be 

successful in treating these diseases, which are currently affecting a big part of the human 

population. 

 

Keywords: Cardiovascular diseases (CVDs), Coronary artery disease (CAD), Cerebrovascular 

disease (CVD), Peripheral artery disease (PAD), Aortic atherosclerosis. 
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Chapter 1 Introduction 

 

1.1 Background of Cardiovascular Disease 

A group of diseases that affect the heart and blood vessels can be referred to as cardiovascular 

diseases. Cardiovascular diseases (CVDs) are the prime source of death globally among 

patients. Approximately, 17.9 million people died from cardiovascular diseases in 2019 that is 

illustrating 32% of all deaths worldwide(Cardiovascular Diseases (CVDs), n.d.). Generally, it is 

correlated with a build-up of fatty deposits inside the arteries called atherosclerosis and an 

increased risk of blood clots. It can also be connected with damage to arteries in organs such as 

the brain, heart, kidneys, and eyes. Atherosclerosis is a kind of cardiovascular disease that 

advances when plaque builds up in the walls of the arteries. It became harder for blood to flow 

through due to this buildup narrowing the arteries. In case of the formation of a blood clot, it can 

stop the blood flow which can lead to a heart attack or stroke. A broad range of problems can 

arise within the cardiovascular system; a few of them are rheumatic heart disease, endocarditis, 

and conduction system abnormalities. 

In spite of the fact of cardiovascular disease may directly arise from different etiologies that are 

emboli in a patient with atrial fibrillation resulting in ischemic stroke, and rheumatic fever 

causing valvular heart disease, among others, addressing risks factors associated with the 

development of atherosclerosis is the most important as it is a recognized denominator in the 

pathophysiology of cardiovascular disease. (Lopez et al., 2021) 

 



2 
 

1.2 Types of Cardiovascular disease 

Cardiovascular disease which is also known as heart disease refers to the following 4 entities 

which are – 

1. Coronary artery disease (CAD): It is also referred to as coronary heart disease (CHD). 

Generally, it results from decreased myocardial perfusion that causes angina, myocardial 

infarction (MI), and/or heart failure. It is reported that about one-third to one-half of the cases 

of CVD result from CAD. (Lopez et al., 2021) 

Pathophysiology: The pathophysiology of coronary artery disease is the development of 

atherosclerotic plaque. Plaque is a build-up of fatty material that narrows the vessel lumen 

and impedes the blood flow which results from the formation of a ―fatty streak.‖ (Shahjehan 

& Bhutta, 2021) 

 

Figure 1: Coronary artery disease (CAD) (Sharma, n.d.) 
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Figure 2: Coronary artery disease (CAD)(Stem Cell Therapy Heart Disease Coronary Atherosclerosis CAD IHD, 

n.d.) 

2. Cerebrovascular disease (CVD): Cerebrovascular disease is the entity that is related to 

strokes which are also called cerebrovascular accidents as well as transient ischemic attacks 

(TIAs). (Lopez et al., 2021) 

 

Figure 3: Cerebrovascular disease (CVD)(Toljan, 2022) 
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Pathophysiology: Ischemic stroke can be caused due to narrowed cerebral arteries. 

However, tearing vessels on the basis of constantly accelerated blood strain, leads to a 

hemorrhagic stroke when a reduction in the blood goes with the drift lasting seconds takes 

place, and the mind tissue suffers insufficient blood delivery or ischemia.  (Barpanda, 2021) 

 

Figure 4: Cerebrovascular stroke(Cerebrovascular Disease Stock Illustrations – 330 Cerebrovascular Disease 

Stock Illustrations, Vectors & Clipart - Dreamstime, n.d.) 

3. Peripheral artery disease (PAD):  It is an arterial disease predominantly comprising the 

limbs that may lead to claudication. (Lopez et al., 2021) 

Pathophysiology: Peripheral artery disease (PAD) occurs because of the blockage of the 

arteries supplying blood to the lower limbs usually secondary to atherosclerosis. The most 

severe clinical manifestation of PAD is critical limb ischemia (CLI) which is associated with 

a risk of limb loss and mortality owing to cardiovascular events. (Krishna et al., 2015) 
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Figure 5: Peripheral artery disease (PAD) (Peripheral Vascular Disease: Causes, 

Symptoms & Treatment, 2022) 

 

4. Aortic atherosclerosis:  Aortic atherosclerosis is a cardiovascular disease including thoracic 

and abdominal aneurysms. (Lopez et al., 2021) 

Pathophysiology: Atherosclerosis is a lengthy process that results in the progressive 

thickening of the inner layer of the coronary arteries, which can constrict the lumen of the 

artery to varying degrees over time. Atherosclerosis is a low-grade inflammatory disorder of 

the intima (inner lining) of medium-sized arteries that is accelerated by risk factors such as 

diabetes, high cholesterol, high blood pressure, smoking, and heredity. In the case of 

coronary atherosclerosis, the acute syndrome of the acute myocardial syndrome and SCD 
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have a preference for the proximal portions of the main coronary arteries, frequently near 

arterial bifurcation sites that affect the flow in the artery. A cycle of rapid development 

linked to either of two processes—asymptomatic plaque disintegration with the development 

of a non-occlusive intraluminal thrombus or plaque hemorrhage—can, however, hinder the 

gradual progression of atherosclerotic disease. (Ambrose & Singh, 2015) 

 

Figure 6: Aortic Atherosclerosis (Atherosclerosis: Definition, Treatment, and Causes, n.d.) 

 

1.3 Current Treatment 

From the studies, it has been discovered that cardiovascular diseases are the prime origin of 

death worldwide (Ghantous et al., 2020). 

It is essential to review the morbidity and the impaired outcomes it has on individuals along with 

its consequences connected to mortality while examining heart disease. Cardiovascular disease is 
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a wider expression that surrounds disorders of the cardiac muscle, interstitial tissues, or vessels. 

Additionally, cardiovascular disease can be categorized based on the basic causes, such as 

rheumatic, ischemia, hypertension, or inflammation; the location of the disease, such as valvular 

disease, pericarditis, or coronary artery disease; or the type of disease, such as heart rhythm 

disturbance, infections, or cardiomyopathy. The objective of treating cardiovascular disease is to 

reduce the number of hospitalizations brought on by cardiac illnesses each year, to lower heart 

disease-related mortality, and to lower disability caused by heart disease. (Mittal et al., 2018) 

Although the most recent treatments for CVD diseases are constantly improving, time is still the 

most crucial aspect that determines how much dysfunction a cardiac event results in even if the 

patient survives. Rapid percutaneous coronary intervention (PCI) might enhance the patient's 

outlook upon discharge. Modern techniques also strive to reduce the time between cardiac 

episodes and the start of a pertinent medical intervention. Furthermore, there have been a lot of 

clinical trials conducted recently that aim to lessen or modify the progression of disease as well 

as preventively reduce the amount of dysfunction that patients experience after an ischemic 

event. The potential of these approaches to alter the pathophysiology of inflammatory, 

myopathic, and hypertensive illnesses is also being studied. (Mittal et al., 2018) 

At present, in order to treat cardiovascular diseases (CVDs) mainly targeted therapies are 

pertained such as gene editing technologies, cell therapy, protein drugs, and nucleic acid 

drugs. (M. Xu & Song, 2021) 
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1.4 Limitations and prospects 

In a nutshell, targeted therapy has become prominent as an innovative and favorable strategy for 

the treatment of cardiovascular diseases.  Additionally, researchers are able to anatomize the 

pathogenesis of the diseases and survey the targeted therapy by employing proteomics, 

genomics, and transcriptomics, hence, convoying the treatment of cardiovascular diseases into an 

accurate therapy period. Regardless, the matter of unanticipated off-target events as well as side 

effects during the application of the targeted therapies should be confronted in other surveys. 

Despite targeted therapy has illustrated magnificent usefulness in pre-clinical and clinical trials, 

various restrictions needed to be acknowledged and conquered in clinical application, for 

example, gene mutations, off-target events, etc.). (M. Xu & Song, 2021) 

1.5 Circular RNA Technology in Cardiovascular Disease  

Circular RNAs (CircRNAs) are ubiquitous in all species, from viruses to humans, and are 

covalently closed loop structures as well as single-stranded without free 3′ and 5 ′ ends. Much 

progress has been made in the biogenesis, regulation, localization, degradation, and modification 

of circRNAs. Along with performing as transcriptional regulators, microRNA (miR) sponges, 

and protein templates, circRNAs influence biological purposes (W. Y. Zhou et al., 2020). The 

regulatory prospects of circRNAs have still not been entirely discovered though CircRNAs has 

long been understudied. Originally, circRNAs were concerned with limited isoforms generated 

as an outcome of binding errors. Nevertheless, it is currently documented that circRNAs are 

extensively expressed as well as greatly preserved over species with the evolution of 

bioinformatics and intense output sequencing. The original objective of circRNA was described 

as acting like a sponge for microRNA to control the production of its target mRNA. Following 

this discovery, investigations discovered that circRNAs perform a variety of other regulatory 



9 
 

functions, including protein sequestration and translocation, protein interaction facilitation, 

transcriptional and translational regulation, and protein translation. (He et al., 2021). 

Broad-range diseases, typically cardiovascular diseases, cancers, and neurological diseases have 

been implied in the dysregulation of circRNAs. CircRNAs may be useful therapeutic targets as 

they are extremely stable and often demonstrate tissue- or cell-type-particular expression. 

CircRNAs are typically overexpressed employing expression plasmids as well as knocked down 

through RNA interference (RNAi)-based methods. However, RNAi molecules face several 

challenges, including limited intracellular penetration, instability, various off-target effects, 

immune system activation, and a lack of cell-specificity. Though using nanoparticles or 

exosomes as delivery methods, these RNAi compounds can improve their immunogenicity, 

intracellular entrance, and stability. The cre-lox technique has recently been used to knock down 

circRNAs in particular cells. Furthermore, CRISPR technology and Cas13 systems in particular 

have demonstrated tremendous potential for precisely and robustly knocking out circRNAs. (He 

et al., 2021) 

As a matter of course CircRNAs have lengthy half-lives relative to their linear counterparts, are 

resistant to exonuclease degradation, and may therefore serve as indicators for illness. 

Furthermore, recent research suggests that circRNAs may play a significant role in 

cardiovascular damage and healing. (Kishore et al., 2020) 

1.6 Current Circular RNA Technology 

CircRNAs, which are quite different from conventional linear RNAs and are found in enormous 

quantities in the eukaryotic transcriptome, have a closed-loop structure that makes them less 
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vulnerable to degradation and more stable than mRNAs. CircRNAs typically consist of exonic 

sequences that are species-conserved and have tissue- and developmental-stage-specific 

expression patterns. fPractically, circRNAs can serve as miRNA sponges because of their 

abundance of miRNA binding sites. MiRNAs play a crucial role in conventional advancement 

and homeostasis in vivo as fine-regulators of gene expression, and their dysregulation has been 

linked to many illnesses. Predominantly, CircRNA plays critical roles via acting like miRNA 

sponges to bind as well as block miRNAs. CircRNAs can be regulated to adjust the quantity of 

miRNAs in order to achieve efficacy in monitoring protein levels and biological goals. (X. Zhao 

et al., 2022) 

A wide range of diseases has been circulated with be associated with circRNAs. Because of its 

stable closed-loop structure and ability to be detected in patient blood and urine, circRNA is 

presumed to serve as an efficient clinical diagnostic marker in future. Further, this will be 

efficient for the diagnosis of many diseases as well as contribute to the latest plans for the 

progress of current targeted therapies and drugs. In spite of the fact that circRNAs-based 

vaccines or drugs displayed outstanding progress when compared to mRNA, as demonstrated by 

increased stability, circRNAs drugs are still in the initial stages, with no mature procedures and 

facilities available for large-scale circRNA generation, which ultimately hinders the progress of 

circRNAs drugs. Circular RNAs' unique shape allows them to translate and generate proteins of 

various sizes via rolling-loop translation, as well as translate larger proteins while utilising 

constrained nucleotide sequences that mRNA drugs cannot. Despite that, the unrestrained 

collection of antigens or proteins can conduct to unfavorable outcomes. It can be anticipated that 

various kinds of circRNAs drugs can be progressed in the future with the constant progression of 

circRNAs technology. (X. Zhao et al., 2022) 
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1.7 How Can Circular RNA Technology Help Cardiovascular Disease? 

In general, despite ongoing research into the causes of cardiovascular disease (CVD) and the 

advantages of authorized guideline-based therapy, heart failure continues to be the leading cause 

of mortality globally. High-throughput RNA sequencing (RNA-seq) advancements have made it 

possible to recognize new transcripts such circular RNAs (circRNA), microRNAs (miRNA), and 

long noncoding RNAs (lncRNAs). Specific studies have shown that these RNAs regulate 

biological functions, including the onset and course of illness, which may help in the 

development of indicative and restorative aids in the favor of the therapy of CVD. CircRNAs are 

a type referring to short noncoding single-stranded RNAs that are highly conserved between 

species and are often produced in mammalian tissue. They were discovered by whole RNA high-

throughput sequencing libraries reduced of ribosomal RNAs. Additionally, pre-mRNA, from 

which circRNAs are formed, is back-spliced to produce a molecule with a 3′–5′ phosphodiester 

bond at the connector location. Numerous circRNAs are produced at reduced levels as a result of 

back-shortcomings splicing's in comparison to canonical splicing. Exonic circRNAs have also 

been shown to express themselves at greater levels than their corresponding linear mRNAs in a 

number of instances. CircRNAs are affluent, evolutionarily preserved, and differently conveyed 

in cardiovascular illness in a significant way.  (Kishore et al., 2020) 
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1.8 Aims of the Study 

This review aims to discover the remaining and latest circular RNA technology in cardiovascular 

diseases as well as to figure out how circular RNA technology can turn the future of 

cardiovascular disease treatment. 

1.9 Objectives of the Study 

The objective of the review is to develop an incisive and informative review that will forward the 

topic of interest to summarize the remaining cloning study the topic of interest. 

 

 

 

 

 

 

 

 

 



13 
 

Chapter 2 Research Methodology 

In order to accumulate all the details and particulars included in this study, a detailed literature 

review was regulated. The information and evidence came from a variety of reliable references, 

including online scholarly databases, newspapers, and peer-reviewed journals. The following is a 

summary of some of the databases that were pursued in detail for the latest study. 

- Subject-specific professional websites 

- Journal database 

- Newspaper database  

- Library catalog  

In order to gather as much essential information as possible regarding the use of carbon 

nanotubes in cancer diagnosis and treatment, a thorough search of several journals, review 

articles and research papers from official websites and research databases was carried out. 

Utilizing well-known and reliable sources including PubMed, SCOPUS, Google Scholar, and 

ScienceDirect, the data for this review study was collected. Relevant papers were gathered using 

appropriate important keywords, such as cardiovascular disease, circular RNA, biogenesis of 

circular RNA, and use of circular RNA. Articles have been assessed based on the title and 

keyword content. Then, the papers were reduced after reading the abstracts. The total number of 

papers that made up this review research were carefully selected and examined. Mendeley 

software was used for accurate and fair referencing in order to show respect for the writer‘s 

original works. 
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Chapter 3 Delivery of CircRNA Technology 

A variety of biological processes, including organogenesis and oncogenesis, depend on circular 

RNAs as critical regulators. Besides, as RNAs have a role in cardiovascular disorders, they may 

make good targets for both diagnostics and treatment. Significantly, mounting evidence points to 

the critical role of circRNAs in organogenesis and pathogenesis as represented by the central 

nervous system and suggests that they may play a similar role in the cardiovascular system, 

suggesting a potential therapeutic approach to diseases related to these organogenesis and 

pathogenesis. (Gong et al., 2019) 

 3.1. Biogenesis of CircRNAs 

CircRNAs, previously thought to be a "splicing error" or "splicing noise," have been 

rediscovered due to their physiological importance in illness and tissue regeneration. The 3' tail 

end of the second exon is connected to the 5' head of the first exon to form a covalently closed 

loop, giving circRNA its unique circular shape. In contrast to canonically spliced linear RNA, 

which lacked not only the 5' but also 3' termini. Increasing data suggests that these "back 

spliced" circRNAs are broadly transcribed using a range of spliced isoforms that result in 

modifications based on the cell type (Salzman et al., 2013). According to RNA-seq data, over 

1000 circRNAs have so far been discovered in grownup organs such as the colon, heart, kidney, 

liver, lung, and stomach. Thirty three  circRNAs being highly shared, while between one-third 

and fifty percent of circRNAs are tissue-specific. Further evidence that fetal cells create much 

more circRNAs than adult tissues comes from the kinetic variations of circRNAs at different 

time periods in both mouse and human tissues (Memczak et al., 2013; T. Xu et al., 2017). As a 

result, circRNAs and their linear counterparts have a dynamic, spatiotemporal specificity (Capel 

et al., 1993; Cheng et al., 2016; Salzman et al., 2013). Despite the fact of their distinctive circular 
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form, they are more stable and ideal for use as biomarkers since they have a longer half-life and 

may be less susceptible to the enzyme ribonuclease R (RNase R). Additionally, they are typically 

more abundant in expression and more conserved across species, indicating a functional role in 

life (Enuka et al., 2016). Ever since the first thoroughly researched circRNA, ciRS-7 (CDR1as), 

demonstrated potential relevance in neurodevelopment, further study on functional circRNAs has 

been conducted (Memczak et al., 2013). Remarkably, profiling of circRNA revealed the 

abundance of over 9000 circular species in the hearts of several species, including mice, rats, as 

well as humans, up to 1288 of which are shared, indicating potential functional relevance for 

such arrangement (Werfel et al., 2016).  

Hypothetical theories presently support the biogenesis of circRNAs as follows: 

(1) Direct back splicing: A number of distinct methods contribute to the production of various 

types of circRNAs. These regulatory elements include RNA binding proteins (RBPs; e.g., 

Quaking) or spliceosomes by establishing the base pairing-induced tight proximity inside these 

flanking sequences, which are typically located inside flanking introns (e.g., IRAlus; "intron-

pairing") (S. J. Conn et al., 2015; Q. Zheng et al., 2016).  

(2) Lariat-driven circularization (sometimes referred to as "exon skipping"): Circularization is 

promoted by the presence of a "lariat" structure, which is frequently observed by debranching as 

well as a rapid exonuclease-mediated destruction. This procedure is accelerated by the repetitive 

complementary flanking components such as the ALU in introns, which generate reverse 

complementary matches (Vicens & Westhof, 2014; Wilusz, 2015). As a result, circRNAs 

produced at various genomic loci have diverse structural components and are classed as such. 

Exon-derived circRNA is the type that has been discovered or investigated the most so far, 
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primarily for its role in the cytoplasmic transmission of post-transcriptional regulation (Qu et al., 

2015). Intronic circRNAs (ciRNAs), on the contrary, is a niche group that is maintained in the 

nucleus and have an impact on gene transcription (Y. Zhang et al., 2013). Intron-exon 

circularization also results in the production of exon-intronic circRNA (EIciRNA), something 

that is thought to somehow be associated in the enhanced parent mRNA transcription (B. Yu & 

Shan, 2016).  

The figure summarizes the biosynthesis and categorization of circRNA and is provided below:  

 

Figure 7: Circular RNAs (circRNAs): Biogenesis and functional mechanisms  (He et al., 2021) 
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A. Back splicing mediated by RNA-binding protein (RBP), intronic complementary sequence 

pairing, or lariat structures with omitted introns or exons. 

B. Sponging microRNA (miRNA) to reduce the amount of target mRNA that they are available 

to bind. 

C. Reducing the availability of RBP to attach target mRNA through sponging 

D. preventing the development of the translation initiation machinery by associating with such 

homologous mRNA, poly(A)-binding protein (PABP), and eukaryotic translation starting factor 

4 G or eIF4G. 

E. Taking up residence in the cytoplasm or moving proteins to the nucleus. 

F. Making certain protein interactions easier. 

G. Protein translation that is cap-independent. 

H. Exon-intron circRNAs (EIcircRNAs) can assemble with the RNA polymerase II-binding U1 

small nuclear ribonucleoprotein (U1 snRNP) to accelerate the transcription of parental genes 

(RNA pol II). Intragenic circRNAs (ciRNAs) can connect with the stretching RNA pol II 

complex to enhance transcription. (He et al., 2021) 

 

3.2. CircRNA Detection and Validation Approaches 

CircRNA cannot be degraded by RNaseR exoribonuclease because it lacks free terminals, hence 

enabling RNaseR treatment to enrich circRNAs (Werfel et al., 2016). It is worth noting that some 
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linear RNAs can resist RNaseR. A research found that RNaseR does not digest more than 20 

percent of abundantly expressed linear RNAs (Xiao & Wilusz, 2019). Regarding how to acquire 

purified circRNA for  research of RNA-seq, the RNase R therapy, followed by polyadenylation 

of linear RNA with free 3′OH ends and associated depletion (RPAD), was suggested (Panda et 

al., 2017). In a recent study, a strategy to eliminate polyadenylated mRNAs with highly ordered 

3′ ends and resistance to RNase R was proposed (Xiao & Wilusz, 2019). use of Escherichia coli 

for treatment (E.coli) Prior to RNaseR treatment, Poly (A) Polymerase I modified the highly 

structured RNAs by adding a 3′ terminal poly (A) tail, enabling the enzyme to break them down. 

RNaseR treatment does not, however, affect mRNAs containing G-rich regions. To resolve this 

problem, Li+ was added to the buffer solution in place of K+, which is known to support the 

integrity of G-quadruplex (G4) complexes of polyadenylated mRNA (Xiao & Wilusz, 2019). 

Currently, ribosomal RNA reduction and elevated RNA-seq are combined as a detection method. 

RNA-seq is frequently used to discover novel circRNAs and can reveal details about not 

only linear RNA but also circRNA. On the other hand, identified back-splicing connectors are 

the main focus of microarray analysis. In contrast to RNA-seq, microarray study includes 

recognized circular junction sequence-specific probes to exclusively find identified circRNA 

(Carrara et al., 2018). 

After identification and differential expression analysis, the list of potential circRNAs is verified 

by RT-qPCR utilizing diverging primers as well as northern blot employing sequence-specific 

probes that aim the circRNA's back-splicing junctions (Carrara et al., 2018). However, these 

reverse transcription-based verification methods can potentially result in erroneous circRNA 

estimations because of template flipping (Kristensen et al., 2019). The proposed pipeline 
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typically begins with identification using RNA-seq or microarray assessment, is followed by 

analyses of differential expression selection verification, and finally RNase R degradation 

resistance testing. As a result, scientists may create databases that combine different data sets to 

provide information on preservation, expression, and potential efficacy as well as help with 

primer design. (Kishore et al., 2020) 

3.3. Proposed CircRNA Biogenesis Models 

By combining exons and cutting out introns from pre-mRNA, the spliceosome mechanism in 

canonical alternative linear splicing produces a single-stranded RNA with a 5′ cap and poly (A) 

tail to avoid breakdown (Fig. 8A). Back-splicing procedures rely on canonical splice sites as well 

as the canonical spliceosome apparatus to generate circulating RNAs (Starke et al., 2015). There 

are presently four proposed theories that potentially describe circRNA production, while further 

research into circRNA biogenesis is required. Lariat-driven circularization and intron-pairing-

driven circularization were proposed as two models of RNA exon circularization (Jeck et al., 

2013). Exon skipping driven by alternative splicing leads to lariat-driven circularization, which 

can enhance circularization (Fig. 8B). The spliceosome then backsplices the exons, modulating 

them with both cis and trans regulators (L. L. Chen, 2016). In "intron-pairing-driven-

circularization," which promotes circularization, Alu repeats—the most prevalent primate-

specific repeats—are placed close together by direct RNA base pairing across introns 

encompassing exons (Fig. 8C) (Devaux et al., 2017; Diallo et al., 2019; Jeck et al., 2013). An 

alternate theory for exon circularization proposes that RBP dimerization, which brings exons 

close together to facilitate circularization, is promoted by bordering introns with RBP binding 

sites, such as Quaking and Muscleblind (Fig. 8E) (S. J. Conn et al., 2015; Devaux et al., 2017). 

The RNA splicing factors Muscleblind (Mbl) and Quaking (QKI), members of the RNA family 
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involved in signal transduction as well as activation, are considered to induce pre-mRNA 

alternative splicing (Ashwal-Fluss et al., 2014; Darbelli & Richard, 2016). Altogether, research 

demonstrates that the production of circRNA depends on the presence of intronic binding motifs 

and the Quaking / Muscleblind binding sites in nearby introns (Ashwal-Fluss et al., 2014; S. J. 

Conn et al., 2015). Two RNA motif-dependent models for circular intronic (ciRNA) formation 

have been proposed: the 7-nt GU rich pattern at 5′ splice site as well as an 11-nt C-rich pattern 

close to the splice site site to promote inefficient de-branching (Fig. 8D) (Y. Zhang et al., 2013). 

Lastly, diverse exonic circRNAs produced from the same gene locus can develop as a result of 

competitive RNA pairing across several flanking introns and alternative splicing (Fig. 8F) (L. L. 

Chen, 2016; X. O. Zhang et al., 2014).  

 

Figure 8: CircRNA biogenesis (Kishore et al., 2020) 

(A) Canonical splicing of pre-mRNA. B-D, The spliceosomal machinery facilitates back-

splicing circularization to produce various single-stranded covalently closed circRNAs.  
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(B) Lariat-driven circularization can produce either an intron- or an exon-containing circular 

RNA. 

(C) To enhance the production of exon/intron-containing circRNA, introns with reverse 

complementary sequences (ALU repeats) are directly paired with circulated exons. 

(D) RNA motifs close to the branch point and the 5′ splice sites encourage an intron in order 

to avoid de-branching and create intronic circRNA. 

(E) RBPs can dimerize and bind to bring exons close together to facilitate circularization. 

(F) Modified circularization may occur, leading to the production of circRNAs from the 

same gene locus with variable numbers of exons. Exonic circRNA are generally 

transported into the cytoplasm after biogenesis, however, circRNA that includes introns 

stay in the nucleus. (Kishore et al., 2020) 

3.3.1. Prevention of Circularization 

Double-stranded RNA-specific adenosine deaminase (ADAR) enzymes hinder circularization 

and prevent the complementation of adjacent introns by replacing adenosine to inosine in 

endogenous RNA which are double-stranded. ATP-relative RNA helicase A (DHX9) can attach 

to reversed complementary repeats (Alu) as well as unwind dsRNA helical configurations to 

prevent intron sequences from looping (Aktaş et al., 2017; Ivanov et al., 2015).  

3.3.2. Production of CircRNAs by Co- or Post-Transcriptional Processes 

CircRNA synthesis can take place post-transcriptionally or concurrently with transcription. The 

research on the human genes ZKSCAN1, HIPK3, and EPHB4 discovered that 3′end coding of 

pre-mRNA ZKSCAN1 is required in favor of the formation of circRNA, as well as short 

reversed repeats in adjacent introns, indicating that circRNA biogenesis may take place post-
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transcriptionally (Liang & Wilusz, 2014). In contrast, it was discovered in a different study that 

increasing bordering intronic repeats to 260 nucleotides or longer permitted ZKSCAN transcript 

to generate circRNA without requiring poly (A) signal, indicating that circRNA formation may 

take place concurrently with other transcription processes (Kramer et al., 2015). Additionally, 

co-transcriptional circRNA biosynthesis competes with pre-mRNA splicing, resulting in reduced 

amounts referring to linear analogue (Ashwal-Fluss et al., 2014; L. L. Chen, 2016).  

3.3.3. CircRNA and Localization of Characterization 

Exonic (EcRNA), intronic (CiRNA), and exon-intron (ElcRNA) circRNAs can be distinguished 

by their differences in structure, location, and function. The majority of the circRNAs are exonic 

and are mostly found in the cytoplasm (Capel et al., 1993; Lim et al., 2020; Werfel et al., 2016). 

CircRNA that is less than 400 nucleotides in length is exported by the ATP-dependent RNA 

helicase DDX39A. Meanwhile, circRNAs longer than 1200 nucleotides are exported by the 

spliceosome RNA helicase DDX39B (Kristensen et al., 2019). Intronic circRNA interacts with 

RNA polymerase II to persist in the nucleus as well as act as modulators of transcription of their 

corresponding parental genes (Diallo et al., 2019). Current research disclosed the Drosophila 

helicase Hel25E like a critical nuclear export modulator in favor of circRNAs longer than 800 

nucleotides. It is a member of the DExH/D-box protein family, which includes the DEAD, 

DEAH, and DExH subgroups necessary in the favor of operating of mRNA (Huang et al., 2018; 

Jankowsky & Jankowsky, 2000).  
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3.3.4. Circular RNA Packaging into Extracellular Vesicles 

Exosomes are microvesicles with a size range of 30 to 100 nm. They contain the prospects to 

serve as signature molecules in the favor of human disorders and are frequently secreted by 

various cells to control cell-to-cell transmission (Kishore & Khan, 2016; S. Li et al., 2018). A 

range of substances, such as nucleic acids, lipids, circRNA,  proteins, and microRNA, are present 

in these microvesicles and they influence the behavior of cells (Fig. 9E) (Kishore & Khan, 2016; 

Y. Li et al., 2015; Skotland et al., 2017).   

 

Figure 9: Functions of circRNA(Kishore et al., 2020) 

A. A nuclear exon-intron circRNA may control parental gene transcription through binding 

to the U1 constituent concerning spliceosomal machinery and recruiting RNA 

polymerase II. 
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B. CircRNA may bind to miRNAs  

C. Interface to RBPs.  

D. CircRNA  promotes 5′ cap-independent translation by incorporating an IRES element, 

ORF, or N6-methyladenosine residues. 

E. Microvesicles like exosomes can likewise be used to bundle exons carrying circRNA. 

(Kishore et al., 2020) 

Circular RNA (circRNA) may wrapped within exosomes like the means of removing circRNA 

through the cell since its absence of 5′ and 3′ ends make it resistant to enzyme breakdown and 

may cause circRNA to accumulate within the cell. Recently, cardiac extracellular vesicles from 

injured mouse hearts caused by ischemia/reperfusion (I/R) were extracted, and significant 

differences in the expression of circRNAs were discovered (Ge et al., 2019). Post-I/R damage, 

there is an acceleration in the discharge concerning cardiac extracellular vesicles. Predicted 

pathways of circRNAs that are considerably increased include vesicle formation and budding, 

which is in line with those findings (Ge et al., 2019). These publications emphasize the necessity 

to look into exosomal circRNAs' potential as a biomarker for CVD. (Kishore et al., 2020) 

3.3.5. CircRNA Translation 

Multiple circRNAs may be able to code for proteins, according to mass spectrometry and 

polysome profiling studies of RNase R resistant RNAs. Many studies indicate that circRNAs 

might have an internal ribosome entry site (IRES) to attract tiny starting components or N6-

methyladenosine remnants towards facilitate translation (Fig. 9D) (Diallo et al., 2019; Legnini et 

al., 2017; Y. Yang et al., 2017). The Muscleblind (mbl) locus is the source of the majority of the 

circRNAs among the discovered ribo-circRNAs. Fly head immunoprecipitated with Mbl resulted 

to the production of a 37.04 kDa protein, which was confirmed by northern blot research and 
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mass spectrometry. Because they have a start codon in common with their linear mRNA 

equivalent, these described ribo-circRNAs may be involved in regulating the translation of their 

linear equivalent (Pamudurti et al., 2017).  

Other investigations, in the comparison of indicated results, have identified circRNA as 

noncoding (Guo et al., 2014; Stagsted et al., 2019). They used datasets from the ENCODE 

consortium for their RNA sequence analysis, and they discovered that AUG circRNAs which are 

the most widely conveyed and preserved circRNAs. Surprisingly, it was discovered that none of 

the chosen AUG circRNAs may translated as well as neither mass spectrometry nor ectopic 

overexpression in cell lines could reveal any peptides (Stagsted et al., 2019). The question of 

regardless if circRNAs are noncoding or translate within functional peptides/proteins is still 

being debated. (Kishore et al., 2020) 

3.3.6. CircRNA Expression 

CircRNAs are widely distributed and interspecies conserved. Their expression depends on the 

tissue (Salzman et al., 2013) as well as alterations occur as development proceeds (T. Xu et al., 

2017; You et al., 2015). Comprehensive RNA-seq investigation concerning rat hearts, human 

hearts, and cardiomyocytes generated from embryonic stem cells of human revealed that 

circRNA was tissue-specific, variably expressed, and highly conserved throughout development. 

However, circRNA expression between patients with cardiomyopathy and those who were 

healthy did not reveal any appreciable variations in expression (Jeck et al., 2013; Salzman et al., 

2012; Tan et al., 2017).  
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3.3.7. Circular RNA Preservation 

Most species in evolution such as metazoans, plants, archaea,yeast, humans, mice as well as rats 

have circRNAs (Danan et al., 2012; Tan et al., 2017; Werfel et al., 2016). To better understand 

the circRNA evolution mechanisms and the application, it is crucial to recognize their 

evolutionary conservation. According to a study, 457 (or 22% of circRNAs) were found in the 

murine testis and the human fibroblast cell line Hs68. (Jeck et al., 2013), While thirty to forty 

percentage concerning circRNAs were found in the exons as well as orthologous genes of three 

different Drosophila species' heads (Westholm et al., 2014). Moreover, half of the observed 

circular RNAs (9049 of 15,849) shared splice sites in a different research contrasting splice sites 

of circularization in human as well as mouse encephalons, indicating conservation (Rybak-Wolf 

et al., 2015). In connection with this research, a one-third splice site conservation rate was found 

using whole-genome alignment of RNA-seq data from mouse ENCODE cell lines with human 

orthologs (Guo et al., 2014). It's remarkable to note that only 10% of the circRNAs shared by the 

hearts of humans, mice, and rats have been shown to be conserved, compared to 30% across 

mouse and rat hearts (Werfel et al., 2016). For upcoming translational studies, it is crucial to look 

at highly conserved circRNAs between humans and rodents despite the fact that circRNAs are 

conserved across species. (Kishore et al., 2020) 
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Chapter 4 The roles of circRNAs 

CircRNAs are involved in a variety of biological processes, including as those that control 

transcription and translation, sequester miRNA and RBP, and act as disease biomarkers (Fig. 9) 

(Kishore et al., 2020).  

CircRNAs have steadily been discovered to have more particular biological activities, and 

research continues to be done on how they work. CircNAs have a number of confirmed uses so 

far (Fig.10). 

 

Figure 10: Diagram illustrating the synthesis and application of circRNAs (Z. Yu et al., 2021) 
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Models for the production of circular RNA include the following: lariat-driven circularization, 

RBP-driven circularization as well as intron pairing-driven circularization. 

CircRNA kinds: exon-intron; intronic single exon; and multiexon are the first two types. 

CircRNA performs the following four tasks: translation, protein scaffolding, miRNA sponge, and 

biomarker. CircRNA is short for circular RNA, while RBP stands for RNA binding protein. 

MicroRNAs are short for microRNAs, and RISC stands for RNA-induced splicing complex. (Z. 

Yu et al., 2021) 

4.1.1. MicroRNA Sponges 

The major part of circRNAs produced via circularizing intron is primarily found in the 

cytoplasm, with the exception of a tiny number that is found in the nucleus (Kristensen et al., 

2019). Numerous studies have demonstrated that circRNAs can engage in binding competition 

concerning mRNAs in the favor of miRNAs in the cytoplasm, controlling the production 

referring to mRNAs (Hansen et al., 2013; Memczak et al., 2013). The most representative 

circRNAs supporting this biological activity are thought to be mouse SRY sponging miR-138 

and ciRS-7/cerebellar degeneration-related protein 1 antisense RNA (CDR1as) sponging miR-7 

(Memczak et al., 2013). Remarkably, only a limited amount of circRNAs have been found to 

include various miRNA target binding sites (Guo et al., 2014). Additionally, miRNAs' binding to 

circRNAs may trigger circRNA degradation (Hansen et al., 2011). It has also been observed that 

Cyrano, a long non-coding RNA, regulates the CDR1as-miR-7 axis (lncRNA)(Kleaveland et al., 

2018). A highly complementary sequence between miR-671 and CDR1as in the non-coding 

regulatory network causes the rare argonaute2-mediated RNA cleavage that is the target of 

miRNAs in mammals and even vertebrates (Hansen et al., 2011). According to the 
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aforementioned results, circRNA-miRNA interconnections both relate miRNA sequestration and 

exert other worthwhile roles. (Z. Yu et al., 2021)  

4.1.2. Competition for Cleavage and Splicing during Transcription with pre-

mRNAs 

Pre-mRNA atypical splicing produces circRNAs, whereas pre-mRNA conventional linear 

splicing produces mRNA as the final product (L. L. Chen, 2016). According to a study, 

increasing the effectiveness of standard linear splicing could significantly lower the number of 

circRNAs produced (Ashwal-Fluss et al., 2014). Cyclization occurs and normal linear splicing 

efficiency is greatly reduced when the intron flanking the exon is longer (Liang et al., 2017). 

These results suggest that pre-mRNA and circRNA can compete for transcriptional attention. (Z. 

Yu et al., 2021) 

 

4.1.3. CircRNAs act as Protein Sponges and Regulate Transcription and    

Chromatin Interactions 

CircRNAs may attach RNA polymerase II or U1 small nuclear ribonucleoprotein in order to 

control the parental genes transcription (Z. Li et al., 2015; Y. Zhang et al., 2013). According to 

a study, when circRNAs are knocked out, the parental genes expression is remarkably reduced 

(Z. Li et al., 2015). In addition, back-splicing was seen in the RNAs produced by centromeric 

retrotransposons in maize, and the circular CRM1 RNAs that resulted might connect to the 

centromeres of the plant through R-loops to encourage the development of chromatin loops. 

Preceding research has shown QKI inhibited doxorubicin (DOX)-generated cardiotoxicity by 

attaching to circRNAs produced from the heart's titin (Ttn), formin homology 2 domain 
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containing 3 (Fhod3), and striatin 3 (Strn3) (Gupta et al., 2018). Additionally, circRNAs have 

binding sites for the host's RBPs and can control how much of them are expressed. For instance, 

circRNA zinc finger protein 609 (ZNF609) can control the quantity of p-protein kinase B (Akt) 

and the ratio of phosphorylated (p)-Rb/Rb, hence influencing the advancement of the G1/S phase 

in cells (Legnini et al., 2017). 

 

4.1.4. CircRNAs Regulate Transcription and Translation 

Exon-intron circRNAs (EIciRNAs) in the nucleus control how the parental genes are expressed. 

EIciRNAs work as a positive feedback loop by interacting with the spliceosomal machinery's U1 

component to attracting RNA polymerase II to the parental gene's promoter site to increase 

expression (Fig. 9A) (Z. Li et al., 2015). 

 CircRNAs can also influence the translation of their linear equivalent wheather the ORF spans 

the linear transcript's start codon (Legnini et al., 2017; Pamudurti et al., 2017). CircRNA can 

interact with RBPs to control translation (Fig. 9C). CircPABPN1 which is the most abundant 

HuR targets among the discovered circRNAs, and it competitively inhibits PABPN1 mRNA 

translation by suppressing HuR binding to PABPN1 mRNA (Abdelmohsen et al., 2017).  The 

isoproterenol-induced remodeling of the myocardium was accelerated by the ablation of HuR in 

cardiomyocytes (Hu et al., 2020). HuR's role in cardiac remodeling and heart development has 

been extensively studied, although it is still unclear if HuR-circRNA complexes contribute to 

CVD (Kishore et al., 2020). 
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4.1.5. miRNA or RBP Sequence-estering via CircRNA 

CircRNA's most well-known use is as miRNA or RBP sequesters to control mRNA 

transcription, processing, and stability (Figs. 9B, 9C). CDR1as is a well-known circRNA that can 

behave like miRNA sponge and is recognized to sequester miR-7 in the brain of mice (Hansen et 

al., 2013).  

Although absence of an affluent of attaching regions for certain miRNAs, the majority of 

circRNAs nevertheless control miRNAs (Fan et al., 2017; Haque & Harries, 2017). Recent 

research indicates that some circRNAs might not function as miRNA sponges (Garikipati et al., 

2019; Guo et al., 2014; Militello et al., 2017; Stagsted et al., 2019). No statistical significance 

was found while looking in the favor of circRNA affluent with argonaute (AGO)-enclosed areas, 

a protein that is a component of the RNA-generated silencing complex and is recognized toward 

directly attach with miRNA (Militello et al., 2017). Furthermore, stoichiometric evaluation of 

liver and hepatocyte miRNA target locations (Denzler et al., 2014), Experiments on human 

umbilical vein endothelial cells that have lost their function (Boeckel et al., 2015) as well as in 

silico research on projected 8mer target locations in many species (Stagsted et al., 2019) bolster 

the idea that circRNA might not control miRNAs. Recent research from our group found that 

mutations of the anticipated miRNA binding sites for circFndc3b had no impact on the 

circRNA's ability to operate both in vitro and in vivo (Garikipati et al., 2019). It is unknown if 

circRNAs without miRNA/RBP binding sites can not directly control them or play various part 

entirely, even though the majority of discovered circRNAs serve as miRNA or RBP sequesters. 

(Kishore et al., 2020) 
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Chapter 5 Current Clinical Applications of CircRNA Technology 

Through an RNase R enrichment strategy, 575 circRNAs in the grownup murine heart were 

discovered in 2016 (Jakobi et al., 2016). It was subsequently discovered that a lot of the 

previously mentioned circRNAs were generated through loci of gene linked to CVD, 

illuminating the roles of cardiac circRNAs in disease. Then it was discovered that the hearts of 

mice, rats, and humans each had more than 9,000 circRNAs. Rat and mice share about 30% of 

the same genes, and the three species share 10% of the same genes (Werfel et al., 2016). 

Additionally, the authors discovered that circRNAs preferred to contained in the cytoplasm of 

newborn rat cardiomyocytes (NRCMs) (Werfel et al., 2016). Additionally, by using RNA 

sequencing with ribosomal depletion, Finally, it was discovered that humans and mice, 

respectively, had 15,318 and 3,017 circRNAs and that the affluence of the indicated circRNAs 

was often associated certainly with the analogous linear RNAs (Tan et al., 2017). CircRNAs play 

expanding significant implications in CVDs in addition to physiological circumstances. The 

circRNAs and their involvement in various CVDs have now been concisely outlined (Table 1) 

(Liu et al., 2021). 
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Figure 11: CircRNAs in Cardiovascular Diseases (Liu et al., 2021) 

5.1 CircRNA-based Cardiovascular Disease Therapeutic Strategies 

Depending on the specific type and severity of CVDs, current therapeutic approaches range from 

pharmaceutical therapies and lifestyle changes to surgery and transplant. Despite improvements 

in treatment methods, CVD mortality is still high (Bonsu et al., 2016). The delivery of siRNA, 

miRNA, or plasmids into the body via adenovirus, retrovirus, or other means is referred as gene 

therapy. CircRNA-related gene therapy can a potential method to medicate CVDs given the roles 

that circRNAs play in these diseases and their unique qualities. In contrast, for those circRNAs 

that may encourage the incidence or CVDs, shRNA, siRNA advancement or function-related 

techniques waste might be used to alleviate associated CVDs. This is true for circRNAs that play 

protective roles in CVDs.(Liu et al., 2021) 
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Several circRNA-based treatment plans for CVDs based on biological or material components 

have recently been outlined (Table 2). 

 

 

Figure 12: An overview of circRNA-based treatment approaches for cardiovascular diseases (Liu et al., 2021) 

5.1.1. Transient siRNA or Overexpression Vector In Vivo Transfection 

Intraperitoneal injection of the circ-Foxo3 plasmid generated senescence as well as exacerbated 

doxorubicin-influenced cardiomyopathy, according to a study. Circ-Foxo3-targeted siRNA 

intraperitoneal injection blocked senescence which alleviated cardiomyopathy, as expected (Du 

et al., 2016). Furthermore, a study demonstrated Cdr1as overexpression in vivo through pcDNA-

Cdr1as vector intracardial injection in a mouse myocardial infraction injury model (Geng et al., 

2016). These findings imply that uninterrupted siRNA or delivery of overexpression vector 

circRNA in vivo could be a productive CVD therapeutic strategy (Figure 11). Eventhough its 

https://atm.amegroups.com/article/view/66678/html#table2
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time savings as well as availability, the results in transient transfection may only be temporary. 

On the one hand, and the initiation of exogenous DNA or RNA molecules may stimulate an 

innate immune response on the other. A lot of chemical regulation like phosphorothioate, 

cholesterol, and phosphate, should enhance siRNA anti-ribonuclease activity as well as 

adsorption of cell. (Liu et al., 2021) 

 

Figure 13: Circular RNA-based treatment approaches for CVDs (Liu et al., 2021) 

CircRNA intervention molecules including short-hairpin RNA (shRNA), small interfering RNA 

(siRNA), or overexpression plasmid, can be delivered in vivo via virus, nanoparticle, or other 

physical or biological materials, exosome or extracellular vesicle (EV) . Intraperitoneal, 

intracardial, vein injection, and other intervention routes are available.(Liu et al., 2021) 

5.1.2. Gene Therapy employing Viral Vectors In Vivo 

CircRNA treatment based on viral vectors has been used to treat CVDs (Figure 11). Adenoviral 

vectors have a number of benefits, including transduction productivity as well as high titer, 

reduced pathogenicity, a broad spectrum of infected tissues, as well as lack of host cell genome 



36 
 

integration. According to a recent study, an isoproterenol-induced mouse model of cardiac 

hypertrophy and heart failure was treated with an injection of adenoviral circRNA HRCR. This 

greatly decreased the hypertrophic responses (Wang et al., 2016). Recombinant adeno-associated 

virus vector (rAAV) has been utilized extensively in gene therapy and vaccination research all 

over the world due to its benefits of productivity of high transduction, stability, safety, and 

organ- or tissue -particulated expression. AAV serotypes with distinct tissue affinities include the 

AAV9 vector, which possesses myocardial tropism and can be utilized to produce a gene unique 

to the heart (Guenther et al., 2019). AAV9 vectors packaging circRNA were injected 

intravenously in a study to demonstrate strong circRNA overexpression in mouse hearts 

(Meganck et al., 2018). In vivo, AAV9-related forced overexpression of circSlc8a1 produced HF 

but RNAi reduction of the very ample circular RNA cricSlc8a1 decreased HF as well as cardiac 

hypertrophy, according to a study (Lim et al., 2019). According to a study, CircITCH 

overexpression using an AAV9 vector reduced the symptoms of doxorubicin-induced 

cardiotoxicity in mice (Han et al., 2020). Additionally, to deliver circFndc3b in vivo, it was 

created AAV9 viral particles indicating circFndc3b downward the CMV promoter modulation. 

They discovered that when circFndc3b was overexpressed in the hearts of mice after a MI, it 

decreased cardiomyocyte apoptosis, promoted neovascularization, and further improved heart 

function (Garikipati et al., 2019). A study also showed that intravenous administration of AAV-9 

with sh-circHIPK3 vector two weeks before the implantation of minipumps did, in fact, mute the 

expression of circHIPK3, and it also reduced the mice's functional impairment as well as Ang II-

generated cardiac hypertrophy (Ni et al., 2019). However, because of the induction of genomic 

integration as well as innate immunological responses, vigilance should still be exercised. 
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Determining the best virus in the sorroundings of a particular CVD is therefore conducive to 

minimizing these drawbacks. (Liu et al., 2021) 

5.1.3. Exosome- or Extracellular Vesicle-based In Vivo Gene Delivery 

In a research, circSCMH1-containing extracellular vesicles (EVs) were developed, and it was 

demonstrated that these EVs significantly sped up the functional restoration of motor function 

following stroke in mouse and nonhuman primate ischemic stroke models (L. Yang et al., 2020). 

Target cells can quickly absorb exosomes through particular surface signals. Despite the lack of 

relevant research, exosomes or EVs altered through cardiovascular cell-particulated surface 

markers may be a viable circRNA transporter to cure CVDs (Figure 11). However, the strategy is 

still in its early stages and there are still many unanswered questions, like the ideal dose and 

administration route. To maximize the therapeutic benefits of this approach, more preclinical or 

animal studies are required. (Liu et al., 2021) 

5.1.4. Nanoparticle-based In Vivo Gene Delivery  

Nanoparticle-packaged delivery is a promising method to carry out circRNA-based gene therapy 

because nanoparticles can enhance the transport of drugs to intracellular locations that are 

difficult to reach by conventional methods (Figure 11). The doxorubicin-induced 

cardiomyopathy in mice was improved by an intraperitoneal injection of a nanoparticle 

circAmotl1 plasmid, which was created by packing the circAmotl1 plasmid in polyethylene 

glycol and combining it with gold nanoparticles (Zeng et al., 2017). However, it is very difficult 

to generalize this new in vivo gene delivery technique because nanotechnology is not particularly 

well known. Therefore, expanding the use of nanotechnology and interdisciplinary lab 

collaboration are essential for the future. (Liu et al., 2021) 
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5.2. Clinical Significance of CircRNAs in the Diagnosis of Cardiovascular 

Disease  

The typical diagnostic procedures for cardiovascular diseases are either invasive or non-invasive. 

For instance, despite being generally accepted, non-invasive procedures like Holter monitoring 

and electrocardiograms (ECG) have deficient specificityas well as sensitivity. Economically, 

coronary computed tomography angiography (CTA) is not feasible. An example is that when 

pathogenic change is just beginning, invasive tests like intravascular ultrasonography as well as 

coronary arteriography are not helpful. In order to accurately diagnose coronary heart disease 

(CHD) in the primary stageswhich is non-invasive signature molecule, extremely particular, 

sensitive, and useful is urgently needed. 

If ideal biomarkers are compatible with acurracy, high stability, as well as convenience, they can 

non-invasive indications of coronary heart disease. Circular RNAs are more stable because of the 

circular structure, which also increases their half-life in fluids by preventing RNase R-mediated 

destruction. Additionally, the dynamic and varied expression of circRNAs in a variety of clinical 

circumstances emphasizes the great sensitivity and specificity of these molecules in disease. 

Additionally, it has recently been discovered that circRNAs are greatly abundant in the saliva of 

human, even exosomes as well as bodily fluids. These samples can be collected and extracted 

using a moderately non-invasive technique. The widespread availability of these samples 

improves the convenience of detection using a variety of test materials (Bahn et al., 2015; 

Memczak et al., 2015). Numerous researches have assessed the indicative exhibition of 

circRNAs in a variety of tumor forms, including hepatocellular carcinoma (ciRS-7) and 

cholangiocarcinoma (SRY) (Z. J. Zhao & Shen, 2017). Hence it is fascinating to evaluate the 



39 
 

indicative capabilities and also evaluate the clinical utility regarding using circRNAs to identify 

cardiovascular disease. 

The severity and potential fatality of MI as a CAD consequence have long been acknowledged. 

MI patients are more vulnerable to end-stage HF. For its clinical diagnosis, proteins that are 

circulating including the brain natriuretic peptide (BNP) are frequently employed. But HF-

connected BNP encourages a impeded assessment, that is not optimal regarding early-stage 

treatment strategy customization (Talwar et al., 2000). A newly discovered circRNA known as 

MI-related circular RNA (MIRCA) corresponds with post-MI left ventricular dysfunction, 

according to a blood transcriptome analysis. Patients who are suffer from decreased ejection 

fraction (EF) of less than forty percent have much lower levels of MIRCA, which aids in a more 

stratified risk assessment. The rapid dynamic changes in the transcriptome allow MIRCA to 

happen in a superior diagnostic of differentiating myocardial infraction patients with a prominent 

chance of progressing HF in comparison with a laggard protein reaction in serum. Additionally, 

using MIRCA in conjunction with NT-pro-BNP increases the prognostication's trustworthiness 

in accordance with the Akaike Information Criteria (Salgado-Somoza et al., 2017). 

5.3. Functions of CircRNAs in Cardiovascular Disease 

5.3.1. Coronary Heart Disease and Atherosclerosis  

It has long been recognized that the endothelium plays a crucial role in AS pathophysiology. It is 

widely known that endothelial damage causes the beginning of AS and promotes the 

development of atheromatous plaques. Recent reports have identified several circRNAs that are 

implicated in vascular endothelium dysfunction. One such is the human umbilical vein 
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endothelial cell (HUVEC) gene hsa circ 0003575, which is expressed more frequently following 

ox-LDL therapy. HUVEC's apoptosis may have been decreased following hsa circ 0003575 

knockdown, according to in vitro experiments.  

An essential molecular mechanism in AS is VSMC phenotype switching, which fosters cellular 

proliferation (Bochaton-Piallat & Gabbiani, 2005).  The phenotypic change in VSMC through a 

grownup to proliferating state, which speeds up the onset of AS, is linked with loss of -SMA. 

Recently, it was shown that circRNAs regulate the expression of their host genes. CircaACTA2 

is a prime example (alpha-actin-2). In particular, miR-548f-5p is "sponged" by circACTA2 to 

increase the mRNA level of its target gene, -SMA (Sun et al., 2017). Additionally, by inhibiting 

miR-124, circWDR77 promotes VSMC migration and proliferation as well as thickens the vessel 

wall by increasing the expression of fibroblast growth factor 2(J. Chen et al., 2017). 

However, there is insufficient proof of the underlying mechanism (Burd et al., 2010). To better 

understand the role these diversely transcribed transcripts play in AS, it is intriguing to 

investigate their functional distinctions. (Gong et al., 2019) 

5.3.2. Cardiac Senescence 

MFACR, which stands for mitochondrial fission and apoptosis-related circRNA, served as a 

miRNA sponge for the cardioprotective miR-652-3p, which in turn caused cardiomyocyte cell 

death and mitochondrial fission. Mitochondrial protein 18 (MTP18) which is another nuclear-

encoded mitochondrial membrane protein that promotes mitochondrial fission, is inhibited by 

microRNA miR-652-3p in cardiomyocytes to prevent mitochondrial fission and apoptosis. 
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MTP18 is upregulated by CircRNA MFACR, which sequesters miR-652-3p to promote 

mitochondrial fission including apoptosis (Wang et al., 2017). CircNCX1 is a different circRNA 

connected to the regulation of apoptosis. Cardiomyocytes express this circRNA in large amounts, 

and its expression changes in response to apoptotic stress. CircumNCX1 promotes 

cardiomyocyte cell death by blocking miR-133a-3p's ability to bind to the pro-apoptosis factor 

cell death-inducing protein (cdip1). The suppression of circNCX1 lowers cardiomyocyte 

apoptosis after ischemic-reperfusion injury, according to loss-of-function studies (M. Li et al., 

2018). In the ischemic myocardium, CircTtc3 is increased, which reduces death of 

cardiomyocyte cell, according to a recent study. Pro-apoptotic miR-15b is sequestered by 

CircTtc3, which increases the expression of ADP ribosylation factor-like 2 (Arl2) (Cai et al., 

2019) to increase ATP levels and stop cardiomyocyte mitochondria from deteriorating (Nishi et 

al., 2010). 

In a recent study, it was discovered that young and elderly people's peripheral blood showed 

different levels of circRNA expression (Haque et al., 2020). They then chose 5 circRNAs that 

were exclusively expressed in each group: young people expressed the following: circITGAX, 

circPLEKHM1, circDEF6, circATP6V0A1, and circASAP1, aging people expressed the 

following: circFOXO3, circFNDC3B, circAFF1, circCDYL, and circXPO7, and both groups 

expressed the following differently: circMIB1, circMETTL3, circEP300 Human senescent cells 

showed dysregulated expression of the circRNAs FOXO3 and EP300. Meanwhile, hand grip 

strength, a sign of weakened muscles, is positively correlated with circFNDC3b. Overall, this 

paper emphasizes the need for additional research into the role of circRNAs and their potential as 

an aging biomarker (Haque et al., 2020).  
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5.3.3. Myocardial Infarction 

MI is a significant complication of CAD because the coronary artery is suddenly blocked. 

Cardiomyocytes die as a result of persistent myocardial ischemia, which causes cardiac 

insufficiency (Takemura et al., 2013). The purpose of conventional treatments is to reperfuse the 

damaged myocardium in order to protect any remaining cardiomyocytes. Increasing circRNAs 

have been shown to have an impact on cardiomyocyte apoptosis thus far, making them 

promising as a brand-new therapeutic target. 

Circ-Amot 1 has been discovered using microarray analysis of circRNA profiling. Its host gene, 

Amotl 1, controls endothelium migration and capillary development, which has an impact on 

cardiovascular function. Circ-Amot 1 has a preferred expression in neonatal myocardium. 

According to Yang et al., circ-Amotl1 promotes primary cardiomyocyte survival and lowers 

apoptosis to provide cardioprotective effects. The inflated left ventricle is rescued, the ejection 

fraction is increased, and the doxorubicin-induced apoptosis is inhibited by up-regulating circ-

Amotl 1 in vivo. Circ-Amotl specifically promotes phosphorylated AKT via binding to kinase 

PDK1 to trigger AKT signaling (Zeng et al., 2017). A renowned circRNA called Cdr1as (or 

CiRS-7) that was previously examined in the context of neurodevelopment has, on the other 

hand, been rediscovered as a harmful factor contributing to myocardial dysfunction following 

MI. As shown by a larger infarct size in vivo, increased expression of Cdr1as in cardiomyocytes 

promotes apoptosis due to activated caspase-3. Such the majority of circRNAs, Cdr1as 

"sponges" miR-7, which reduces its inhibitory effect on genes involved in hypoxia and apoptosis 

like SP1 and poly (ADP-ribose) polymerase (Geng et al., 2016). 
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The energy that mitochondria provide to living cardiomyocytes is crucial for cardiac sufficiency, 

and cardiac disorders like MI and HF are referred to as a result of their fission and dysfunction 

(Sabbah et al., 2018). Inhibition of MFACR in mice reduces cardiomyocyte apoptosis and infarct 

size via alleviating ischemia/reperfusion-induced mitochondrial fission and cardiac dysfunction. 

The target gene MTP18, a nuclear-encoded mitochondrial membrane protein that promotes 

mitochondrial fission and cardiomyocyte death, is up-regulated as a result of miR-652-3p being 

"sponged" by MIRCA (Wang et al., 2017). The regulatory axis of MFACR/miR-652-3p/MTP18 

is highlighted in this study as a unique mechanism behind heart injury as well as a potential 

therapeutic target for cardiac-related disorders.(Gong et al., 2019) 

5.3.4. Cardiomyopathy 

The term "cardiomyopathy" refers to a variety of myocardial illnesses caused by malfunctions in 

the contractile machinery, as well as other genes, proteins, and signaling pathways (Fatkin & 

Graham, 2002; Seidman & Seidman, 2001). A higher risk of developing HF is indicated by 

cardiac hypertrophy, which involves several signaling cascades. Heart-related circRNA (HRCR) 

is a newly discovered anti-hypertrophic circRNA that prevents cardiac hypertrophy in a mouse 

model of isoproterenol-induced hypertrophy as well as heart failure (HF). Specifically, HRCR 

"sponges" miR-223, which causes its target gene ARC to be upregulated (apoptosis inhibitor 

with CARD domain). Therefore, in the regulation of HRCR, activated ARC slows the 

development of cardiac hypertrophy (Gomes et al., 2018; Wang et al., 2016). 

Recently, it was shown that many circRNAs were being transcribed from these host genes 

relevant to cardiomyopathy, and it is hypothesized that the deregulation of circRNA transcription 

contributes to the development of cardiomyopathy. Computational examination of such 
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prominent host genes reveals that Titin (Ttn), NPPA, and MYH7 are involved in developmental 

processes, including controlling cytoskeletal structure, altering myocardial or cellular motility, 

and packaging myofibrils (Herman et al., 2012; Lamont et al., 2014). The ryanodine receptor 2 

(Ryr2), Ppp2r3a, and Slc8a1 are additional host genes implicated with cardiomyopathy (Luo et 

al., 2010; Y. Yang et al., 2014). Studying their pathogenic potential in cardiomyopathy is 

advantageous due to their active transcription in illness models (Tan et al., 2017). 

Ttn, for instance, acts as a molecular spring throughout the muscle as well as regulates the 

passive elasticity of the myocardium; its genetic variation could be responsible for dilated 

cardiomyopathy (DCM) (Okuda et al., 2018; Tayal et al., 2017). Recent research demonstrates 

that Ttn-generated circRNAs are expressed differently in those patients' left ventricles. A cardiac 

mutation of the known splicing factor RNA binding sequence protein 20 (RBM20) causes the 

loss of Ttn-derived circRNAs in DCM models. Given that RBM20 promotes circRNA synthesis 

by blocking the development of certain pre-mRNA exons as circRNA substrates, RBM20 null 

animals displayed a down-regulation of Ttn-related circRNAs, an enlarged left ventricle, and 

impaired cardiac function. Therefore, it seems convincing that preventing the production of 

certain circRNAs may cause DCM, even though a better comprehension of their overall role is 

still unclear (Khan et al., 2016). Even though experiments to validate their pathogenic 

mechanism as well as prospective are lacking, their affluence and close connection with disease-

associated host genes warrant additional inquiry (Gong et al., 2019). 

5.3.5. Cardiac Fibrosis 

Research revealed circRNA 000203 may serve like a miR-26b-5p sponge to encourage the 

expression of fibrosis-related proteins collagen type I alpha 2 (Col1a2) and connective tissue 
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growth factor (CTGF), defined as targets of miR-26b-5p, thereby promoting fibrosis. A study 

discovered that the expression of circRNA 000203 was significantly stimulated in diabetic 

mouse myocardium and Ang-II-induced mouse cardiac fibroblast (Tang et al., 2017). Correspond 

to circRNA 000203, circRNA 010567 which found to happen in noticeably stimulated in Ang-II-

treated mice cardiac fibroblasts and diabetic mice myocardium. By sponging miR-141, circRNA 

010567 promoted the expression of the fibrosis-associated proteins -smooth muscle actin (-

SMA), collagen type I as well as collagen type III and transforming growth factor (TGF- β) (B. 

Zhou & Yu, 2017). 

5.3.6. Other Cardiovascular Diseases 

Hypertension is a risk factor for cardiovascular disease as well as an aortic aneurysm is a 

potentially fatal vascular illness characterized by aortic rupture or dissection. Nevertheless, 

hardly just few circRNA research have been addressed to and thoroughly investigated for these 

diseases. More study is needed to better comprehend these frequent diseases. 

The circRNA microarray revealed that 13 circRNAs were down-regulated in the hypertension 

group, whereas 46 were up-regulated. Four of them have a considerable expression level, 

whereas hsa-circ-0005870 has a significant down-regulation level. Despite the lack of additional 

evidence, gene oncology pathway analysis and the Kyoto Encyclopedia of Genes and Genomes 

suggest that hsa-circ-0005870 plays a function in hypertension regulation (Wu et al., 2017). In a 

case analysis of hypertension, researchers discovered that has-circ-0037911 levels were 

significantly greater in hypertensive individuals than in healthy subjects. There is also a 

significant connection between has-circ-0037911 and serum creatinine (Scr), supporting the 
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likelihood of increased expression of has-circ-0037911 incase of hypertensive nephropathy (Bao 

et al., 2018). 

5.4. Circular RNA Stability in Biological Systems 

The main characteristic of circRNAs is stability against exonucleases. In situations when the 

therapeutic drug should be provided less often or in lesser dosages to reduce non-specific adverse 

effects, highly stable therapeutic RNAs may be useful. Circular RNAs made by endogenous 

processes are usually two to five times more well-balanced than linear RNAs (Enuka et al., 2016; 

Jeck & Sharpless, 2014). The significance of these numbers for therapeutic ribonucleic acids 

delivered ectopically is not yet entirely clear. There are no data describing the stability of 

circRNAs in living organisms. The stability of synthetic circRNAs in cultured cells in vitro has 

only been studied once so far (Jost et al., 2018): Their half-life ranged from 8 to 20 hours, 

depending on the delivery method, which can be regarded as brief in comparison to endogenous 

circRNAs and the half-lives of current linear RNA therapeutics. For instance, after a single 

injection into the body, antagomiRs, modified antisense DNA- or RNA-like oligonucleotides 

(ASOs), and double-stranded siRNAs all exhibit in vivo consequences that last for ten to fifteen 

days and as long as several weeks (Bennett & Swayze, 2010; Crooke et al., 2018; Jost et al., 

2018). Similar to ASOs, circRNAs may one day be modified to carry various modifications, such 

as phosphorothioate backbones, 2′,4′-cyclic 2′-O-ethyl modifications, 2′-O-methyl, fluoro, or -O-

methoxyethyl conjugates, in order to increase stability, particularly in the extracellular space 

(Crooke et al., 2018; Krützfeldt et al., 2005). Even so, some modifications may cause local 

cutaneous reactions or liver and renal toxicity. On the other hand, circRNAs may be chemically 

altered to theoretically improve other pharmacokinetic characteristics, such as binding to targets 

and evading immune sensors (Holdt et al., 2018). 
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Chapter 6 Limitations of CircRNA  

CircRNA delivery follows existing methods for therapeutic RNA delivery in theory, as no 

particular potential or physicochemical barriers have yet been discovered connected with 

circularity. Delivery methods include local application, subcutaneous injection or depots, and 

systemic injection into the vasculature. Without a doubt, chemically functionalizing therapeutic 

RNAs cannot be employed to secure delivery to receptors on intended target organs (e.g., with 

N-acetylgalactosamine). Local CVD therapy includes covering stents with polymers and 

hydrogels that encase and discharge therapeutic RNAs at the locations of atherosclerotic lesions. 

Additionally, current transfection technologies, such photo- or optoacoustic methods that enable 

target cell identification and cargo delivery through nanostructures, may be modified to disperse 

circRNAs during cardiovascular procedures. Individual nucleotides may typically enter cells 

with ease, but circRNAs and circRNA-generating vectors are too large which is greater than1000 

Daltons and insufficiently hydrophobic to passively traverse the phospholipid bilayer of the cell 

membrane. Conversely, endogenously produced circRNAs, like other linear RNAs, are expected 

to enter target cells via endocytosis. Therefore, prior experience with transfecting nucleic or 

ribonucleic acids, synthetic, and functionalized nanoparticles, modern lipids, as well as ionizable 

lipid will be directly beneficial in strategy development for therapeutic circRNA delivery to cells 

such as through lipid carriers as well as exit from the endosomal membrane since the uptake in 

the cell. The fact that circular RNAs cannot yet be carried to the nucleus or how the nuclear 

transit towards the cytoplasm may be managed, despite recent advances in understanding of the 

nuclear export process for circRNAs (Huang et al., 2018), restricts certain therapy possibilities. 

(Holdt et al., 2018) 
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Conventionally, circRNAs can be initiated through direct back-splicing or lariat-driven back-

splicing to connect a downstream 3‘-terminal and upstream 5‘-terminal to generate a circular 

molecule. CircRNAs are typically stable because of their distinctive circular structure which 

defends them from exonuclease cleavage. In spite of that, circRNAs are even now degraded, 

though the degradation mechanisms are unclear. Therefore, studies have suggested various 

probable approaches that circRNAs can go through degradation:  

1) Cleavage through binding of UPF1 and G3BP1 

2) Cleavage by RNase P/MRP complex that binds YTHDF2 protein for circRNAs containing 

m6A modification sites, or 

 3) Cleavage by AGO2 protein via miRNA-671 sponging. (F. Li et al., 2021) 

Identification procedures are yet at their primary period and are influenced by biology‐driven 

methods or microarray analysis. At the current time, they need a careful preparation of the 

investigational scheme in order to be dependable although next-generation sequencing analysis 

pipelines demonstrate the potential to enable transcriptome‐wide identification of circRNAs. 

Verification of circRNAs is usually focused on proving the circular nature of the molecule and 

the existence of the back‐splice junction. (Carrara et al., 2018) 

Therapeutic strategies based on circRNA have still been investigated throughout preclinical 

studies thus far. Many hurdles need to be addressed before the therapeutic promise of these 

techniques can be realized. This section discusses the major drawbacks of these methodologies 

as well as potential mitigating solutions. 
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Chapter 7 Future Studies 

CircRNAs may one day be used therapeutically in two different ways. One is the therapeutic 

knockdown or ectopic expression of native disease-linked circRNAs. The creation of synthetic 

(non-native) circRNAs with desired molecular effects is the second (Figure 12A). 

 

Figure 14: Conceptual overview of mammalian cell-specific endogenous circRNA regulation (Holdt et al., 2018) 

The following methods are listed as having not yet been effective in experiments. 

A. CircRNA overexpression utilizing minigene designs on RNA-/DNA vectors or by modifying 

the locus responsible for producing endogenous circRNA. 

i. DNA mini-gene constructs include splice acceptor (SA), splice donor, and transcription 

start and terminator sites for RNA polymerase II (RNAP II) (SD). The mini-gene 

constructs have exon(s) that are longer than 300 nucleotides (nts) in length (Barrett et 
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al., 2015; Kramer et al., 2015) and intronic inverted repeats (IR) (X. O. Zhang et al., 

2014a) that are longer than 30–40nts (Liang & Wilusz, 2014) and up to 300–500 nts 

length (Hansen et al., 2013; Kramer et al., 2015).  

ii. The second approach is tRNA intron splicing-mediated RNA circularization. Expression 

fueled by the U6 promoter and capped by a signal (Lu et al., 2015).  

iii. Through intron-group I autocatalytic self-splicing, circularization is the next approach. 

Even though catalysis still occurs when the catalytic intron is split in half while the 

sequence of introns and exons is reversed (3′ intron and SA upstream of 5′ intron as well 

as SD), the mediating exonic order (arrow) in the PIE structure remains circularized in 

these (permutated) cases, unlike in normal group I splicing. Free guanosine, or G-OH, 

acts as a hydrophile to start transesterifications (Holdt et al., 2018). 

iv. Raising circRNA levels by elevating the frequency of circRNA synthesis. When exon-

skipping is elevated, additional circRNAs originating from skipped exons can be 

produced by post-transcriptional intra-lariat splicing. It is known that skipping is 

increased when the catalytically inactive nuclear dCas13 variant is targeted by guide 

RNAs to intronic branchpoint adenosines and/or splice donor sites (Holdt et al., 2018). 

 

B.  Depletion methods of circ RNA: Mature circRNAs depletion by 

(i) siRNA and shRNA were introduced to the RISC complex. (top) 

(ii)  By degradation that is reliant on RNase H endonuclease. Through the use of 

transfected DNA-like antisense oligonucleotides, RNase H may be recruited to 

circRNAs (ASO, middle), or  



51 
 

(iii) Using CRISPR/Cas nuclease variants (Class 2 CRISPR/Cas13a, b, and d) that target 

single-stranded RNA. An approach is to mask intronic inverted repeats (IRs) using 

complementary ASOs in order to  inhibit circRNA synthesis (bottom) (Holdt et al., 

2018). 

 

C.  Correcting/ Mutating circRNA sequence: When a fusion protein made of the catalytically 

inactive dCas13 nuclease and the ADAR2 adenosine deaminase is expressed, A > I (inosine) 

can be deaminated at places determined by a guide RNA with a mismatch (C) that links 

dCas13 to a particular circRNA. Base-pairing between cytidine and inosine perhaps 

modifying the characteristics of the circRNA at this location (changing binding affinities to 

other RNAs, DNAs, or proteins). The number of conceivable ribonucleotide conversions will 

increase when more dCAs13 is fused to various RNA-editing enzymes. Antisense oligos 

(dark blue), RNA (red), introns (purple), and RNA-binding proteins (light blue 

shapes).(Holdt et al., 2018) 
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Chapter 8 Conclusion 

Recent investigations have suggested that circRNAs may have a role in the genesis of CVDs. 

The review thoroughly highlights the research methodology, functional models, and processes of 

circRNA formation, as well as the numerous circRNAs related to CVDs. Furthermore, it is 

proposed that developing circRNAs as indicators or circRNA-based therapy methods utilizing 

biological or physical materials may be advantageous in the future for detecting or treating 

CVDs. 

Remarkably, most analyses only suggested a connection between circRNAs and CVDs, and 

detailed functions and mechanisms are still in their developing stage, presenting a challenge to 

developing circRNA-based therapeutic approaches. This is despite the fact that lab work and 

computational techniques have revealed several circRNAs associated in CVDs. Future circRNA 

research on CVDs will thus concentrate on the following elements. Initially, in vitro, or in vivo 

experiments utilizing extensive bioinformatics and high-throughput sequencing should be used to 

ascertain the actions of circRNAs. Furthermore, further potential explanations for the function of 

circRNAs in the genesis and pathogenesis of CVDs must be researched in addition to the 

miRNA sponge. Last but not least, employing circRNAs as biomarkers or circRNA-based 

treatment techniques using biological or material components probably lowers the burden of 

CVD in the population. (Liu et al., 2021) 

 

 

 



53 
 

References 

Abdelmohsen, K., Panda, A. C., Munk, R., Grammatikakis, I., Dudekula, D. B., De, S., Kim, J., 

Noh, J. H., Kim, K. M., Martindale, J. L., & Gorospe, M. (2017). Identification of HuR 

target circular RNAs uncovers suppression of PABPN1 translation by CircPABPN1. RNA 

Biology, 14(3), 361. https://doi.org/10.1080/15476286.2017.1279788 

Aktaş, T., Ilik, I. A., Maticzka, D., Bhardwaj, V., Pessoa Rodrigues, C., Mittler, G., Manke, T., 

Backofen, R., & Akhtar, A. (2017). DHX9 suppresses RNA processing defects originating 

from the Alu invasion of the human genome. Nature, 544(7648), 115–119. 

https://doi.org/10.1038/NATURE21715 

Ambrose, J. A., & Singh, M. (2015). Pathophysiology of coronary artery disease leading to acute 

coronary syndromes. F1000Prime Reports, 7. https://doi.org/10.12703/P7-08 

Ashwal-Fluss, R., Meyer, M., Pamudurti, N. R., Ivanov, A., Bartok, O., Hanan, M., Evantal, N., 

Memczak, S., Rajewsky, N., & Kadener, S. (2014). circRNA biogenesis competes with pre-

mRNA splicing. Molecular Cell, 56(1), 55–66. 

https://doi.org/10.1016/J.MOLCEL.2014.08.019 

Atherosclerosis: Definition, Treatment, and Causes. (n.d.). Retrieved August 7, 2022, from 

https://www.verywellhealth.com/what-is-atherosclerosis-1745908 

Bahn, J. H., Zhang, Q., Li, F., Chan, T. M., Lin, X., Kim, Y., Wong, D. T. W., & Xiao, X. 

(2015). The Landscape of MicroRNA, Piwi-Interacting RNA, and Circular RNA in Human 

Saliva. Clinical Chemistry, 61(1), 221. https://doi.org/10.1373/CLINCHEM.2014.230433 

Bao, X., Zheng, S., Mao, S., Gu, T., Liu, S., Sun, J., & Zhang, L. (2018). A potential risk factor 



54 
 

of essential hypertension in case-control study: Circular RNA hsa_circ_0037911. 

Biochemical and Biophysical Research Communications, 498(4), 789–794. 

https://doi.org/10.1016/J.BBRC.2018.03.059 

Barpanda, S. (2021). Pathophysiology and Epidemiology of Cerebrovascular Disease. 

International Journal of Collaborative Research on Internal Medicine & Public Health, 

13(7), 2021. https://www.iomcworld.org/articles/pathophysiology-and-epidemiology-of-

cerebrovascular-disease-82814.html 

Barrett, S. P., Wang, P. L., & Salzman, J. (2015). Circular RNA biogenesis can proceed through 

an exon-containing lariat precursor. ELife, 4(JUNE), 1–18. 

https://doi.org/10.7554/ELIFE.07540 

Bennett, C. F., & Swayze, E. E. (2010). RNA targeting therapeutics: Molecular mechanisms of 

antisense oligonucleotides as a therapeutic platform. Annual Review of Pharmacology and 

Toxicology, 50, 259–293. 

https://doi.org/10.1146/ANNUREV.PHARMTOX.010909.105654 

Bochaton-Piallat, M. L., & Gabbiani, G. (2005). Modulation of smooth muscle cell proliferation 

and migration: role of smooth muscle cell heterogeneity. Handbook of Experimental 

Pharmacology, 170(170), 645–663. https://doi.org/10.1007/3-540-27661-0_24 

Boeckel, J. N., Jaé, N., Heumüller, A. W., Chen, W., Boon, R. A., Stellos, K., Zeiher, A. M., 

John, D., Uchida, S., & Dimmeler, S. (2015). Identification and Characterization of 

Hypoxia-Regulated Endothelial Circular RNA. Circulation Research, 117(10), 884–890. 

https://doi.org/10.1161/CIRCRESAHA.115.306319 



55 
 

Bonsu, K. O., Owusu, I. K., Buabeng, K. O., Reidpath, D. D., & Kadirvelu, A. (2016). Review of 

novel therapeutic targets for improving heart failure treatment based on experimental and 

clinical studies. Therapeutics and Clinical Risk Management, 12, 887–906. 

https://doi.org/10.2147/TCRM.S106065 

Burd, C. E., Jeck, W. R., Liu, Y., Sanoff, H. K., Wang, Z., & Sharpless, N. E. (2010). Expression 

of Linear and Novel Circular Forms of an INK4/ARF-Associated Non-Coding RNA 

Correlates with Atherosclerosis Risk. PLoS Genetics, 6(12), 1–15. 

https://doi.org/10.1371/JOURNAL.PGEN.1001233 

Cai, L., Qi, B., Wu, X., Peng, S., Zhou, G., Wei, Y., Xu, J., Chen, S., & Liu, S. (2019). Circular 

RNA Ttc3 regulates cardiac function after myocardial infarction by sponging miR-15b. 

Journal of Molecular and Cellular Cardiology, 130, 10–22. 

https://doi.org/10.1016/J.YJMCC.2019.03.007 

Capel, B., Swain, A., Nicolis, S., Hacker, A., Walter, M., Koopman, P., Goodfellow, P., & 

Lovell-Badge, R. (1993). Circular transcripts of the testis-determining gene Sry in adult 

mouse testis. Cell, 73(5), 1019–1030. https://doi.org/10.1016/0092-8674(93)90279-Y 

Cardiovascular diseases (CVDs). (n.d.). Retrieved September 11, 2022, from 

https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds) 

Carrara, M., Fuschi, P., Ivan, C., & Martelli, F. (2018). Circular RNAs: Methodological 

challenges and perspectives in cardiovascular diseases. Journal of Cellular and Molecular 

Medicine, 22(11), 5176. https://doi.org/10.1111/JCMM.13789 

Chen, J., Cui, L., Yuan, J., Zhang, Y., & Sang, H. (2017). Circular RNA WDR77 target FGF-2 to 



56 
 

regulate vascular smooth muscle cells proliferation and migration by sponging miR-124. 

Biochemical and Biophysical Research Communications, 494(1–2), 126–132. 

https://doi.org/10.1016/J.BBRC.2017.10.068 

Chen, L. L. (2016). The biogenesis and emerging roles of circular RNAs. Nature Reviews. 

Molecular Cell Biology, 17(4), 205–211. https://doi.org/10.1038/NRM.2015.32 

Cheng, J., Metge, F., & Dieterich, C. (2016). Specific identification and quantification of circular 

RNAs from sequencing data. Bioinformatics (Oxford, England), 32(7), 1094–1096. 

https://doi.org/10.1093/BIOINFORMATICS/BTV656 

Conn, S. J., Pillman, K. A., Toubia, J., Conn, V. M., Salmanidis, M., Phillips, C. A., Roslan, S., 

Schreiber, A. W., Gregory, P. A., & Goodall, G. J. (2015). The RNA binding protein 

quaking regulates formation of circRNAs. Cell, 160(6), 1125–1134. 

https://doi.org/10.1016/J.CELL.2015.02.014 

Crooke, S. T., Witztum, J. L., Bennett, C. F., & Baker, B. F. (2018). RNA-Targeted 

Therapeutics. Cell Metabolism, 27(4), 714–739. 

https://doi.org/10.1016/J.CMET.2018.03.004 

Danan, M., Schwartz, S., Edelheit, S., & Sorek, R. (2012). Transcriptome-wide discovery of 

circular RNAs in Archaea. Nucleic Acids Research, 40(7), 3131. 

https://doi.org/10.1093/NAR/GKR1009 

Darbelli, L., & Richard, S. (2016). Emerging functions of the Quaking RNA-binding proteins 

and link to human diseases. Wiley Interdisciplinary Reviews. RNA, 7(3), 399–412. 

https://doi.org/10.1002/WRNA.1344 



57 
 

Denzler, R., Agarwal, V., Stefano, J., Bartel, D. P., & Stoffel, M. (2014). Assessing the ceRNA 

hypothesis with quantitative measurements of miRNA and target abundance. Molecular 

Cell, 54(5), 766. https://doi.org/10.1016/J.MOLCEL.2014.03.045 

Devaux, Y., Creemers, E. E., Boon, R. A., Werfel, S., Thum, T., Engelhardt, S., Dimmeler, S., & 

Squire, I. (2017). Circular RNAs in heart failure. European Journal of Heart Failure, 19(6), 

701–709. https://doi.org/10.1002/EJHF.801 

Diallo, L. H., Tatin, F., David, F., Godet, A. C., Zamora, A., Prats, A. C., Garmy-Susini, B., & 

Lacazette, E. (2019). How are circRNAs translated by non-canonical initiation 

mechanisms? Biochimie, 164, 45–52. https://doi.org/10.1016/J.BIOCHI.2019.06.015 

Du, W. W., Yang, W., Liu, E., Yang, Z., Dhaliwal, P., & Yang, B. B. (2016). Foxo3 circular 

RNA retards cell cycle progression via forming ternary complexes with p21 and CDK2. 

Nucleic Acids Research, 44(6), 2846–2858. https://doi.org/10.1093/NAR/GKW027 

Enuka, Y., Lauriola, M., Feldman, M. E., Sas-Chen, A., Ulitsky, I., & Yarden, Y. (2016). 

Circular RNAs are long-lived and display only minimal early alterations in response to a 

growth factor. Nucleic Acids Research, 44(3), 1370. 

https://doi.org/10.1093/NAR/GKV1367 

Fan, X., Weng, X., Zhao, Y., Chen, W., Gan, T., & Xu, D. (2017). Circular RNAs in 

Cardiovascular Disease: An Overview. BioMed Research International, 2017. 

https://doi.org/10.1155/2017/5135781 

Fatkin, D., & Graham, R. M. (2002). Molecular mechanisms of inherited cardiomyopathies. 

Physiological Reviews, 82(4), 945–980. https://doi.org/10.1152/PHYSREV.00012.2002 



58 
 

Garikipati, V. N. S., Verma, S. K., Cheng, Z., Liang, D., Truongcao, M. M., Cimini, M., Yue, Y., 

Huang, G., Wang, C., Benedict, C., Tang, Y., Mallaredy, V., Ibetti, J., Grisanti, L., 

Schumacher, S. M., Gao, E., Rajan, S., Wilusz, J. E., Goukassian, D., … Kishore, R. 

(2019). Circular RNA CircFndc3b modulates cardiac repair after myocardial infarction via 

FUS/VEGF-A axis. Nature Communications, 10(1). https://doi.org/10.1038/S41467-019-

11777-7 

Ge, X., Meng, Q., Zhuang, R., Yuan, D., Liu, J., Lin, F., Fan, H., & Zhou, X. (2019). Circular 

RNA expression alterations in extracellular vesicles isolated from murine heart post 

ischemia/reperfusion injury. International Journal of Cardiology, 296, 136–140. 

https://doi.org/10.1016/J.IJCARD.2019.08.024 

Geng, H. H., Li, R., Su, Y. M., Xiao, J., Pan, M., Cai, X. X., & Ji, X. P. (2016). The Circular 

RNA Cdr1as Promotes Myocardial Infarction by Mediating the Regulation of miR-7a on Its 

Target Genes Expression. PloS One, 11(3). 

https://doi.org/10.1371/JOURNAL.PONE.0151753 

Ghantous, C. M., Kamareddine, L., Farhat, R., Zouein, F. A., Mondello, S., Kobeissy, F., & 

Zeidan, A. (2020). Advances in Cardiovascular Biomarker Discovery. Biomedicines 2020, 

Vol. 8, Page 552, 8(12), 552. https://doi.org/10.3390/BIOMEDICINES8120552 

Gomes, C. P. C., Salgado-Somoza, A., Creemers, E. E., Dieterich, C., Lustrek, M., & Devaux, Y. 

(2018). Circular RNAs in the cardiovascular system. Non-Coding RNA Research, 3(1), 1. 

https://doi.org/10.1016/J.NCRNA.2018.02.002 

Gong, X., Wu, G., & Zeng, C. (2019). Role of circular RNAs in cardiovascular diseases. 

Experimental Biology and Medicine, 244(2), 73. 



59 
 

https://doi.org/10.1177/1535370218822988 

Guenther, C. M., Brun, M. J., Bennett, A. D., Ho, M. L., Chen, W., Zhu, B., Lam, M., 

Yamagami, M., Kwon, S., Bhattacharya, N., Sousa, D., Evans, A. C., Voss, J., Sevick-

Muraca, E. M., Agbandje-McKenna, M., & Suh, J. (2019). Protease-Activatable Adeno-

Associated Virus Vector for Gene Delivery to Damaged Heart Tissue. Molecular Therapy : 

The Journal of the American Society of Gene Therapy, 27(3), 611–622. 

https://doi.org/10.1016/J.YMTHE.2019.01.015 

Guo, J. U., Agarwal, V., Guo, H., & Bartel, D. P. (2014). Expanded identification and 

characterization of mammalian circular RNAs. Genome Biology, 15(7), 1–14. 

https://doi.org/10.1186/S13059-014-0409-Z 

Gupta, S. K., Garg, A., Bär, C., Chatterjee, S., Foinquinos, A., Milting, H., Streckfus-Bomeke, 

K., Fiedler, J., & Thum, T. (2018). Quaking inhibits doxorubicin-mediated cardiotoxicity 

through regulation of cardiac circular RNA expression short communication. Circulation 

Research, 122(2), 246–254. https://doi.org/10.1161/CIRCRESAHA.117.311335/-/DC1 

Han, D., Wang, Y., Wang, Y., Dai, X., Zhou, T., Chen, J., Tao, B., Zhang, J., & Cao, F. (2020). 

The Tumor-Suppressive Human Circular RNA CircITCH Sponges miR-330-5p to 

Ameliorate Doxorubicin-Induced Cardiotoxicity Through Upregulating SIRT6, Survivin, 

and SERCA2a. Circulation Research, 127(4), E108–E125. 

https://doi.org/10.1161/CIRCRESAHA.119.316061 

Hansen, T. B., Jensen, T. I., Clausen, B. H., Bramsen, J. B., Finsen, B., Damgaard, C. K., & 

Kjems, J. (2013). Natural RNA circles function as efficient microRNA sponges. Nature, 

495(7441), 384–388. https://doi.org/10.1038/NATURE11993 



60 
 

Hansen, T. B., Wiklund, E. D., Bramsen, J. B., Villadsen, S. B., Statham, A. L., Clark, S. J., & 

Kjems, J. (2011). miRNA-dependent gene silencing involving Ago2-mediated cleavage of a 

circular antisense RNA. The EMBO Journal, 30(21), 4414–4422. 

https://doi.org/10.1038/EMBOJ.2011.359 

Haque, S., Ames, R. M., Moore, K., Pilling, L. C., Peters, L. L., Bandinelli, S., Ferrucci, L., & 

Harries, L. W. (2020). circRNAs expressed in human peripheral blood are associated with 

human aging phenotypes, cellular senescence and mouse lifespan. GeroScience, 42(1), 183. 

https://doi.org/10.1007/S11357-019-00120-Z 

Haque, S., & Harries, L. W. (2017). Circular RNAs (circRNAs) in Health and Disease. Genes, 

8(12). https://doi.org/10.3390/GENES8120353 

He, A. T., Liu, J., Li, F., & Yang, B. B. (2021). Targeting circular RNAs as a therapeutic 

approach: current strategies and challenges. Signal Transduction and Targeted Therapy 

2021 6:1, 6(1), 1–14. https://doi.org/10.1038/s41392-021-00569-5 

Herman, D. S., Lam, L., Taylor, M. R. G., Wang, L., Teekakirikul, P., Christodoulou, D., 

Conner, L., DePalma, S. R., McDonough, B., Sparks, E., Teodorescu, D. L., Cirino, A. L., 

Banner, N. R., Pennell, D. J., Graw, S., Merlo, M., Lenarda, A. Di, Sinagra, G., Bos, J. M., 

… Seidman, C. E. (2012). Truncations of Titin Causing Dilated Cardiomyopathy. The New 

England Journal of Medicine, 366(7), 619. https://doi.org/10.1056/NEJMOA1110186 

Holdt, L. M., Kohlmaier, A., & Teupser, D. (2018). Circular RNAs as therapeutic agents and 

targets. Frontiers in Physiology, 9(OCT), 1262. 

https://doi.org/10.3389/FPHYS.2018.01262/BIBTEX 



61 
 

Hu, H., Jiang, M., Cao, Y., Zhang, Z., Jiang, B., Tian, F., Feng, J., Dou, Y., Gorospe, M., Zheng, 

M., Zheng, L., Yang, Z., & Wang, W. (2020). HuR regulates phospholamban expression in 

isoproterenol-induced cardiac remodelling. Cardiovascular Research, 116(5), 944. 

https://doi.org/10.1093/CVR/CVZ205 

Huang, C., Liang, D., Tatomer, D. C., & Wilusz, J. E. (2018). A length-dependent evolutionarily 

conserved pathway controls nuclear export of circular RNAs. Genes and Development, 

32(9–10), 639–644. https://doi.org/10.1101/GAD.314856.118/-/DC1 

Ivanov, A., Memczak, S., Wyler, E., Torti, F., Porath, H. T., Orejuela, M. R., Piechotta, M., 

Levanon, E. Y., Landthaler, M., Dieterich, C., & Rajewsky, N. (2015). Analysis of intron 

sequences reveals hallmarks of circular RNA biogenesis in animals. Cell Reports, 10(2), 

170–177. https://doi.org/10.1016/J.CELREP.2014.12.019 

Jakobi, T., Czaja-Hasse, L. F., Reinhardt, R., & Dieterich, C. (2016). Profiling and Validation of 

the Circular RNA Repertoire in Adult Murine Hearts. Genomics, Proteomics & 

Bioinformatics, 14(4), 216–223. https://doi.org/10.1016/J.GPB.2016.02.003 

Jankowsky, E., & Jankowsky, A. (2000). The DExH/D protein family database. Nucleic Acids 

Research, 28(1), 333. https://doi.org/10.1093/NAR/28.1.333 

Jeck, W. R., & Sharpless, N. E. (2014). Detecting and characterizing circular RNAs. Nature 

Biotechnology 2014 32:5, 32(5), 453–461. https://doi.org/10.1038/nbt.2890 

Jeck, W. R., Sorrentino, J. A., Wang, K., Slevin, M. K., Burd, C. E., Liu, J., Marzluff, W. F., & 

Sharpless, N. E. (2013a). Circular RNAs are abundant, conserved, and associated with ALU 

repeats. RNA, 19(2), 141. https://doi.org/10.1261/RNA.035667.112 



62 
 

Jeck, W. R., Sorrentino, J. A., Wang, K., Slevin, M. K., Burd, C. E., Liu, J., Marzluff, W. F., & 

Sharpless, N. E. (2013b). Circular RNAs are abundant, conserved, and associated with ALU 

repeats. RNA, 19(2), 141–157. https://doi.org/10.1261/RNA.035667.112 

Jost, I., Shalamova, L. A., Gerresheim, G. K., Niepmann, M., Bindereif, A., & Rossbach, O. 

(2018). Functional sequestration of microRNA-122 from Hepatitis C Virus by circular RNA 

sponges. RNA Biology, 15(8), 1032–1039. https://doi.org/10.1080/15476286.2018.1435248 

Khan, M. A. F., Reckman, Y. J., Aufiero, S., Van Den Hoogenhof, M. M. G., Van Der Made, I., 

Beqqali, A., Koolbergen, D. R., Rasmussen, T. B., Van Der Velden, J., Creemers, E. E., & 

Pinto, Y. M. (2016). RBM20 Regulates Circular RNA Production From the Titin Gene. 

Circulation Research, 119(9), 996–1003. 

https://doi.org/10.1161/CIRCRESAHA.116.309568 

Kishore, R., Garikipati, V. N. S., & Gonzalez, C. (2020). Role of Circular RNAs in 

Cardiovascular Disease. Journal of Cardiovascular Pharmacology, 76(2), 128. 

https://doi.org/10.1097/FJC.0000000000000841 

Kishore, R., & Khan, M. (2016). More than Tiny Sacks: Stem Cell Exosomes as Cell-free 

Modality for Cardiac Repair. Circulation Research, 118(2), 330. 

https://doi.org/10.1161/CIRCRESAHA.115.307654 

Kleaveland, B., Shi, C. Y., Stefano, J., & Bartel, D. P. (2018). A Network of Noncoding 

Regulatory RNAs Acts in the Mammalian Brain. Cell, 174(2), 350-362.e17. 

https://doi.org/10.1016/J.CELL.2018.05.022 

Kramer, M. C., Liang, D., Tatomer, D. C., Gold, B., March, Z. M., Cherry, S., & Wilusz, J. E. 



63 
 

(2015). Combinatorial control of Drosophila circular RNA expression by intronic repeats, 

hnRNPs, and SR proteins. Genes & Development, 29(20), 2168. 

https://doi.org/10.1101/GAD.270421.115 

Krishna, S. M., Moxon, J. V., & Golledge, J. (2015). A Review of the Pathophysiology and 

Potential Biomarkers for Peripheral Artery Disease. International Journal of Molecular 

Sciences, 16(5), 11294. https://doi.org/10.3390/IJMS160511294 

Kristensen, L. S., Andersen, M. S., Stagsted, L. V. W., Ebbesen, K. K., Hansen, T. B., & Kjems, 

J. (2019). The biogenesis, biology and characterization of circular RNAs. Nature Reviews. 

Genetics, 20(11), 675–691. https://doi.org/10.1038/S41576-019-0158-7 

Krützfeldt, J., Rajewsky, N., Braich, R., Rajeev, K. G., Tuschl, T., Manoharan, M., & Stoffel, M. 

(2005). Silencing of microRNAs in vivo with ‗antagomirs.‘ Nature 2005 438:7068, 

438(7068), 685–689. https://doi.org/10.1038/nature04303 

Lamont, P. J., Wallefeld, W., Hilton-Jones, D., Udd, B., Argov, Z., Barboi, A. C., Bonneman, C., 

Boycott, K. M., Bushby, K., Connolly, A. M., Davies, N., Beggs, A. H., Cox, G. F., Dastgir, 

J., Dechene, E. T., Gooding, R., Jungbluth, H., Muelas, N., Palmio, J., … Laing, N. G. 

(2014). NOVEL MUTATIONS WIDEN THE PHENOTYPIC SPECTRUM OF SLOW 

SKELETAL/β-CARDIAC MYOSIN (MYH7) DISTAL MYOPATHY. Human Mutation, 

35(7), 868. https://doi.org/10.1002/HUMU.22553 

Legnini, I., Di Timoteo, G., Rossi, F., Morlando, M., Briganti, F., Sthandier, O., Fatica, A., 

Santini, T., Andronache, A., Wade, M., Laneve, P., Rajewsky, N., & Bozzoni, I. (2017). 

Circ-ZNF609 Is a Circular RNA that Can Be Translated and Functions in Myogenesis. 

Molecular Cell, 66(1), 22. https://doi.org/10.1016/J.MOLCEL.2017.02.017 



64 
 

Li, F., Yang, Q., He, A. T., & Yang, B. B. (2021). Circular RNAs in cancer: Limitations in 

functional studies and diagnostic potential. Seminars in Cancer Biology, 75, 49–61. 

https://doi.org/10.1016/J.SEMCANCER.2020.10.002 

Li, M., Ding, W., Tariq, M. A., Chang, W., Zhang, X., Xu, W., Hou, L., Wang, Y., & Wang, J. 

(2018). A circular transcript of ncx1 gene mediates ischemic myocardial injury by targeting 

miR-133a-3p. Theranostics, 8(21), 5855. https://doi.org/10.7150/THNO.27285 

Li, S., Li, Y., Chen, B., Zhao, J., Yu, S., Tang, Y., Zheng, Q., Li, Y., Wang, P., He, X., & Huang, 

S. (2018). exoRBase: a database of circRNA, lncRNA and mRNA in human blood 

exosomes. Nucleic Acids Research, 46(Database issue), D106. 

https://doi.org/10.1093/NAR/GKX891 

Li, Y., Zheng, Q., Bao, C., Li, S., Guo, W., Zhao, J., Chen, D., Gu, J., He, X., & Huang, S. 

(2015). Circular RNA is enriched and stable in exosomes: a promising biomarker for cancer 

diagnosis. Cell Research, 25(8), 981. https://doi.org/10.1038/CR.2015.82 

Li, Z., Huang, C., Bao, C., Chen, L., Lin, M., Wang, X., Zhong, G., Yu, B., Hu, W., Dai, L., 

Zhu, P., Chang, Z., Wu, Q., Zhao, Y., Jia, Y., Xu, P., Liu, H., & Shan, G. (2015). Exon-

intron circular RNAs regulate transcription in the nucleus. Nature Structural & Molecular 

Biology, 22(3), 256–264. https://doi.org/10.1038/NSMB.2959 

Liang, D., Tatomer, D. C., Luo, Z., Wu, H., Yang, L., Chen, L. L., Cherry, S., & Wilusz, J. E. 

(2017). The Output of Protein-Coding Genes Shifts to Circular RNAs When the Pre-mRNA 

Processing Machinery Is Limiting. Molecular Cell, 68(5), 940-954.e3. 

https://doi.org/10.1016/J.MOLCEL.2017.10.034 



65 
 

Liang, D., & Wilusz, J. E. (2014). Short intronic repeat sequences facilitate circular RNA 

production. Genes & Development, 28(20), 2233. https://doi.org/10.1101/GAD.251926.114 

Lim, T. B., Aliwarga, E., Luu, T. D. A., Li, Y. P., Ng, S. L., Annadoray, L., Sian, S., Ackers-

Johnson, M. A., & Foo, R. S. Y. (2019). Targeting the highly abundant circular RNA 

circSlc8a1 in cardiomyocytes attenuates pressure overload induced hypertrophy. 

Cardiovascular Research, 115(14), 1998–2007. https://doi.org/10.1093/CVR/CVZ130 

Lim, T. B., Lavenniah, A., & Foo, R. S. Y. (2020). Circles in the heart and cardiovascular 

system. Cardiovascular Research, 116(2), 269–278. https://doi.org/10.1093/CVR/CVZ227 

Liu, C., Li, N., Dai, G., Cavdar, O., & Fang, H. (2021). A narrative review of circular RNAs as 

potential biomarkers and therapeutic targets for cardiovascular diseases. Annals of 

Translational Medicine, 9(7), 578–578. https://doi.org/10.21037/ATM-20-7929 

Lopez, E. O., Ballard, B. D., & Jan, A. (2021). Cardiovascular Disease. 

https://www.ncbi.nlm.nih.gov/books/NBK535419/ 

Lu, T., Cui, L., Zhou, Y., Zhu, C., Fan, D., Gong, H., Zhao, Q., Zhou, C., Zhao, Y., Lu, D., Luo, 

J., Wang, Y., Tian, Q., Feng, Q., Huang, T., & Han, B. (2015). Transcriptome-wide 

investigation of circular RNAs in rice. RNA, 21(12), 2076. 

https://doi.org/10.1261/RNA.052282.115 

Luo, X., Zhang, H., Xiao, J., & Wang, Z. (2010). Regulation of human cardiac ion channel genes 

by microRNAs: theoretical perspective and pathophysiological implications. Cellular 

Physiology and Biochemistry : International Journal of Experimental Cellular Physiology, 

Biochemistry, and Pharmacology, 25(6), 571–586. https://doi.org/10.1159/000315076 



66 
 

Meganck, R. M., Borchardt, E. K., Castellanos Rivera, R. M., Scalabrino, M. L., Wilusz, J. E., 

Marzluff, W. F., & Asokan, A. (2018). Tissue-Dependent Expression and Translation of 

Circular RNAs with Recombinant AAV Vectors In Vivo. Molecular Therapy. Nucleic 

Acids, 13, 89–98. https://doi.org/10.1016/J.OMTN.2018.08.008 

Memczak, S., Jens, M., Elefsinioti, A., Torti, F., Krueger, J., Rybak, A., Maier, L., Mackowiak, 

S. D., Gregersen, L. H., Munschauer, M., Loewer, A., Ziebold, U., Landthaler, M., Kocks, 

C., Le Noble, F., & Rajewsky, N. (2013). Circular RNAs are a large class of animal RNAs 

with regulatory potency. Nature, 495(7441), 333–338. 

https://doi.org/10.1038/NATURE11928 

Memczak, S., Papavasileiou, P., Peters, O., & Rajewsky, N. (2015). Identification and 

Characterization of Circular RNAs As a New Class of Putative Biomarkers in Human 

Blood. PloS One, 10(10). https://doi.org/10.1371/JOURNAL.PONE.0141214 

Militello, G., Weirick, T., John, D., Döring, C., Dimmeler, S., & Uchida, S. (2017). Screening 

and validation of lncRNAs and circRNAs as miRNA sponges. Briefings in Bioinformatics, 

18(5), 780–788. https://doi.org/10.1093/BIB/BBW053 

Mittal, R., Jhaveri, V. M., McMurry, H. S., Kay, S. I. S., Sutherland, K. J., Nicole, L., Mittal, J., 

& Jayant, R. D. (2018). Recent treatment modalities for cardiovascular diseases with a 

focus on stem cells, aptamers, exosomes and nanomedicine. 

Https://Doi.Org/10.1080/21691401.2018.1436555, 46(sup1), 831–840. 

https://doi.org/10.1080/21691401.2018.1436555 

Ni, H., Li, W., Zhuge, Y., Xu, S., Wang, Y., Chen, Y., Shen, G., & Wang, F. (2019). Inhibition 

of circHIPK3 prevents angiotensin II-induced cardiac fibrosis by sponging miR-29b-3p. 



67 
 

International Journal of Cardiology, 292, 188–196. 

https://doi.org/10.1016/J.IJCARD.2019.04.006 

Nishi, H., Ono, K., Iwanaga, Y., Horie, T., Nagao, K., Takemura, G., Kinoshita, M., Kuwabara, 

Y., Mori, R. T., Hasegawa, K., Kita, T., & Kimura, T. (2010). MicroRNA-15b Modulates 

Cellular ATP Levels and Degenerates Mitochondria via Arl2 in Neonatal Rat Cardiac 

Myocytes. The Journal of Biological Chemistry, 285(7), 4920. 

https://doi.org/10.1074/JBC.M109.082610 

Okuda, S., Sufu-Shimizu, Y., Kato, T., Fukuda, M., Nishimura, S., Oda, T., Kobayashi, S., 

Yamamoto, T., Morimoto, S., & Yano, M. (2018). CaMKII-mediated phosphorylation of 

RyR2 plays a crucial role in aberrant Ca2+ release as an arrhythmogenic substrate in cardiac 

troponin T-related familial hypertrophic cardiomyopathy. Biochemical and Biophysical 

Research Communications, 496(4), 1250–1256. 

https://doi.org/10.1016/J.BBRC.2018.01.181 

Pamudurti, N. R., Bartok, O., Jens, M., Ashwal-Fluss, R., Stottmeister, C., Ruhe, L., Hanan, M., 

Wyler, E., Perez-Hernandez, D., Ramberger, E., Shenzis, S., Samson, M., Dittmar, G., 

Landthaler, M., Chekulaeva, M., Rajewsky, N., & Kadener, S. (2017). Translation of 

CircRNAs. Molecular Cell, 66(1), 9. https://doi.org/10.1016/J.MOLCEL.2017.02.021 

Panda, A. C., De, S., Grammatikakis, I., Munk, R., Yang, X., Piao, Y., Dudekula, D. B., 

Abdelmohsen, K., & Gorospe, M. (2017). High-purity circular RNA isolation method 

(RPAD) reveals vast collection of intronic circRNAs. Nucleic Acids Research, 45(12), 

e116. https://doi.org/10.1093/NAR/GKX297 

Peripheral Vascular Disease: Causes, Symptoms & Treatment. (2022). 



68 
 

https://my.clevelandclinic.org/health/diseases/17357-peripheral-artery-disease-pad 

Qu, S., Yang, X., Li, X., Wang, J., Gao, Y., Shang, R., Sun, W., Dou, K., & Li, H. (2015). 

Circular RNA: A new star of noncoding RNAs. Cancer Letters, 365(2), 141–148. 

https://doi.org/10.1016/J.CANLET.2015.06.003 

Rybak-Wolf, A., Stottmeister, C., Glažar, P., Jens, M., Pino, N., Giusti, S., Hanan, M., Behm, 

M., Bartok, O., Ashwal-Fluss, R., Herzog, M., Schreyer, L., Papavasileiou, P., Ivanov, A., 

Öhman, M., Refojo, D., Kadener, S., & Rajewsky, N. (2015). Circular RNAs in the 

Mammalian Brain Are Highly Abundant, Conserved, and Dynamically Expressed. 

Molecular Cell, 58(5), 870–885. https://doi.org/10.1016/J.MOLCEL.2015.03.027 

Sabbah, H. N., Gupta, R. C., Singh-Gupta, V., Zhang, K., & Lanfear, D. E. (2018). 

Abnormalities of Mitochondrial Dynamics in the Failing Heart: Normalization Following 

Long-Term Therapy with Elamipretide. Cardiovascular Drugs and Therapy, 32(4), 319. 

https://doi.org/10.1007/S10557-018-6805-Y 

Salgado-Somoza, A., Zhang, L., Vausort, M., & Devaux, Y. (2017). The circular RNA MICRA 

for risk stratification after myocardial infarction. International Journal of Cardiology. Heart 

& Vasculature, 17, 33. https://doi.org/10.1016/J.IJCHA.2017.11.001 

Salzman, J., Chen, R. E., Olsen, M. N., Wang, P. L., & Brown, P. O. (2013). Cell-Type Specific 

Features of Circular RNA Expression. PLoS Genetics, 9(9), 1003777. 

https://doi.org/10.1371/JOURNAL.PGEN.1003777 

Salzman, J., Gawad, C., Wang, P. L., Lacayo, N., & Brown, P. O. (2012). Circular RNAs are the 

predominant transcript isoform from hundreds of human genes in diverse cell types. PloS 



69 
 

One, 7(2). https://doi.org/10.1371/JOURNAL.PONE.0030733 

Seidman, J. G., & Seidman, C. (2001). The genetic basis for cardiomyopathy: from mutation 

identification to mechanistic paradigms. Cell, 104(4), 557–567. 

https://doi.org/10.1016/S0092-8674(01)00242-2 

Shahjehan, R. D., & Bhutta, B. S. (2021). Coronary Artery Disease - StatPearls - NCBI 

Bookshelf. In StatPearls Publishing LLC, Treasure Island (FL). 

https://www.ncbi.nlm.nih.gov/books/NBK564304/ 

Skotland, T., Sandvig, K., & Llorente, A. (2017). Lipids in exosomes: Current knowledge and 

the way forward. Progress in Lipid Research, 66, 30–41. 

https://doi.org/10.1016/J.PLIPRES.2017.03.001 

Stagsted, L. V. W., Nielsen, K. M., Daugaard, I., & Hansen, T. B. (2019). Noncoding AUG 

circRNAs constitute an abundant and conserved subclass of circles. Life Science Alliance, 

2(3). https://doi.org/10.26508/LSA.201900398 

Starke, S., Jost, I., Rossbach, O., Schneider, T., Schreiner, S., Hung, L. H., & Bindereif, A. 

(2015). Exon circularization requires canonical splice signals. Cell Reports, 10(1), 103–111. 

https://doi.org/10.1016/J.CELREP.2014.12.002 

Sun, Y., Yang, Z., Zheng, B., Zhang, X. H., Zhang, M. L., Zhao, X. S., Zhao, H. Y., Suzuki, T., 

& Wen, J. K. (2017). A Novel Regulatory Mechanism of Smooth Muscle α-Actin 

Expression by NRG-1/circACTA2/miR-548f-5p Axis. Circulation Research, 121(6), 628–

635. https://doi.org/10.1161/CIRCRESAHA.117.311441 

Takemura, G., Kanoh, M., Minatoguchi, S., & Fujiwara, H. (2013). Cardiomyocyte apoptosis in 



70 
 

the failing heart--a critical review from definition and classification of cell death. 

International Journal of Cardiology, 167(6), 2373–2386. 

https://doi.org/10.1016/J.IJCARD.2013.01.163 

Talwar, S., Squire, I. B., Downie, P. F., McCullough, A. M., Campton, M. C., Davies, J. E., 

Barnett, D. B., & Ng, L. L. (2000). Profile of plasma N-terminal proBNP following acute 

myocardial infarction; correlation with left ventricular systolic dysfunction. European Heart 

Journal, 21(18), 1514–1521. https://doi.org/10.1053/EUHJ.1999.2045 

Tan, W. L. W., Lim, B. T. S., Anene-Nzelu, C. G. O., Ackers-Johnson, M., Dashi, A., See, K., 

Tiang, Z., Lee, D. P., Chua, W. W., Luu, T. D. A., Li, P. Y. Q., Richards, A. M., & Foo, R. 

S. Y. (2017). A landscape of circular RNA expression in the human heart. Cardiovascular 

Research, 113(3), 298–309. https://doi.org/10.1093/CVR/CVW250 

Tang, C. M., Zhang, M., Huang, L., Hu, Z. Q., Zhu, J. N., Xiao, Z., Zhang, Z., Lin, Q. X., Zheng, 

X. L., Min-Yang, Wu, S. L., Cheng, J. D., & Shan, Z. X. (2017). CircRNA_000203 

enhances the expression of fibrosis-associated genes by derepressing targets of miR-26b-5p, 

Col1a2 and CTGF, in cardiac fibroblasts. Scientific Reports, 7. 

https://doi.org/10.1038/SREP40342 

Tayal, U., Newsome, S., Buchan, R., Whiffin, N., Halliday, B., Lota, A., Roberts, A., Baksi, A. 

J., Voges, I., Midwinter, W., Wilk, A., Govind, R., Walsh, R., Daubeney, P., Jarman, J. W. 

E., Baruah, R., Frenneaux, M., Barton, P. J., Pennell, D., … Cook, S. A. (2017). Phenotype 

and Clinical Outcomes of Titin Cardiomyopathy. Journal of the American College of 

Cardiology, 70(18), 2264. https://doi.org/10.1016/J.JACC.2017.08.063 

Vicens, Q., & Westhof, E. (2014). Biogenesis of Circular RNAs. Cell, 159(1), 13–14. 



71 
 

https://doi.org/10.1016/J.CELL.2014.09.005 

Wang, K., Gan, T. Y., Li, N., Liu, C. Y., Zhou, L. Y., Gao, J. N., Chen, C., Yan, K. W., 

Ponnusamy, M., Zhang, Y. H., & Li, P. F. (2017). Circular RNA mediates cardiomyocyte 

death via miRNA-dependent upregulation of MTP18 expression. Cell Death and 

Differentiation, 24(6), 1111. https://doi.org/10.1038/CDD.2017.61 

Wang, K., Long, B., Liu, F., Wang, J. X., Liu, C. Y., Zhao, B., Zhou, L. Y., Sun, T., Wang, M., 

Yu, T., Gong, Y., Liu, J., Dong, Y. H., Li, N., & Li, P. F. (2016). A circular RNA protects 

the heart from pathological hypertrophy and heart failure by targeting miR-223. European 

Heart Journal, 37(33), 2602a-2611a. https://doi.org/10.1093/EURHEARTJ/EHV713 

Werfel, S., Nothjunge, S., Schwarzmayr, T., Strom, T. M., Meitinger, T., & Engelhardt, S. 

(2016). Characterization of circular RNAs in human, mouse and rat hearts. Journal of 

Molecular and Cellular Cardiology, 98, 103–107. 

https://doi.org/10.1016/J.YJMCC.2016.07.007 

Westholm, J. O., Miura, P., Olson, S., Shenker, S., Joseph, B., Sanfilippo, P., Celniker, S. E., 

Graveley, B. R., & Lai, E. C. (2014). Genomewide analysis of Drosophila circular RNAs 

reveals their structural and sequence properties and age-dependent neural accumulation. 

Cell Reports, 9(5), 1966. https://doi.org/10.1016/J.CELREP.2014.10.062 

Wilusz, J. (2015). Circular RNA and Splicing: Skip Happens. Journal of Molecular Biology, 

427(15), 2411–2413. https://doi.org/10.1016/J.JMB.2015.05.019 

Wu, N., Jin, L., & Cai, J. (2017). Profiling and bioinformatics analyses reveal differential 

circular RNA expression in hypertensive patients. Clinical and Experimental Hypertension 



72 
 

(New York, N.Y. : 1993), 39(5), 454–459. https://doi.org/10.1080/10641963.2016.1273944 

Xiao, M. S., & Wilusz, J. E. (2019). An improved method for circular RNA purification using 

RNase R that efficiently removes linear RNAs containing G-quadruplexes or structured 3′ 

ends. Nucleic Acids Research, 47(16), 8755. https://doi.org/10.1093/NAR/GKZ576 

Xu, M., & Song, J. (2021). Targeted Therapy in Cardiovascular Disease: A Precision Therapy 

Era. Frontiers in Pharmacology, 12, 739. 

https://doi.org/10.3389/FPHAR.2021.623674/XML/NLM 

Xu, T., Wu, J., Han, P., Zhao, Z., & Song, X. (2017). Circular RNA expression profiles and 

features in human tissues: a study using RNA-seq data. BMC Genomics, 18(Suppl 6). 

https://doi.org/10.1186/S12864-017-4029-3 

Yang, L., Han, B., Zhang, Z., Wang, S., Bai, Y., Zhang, Y., Tang, Y., Du, L., Xu, L., Wu, F., 

Zuo, L., Chen, X., Lin, Y., Liu, K., Ye, Q., Chen, B., Li, B., Tang, T., Wang, Y., … Yao, H. 

(2020). Extracellular Vesicle-Mediated Delivery of Circular RNA SCMH1 Promotes 

Functional Recovery in Rodent and Nonhuman Primate Ischemic Stroke Models. 

Circulation, 142(6), 556–574. https://doi.org/10.1161/CIRCULATIONAHA.120.045765 

Yang, Y., Fan, X., Mao, M., Song, X., Wu, P., Zhang, Y., Jin, Y., Yang, Y., Chen, L. L., Wang, 

Y., Wong, C. C. L., Xiao, X., & Wang, Z. (2017). Extensive translation of circular RNAs 

driven by N6-methyladenosine. Cell Research, 27(5), 626. 

https://doi.org/10.1038/CR.2017.31 

Yang, Y., Guo, T., Oda, T., Chakraborty, A., Chen, L., Uchinoumi, H., Knowlton, A. A., Fruen, 

B. R., Cornea, R. L., Meissner, G., & Bers, D. M. (2014). Cardiac Myocyte Z-line 



73 
 

Calmodulin is Mainly RyR2-Bound and Reduction is Arrhythmogenic and Occurs in Heart 

Failure. Circulation Research, 114(2), 295. 

https://doi.org/10.1161/CIRCRESAHA.114.302857 

You, X., Vlatkovic, I., Babic, A., Will, T., Epstein, I., Tushev, G., Akbalik, G., Wang, M., 

Glock, C., Quedenau, C., Wang, X., Hou, J., Liu, H., Sun, W., Sambandan, S., Chen, T., 

Schuman, E. M., & Chen, W. (2015). Neural circular RNAs are derived from synaptic 

genes and regulated by development and plasticity. Nature Neuroscience, 18(4), 603. 

https://doi.org/10.1038/NN.3975 

Yu, B., & Shan, G. (2016). Functions of long noncoding RNAs in the nucleus. Nucleus, 7(2), 

155. https://doi.org/10.1080/19491034.2016.1179408 

Yu, Z., Huang, Q., Zhang, Q., Wu, H., & Zhong, Z. (2021). CircRNAs open a new era in the 

study of cardiovascular disease (Review). International Journal of Molecular Medicine, 

47(1), 49–64. https://doi.org/10.3892/IJMM.2020.4792/HTML 

Zeng, Y., Du, W. W., Wu, Y., Yang, Z., Awan, F. M., Li, X., Yang, W., Zhang, C., Yang, Q., 

Yee, A., Chen, Y., Yang, F., Sun, H., Huang, R., Yee, A. J., Li, R. K., Wu, Z., Backx, P. H., 

& Yang, B. B. (2017). A Circular RNA Binds To and Activates AKT Phosphorylation and 

Nuclear Localization Reducing Apoptosis and Enhancing Cardiac Repair. Theranostics, 

7(16), 3842–3855. https://doi.org/10.7150/THNO.19764 

Zhang, X. O., Wang, H. Bin, Zhang, Y., Lu, X., Chen, L. L., & Yang, L. (2014a). 

Complementary sequence-mediated exon circularization. Cell, 159(1), 134–147. 

https://doi.org/10.1016/J.CELL.2014.09.001 



74 
 

Zhang, X. O., Wang, H. Bin, Zhang, Y., Lu, X., Chen, L. L., & Yang, L. (2014b). 

Complementary Sequence-Mediated Exon Circularization. Cell, 159(1), 134–147. 

https://doi.org/10.1016/J.CELL.2014.09.001 

Zhang, Y., Zhang, X. O., Chen, T., Xiang, J. F., Yin, Q. F., Xing, Y. H., Zhu, S., Yang, L., & 

Chen, L. L. (2013). Circular intronic long noncoding RNAs. Molecular Cell, 51(6), 792–

806. https://doi.org/10.1016/J.MOLCEL.2013.08.017 

Zhao, X., Zhong, Y., Wang, X., Shen, J., & An, W. (2022). Advances in Circular RNA and Its 

Applications. International Journal of Medical Sciences, 19(6), 975. 

https://doi.org/10.7150/IJMS.71840 

Zhao, Z. J., & Shen, J. (2017). Circular RNA participates in the carcinogenesis and the malignant 

behavior of cancer. RNA Biology, 14(5), 514. 

https://doi.org/10.1080/15476286.2015.1122162 

Zheng, Q., Bao, C., Guo, W., Li, S., Chen, J., Chen, B., Luo, Y., Lyu, D., Li, Y., Shi, G., Liang, 

L., Gu, J., He, X., & Huang, S. (2016). Circular RNA profiling reveals an abundant 

circHIPK3 that regulates cell growth by sponging multiple miRNAs. Nature 

Communications, 7. https://doi.org/10.1038/NCOMMS11215 

Zhou, B., & Yu, J. W. (2017). A novel identified circular RNA, circRNA_010567, promotes 

myocardial fibrosis via suppressing miR-141 by targeting TGF-β1. Biochemical and 

Biophysical Research Communications, 487(4), 769–775. 

https://doi.org/10.1016/J.BBRC.2017.04.044 

Zhou, W. Y., Cai, Z. R., Liu, J., Wang, D. S., Ju, H. Q., & Xu, R. H. (2020). Circular RNA: 



75 
 

metabolism, functions and interactions with proteins. Molecular Cancer 2020 19:1, 19(1), 

1–19. https://doi.org/10.1186/S12943-020-01286-3 

 

  


