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ABSTRACT

Introduction: Myocardial infarction is the most common form of acute cardiac injury

attributed to heart failure. Despite advancements in prognosis and treatment, acute MI
(AMI) still bears a considerable mortality rate within the initial year, with a significant
portion of patients succumbing within the initial 30 days post-MI. The overall prognosis
hinges on factors such as the extent of heart muscle damage, duration of the inflammatory
response, and the efficacy of administered treatments in mitigating myocardial cell death
and injury. This underscores the need for deeper mechanistic understanding and
development of targeted therapies for cardiovascular diseases.

In response to cardiac injury, macrophages are initially recruited to the infarcted
myocardium and undergo phenotypic change from pro-inflammatory (M1) macrophages
in the early stage to an anti-inflammatory (M2) macrophages phenotype in the later stage,
orchestrating the initiation, maintenance, and eventual resolution of the inflammatory
response. However, in chronic ischemia or severe infarction, continuous cardiomyocyte
death prolongs pro-inflammatory macrophage activation resulting in robust secretion of
pro-inflammatory cytokines perpetuating the inflammatory response and resulting in
increased myocardial damage. Despite some understanding, further research is needed on
the mechanisms and factors influencing macrophage function during injury. Circular RNAs
are newly discovered non-coding RNA generated from protein-coding genes ubiquitously
expressed in mammalian tissue, highly conserved among species, and recently implicated
in the possible regulation of macrophage activation. However, their role in

immunomodulation during cardiovascular injury remains unknown.
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Objective: This study focused on determining the specific role of circ-cdrlas in phenotypic
switching between pro-, and anti-inflammatory macrophages and to determine whether
functional regulation of circ-cdrlas modulates macrophage function post-cardiac injury.

Methods and Results: We performed circular RNA microarray analyses to assess circular

RNA transcriptome changes using RNA isolated from bone marrow derived macrophages
(BMDM) polarized to a M1 phenotype by INFy and TNFa or a M2 phenotype by IL-10,
IL-4, and TGF-B. Following RNA isolation, samples are treated with RNaseR for
enrichment of circular RNA and removal of linear RNA. We identified circRNAs
differentially expressed in pro-and anti-inflammatory macrophages, including circRNA
cdrlas (circ-cdrlas). RT-qPCR analysis revealed circ-cdrlas was one of the most
downregulated in pro-inflammatory macrophages and significantly upregulated in anti-
inflammatory macrophages in vitro. We established a circ-cdrlas overexpression system
by generating a circ-cdrlas plasmid using pc3.1 plasmid with flanking regions that allows
circularization of specified sequence for in vitro studies. For knockdown of circ-cdrlas, we
used small hairpin RNA targeting the splicing junction found only in circular RNA. RT-
qPCR and fluorescence activated cell sorting (FACS) analyses showed that overexpression
of circ-Cdrlas increased transcription of anti-inflammatory markers and percentage of
CD206+ (M2 macrophage marker) cells in naive and pro-inflammatory macrophages in
vitro. Meanwhile, knockdown decreased transcription of anti-inflammatory markers and
increased the percentage of CD86+ (M1 macrophage marker) cells in naive and anti-
inflammatory macrophages in vitro. Disease enrichment analysis based on IPA system of
the diseases associated with circular RNA involved in macrophage polarization indicated

that cardiac fibrosis and cardiac enlargement as the top diseases. Therefore, we investigated
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the expression levels of circ-cdrlas in the heart after myocardial infarction (MI) injury in
a mouse model. RT-qPCR analysis revealed downregulation of circ-cdrlas in the heart 3
days post MI, suggesting a possible physiological role for circ-cdrlas in MI
pathophysiology. We isolated fibroblast, cardiomyocytes, CD31+ endothelial cells, and
F4/80+ macrophages and investigated the transcriptional changes of circ-cdrlas to
determine if it is cell-type specific. RT-qPCR analysis showed no significant difference in
transcription of circ-cdrlas in fibroblast and endothelial cells. However, in cardiomyocytes
and macrophages there was a significant downregulation of circ-cdrlas. To understand the
role of circ-cdrlasmodulated macrophages in post-MI cardiac repair in vivo, we
overexpressed circ-cdrlas in fluorescently labeled BMDMs and directly injected them into
the ischemic myocardium immediately following MI surgery. FACS and
immunohistochemistry analyses showed that these macrophages retained their anti-
inflammatory phenotype during the initial stages of cardiac injury, and in the later stages
improved cardiac left ventricular (LV) functions and reduced infarct size. Since circ-cdrlas
was also decreased in cardiomyocytes post-MI, we additionally generated circ-cdrlas
adeno associated virus 9 (circ-cdrlas-AAV-9) vectors to overexpress circ-cdrlas in mouse
hearts. We performed tail vein injections of circ-cdrlas-AAV9 vectors 14 days prior to MI
and conducted physiological and histological studies. Administration of circ-cdrlas-AAV9
significantly improved post-MI LV functions including ejection fraction (%EF) and
fractional shortening (%FS) at 21-28D post MI, decreased infarct size, and improved
angiogenesis. Interestingly, in the initial stages of cardiac injury, overexpression of circ-
cdrlas reduced cardiomyocyte apoptosis and increased percentage of anti-inflammatory

macrophages at injury site. Lastly, emerging evidence suggests that some circular RNAs



function as microRNA (miR) sponges. Therefore, we investigated this mechanism to assess
whether circular cdrlas invokes phenotypic changes in macrophages in both the steady-
state and injured heart by acting as a sponge for miRNA to inhibit its function. Circ-cdrlas
contains over 70 binding sites for miR-7, a microRNA known to exacerbate inflammation
in lung related diseases through inhibition of KLF4. Pull-down assay indicated that circ-
cdrlas directly interacts with miR-7. We found a reciprocal relationship between circ-
cdrlas and miR-7 in macrophages and in the heart 3 days post-MI. Overexpression of miR-
7 by miR-7-5p mimic increased the percentage of pro-inflammatory marker CD86 in naive,
pro-, and anti-inflammatory macrophages and upregulated transcription of pro-
inflammatory markers. Meanwhile, inhibition of miR-7 had the opposite effect. We also
found that expression of miR-7 target gene, KLF4, was reduced when macrophages were
treated with miR-7 and increased when miR-7 was inhibited.

Conclusions: In summary, this study suggests that circ-cdrlas plays a key role in

regulating anti-inflammatory phenotype of macrophages through the modulation of miR-7
and its targets and exogenous delivery of circ-cdrlas may improve LV function over time.
Therefore, circ-cdrlas may potentially be developed as an anti-inflammatory regulator in

tissue inflammation after cardiac injury.
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CHAPTER 1
IMMUNE RESPONSE DURING CARDIAC INJURY

1.1 The Prevalence of Cardiovascular Disease and Pathophysiology of Cardiac Injury

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality, both
globally and in the United States (1). CVD accounts for more than 20 million deaths
globally and more than 900,000 deaths in the United States annually. Additionally, the
economic burden is significant, with estimated direct costs of CVD in the United States to
be about 254.3 billion each year (1). There are several distinct pathologies that are grouped
under CVD that include coronary heart disease (CHD), heart failure (HF), stroke, and
hypertension. It is estimated that roughly 48.6% of Americans suffer from at least one form
of CVD (1). Myocardial Infarction (MI) is the most common form of acute cardiac injury
attributed to heart failure, characterized by persistent inflammation leading to dysfunctional
remodeling. MI is defined as sudden ischemic death of myocardial tissue caused by
decreased or complete obstruction of blood flow to a portion of the myocardium, usually
caused by rupture of vulnerable plaque (2). Following injury, molecular signaling pathways
regulate processes such as inflammation, fibrosis, and hypertrophy, which collectively
contribute to adverse myocardial remodeling, impaired cardiac function, and the
progression of heart failure.

Prolonged MI deprives the myocardium of oxygen leading to extensive
cardiomyocyte death as a result of calcium overload, oxidative stress, and myocardial
dysfunction (3). This leads to the release of damage-associated molecular patterns and pro-
inflammatory cytokines to initiate an inflammatory response. Additionally, endothelial

cells participate in the inflammatory response by expressing adhesion molecules and



secreting cytokines and chemokines. This aids in the recruitment and adhesion of
leukocytes promoting their extravasation into the injured tissue and enhance the
inflammatory response. As infiltrating leukocytes clear debris, there is a shift to suppress
inflammation and promote regeneration (4). As the infarcted area heals, surviving
cardiomyocytes undergo hypertrophy to compensate for the loss of tissue. Meanwhile,
fibroblasts proliferate, undergo phenotypic transformation into myofibroblast, and deposit
extracellular matrix proteins, such as collagen, to preserve the structural integrity of the
infarcted ventricle. This process, known as fibrosis, helps to stabilize the myocardium but
will impair cardiac function leading to adverse remodeling (5). Heart remodeling is then
characterized by dilation, segmental hypertrophy of remaining viable tissue, and cardiac
dysfunction (4). Therefore, impairment in the contractile function of the heart results in
decreased cardiac output, impaired systolic and diastolic function, and ultimately lead to
heart failure (Fig 1.1).

The current most effective treatment following myocardial infarction involves
immediate myocardial reperfusion through primary percutaneous coronary intervention
and coronary artery bypass grafting. This approach mitigates injury severity to preserve
viable myocardium and limit the extent of the infarction. The overall prognosis depends on
the extent of heart muscle damage, length of inflammatory response, (6) and the impact the
treatment itself had on myocardial cell death and injury (4). Despite advances in treatment,
acute MI (AMI) still carries a mortality rate of 20% within the first year after M1, with over
50% of patients dying within the first 30 days post-MI (7). Hence, gaining deeper insight
into the underlying mechanisms of CVD will aid in the development of targeted therapies

for cardiovascular diseases.



Initial Phase of Ml Compensatory Phase

Necrdtic Caraiomyoc'ytes o
® o Hypertrophic Cardiomyocytes
DAMPs. ® " ® Extracellular f'..‘. .
® o '® proteins Z

Myofibroblast * \ -

Fibroblast e
Endothelial Cells o

Infiltrating Leukocyte

Figure 1.1. Cellular microenvironment post-myocardial infarction. In the initial phase
following cardiac injury, dying cardiomyocytes release damage associated molecular
patterns to recruit leukocytes to the site of injury. Endothelial cells begin to express
extracellular proteins to allow the binding and extravasation of leukocytes to injury. In the
later stages, inflammation is suppressed, and surviving cardiomyocytes undergo
hypertrophy. Fibroblasts proliferate and phenotypically switch to myofibroblast, depositing
extracellular matrix proteins to protect the structural integrity of the infarcted ventricle.
(ITlustration created in Biorender)

1.2 Role of Innate Immune Cells in Cardiac Injury

The link between heart failure and inflammation was first described in 1990 by
Levine et al., who reported elevated levels of tumor necrosis factor in heart failure patients
with a reduced ejection fraction (8). Numerous studies thereafter corroborated this finding,
revealing elevated levels of inflammatory mediators in patients experiencing acute
decompensated heart failure and heart failure patients with preserved ejection fraction,
suggesting a consistent inflammatory response present in all the manifestations of heart
failure (9-11). In response to cardiac injury, both innate and adaptive immune responses are
activated to provide the heart with a short-term adaptation to stress. However, prolonged
dysregulated inflammatory response can lead to collateral myocardial damage that

contributes to left ventricular (LV) dysfunction and adverse LV remodeling (12).



During the first few days after cardiac injury, inflammatory signals promote adhesive
interactions between leukocytes and endothelial cells. CXC chemokines mediate infiltration of
neutrophils and C-C motif chemokine monocyte chemoattractant protein-1 (MCP-1) induces
infiltration of monocytes. Selectins mediate leukocyte capture and rolling on the endothelial
surface then interaction between ICAM-1 and integrins mediate firm adhesion of leukocytes to
the endothelial layer (13). Neutrophils are one of the earliest leukocytes to infiltrate the infarcted
myocardium, peaking around 12-24 hours (14). They mediate tissue damage by releasing matric-
degrading enzymes and reactive oxygen species (ROS) (15).

Monocytes then migrate to the injured heart where they differentiate into
macrophages in a chemokine C-C motif receptor 2 (CCR2) dependent manner and are the
predominant leukocyte type from days 2-7 post-injury (16). Monocytes/macrophages are
crucial in the maintenance and resolution of inflammatory response. The recruited
macrophages produce a sequential spectrum of cytokines, chemokines, and growth factors
that exert both pro- and anti-inflammatory effects mediating wound healing and LV
remodeling (4,11,13,15).

Pro-inflammatory (M1) macrophages will peak around the third day after MI. M1
macrophages are traditionally associated with a pro-inflammatory response and are
referred to as classically activated macrophages, induced by Interferon gamma (IFNy),
Lipopolysaccharides (LPS), and Tumor Necrosis Factor a (TNFa) (17). When stimulated,
M1 macrophages secrete high levels of pro-inflammatory cytokines such as TNF-alpha and
interleukins (IL) IL-12, IL23, IL-1, and IL-6. They are characterized by efferocytosis, the

scavenging of damaged tissue, and high antigen presenting capacity (11,16).



At approximately day 5-7 post-Ml, clearance of apoptotic cells by macrophages
and secretion of anti-inflammatory mediators including IL-4, IL-10, and transforming
growth factor beta (TGF-pB) promote polarization to anti-inflammatory M2 macrophages,
working to resolve inflammation and repair cardiac tissue (18). M2 macrophages exhibit
an anti-inflammatory, pro-regenerative phenotype and secrete high levels of anti-
inflammatory cytokines, including IL-10 and growth factors such as Vascular Endothelial
Growth Factor (VEGF), and inhibit leukocyte recruitment (11,17). During the resolution of
inflammation stage, the macrophage population is maintained by local proliferation stimulated by
growth factors (Figure 1.2). Meanwhile, these macrophages will produce myeloid-derived growth
factor (MYGDF), a growth factor able protect cardiomyocytes from cell death (19).

Moreover, macrophages that reside within the heart (CCR2- resident
macrophages) also participate in various forms of tissue remodeling and cardiac
regeneration; however, to a lesser extent than recruited CCR2+ macrophages (20). CCR2-
macrophages represent a tissue resident population that is maintained by local proliferation,
and CCR2+ macrophages originate from infiltrating bone marrow derived monocytes.
Differential gene expression analysis comparing CCR2- and CCR2+ macrophages
revealed that genes associated with inflammatory pathways such as Interleukin-2/Signal
Transducer and Activator of Transcription 5 (IL2/STAT5), IL-6/STAT3, and Tumor
Necrosis Factor/ Nuclear Factor kappa B (TNF/NF«kB) signaling are upregulated in CCR2+
macrophages. Whereas genes associated with epithelial mesenchymal transition,
coagulation, myogenesis, IL-2/STATS5 signaling were upregulated in CCR2- macrophages.
Generally, CCR2+ macrophages express chemokines, cytokines, and mediators of IL-1,

NFkB and IL-6 signaling. Meanwhile, CCR2- macrophages express growth factors,



extracellular matrix components and conduction genes (20). Despite their functional
differences, both circulating and tissue-resident macrophages are able to uniquely change
phenotypes to either a pro-inflammatory M1 or anti-inflammatory M2 phenotype. Despite
numerous studies describing the dynamic changes in macrophage phenotype, the signals
and molecular mechanisms involved in these phenotypic changes remain to be completely
elucidated.
1.3 Cross Talk between Macrophages and Cardiac cells

Macrophages are pivotal in the inflammatory response following MlI, contributing
to subsequent damage and the recuperative process. Apart from their acknowledged
function in the immune response, macrophages participate in crosstalk with other cardiac
cells such as cardiomyocytes, fibroblast, immune cells, and endothelial cells to dictate the
inflammatory and repair processes (4). Specific efferocytosis receptors on macrophages
are key regulators of CM efferocytosis including MerTk receptor, important for the
identification of CMs, and expression of integrin-related proteins CD47 and CD72 in CM
that can impair efferocytosis (21). Macrophages are also able to secrete cytokine
oscostantin, a key regulator of CM proliferation and cardiac regeneration through the
gp130/Src/Yap-Notch and Yap-ctgf/Areg pathways (4). Additionally, CCR2- resident
macrophages can express high levels of the of the sodium channel, SCN9A, and sodium
channel modulator, FGF13, suggesting that macrophages can modulate the electrical
activity of cardiomyocytes (20,22).

Both M1 and M2 macrophages facilitate the fibrotic response. M1 macrophages
recruit fibroblasts by CCL7 and CCL9 mediated signaling. Meanwhile, M2 macrophages

secrete high levels of TGFf1 to upregulate transcription of alpha smooth muscle actin (a-



SMA) resulting in fibroblast differentiation into myofibroblast, which secrete extracellular
matrix components (ECM) to facilitate tissue repair (23). Sustained activation of
macrophages leads to continuous secretion of growth factors and cytokines leading to
continued breakdown of the ECM as well as overproduction of the ECM components by
myofibroblast that can promote adverse remodeling and fibrotic scar tissue (Figure 1.2)
(12).

The crosstalk between macrophages and cardiac endothelial cells (ECs) plays a
regulatory role in vascular remodeling post-MI. Macrophages increase expression of
membrane type 1 matrix metalloproteinase (MT1-MMP) resulting in activation of TGFf1
to promote paracrine SMAD2-mediated signaling in endothelial cells and endothelial-to-
mesenchymal transition (EndMT) (24). Macrophages and ECs also interact through
sphingosine 1-phosphate receptor (S1prl) in a contact dependent manner to promote the
proliferation of M2 macrophages in the infarcted myocardium (25).

1.4 Challenges with Immunomodulation Therapy for Cardiac Injury and Potential of
Non-coding RNAs as a Therapeutic Approach

In cases of chronic ischemia or severe infarction during which continuous
cardiomyocyte death leads to prolonged M1 macrophage activation, efferocytotic ability is
reduced. Additionally, the robust secretion of pro-inflammatory cytokines prolonging
inflammatory response leads to increased damage to the myocardium. This is particularly
the case in patients suffering from underlying chronic inflammatory diseases such as

diabetes and obesity (11,26).
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Figure 1.2. The three phases of infarcted myocardium healing and remodeling. In the initial
days following cardiac injury (inflammatory phase), inflammatory signals recruit
leukocytes. Endothelial cells express selectins and integrins to facilitate extravasation.
Neutrophils are the first to infiltrate and peak around 12-24 hours. Neutrophils release
matrix degrading enzymes and ROS. CCR2+ monocytes are recruited and peak around 2-
7 days after injury. Pro-inflammatory cytokine secretion promotes monocytes to switch to
pro-inflammatory macrophages and secrete high levels of pro-inflammatory cytokines. M1
macrophages recruit fibroblast CCL7 and CCL9 mediated signaling. As they continue to
clear dead cells, in response to anti-inflammatory signals they undergo phenotypic switch
to anti-inflammatory macrophages. These macrophages secrete anti-inflammatory
cytokines and TGFp to promote fibroblast to become myofibroblast. Myofibroblast then
deposits collagen fibers leading to fibrotic scar formation. (lllustration created by
Biorender)

Given the importance of macrophages in inflammation, proliferation, and tissue
repair after MI, they represent a potential therapeutic target. There have been attempts to
target the immune response following cardiac injury to either deplete monocytes post-MI
or impair monocyte function and mobilization (11,15,16). For example, neutralizing anti-
CC chemokine monocyte chemoattractant protein-1 antibody to prevent macrophage
infiltration (27), depleting B-lymphocyte cells with CD20 specific monoclonal antibody to

prevent recruitment of Ly6CM9" monocytes (28), and treatment with clodronate-loaded



liposomes to deplete circulating monocytes post-MI (29). However, the unintended
consequences of these approaches resulted in prolonged cardiac inflammation due to
insufficient clearance of tissue debris and impaired tissue remodeling. Therefore, shifting
the focus from selective elimination to direct immunomodulation targeting macrophage
phenotypic switching to promote an anti-inflammatory M2 phenotype at an earlier stage in
cardiac injury could promote repair and regeneration without these unintended
consequences.

In recent years, non-coding RNAs (ncRNASs) were discovered to be involved in
CVD, gathering interest in their potential to be used for diagnosis and targeted therapy (30-
35). NcRNA s are ribonucleic acids transcribed from deoxyribonucleic acid (DNA) that are
not translated into proteins. They include microRNAs (miRNAS), long non-coding RNAs
(IncRNAs), circular RNAs (circRNAs), transfer RNAs (tRNAs), ribosomal RNAs
(rRNAs), small nuclear RNAs (snRNAs), and piwi-interacting RNAs (piRNA) (36).
Overall, ncRNAs play a role in stability of mMRNA, translation initiation, and regulation of
post-translational modification. Dysregulation of INcRNAs are associated with cardiac
pathological hypertrophy, metabolic syndrome, and cell fate programing and development
dysregulation (37). Recently, we and others have demonstrated the role of non-coding
RNAs, including INcRNAs and miRNAs, to play a role in modulation of cardiomyocyte
apoptosis, inflammation, angiogenesis, and fibrosis (31,38-44). In particular, circular
RNAs (circRNAS) have recently emerged as promising candidates for targeted therapy due
to their circular structure that confers resistance to exonucleases, their capability to regulate
gene expression by modulating miRNA activity, sequester proteins by acting as protein

sponges, and differential expression in CVD and immune cells (34,39,45-47).



CHAPTER 2

THE ROLE OF CIRCULAR RNA IN INFLAMMATION AND
CARDIOVASCULAR DISEASE

2.1 Circular RNA Biogenesis and Regulatory Roles

Advances in high-throughput RNA sequencing (RNA-seq) have identified novel
non-coding transcripts such as microRNAs (miRNA), long non-coding RNAs (IncRNAS),
and circular RNAs (circRNAs) that have been found to influence various biological
process, including onset and development of disease (48-50). Recently, the newest member
of the long non-coding RNA family, circRNAs, are recognized to be involved
cardiovascular disease and the inflammatory response (39,45,47,51-54). Circular RNA are
covalently closed transcripts that are formed when the precursor mRNA (pre-mRNA)
splicing machinery backsplice to join a downstream 5’ splice site to an upstream 3’ splice
site. The unique characteristic of circRNAs to lack free terminals allow circRNAs to be
resistant to exoribonuclease degradation and have longer half-lives compared to their linear
counterpart (48,55,56).
2.1.1 Methods for Detecting Circular RNAs

Current methods for the detection of circRNAs include high throughput RNA
sequencing (RNA-seq) with depletion of ribosomal RNA to enhance sequencing of non-
polyadenylated RNA species and microarray analysis that specifically targets back-
splicing junctions (57). The use of RNA-seq is recommended for the novel discovery of
circRNAs since it will only require a small number of read counts. However, it may be
inefficient in providing an accurate analysis of differential expression of specific
quantification of circRNAs (58). Microarray implements known circular junction

sequence-specific probes to only detect known circRNAs. However, one of the
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disadvantages of microarray is the need for high input of total RNA compared to RNA-
seq. After identification of circRNAs by either RNA-seq or microarray, Reverse
Transcription- quantitative polymerase chain reaction (RT-gPCR) is used for validation
using divergent primers to prevent amplification of other RNA species (57,59) and northern
blot using sequence-specific probers that target the back-splicing junctions of circRNAS
(60). These methods utilize treatment with RNaseR for the enrichment of circRNAs
considering that circRNAs lack free terminals and therefore resistant to RNaseR
exoribonuclease degradation (57).
2.1.2 Circular RNA Databases

As a result of several studies identifying a vast amount of circRNAs, specialized
databases have been created to unify data sets from published studies. These databases
include: circBase, Circlnteractome, CIRCpedia, CircR2Disease, and Circ2Traits. circBase,
established by Glazar P et al., contains data from humans, mice, C. elegans, and Latimeria
organisms. It provides gene description, genomic position, circRNA ID, and tissue/cell line
a particular circRNAs is expressed in (61). Circlnteractome, established by Dudekula et
al., combines numerous features from other databases (starebase 2.0, circBase, Primer3,
and TargetScan 7.0) to provide information about circRNAs binding factors (miRNAs and
RBPs), facilitate in divergent primer design, and aid in small interfering RNA (siRNA)
design that target circRNA of interest (62). CIRCpedia, established by Zhang et al., is a
database that contains identified alternative backsplicing and alternative splicing in
circRNAs from six different species from over 180-RNA seq datasets. Additionally, this
database incorporates conservation analysis of circRNA between human and mice (63).

Circ2Traits, established by Ghosal et al., is a database for circRNAs that is predicted to
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associate with a disease based on the likelihood that a particular circRNA will interact with
a disease associated miRNA or based on mapping disease associated single nucleotide
polymorphism sites on circRNA loci. This data base also provides miRNA-circRNA-
MRNA-IncCRNA interactome networks for any disease of interest (64). Lastly,
CircR2Disease, established by Fan et al., is a database for circRNA dysregulation in
disease. This database identified circRNAs relevant to gene regulation in the
transcriptional, post-transcriptional, and translational levels. Additionally, this database
includes circRNA-disease association, name of disease, expression levels of circRNA,
methods of detection, circ-RNA disease connection, and associated publications (65).
Overall, these databases provide crucial information from conservation, expression, primer
design, to associated diseases.
2.1.3 Proposed Models of Circular RNA Biogenesis

Circular RNAs can be categorized based on the region from the pre-mRNA they
were derived from. Exonic circRNA (ECRNA) originates from exonic regions, intronic
circRNA (CiRNA) is derived from intronic regions, and exon-intronic CircRNAS
(EIcCRNA) emerge from both regions. Additionally, these circular RNAs will differ in
structure, location, and function. The most abundant type of circRNA is exonic circRNA
and is primarily located in the cytoplasm (49,56,66,67). Meanwhile, intronic circRNA are
generally found in the nucleus and participate as transcriptional regulators of the parental
genes by interaction with RNA polymerase Il (Figure 2.1E) (68,69).

There are currently proposed models that explain circRNA formation. In
canonical linear splicing, the spliceosome machinery removes introns from pre-mRNA and

joins exons together for form a single stranded RNA that is protected from degradation by
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the addition of a 5° cap and poly (A) tail (Figure 2.1D). In backsplicing, there are two main
proposed models for exon circulation, “lariat-driven circularization” or “intron pairing
driven circularization.” In “lariat-driven circularization,” alternative splicing leads to an
exon or intron containing lariat that can promote circularization (Figure 2.1A). The exons
are then back spliced by the spliceosome and modulated by both cis and trans regulators
(70). In “intron-pairing-driven-circularization,” direct RNA base pairing of reverse
complementary sequences, such as Alu repeats (most abundant primate-specific repeats)
across introns that are flanking exons are brought into proximity to promote circularization
(Figure 2.1B) (71). In “lariat-driven circularization,” canonical splicing occurs prior to
backsplicing, whereas in “intron-pairing-driven-circularization” the backsplicing occurs
first (48). In some cases, flanking introns can contain binding sites for RNA binding
proteins (RBPs) such as Quaking (QKI) (71) or Muscleblind (Mbl) that facilitate RBPs to
bind and dimerize to form a looped structure promoting circularization (Figure 2.1C).
Quaking protein is an RBP that belongs to the signal transduction and activation of RNA
family and Muscleblind (Mbl) is an RNA splicing factor that regulates pre-mRNA
alternative splicing (71). Alternative splicing and competing RNA pairing across different
flanking introns can promote varying exonic circRNAs derived from a single gene locus
(55,72). On the other hand, circular intronic RNAs (CiRNAS) can be self-splicing derived
or spliceosomal-derived (73). In the self-splicing group |, introns are located within
genomic ribosomal RNA regions and the group I introns recruit an external guanosine as a
nucleophile to initiate splicing (74). In self-splicing group 11, the introns autocatalytically
splice themselves from precursor RNAs by transesterification (75,76). On the other hand,

in spliceosomal-derived circular intronic RNAs, a 2’ to 5’ lariat is formed during intron
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excision that is then additionally degraded from their 3’ end up the branch point (Figure
2.1A). Further degradation beyond the branch point depends on a 7-nt GU rich motif near
the 5 splice site and 11-nt C-rich motif near the branch point (69).

Furthermore, studies have also investigated factors that play a role in the
inhibition of circRNAs formation. Notably, ADARL, an RNA editing enzyme, can catalyze
adenosine in the reverse complementation region of introns to inosine, untying of the
pairing structure, and preventing the splicing site from approaching to inhibit circRNA
formation. ATP dependent RNA helicase A (DHX9) can bind to inverted complementary
repeats (Alu) and unwinds dsRNA helical structures to prevent the looping of intron
sequences and thereby, preventing circular RNA biogenesis (77). In hepatocellular
carcinoma, Cleavage and Polyadenylation Specific Factor 4 (CPSF4), core component of
the 3’ end processing complex, that specifically recognizes the polyadenylation signal
sequences (PAS: AAUAAA or variants: AUUAAA, AAUAUA, AAUGAA, AAUAAU,
and AAGAAA) in circRNAs and catalyzes cleavage by the CPSF4 complex to reduce
expression of circRNAs (78).

Studies have suggested that the formation of circular RNA can occur co-
transcriptionally or post-transcriptionally (79,80). Studies in Drosophila found a
substantial number of circRNAs as chromatin-bound (nascent) RNA from fly heads and
mutant RNA polymerase Il with slower elongation rate in favor of co-transcriptional
splicing increased the ratio of linear to circRNA (Figure 2.1E), suggesting that circRNA
biogenesis occurs co-transcriptionally (71,79). In the case that circularization occurs co-
transcriptionally, circRNA biogenesis can compete with pre-mRNA splicing resulting in

reduce expression of their linear counterpart (71). On the other hand, studies have also
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reported that pre-mRNA requires a stable 3” end to promote circularization (81) and that
circRNA processing might largely occur post-transcriptionally rather than co-
transcriptionally (82,83). Metabolic tagging of nascent RNAs with 4-thiouridine (4sU)
during circRNA biogenesis demonstrated that a significant portion of circRNAs were
detected only after transcriptional completion of their host pre-mRNA (84).
2.1.4 Expression of Circular RNAs

Total RNA high-throughput sequencing libraries depleted of ribosomal RNAs
identified that circRNAs are ubiquitously expressed in viruses, bacteria, plants, and
mammalian tissue and are highly conserved among species (47,55,85-87). Although the
majority of circRNAs are expressed at low levels due to inefficiency of back-splicing
compared to canonical splicing. In some cases, exonic circRNAs have been identified to
be expressed at higher levels than their associated linear mRNAs (88,89). Deep RNA
sequencing from a variety of normal and malignant human cells identified a substantial
fraction of the spliced transcription from hundreds of genes are circular RNA(89). In
humans, they are highly expressed in the brain (90) , exosomes, and peripheral blood (91).
Studies exploring circRNA expression profiles using RNA-seq data in adult and fetal
tissues (colon, heart, kidney, liver, lung, and stomach) identified a total of 8,120 (adult
tissue) and 25,933 (fetal tissue) circular RNA. The abundance and relative expression level
of circRNAs changed throughout development and they were found to be higher in fetal
tissue compared to adult tissue. For at least 1,000 circRNAs identified in each adult tissue

type, they reported 36.97-50.04% were tissue-specific (92).
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Figure 2.1. Proposed models of circRNA biogenesis. Circular RNAs are covalently closed
circular RNA generated from backsplicing events mediated by the spliceosomal
machinery. (A) Lariat-driven circularization, backsplicing produces an intronic lariat or
exon-containing lariat. An wupstream branch point adenosine 2’ hydroxyl group
nucleophilically attacks the 3’ splice site of the downstream exon to form a lariat structure.
The downstream exon 3’ hydroxyl group then attacks the 5’ splice acceptor of the exon to
circularize it. Exon-containing lariats produce an exonic circular RNA (ecircRNA) that
translocates to the cytoplasm. Whereas intronic lariats produce intronic circular RNA
(ciRNA) that remain in the nucleus, degradation beyond the branch point will depend on
the GU rich and C-rich motifs in the lariat. (B) In intron pairing driven circularization,
direct RNA base pairing of reverse complementary sequences (Alu repeats) occurs in the
intronic regions flanking the exons to promote circularization of exonic-intronic circular
RNA (EIciRNA) that will remain in the nucleus. (C) RBP-driven circularization, RBPs
such as QKI or Mbl bind and dimerize to form a looped structure to promote circularization.
(D) Canonical pre-mRNA linear splicing, spliceosome machinenary removes introns from
pre-mRNA to join exons together and addition of a 5° cap and poly-A tail protects mMRNA
from degradation. (E) Nuclear circRNAs can regulate transcription of parental gene by
binding to the U1 component of the spliceosomal machinery to recruit RNA polymerase
I1. (Tllustration created in Biorender)
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Deep RNA sequencing on ribosomal-depleted RNA from 12 human hearts, 25
mouse hearts, and human embryonic stem cell-derived cardiomyocytes identified 3,017
circRNAs found within human and mouse. They performed a 28- day differentiation time
course of the human embryonic stem cell-derived cardiomyocytes and found that circRNAs
were also differentially expressed throughout development. Interestingly, circRNAs
expression levels correlated with their linear counterpart; however, some circRNAs were
expressed in higher levels compared to the linear RNA (cardiac genes: Titin, RyR2, and
DMD) (86). In a more extensive study, circRNA expression was analyzed in neonatal or
adult rats, in sham or after transverse aortic constriction (TAC) mice, and in failing or non-
failing human hearts. They identified over 9,000 circular RNAs present in all species, most
notably several circRNAs derived from the Titin gene. Overall, they corroborated previous
findings that circRNAs expression is differentially expressed throughout development with
lower circRNAs expression in the adult rat heart. Additionally, they report an increase in
circRNAs expression in the mouse and human failing hearts, in which under disease
conditions a re-expression of fetal genes tends to occur (47). Additionally, the level of
circRNA expression does not always correlate with the expression level of its linear
counterpart, suggesting that expression is regulated and the spliceosome can differentiate
between canonical linear splicing and backsplicing (55).
2.1.5 Regulatory Functions of Circular RNAs

The functions of circRNAs are still largely unclear. However, circRNAs have
been implicated in distinct biological functions such as regulators of
transcription/translation, sequesters of mMiRNA/RBP, and cell-cell communication through

exosomes (Figure 2.2). Exon-intronic circRNAs regulate gene expression in the nucleus
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by interacting with U1 small nuclear ribonucleoprotein (SnRNP) to form a complex that
associates with RNA polymerase Il at the promoter region of the parental gene to promote
transcription of parental gene. Blocking of the EICIRNA-U1 snRNP complex impaired the
interaction with RNA polymerase 1l resulting in reduced parent gene transcription (93).
Intronic circRNAs are also retained in the nucleus and regulate transcription of parental
gene by association with elongation RNA polymerase 1l machinery (Figure 2.1E) (69). The
potential translational function of circRNAs remains a subject of significant debate.
Polysome profiling analysis of RNaseR resistance RNAs and mass spectrometry suggest
that circRNAs have protein coding ability. Additionally, there are numerous reports that
suggest circRNAs contain internal ribosome entry sites (IRES) or N6-methyladenosine
(m6A) residues to promote the translational function of circRNAs (56,82,94-96). A study
revealed that a single m6A motif is sufficient to promote translation initiation in human
cells (95). Another study described a group of circRNAs that could be translated in vivo
from Drosophila melanogaster. This group performed ribosome foot-printing from the fly
heads to identify circRNAs associated with translating ribosomes (ribo-circRNAS). These
circRNAs were found to share a start codon with the hosting mRNA and that isoform
circMbl3 produced a 37.04 kDa protein that was detected by mass spectrometry (Figure
2.2D) (97). A recent study found that exogenous circRNAs are able bypass cellular sensors
and avoid triggering an immune response in RIG-I and Toll-like receptor competent cells
and circRNA packaged in a lipid-nanoparticle could effectively be translated in vivo
without provoking an RNA-mediated innate immune response (94). One study identified
circRNAs that could be translated in HeLa cells, a human epithelial cell line derived from

cervical adenocarcinoma, in the absence of an IRES site, poly-A tail, or a cap structure.
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These circRNAs produced a protein product by utilizing the rolling circle amplification
mechanism in which synthesis of nucleic acids occur on a circular template (96). Contrary
to these findings, studies that performed ribosome profiling of circRNASs containing protein
coding sequences did not find evidence of translation (98-100). One extensive study using
ribosome profiling, proteomics analysis, and cross-species analysis found that circRNAS
with start codons from the protein-coding host genes did not translate (98). This finding
was further validated by another study in which deep ribosome-footprinting sequencing
and mass spectrometry analysis of hematopoietic cells did not provide evidence for
translation (99). Moreover, circRNAs can also modulate translation of their linear
counterpart by interacting with RBPs to regulate translation. Abdelmohsen et al., identified
circRNAs that bind to RBP HuR in human carcinoma HeLa cells, specifically,
circPABPNL1 suppressed HUR binding to PABPN1 mRNA to prevent PABPNL1 translation
(101).

The most established function of circRNAs located in the cytoplasm is acting as
sequesters of mMiRNAs or RBPs to modulate transcriptional regulation for miRNA target
genes, and processing and stability of mRNA (49,102-104). Notably, one of the most
studied circRNA to function as a miRNA sponge is cerebellar degeneration-related protein
1 antisense RNA (Circ-cdrlas), known to contain over 70 binding sites for miR-7. Circ-
cdrlas is comprised of a single exon, highly conserved, and highly expressed in the
mammalian brain (49,82,104). One study knocked out circ-cdrlas in the mammalian brain
using CRISPR-Cas 9 system utilizing two single-guide RNAs designed to bind upstream
of the Circ-cdrlas splice sites indicated that knockout of circ-cdrlas lead to dysfunction of

excitatory synaptic transmission that is associated with neuropsychiatric disorders (105).
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Additionally, in a diabetic mouse model, circ-cdrlas overexpression improved insulin
secretion in pancreatic islet cells by inhibition of miR-7 (106). Functional studies on
zebrafish showed that overexpression of circ-cdrlas induced developmental defects in the
midbrain through miR-7 dysregulation (104). Sex Determining Region Y (Sry) circRNA
acts as a miR-138 sponge containing 16 binding sites. Their interaction was further
confirmed using biotin-labelled miR-138 effectively captured Sry circRNA (104).
Furthermore, circHIPK3 contains 19 miRNA binding sites for nine different miRNAs and
through luciferase screening was revealed to bind to miR-124, a tumor suppressor, to
upregulate cell proliferation and migration in hepatocellular carcinoma (107,108).
However, it should be noted that most circRNAs in mammals lack enrichment of binding
sites for specific miRNAs and so, some studies suggest that the general function of
circRNAs may not be as miRNA sponges (39,67,98,109-111). Screening for circRNA
enriched with argonaute (AGO)-bound regions, a protein that is part of the RNA-induced
silencing complex known to directly bind with miRNA, provided evidence of circRNAS
not primarily functioning as miRNA sponges in HEK-293 cells (110). In addition to this,
loss of function experiments in human umbilical vein endothelial cells (HUVECs) (109),
and in silico analysis on predicted 8mer target sites across different species (98), and
mutations of predicted miRNA binding sites for circFndc3b has no effect on the function
in vitro and in vivo (39), support the notion that circRNAs may not primarily regulate
miRNAs. However, whether circRNAs may indirectly regulate miRNA or have a different

function altogether remains to be explored.
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Circular RNAs also interact with regulatory RBPs acting as protein sponges,
decoys, scaffolds, and recruiters (Figure 2.2 C) (46,112-114). Circ-Foxo3 has been
implicated to play a role in the cell cycle by interacting with cell division protein kinase 2
(CDK2) and cyclin dependent kinase inhibitor 1 (p21) resulting in depletion of available
CDK2 and p21 and cell cycle arrest at the G1/S phase (113). CircANRIL forms a stem-
loop structure to mimic ribosomal RNA to bind to pescadillo homologue 1 (PES1),
essential 60S ribosomal assembly factor, and thereby, blocking PES1 interaction with
PeBoW complex (Pesl, Bopl, WDR12) that is necessary for biogenesis of the 60S
ribosomal subunit in vascular smooth muscle cells and macrophages (46). Furthermore,
Circ-Amotl1 can act as a protein decoy by binding and retaining c-myc in the nucleus and
upregulating expression of c-myc targets to promote tumorigenicity (114). Additionally,
circ-Amotll and circ-Foxo3 can function as protein scaffolds to aid in the co-localization
of enzymes and their substrates (115). Circ-Amotl1 binding to PDK1 and AKT1 leads to
phosphorylation of AKT (pAKT) and nuclear translocation in which pAKT upregulates
proliferation associated factors and downregulates expression of pro-apoptotic proteins
(115,116). Additionally, circ-Foxo3 can bind to p63 and E3 ubiquitin-protein ligase Mdm2
to promote Mdmz2 induced p53 ubiquitination and degradation. This prevented Mdm2 from
inducing Foxo3 ubiquitination and degradation triggering cancer cell apoptosis (116). In
conclusion, the intricate interplay between circular RNAs and RNA-binding proteins
underscores their multifaceted roles in gene regulation, offering promising avenues for
further exploration in both cell physiology and disease development.

Exosomes play a crucial role in facilitating cell-to-cell communication. They are

tiny shuttles carrying bioactive cargos, including lipids, proteins, and nucleic acids, from
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numerous cell types that can modify several cellular bioactivities. Exosomes are nanosized
extracellular vesicles with a lipid bilayer formed through inward budding of the endosomal
membrane. They accumulate in multi vesicular bodies and then are released into the
extracellular space where they can be taken up by neighboring cells or transported through
body fluids to remote locations (117). High-throughput RNA-seq revealed RNA
populations in exosomes and identified enrichment of circRNAs in exosomes derived from
human cancer xenografts (118), and cells lines HeLa, 293T, and U-2 OS cells (119). Li et
al.(118), conducted an expression profile of serum exosomal circRNAs in colorectal cancer
patients and healthy donors. They found significant differential expression, including the
absence of 67 circRNAs and 257 new circRNAs times compared to healthy donors(118).
Considering that circRNAs are miRNA sponges and miRNAs are also abundant in
exosomes, the relationship between circRNAs-miRNAs in exosomes was investigated. The
level of circ-cdrlas was significantly downregulated in exosomes after treatment with miR-
7 mimic in HEK293T and MCF-7 cell lines. Additionally, the exo-circ-cdrlas retained
biological activity as circ-cdrlas could still function as a miRNA sponge (118). These
findings demonstrate that sorting of circRNAs within exosomes is regulated. Furthermore,
it has been speculated that circRNAS resistance to enzymatic degradation may result in the
accumulation of circRNAs within the cell and so, they may be packaged into exosomes to
reduce the accumulation of circRNAs and to assist with circRNA clearance. As a result of
this, circular RNAs can be found in several body fluids including serum/plasma providing
evidence for their potential as biomarkers of disease (Figure 2.2E) (120-125). One study
assessed expression levels of circRNAs MICRA on the peripheral blood at the time of

reperfusion in acute MI patients and healthy patients and found lower levels of circRNAs
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MICRA associated with higher risk of developing left ventricular dysfunction post-AMI
(120). Additionally, in patients with coronary artery disease (CAD), there is differential
expression of circRNAs in the peripheral blood and microarray analysis identified
hsa_circ_0124644 and hsa_circ_0098964 as potential biomarkers for diagnosing CAD
(124). In a case-control study of 100 patients with or without hypertension found a close
correlation between circRNAs and hypertension based on differential expression in tissues
and body fluids from hypertensive patients compared to healthy patients. Of the 287
circRNAs that were differentially expressed, hsa_circ_0037911 was the most significantly
elevated in hypertensive patients and could potentially serve as a novel biomarker for
hypertension (125,126). In conclusion, circRNAs are attributed as being highly conserved
across tissues, released during physiological responses, enclosed in extracellular vesicles,
and detectable in body fluids, rendering them promising candidates as biomarkers for
disease.
2.2 Circular RNA as Regulators in Cardiac Physiology and Disease

Circular RNAs are abundant in the eukaryotic transcriptome and participate in
various biological processes. Numerous circRNASs have been identified to be important for
cardiovascular development and disease (52,127,128). Overall studies have shown
differential expression of circRNA in failing mouse, rat, and human hearts (39,47). Circular
RNAs have been implicated to play a role in cardiovascular diseases such as coronary
artery disease, atherosclerosis, cardiac hypertrophy, cardiomyopathy, cardiac fibrosis,

cardiac senescence, and myocardial infarction (Figure 2.3).
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Figure 2.2 Regulatory functions of circRNAs. (A) Exonic circRNA (ecircRNA) is
translocated to the cytoplasm. (B) ecircRNA can sequester miRNA acting as a miRNA
sponge. (C) ecircRNA can function as RBP sponges. (D) CircRNAs may contain internal
ribosome entry sites or m6A resides to promote translation of a short polypeptide. (E)
ecircRNA can be packaged into microvesicles, detected in several body fluids, and levels
of circRNAs within microvesicles are altered in disease states. Therefore, they may
function as biomarkers of disease. (Illustration created in Biorender)

2.2.1 Circular RNAs in Coronary Artery Disease
Coronary Artery Disease is one of the most common forms of CVD (129). Despite
current diagnostic tools and treatment strategies, prognosis is still poor. Therefore, there is

a need for sensitive biomarkers for early diagnosis of CAD. Studies have suggested the use
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of circRNA profiling as a potential novel class of biomarker for CAD. CircRNA
transcriptome profiling by microarray analysis in peripheral blood mononuclear cells
(PBMCs) of 24 CAD male patients and 7 healthy patients identified circular RNA
differential expression. Specifically, hsa circ_ 0001879 and hsa circ 0004104 were further
validated by qRT-qPCR in 412 CAD and 290 healthy patients. These circRNAs were
significant higher expression levels in CAD and univariate and multivariate logistic
regression analysis identified these circRNAs as predictors of CAD. Gain of functions
studies on human monocytic cell line (THP-1)-derived macrophages showed
overexpression of hsa_circ_0004104 upregulated pro-atherosclerotic gene expression and
downregulated anti-atherosclerotic gene expression (130). Additionally, another study
investigating circRNA profiling in peripheral blood of 12 CAD or healthy patients followed
by verification in 30 CAD or healthy patients identified hsa_circ 0124644 upregulation in
CAD patients. Multivariable logistic models combining conventional risk factors with
established biomarkers validated hsa circ_ 0124644 as a potential diagnostic biomarker
with high sensitivity and specificity (124). Interestingly, circular RNA profiling in
exosomes derived from plasma of CAD or healthy patients indicated differential expression
of circRNA with 164 circRNAs upregulated and 191 circRNAs downregulated.
Multivariate logistic regression models were analyzed with consideration of risk factors
(age, gender, smoking history, diabetes, hypertension, and TC and HDL levels) and
demonstrated that circular RNA hsa circ_0005540 was significantly associated with CAD.
in bodily fluids. These In conclusion, increasing evidence has defined circRNAs as highly
conserved in tissues, secreted during a physiological response, packaged into extracellular

vesicles, and detected characteristics make them promising biomarkers for disease (131).
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2.2.2 Circular RNAs in Atherosclerosis

Atherosclerosis is a persistent inflammatory condition that affects the arteries,
characterized by plaque formation from accumulation of low-density lipoprotein, fibrous
substances, and inflammatory cells on the inner linings of the arteries. Over time, plaque
buildup will lead to narrowing and hardening of the arteries, impeding blood flow, and
resulting myocardial infarction (132). Notably, a class of novel circular RNA products
from the Antisense Noncoding RNA in the INK4 locus (ANRIL) was found to be
associated with atherosclerotic vascular disease. CircANRIL is downregulated in the serum
of patients with coronary artery disease. Overexpression of circANRIL increased apoptosis
and reduced proliferation. Mechanistically, circANRIL binds to PES to impair
exonuclease-mediated pre-rRNA processing and ribosome biogenesis resulting in induced
nucleolar stress and p53 activation in vascular smooth muscle cells. Therefore, circANRIL
may promote atheroprotection by suppressing proliferation of cells in atherosclerotic
plaques (46). Vascular smooth muscle cells (VSMCs) are a vital component of blood
vessels and proliferation can prevent the rupture of the plaque fiber cap to increase plaque
stability. Meanwhile, VSMCs apoptosis will promote thinning of the fibrous cap leading
to plaque vulnerability. A study investigated circRNA-miRNA interactions of the
lipoprotein receptor 6 (Lrp6), a gene that is highly expressed in vessels and implicated in
vascular pathology, found circ_Lrp6 to act as a miRNA sponge for miR-145. Circ_Lrp6
sequestering of miR-145 resulted in VSMC migration, proliferation, and differentiation

(133).
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Another circular RNA that regulates VSMCs is circNRG-1 that sequesters miR-
193b-5p to prevent its inhibition of neuregulin-1 (NRG1), an epidermal growth factor that
suppresses proliferation and promotes apoptosis of VSMCs (134). Additionally, VSMCs
induced treated with oxidized Low-density lipoprotein (ox-LDL) showed a significant
upregulation of circCHFR. This circRNA regulates FOXO1 expression by sequestering
miR-370 and the transcription factor FOXO1 promotes cyclin D1 expression leading to
increased proliferation and migration of VSMCs (135). CircCHFR can also sequester miR-
214 to upregulate Wnt3 expression to promote VSMC proliferation and migration (136).
Nevertheless, despite these reports indicating the potential roles of circRNA in
atherosclerosis, the underlying role of circRNAs have not been fully elucidated, and further
research is necessary.

2.2.3 Circular RNAs in Cardiac Hypertrophy

Pathological cardiac hypertrophy often occurs as a result of myocardial damage
manifesting as increase in myocardial cell volume increased cardiac fibrosis, and loss of
myocardial cells. When pathological myocardial hypertrophy is decompensated,
dysfunctional ventricular remodeling occurs leading to heart failure (137). One of the most
characterized circRNA is heart-related circular RNA (HRCR) is found to be repressed in
hypertrophy and heart failure (138). HRCR directly binds to miR-223 in cardiomyocytes
to sequester miR-223, a miRNA known to induce cardiac hypertrophy by inhibition of the
protein apoptosis inhibitor with a CARD domain. Overexpression of HRCR attenuated
cardiomyocyte hypertrophy in vitro and adenoviral delivery of HRCR in mice also
repressed cardiac hypertrophy in vivo (138). On the other hand, circRNA circSlc8al

functions as pro-hypertrophic by sequestering miR-133 to enhance cardiac hypertrophy.
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Adeno-associated virus vector system 9 (AAV9) short hairpin RNA (shRNA) against
circSlc8al attenuated cardiac hypertrophic in vivo (139). Notably, another circRNA,
circNIgn, encodes a short polypeptide, Nlgn 173, to promote cardiac fibroblast
proliferation and exacerbating pressure-overload-induced-cardiac hypertrophy. This
polypeptide interacts with structural protein LaminB1 to facilitate nuclear localization in
order to bind to inhibitor of growth protein 4, and serum and glucocorticoid-inducible
kinase 3 promoters, resulting in increased collagen deposition, cardiac fibroblast
proliferation, and reduced cardiomyocyte survival in left ventricular pressure overload
mouse model (140). In summary, a small number of studies have examined the role of
circRNAs in cardiac hypertrophy but highlight the potential for circRNA targeting as a
means for treating hypertrophy.
2.2.4 Circular RNAs in Cardiomyopathy

Cardiomyopathy is characterized as thickening, stiffness, or enlargement of the
heart chamber walls that affect the ability of the heart to pump blood around the body. In
the case of dilated cardiomyopathy, there is an enlargement of the cardiac chamber
accompanied by systolic myocardial dysfunction. One study investigating RNA binding
motif protein 20 (RBM20), protein essential for splicing of cardiac genes, which is lost
during dilated cardiomyopathy identified circRNA production from the parent titin gene
was significantly altered. They performed ribosomal depleted RNA sequencing from
human hearts and RBM20-null mice found 6 circRNAs (CTTN1, cTTN2, cTTN3, cTTN4,
CcTTN5, and cCAMK2D) that were significantly downregulated in response to dilated
cardiomyopathy (141). In Doxorubicin-induced cardiomyopathy, which arises from long-

term treatment with the chemotherapeutic drug anthracycline doxorubicin (Dox) and
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manifests as dilated cardiomyopathy, overexpression of circAmotl1 was found to attenuate
dox-induced cardiomyopathy. CircAmotll directly binds to phosphoinositide-dependent
protein kinase 1 (PDK1) and AKT to induce AKT phosphorylation leading to p-AKT
nuclear translocation. Therefore, activating the AKT signaling pathway and attenuating the
cumulative effects of dox-induced cardiomyopathy (115). Additionally, circRNA profiling
of the left ventricular cardiac tissue of healthy or heart failure patients and from mice with
or without left ventricular pressure overload induced cardiac remodeling, identified
significant downregulation of circINSR. Further analysis in dox-induced cardiomyopathy
in patients and mice confirmed this downregulation. Mechanistically, circiNSR binds to
single stranded DNA binding protein 1 (SSBP1) protein to regulate mitochondrial function
in cardiomyocytes and prevent cell death (142). In addition to doxorubicin-induced
cardiomyopathy, circRNAs also regulate diabetic induced cardiomyopathy. Diabetic
cardiomyopathy is a diabetes associated cardiovascular complication, characterized by
cardiomyocyte metabolic dysfunction, myocardial interstitial fibrosis, and cardiac
dysfunction. A recent study identified caspase-1-associated circRNA (CACR) to be highly
upregulated in high-glucose treated cardiomyocytes and in the serum of diabetic patients.
CircCACR acts to sequester miR-214-3p and prevent inhibition of caspase-1 by miR-214-
3p. CircRNA CACR silencing alleviated high-glucose-induced cardiomyocyte pyroptosis
(143). Another circular RNA reported to play a role in diabetic cardiomyopathy is
circHIPKS. This circular RNA is downregulated in diabetic patients and in AC16 human
cardiomyocyte cell line. CircHIPK3 decreases expression levels of mMRNA and protein of
tumor suppressor gene Phosphatase and Tensin homolog (PTEN) to protect

cardiomyocytes from high glucose-induced cell apoptosis. However, further studies are
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needed to establish if circHIPK3 affects transcription of mMRNA stability of PTEN and how
PTEN regulates cardiomyocyte apoptosis (144). Overall, these studies indicate the
involvement of circRNAs in the pathology of cardiomyopathy. However, future studies are
needed to fully elucidate the clinical significance and the mechanisms of circRNA on
cardiomyopathy.
2.2.5 Circular RNAs in Cardiac Fibrosis

The severity of cardiac fibrosis correlates with higher long-term mortality in
patients with CVD. Cardiac fibrosis is the result of excess deposition of extracellular matrix
in the cardiac muscle resulting from cardiac injury and it is the main component of adverse
ventricular remodeling and heart failure (128). Recently, two circular RNAs,
CircRNA_010567 and CircRNA_000203, reported to function as miRNA sponges were
found to be upregulated in the myocardium of diabetic mice and in angiotensin 1l (Ang-II)
induced cardiac fibroblast (145,146). CircRNA_010567, promotes myocardial fibrosis by
sequestering miR-141 to prevent the inhibition of TGF-R1. Silencing of this circular RNA
resulted in upregulation of miR-141, downregulation of TGF-R1, and suppression of
fibrosis-associated proteins in cardiac fibroblasts (145). In addition to this,
circRNA_000203 sequesters miR26b-5p and miR-140-3p to prevent miRNA inhibition of
fibrosis-associated genes (Colla2, Col3al and a-SMA) in Ang-II treated neonatal mouse
ventricular cardiomyocytes. Overexpression of circRNA_000203 also increased cell size
and expression of atrial natriuretic peptide. Mechanistically, CircRNA_000203 is able to
sequester miRNAs, miR-26b-5p and miR-140-3p, to prevent binding with Gata4, a pro-
hypertrophic transcription factor, to promote hypertrophic growth (146,147). Although

circHIPK3 has previously been shown to protect cardiomyocytes from high glucose-
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induced cell apoptosis, this circular RNA functions to promote cardiac fibroblast
proliferation and migration. CircHIPK3 expression is highly upregulated in cardiac
fibroblast treated with Ang-Il and sequesters miR-29b-3p to enhance expression of miR-
29b-3p targeting genes (a-SMA, COL1A1, COL3AL1) (148). On the other hand, circNFIB
expression is downregulated in primary adult cardiac fibroblast treated with TGF-R1.
Forced expression of circNFIB in primary adult cardiac fibroblast and NIH3T3 fibroblast
cell line decreased cell proliferation by sequestering miR-33, a miRNA known to positive
regulate cardiac fibrosis. Interestingly, overexpression of circNFIB did not regulate
fibroblast proliferation in cardiac fibroblast not treated with TGF-R1 (149). However, its
role in cardiac fibrosis remains largely unknown and necessitates future study.
Understanding functions of circRNAs in cardiac fibrosis might provide key insights of the
underlying mechanism of cardiac fibrosis is important for treatment cardiac fibrosis.
2.2.6 Circular RNAs in Cardiac Senescence

Senescence refers to the gradual decline in bodily function, often culminating in
death, occurring at either the cellular or organismal level. On the cellular level, cell cycle
progression is arrested, typically triggered by factors such as telomerase shortening or
stress induced cell death. Notably, a study found an increased expression of circFOXO3 in
older hearts compared to younger hearts (150). This circRNA is derived from transcription
factor FOXO3 and acts as a scaffold to modulate P21 and CDK2 interactions to repress
cell cycle progression (113). CircFOXO3 was reported to be highly expressed in various
cell lines including mouse embryonic fibroblasts (MEFs), mouse cardiac fibroblasts
(MCFs), NIH3T3 fibroblasts, B16 cells, and primary cardiomyocytes. Additionally,

circFOXO03 expression was also increased in dox-induced cardiomyopathy mouse model.
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Interestingly, circFOXO3 directly interacted with senescence associated proteins ID1,
E2F1, HIF-1a, and FAK; meanwhile, the linear counterpart did not. Mechanistically,
circFOXO03 association with senescence associated proteins prevented their translocation
to the nucleus or mitochondria (FAK), sequestering them to the cytoplasm to arrest their
functions and promote senescence (150). The number of different regulatory mechanisms
of circ-Foxo3 indicates that the stress response pathways of circRNAs may be different
each time depending on the stressors. Another well characterized circRNA, Circ-cdrlas,
has been implicated to upregulate cardiomyocyte apoptosis by activating the Hippo
signaling pathway in diabetic cardiomyopathy. Knockdown of Circ-cdrlas using small
interfering RNA protected cardiomyocytes from apoptosis induced by high glucose
treatment. FOXO3 acts as a transcription factor of Cdr2as to regulate the transcription of
this circular RNA (151). Another circRNA implicated in cardiac senescence is circNCX1,
a circular RNA abundantly expressed in cardiomyocytes and upregulated in stress induced
cardiomyocyte apoptosis. CircNCX1 sequesters miR-133a-3p, preventing the inhibition of
pro-apoptosis factor cell death inducting protein (CDIP1) (152). In summary, these studies
demonstrate possible regulatory roles of circRNAs in cardiac senescence and pave the way
for further investigation into circRNA as a potential therapeutic avenue for cardiac
senescence.
2.2.7 Circular RNAs in Myocardial Infarction

Acute myocardial infarction remains one of the leading causes of morbidity and
mortality globally. During acute MI, cardiomyocyte apoptosis and necrosis trigger the
inflammatory response to facilitate clearance of dead cells. Early reperfusion therapy

improves survival rates; however, it leads to myocardial ischemia reperfusion injury and
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can further risk the development of heart failure. Circ-cdrlas has been shown to increase
cardiac infarct size and cardiomyocyte apoptosis 24h after cardiac injury by permanent
ligation of the left anterior descending (LAD) artery. Circ-cdrlas functions to sequester
miR-7 and prevent miRNA inhibition of pro-apoptotic targets poly ADP ribose polymerase
(PARP) and member of the SP/KLF family of transcription factors SP1 (51).
Overexpression of circHIPK3 in a Ml mouse model attenuated cardiac dysfunction and
decreased fibrotic area. CircHIPK3 sequestered miR-133 to promote angiogenesis,
increasing connective tissue growth factor (CTGF) expression in ECs. In cardiomyocytes,
circHIPK3 did not act as a miRNA sponge for miR-133. Rather it regulated CM
proliferation by direct interaction with Notchl intracellular domain (N1ICD) to promote
its stability and nuclear translocation (153). Additionally, circRNA circNFIX was found to
be highly expressed in the adult heart of humans, rats, and mice. Downregulation of this
circular RNA during Ml resulted in increased angiogenesis and attenuated cardiomyocyte
apoptosis. CircNFIX facilitates the degradation of YBX1 through ubiquitination by E3
ubiquitin ligase NEDDAL, leading to the suppression of Cyclin A2 and B1. Loss of
function of circNFIX resulted in increased angiogenesis and enhanced cardiomyocyte
survival following MI (154). Lastly, our lab identified circFndc3b to be significantly
downregulated in ischemic cardiomyopathy patients and mice with myocardial infarction.
Interestingly, this circular RNA does not function as a miRNA sponge. Rather, circFndc3b
interacts with RNA binding protein fused in sarcoma (FUS) to regulate VEGF expression.
Overexpression of circFndc3b enhances angiogenic activity, reduces endothelial apoptosis,
and improves cardiomyocyte survival (39). These studies highlight the potential of

therapeutically targeting circRNAs to promote cardiac function and remodeling post-MI.
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Figure 2.3. Circular RNAs in cardiovascular disease. The regulation of circRNAs involved
in coronary artery disease, cardiac fibrosis, Ml, atherosclerosis, cardiomyopathy, cardiac
senescence, and cardiac hypertrophy. (Illustration created in Biorender)

2.3 Circular RNAs in Immune Regulation

The immune system is a complex network that maintains internal homeostasis by
immune regulation. Recent studies have suggested non-coding RNA circular RNA play a
role in immune response (Figure 2.4). Circular RNA expression profile in peripheral blood
mononuclear cells (PBMCs) from patients infected with tuberculosis indicated
dysregulated expression in these patients (155). Reports suggest that circRNAs are directly
involved in immune regulation. One study has shown that the delivery of purified
exogenous circRNA stimulates a greater innate immune response than that stimulated by
linear RNA with the same sequence. The circRNAs in this study were generated by the in

vitro production of circRNAs with autocatalytic introns and transfection resulted in portent
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induction of innate immunity genes (45). They further concluded that cells could
distinguish endogenous circRNA from exogenous circRNAs by whether they contain an
N6-methyladenosine modification. Circular RNAs lacking this modification are able to
activate RNA pattern recognition receptor RIG-I in the presence of lysine-63-linked
polyubiquitin chain to promote RIG-I polymerization and activation. This then leads to the
filamentation of adaptor protein mitochondrial antiviral signal (MAVS) and dimerization
activation of downstream transcription factor IRF3 to promote expression of genes
involved in immune response (156). Although these few studies point to the view that
circRNAs are involved in immune regulation, how they act in this important context
remains largely unknown.
2.3.1 Circular RNAs in the Innate Immune Response
Immunity can fall into innate and adaptive immunity. Innate immunity is an
intricate network that regulates the immediate response to pathogens while avoiding
autoimmunity. It is the first line of defense against pathogens and gives rise to antigen-
specific adaptive immune response. Innate immunity is primarily composed of neutrophils,
dendritic cells (DCs), natural killer cells (NKs), and Macrophages (M¢). Meanwhile,
adaptive immunity is highly specific and is comprised primarily of T and B lymphocytes.
Endogenous circRNAs are reported to form 16-26 bp imperfect RNA duplexes
and bind to double stranded RNA (dsRNA)- activated protein kinase (PKR) to function as
endogenous PKR inhibitors. Forced expression of the ds-RNA containing circRNA in
PBMCs and T cells from patients with autoimmune disease systemic lupus erythematosus
attenuated PKR phosphorylation resulting in suppressed INF-f and Type I IFN induced

genes expression (157).
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2.3.2 Role of Circular RNAs in Neutrophils

Neutrophils are vital components of the immune system. They are the first immune
cells to migrate to the site of injury and facilitate the initiation of the immune response.
They function to kill and degrade engulfed pathogens and release extracellular traps for the
extracellular capture of foreign pathogens to prevent the spread of infection. In Moyamoya
disease (MMD), neutrophils are involved in the inflammatory response and development
of vascular legions. In MMD, neutrophil extracellular traps contribute to endothelial
damage and exacerbated inflammatory response within the affected blood vessels. MMD
IS an uncommon cerebrovascular disorder that affects the terminal ends of the internal
carotid artery resulting in abnormal fragile vascular network at the base of the brain.
Circular RNA expression profile in patients with MMD have revealed differential
expression patterns compared to healthy patients. Additionally, analysis of circRNA
expression in neutrophils from MMD patients remained consistent with previous findings.
The differentially expressed circRNAs contributed to metabolism, angiogenesis, and
immune response (158).
2.3.3 Role of Circular RNAs in Dendritic Cells

Dendritic cells are highly effective antigen-presenting cells. Once DCs reach the
maturation state they can present and process antigens, migrate, and co-stimulate T cells.
A key circular RNA involved in modulating DC function is circSnx5, found to regulate
DC-driven immunity and tolerance. Gain of function studies indicated a suppression of DC
activation; meanwhile, loss of function promoted activation to an inflammatory phenotype.
CircSnx5 sequesters miR-644 to prevent inhibition of miRNA target suppressor of

cytokine signaling 1 (SOCS1). Administration of overexpressing circSnx5-DCs protected
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against acute rejection of cardiac allograft after cardiac transplantation in mice. The
allografts showed reduced infiltration of inflammatory cells, reduction of inflammatory
cytokine IL-12 in the serum, and upregulation of IL-10 and TGF-p in the serum.
Overexpressing CircSnx5-DCs were injected in mice with autoimmune myocarditis and
these mice exhibited lower cardiac inflammation, lower levels of serum troponin I,
increased ejection fraction, and smaller heart size (159). Another circRNA involved in
immune tolerance in DCs and rejection after heart transplantation is circMalat-1.
Recombinant human growth differentiation factor 15 (rhGDF15), known to play a role in
DC maturation, inhibits circMalatl to induce immune tolerance, preventing allograft
rejection after heart transplantation in mice (160). Additionally, a study generated
immunosuppressive DCs via knockdown of circMAP2K2 with siRNA to induce donor
specific immunosuppression and attenuate allograft immune rejection in a mouse heart
transplant model. Knockdown of circMAP2K2 reduced the ability of DCs to activate
allogeneic naive T cells and promoted regulatory T cell activation (161). These studies
highlight the potential therapeutic approach of targeting circRNA.

A recent study investigated the capacity for circRNA to be used as a therapeutic.
This study engineered synthetic circRNA encoding an antigenic protein encapsulated in a
charge-altering release transporter. The uptake of circRNA by antigen presenting cells was
sufficient to induce dendritic cell activation and maturation that enabled them to interact
with antigen-specific T cells. Moreover, circRNA delivery effectively induced a potent
innate and adaptive immune response to facilitate tumor clearance (162). The results of
this study indicated that circRNA immunization could serve as an effective cancer

immunotherapy to inhibit tumor growth in vivo.
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2.3.4 Role of Circular RNAs in Macrophages

Macrophages are crucial players in the immune system and serve multiple essential
functions that include phagocytosis, antigen presentation, cytokine production, and
homeostasis. Overall, macrophages are versatile cells that play critical roles in immunity,
tissue repair, and homeostasis. They can uniquely change phenotype and function
depending on environmental cues. Classically polarized M1 macrophages exhibit pro-
inflammatory phenotype and promote secretion of pro-inflammatory cytokines. In contrast
M2 macrophages work to alleviate inflammation and promote secretion of anti-
inflammatory cytokines. One study profiling circRNA expression in macrophages
stimulated with Lipopolysaccharide (LPS) found induction of nearly 2,000 circular RNAs.
LPS is a major component of the outer membrane of Gram-negative bacteria that will bind
to Toll-like receptor 4 (TLR4), activating macrophages to induce the innate immune
response, secrete pro-inflammatory cytokines, and recruit of NKs and T-cells. The authors
found that circRNA mcircRasGEF1b is stably expressed, dependent on NF-kB, and needed
for proper activation of macrophages in response to lipopolysaccharide. Knockdown of
mcircRasGEF1b in lipopolysaccharide stimulated macrophages resulted in a decrease in
the abundance of mRNA and protein of inflammatory adhesion molecule ICAM-1, an
adhesion molecule that facilitates the binding of leukocytes to endothelium cells and
subsequent transmigration to site of injury (53,54). Another study compared circRNA
expression in bone marrow derived macrophages (BMDMSs) polarized to M1 (induced by
LPS and IFN-y) or M2 (induced by IL-4) and reported 189 differentially expressed

macrophages (163).

38



Macrophages contribute to the pathological progression of atherosclerosis by
releasing inflammatory factors, inducing cell apoptosis and necrosis, and subsequently
facilitate plaque formation. Macrophages in the plaque engulf oxidized low-density
lipoprotein (LDL) particles, forming foam cells. These foam cells are a hallmark feature of
early atherosclerotic lesions. Macrophages can influence the stability of this cap through
their secretion of matrix metalloproteinases (MMPs), which can weaken the fibrous cap. A
study identified circTM7SF3 to be significantly upregulated in the serum of atherosclerosis
patients and in ox-LDL-induced THP-1 derived macrophages. Mechanistically,
circTM7SF3 sequesters miR-206 to promote THP-1 apoptosis (164). Meanwhile,
circSCAP knockout inhibited ox-LDL-induced lipid deposition and oxidative stress in
THP-1 cells by sponging miR-221 and preventing inhibition of miRNA target PDE3B
(165). In addition to this, Circular antisense non-coding RNA in the INK4 locus (circ-
ANRIL) was reported to modulate ribosomal RNA maturation and atherogenesis.
CircANRIL binds PESL1, essential pre-ribosomal assembly factor, to impede the generation
of pre-rRNA and inhibit ribosome biogenesis in VSMCs and macrophages (46). Overall,
these findings suggest the potential for circRNAs to affect macrophage function by
controlling activation, phenotype, ribosome biogenesis, and modulating atheroprotection
through macrophages.

2.3.5 Circular RNAs in the Adaptive Immune Response

The adaptive immune response provides long term protection against specific
pathogens. Initially, lymphocytes B cells and T cells recognize specific antigens present on
the surface of pathogens or foreign substances. B cells are activated to produce antibodies

and T cells may directly kill infected cells or release signals to activate other immune cells.
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Following the clearance of the pathogen, a pool of long-lived memory cells is established.
These memory cells persist in the body and provide rapid and robust responses upon re-
exposure to the same antigen (166). Circular RNA profiling on CD4" T cells isolated from
systemic lupus erythematosus patients and healthy patients, identified 12 circRNAs that
are upregulated and two circRNAs that are downregulated. Downregulation of
circ_0012919 increased expression of DNMT1, decreased the expressions of CD70 and
CD11a, and reversed the DNA hypomethylation of CD11a and CD70 in CD4* T cells of
systemic lupus erythematosus (167). Additionally, circRNA profiling was also conducted
on CDA4" cells in patients with asthma. Hsa_circ_0005519 was up-regulated and negatively
correlated with hsa-let-7a-5p expression in CD4* T cells of asthmatic patients.
Mechanistically, hsa_circ_0005519 may induce IL-13 and IL-6 expression by inhibiting
hsa-let-7a-5p in CD4" T cells, thereby promoting airway inflammation (168).
2.3.6 Circular RNAs in Infectious Diseases

In response to infection, gene expression shifts to prime cells to respond.
Consequently, both viral and bacterial infections trigger changes in the expression patterns
of host circRNAs. Notably, Kaposi’s Sarcoma Herpesvirus (KSHV) encoded numerous
circRNAs, specifically expressed in KSHV-infected primary endothelial cells and primary
effusion lymphoma cells. Viral circRNAs were also detected in lymph nodes from patients
of KSHV-driven diseases such as PEL, Kaposi’s sarcoma, and multicentric Castleman’s
disease. Upon KSHYV infection, primary ECs produce hsa_circ_0001400, to work as an
antiviral molecule to suppress expression of crucial viral genes, and hsa_circ_0001400
inhibits expression of KSHV encoded genes, latency-associated nuclear antigen and

replication and transcription activator, to regulate latent and lytic infection (169).
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Conversely, viruses and bacteria can rely on host cell machinery to support
pathogenesis. One study reported that human hepatocarcinoma cell lines infected with
hepatitis C virus (HCV) will promote biogenesis of circPSD3 and inhibit the antiviral
cellular nonsense-mediated decay pathway to enhance pathogenesis (170). A
comprehensive study of circular RNA, miRNA, and mRNA regulatory networks in
endothelial cells infected with hantaan virus, known to cause hemorrhagic fever, hantavirus
pulmonary syndrome, and cardiopulmonary syndrome by targeting vascular endothelial
cells causing destruction of capillary integrity and altering vascular permeability, indicated
that circ_0000479 indirectly regulated RIG-1 expression by sponging miR-149-5p,
hampering viral replication (171). In conclusion, the precise functions of these circRNAs
during infection remain subjects of ongoing research. However, these studies suggest that
certain circRNAs might contribute to pathogenesis, while others could potentially boost
innate immune responses.

2.3.7 Circular RNAs in Autoimmune Diseases

Typically, autoimmune conditions arise when multiple regulatory pathways fail
resulting in the body’s immune system mistakenly attacking itself. The disruption of
tolerance to autoantigens is attributed to genetic and environmental factors. in autoimmune
diseases, the immune system cannot distinguish between healthy cells and potentially
harmful invaders, leading to inflammation, tissue damage, and dysfunction in various parts
of the body. However, the precise processes underlying the development of autoimmune
diseases remain incompletely understood. Therefore, efforts have been made to try and
understand the role of circular RNA in autoimmune diseases. Some reports have suggested

the use of circRNA levels as diagnostic biomarkers for rheumatoid arthritis (RA) (172).
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Microarray analysis of circRNAs in PBMCs from 5 RA patients and 5 healthy patients
identified circular RNAs that were significantly upregulated in RA patients(173). Another
study identified Circ_0005008 and circ_0005198 were upregulated in the plasma of RA,
and their expression levels are positively correlated with the severity of RA (174).
Macrophages are key cells that participate in inflammatory and immune reactions. Elevated
level of macrophages can infiltrate in the inflamed tissue causing inflammatory lesions and
joint damage in RA. CircRNA 09505 was found to promote proliferation in macrophage-
like cell lines THP-1 and RAWZ264.7 by sequestering miR-6089 resulting in the
upregulation of TNFa, IL-6, and IL12. Knockdown of circRNA_09505 in vivo reduced
inflammation in collagen induced arthritis mouse model (175).

Additionally, two circRNAs originating from ANXAZ2, hsa_circ_0005402 and
hsa_circ_0003452 2, were downregulated in the PBMCs of patients with multiple
sclerosis (MS). CircRNA-miRNA-mRNA analysis indicated hsa_circ_0005402 may bind
to miR-155, a miRNA that is upregulated in PBMCs of patients with MS and is positively
correlated with severity of the disease. Overall, these studies indicate possible involvement
of circRNAs in the pathogenesis and development of autoimmune disease (176).

2.3.8 Circular RNAs in Cancer Immunology

The tumor immune microenvironment (TIME) regulates interactions between
tumor cells, fibroblast, endothelial cells, and immune cells. TIME involves the innate and
adaptive immune response. Firstly, immune cells recognize and develop mechanisms for
inducing tumor cell death. Secondly, tumor variants combat this and become resistant to
the immune response (177). Emerging evidence indicates circRNAs association with

numerous cancers. CircRNAs may be involved in multiple processes of cancer cells
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including proliferation, migration, invasion, alterations of immune cells involved, and
survival (178). A recent study indicated that high expression circARSP91 in hepatocellular
carcinoma cells increase the cytotoxicity activity of NK cells by upregulating UL-16
binding protein. However, the exact mechanism remains unknown (179).

In lung cancer, intratumoral heterogeneity plays a crucial role in enabling tumor
cells to evade immune surveillance and establish immunosuppression. Kras-driven
circRNA signaling promotes infiltration of myeloid-associated tumor macrophages leading
to immune deregulation and immunosuppression. Kras-driven signaling drives
intratumoral heterogeneity by upregulating circHIPK3/PTK2 expression to promote
infiltration of tumor associated macrophages that polarize to an M2 phenotype leading to
immunosuppressive chemoresistance. Consequently, co-inhibition of circPTK2/M2
macrophage signaling suppresses lung tumor growth, reduces metastatic potential, and
prolongs survival in vivo (180).

Gene ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), gene
set enrichment analysis (GSEA), CIBERSORT, Estimating the Proportion of Immune and
Cancer cells (EPIC), and the Malignant Tumors using Expression data (ESTIMATE)
algorithms were utilized to investigate the functional role of circ-cdrlas in cancer. The
findings suggest it plays a role in immune and stromal cell infiltration within the tumor
tissue, specifically CD8+ T cells, activated NK cells, M2 macrophages, cancer-associated
fibroblasts (CAFs) and ECs. Tissues with high circ-CDR1as expression had a higher ratio
of M2 macrophages and circ-CDR1as expression was negatively correlated with CD8" T
cells. Circ-CDR1as may also regulate the TGF-f signaling pathway and ECM-receptor

interaction to serve as a mediator in reshaping the tumor microenvironment (181).
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Inhibition of T-cell activation is crucial for tumor progression resulting in reduced

patient survival. In lung cancer, one study identified high expression of circCPD4 and PD-

L1 and low miR-let-7 expression in non-small cell lung cancer. High expression of

circCPA4 sequestered miR-let-7 to upregulate PD-L1 resulting in CD8+ T cell inactivation

and suppressed T cell growth, leading to tumoral immune escape and increased drug

resistance (182).

In conclusion, Circular RNAs (circRNAS) orchestrate the dynamics of the tumor

microenvironment by influencing interactions. Dysregulation of circRNAs may impact

immune cell responses across various cancer types, consequently altering the composition

of the tumor microenvironment (Figure 2.4).
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Figure 2.4. Circular RNAs in immune regulation. Circular RNAs are involved in innate

immunity, adaptive immunity, infectious diseases, autoimmune diseases, and cancer
immunology. (Illustration created in Biorender)
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2.4 Summary and Objectives

In response to cardiac injury, blood-derived and tissue-resident macrophages
accumulate in the infarcted myocardium and exhibit both pro-(M1) and anti-inflammatory
(M2) phenotypes, essential for removing injured tissue and facilitating repair. However,
sustained activation of pro-inflammatory macrophages increases adverse remodeling of
cardiac tissue that leads to deterioration of cardiac function and heart failure. The molecular
mechanism underlying the functional polarization of macrophages into M1 or M2
phenotypes has yet to be fully understood. Circular RNAs (circRNA) are newly discovered
non-coding RNA generated from protein-coding genes that are highly abundant,
evolutionary conserved, and differentially expressed in cardiovascular disease. They are
proposed to regulate transcription and translation, and to act as microRNA (miRNA)
sponges, RNA- binding protein (RBP) sponge to regulate cellular functions. Studies have
shown that circRNAs are expressed in the heart and are differentially expressed following
myocardial infarction (MI). They may also play a role in immunity by contributing to the
process of macrophage polarization, maintenance of activation of macrophages when
exposed to LPS, and inhibiting the biogenesis of macrophages. However, there are
currently no published studies into the role of circular RNAs in the regulation of
macrophage plasticity during cardiac injury. Given the importance of macrophages in
cardiovascular disease, there have been attempts to develop therapeutics that reduce or
deplete monocytes post-MI or impair monocyte function and mobilization. However, the
unintended consequences were increased risk of prolonging cardiac inflammation due to
insufficient clearance of tissue debris and impaired tissue remodeling. Therefore, targeting

macrophage phenotypic switching to promote an anti-inflammatory M2 phenotype at an
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earlier stage in cardiac injury could promote improved repair and regeneration without
these unintended consequences. Circular RNAs are promising therapeutic targets due to
their high stability, tissue specificity that can allow for precise modulation of gene
expression in specific tissues, and various functional roles in gene regulation, protein
interaction, and signaling.

In this dissertation we aim to address 1) the role of circ-cdrlas in bone marrow-
derived macrophages phenotypic switching in vitro 2) the role of circ-cdrlas after cardiac
injury in vivo and 3) the molecular mechanism by which circ-cdrlas regulates macrophage
phenotype.

In chapter 3 of this study, we investigate the differential expression of circular RNA in

macrophages. We identify circular RNAs differentially expressed in macrophages,
examine the expression levels of circ-cdrlas in naive, pro-inflammatory, and anti-
inflammatory macrophages, and investigate how loss/gain of function of circ-cdrlas affect
phenotype.

In_chapter 4 of this study, we investigate the expression of circ-cdrlas in the heart

following MI in mice. We determine how overexpression of circ-cdrlas in vivo or delivery
of circ-cdrlas overexpressing macrophages into the ischemic myocardium affects cardiac
function, remodeling, and inflammation. Lastly, we identify circ-cdrlas role as a miRNA
sponge to alter macrophage phenotype. Collectively, our goal is to identify and establish
the role of circ-cdrlas as a potential therapeutic for the resolution of inflammation after

cardiac injury to promote cardiac healing and remodeling.
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CHAPTER 3

THE ROLE OF CIRCULAR RNA CDR1AS IN MODULATATION OF
MACROPHAGE PHENOTYPE

Gonzalez C et al. Life Sci. 2022 Nov 15; 309:121003. doi: 10.1016/j.1fs.2022.121003.

3.1 Introduction

An exacerbated and chronic inflammatory response is implicated in various
pathological conditions, including cancer, cardiovascular disease, type 2 diabetes, and
autoimmune diseases (52,172,183,184). Macrophages play pivotal roles in the progression
of inflammatory diseases by controlling the initiation, maintenance, and resolution of
inflammatory responses. Both bone marrow and tissue-resident macrophages exhibit the
unique characteristic to phenotypically switch between pro-inflammatory and anti-
inflammatory phenotypes, producing a spectrum of cytokines, chemokines, and growth
factors with both pro- and anti-inflammatory effects. Pro-inflammatory macrophages,
often termed classically activated M1 macrophages, are induced by stimuli like IFNy, LPS,
or TNFa (185). Upon activation, they initiate pro-inflammatory responses and release high
levels of pro-inflammatory cytokines such as TNFa and interleukins (IL) IL-12, IL-23, IL-
1, and IL-6. Subsequently, during the wound healing phase, they transition to an anti-
inflammatory M2, pro-reparative phenotype, secreting high levels of anti-inflammatory
cytokines such as IL-10 and growth factors like vascular endothelial growth factor (VEGF)
(11,17,186). However, the mechanisms involved in the regulation of macrophage
differentiation, polarization, re-polarization, and activation remain unclear.

Given the significance of macrophages in pathological conditions, efforts have
been made to develop therapeutics targeting monocyte depletion, impairment of monocyte

function, or mobilization. However, studies reported that this had unintended
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consequences, such as increased infection risk and prolonged inflammation due to
inadequate clearance of tissue debris and impaired tissue remodeling (10,11,187).
Consequently, targeting macrophage phenotypic switching to promote an anti-
inflammatory phenotype could enhance tissue remodeling and regeneration without these
adverse effects. Recent advancements in high-throughput RNA sequencing (RNA-seq)
have facilitated the discovery of novel non-coding transcripts, including microRNAs
(miRNAs), long non-coding RNAs (IncRNAs), and circular RNAs (circRNAs). Several
studies have identified circRNAs as regulators of biological processes, disease initiation,
and progression. They have also been implicated in immunity by influencing macrophage
polarization, appropriate activation in response to stimuli like LPS, and inhibition of
macrophage biogenesis (46,53,54). CircRNAs are generated from pre-mRNA through
back-splicing, forming circular RNA molecules with a 3'-5' phosphodiester bond at the
junction site (48). Their lack of free ends renders circRNAs resistant to degradation by
RNase R exoribonuclease, enabling their enrichment through RNase R treatment (52,55).
Previous studies have suggested potential roles for circRNASs to elicit an immune response
by regulating genes encoding inflammatory molecules. For instance, one study
demonstrated that purified exogenous circRNA elicits a stronger innate immune response
compared to linear RNA with the same sequence (45). Another investigation implicated
the role of circRNAs in macrophage activation. The authors identified nearly 2000 circular
RNAs induced following TLR4 stimulation. They found that circRNA circRasGEF1b,
which is dependent on NF-kB, is essential for macrophage activation in response to LPS
(53,54). Although these studies implicate circRNA in the involvement of macrophage

activation, the role of circRNAs in phenotypic switching remains unclear.
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In this study, we investigate the role of circular RNAs in macrophage phenotypic
switching. We provide a comprehensive profile of differentially expressed circular RNASs
between pro- or anti-inflammatory macrophages and identify circular RNA cdrlas as a key
promoter of macrophage polarization towards an anti-inflammatory phenotype.

3.2 Methods
3.2.1 Bone Marrow Cell Isolation and Monocyte Culture

Bone marrow (BM) monocytes are isolated from bone marrow mononuclear cells
of C57BL/6 male mice at approximately 8-10-weeks of age by density-gradient
centrifugation with histopaque-1083 (Sigma). Red blood cells are removed with NH4CI
(Stemcell Technologies Cat #07800) as described previously (188,189). After isolation, the
monocyte population is cultured in RPMI 1640 1x (Gibco) with 20% FBS, 1% penicillin-
streptomycin solution, and 20% of L929-conditioned medium. The media is changed the
day after culture, on day 3, and on day 5-7. By day 5-7, high purity of macrophages can
be observed as noted previously (190).

The L929 cell conditioned medium was collected as previously described (191).
Briefly, 2 x 106 L929 cells are seeded in T75 flask for 3—4 days until reaching confluency
of 90% and the conditioned media is collected and centrifuged at 3000 rpm, 4°C. The media
is then filtered through a 0.45 pm filter and frozen at —80°C in 50 mL aliquots. All animal
experiments are complied with approved protocols of Temple University animal care and
use guidelines.

3.2.2 Polarization of BMDMs
On day 5-7, fresh media is added to cultured cells with specific stimulation for the

desired phenotype: for pro-inflammatory activation [6], 100 ng/mL IFNy (R&D systems
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Cat# 485-MI-100) and 100 ng/mL TNFa (PromoKine Cat# D-63720); for anti-
inflammatory activation [20], 10 ng/mL IL-4 (R&D systems Cat# 404-ML-010), 10 ng/mL
IL-10 (R&D systems Cat# 217-1L-005), and 20 ng/mL TGF-f (R&D systems Cat#7666-
MB-005) for a period of 24 h.
3.2.3 RNA Isolation

Total RNA was isolated from cells using miRNeasy Mini Kit (Qiagen). For RNase
R treatment, 500 ng of RNA is incubated for 30 mins at 37°C with or without 2.5 U of
Rnase R (Epicentre Technologies Cat# RNR07250).
3.2.4 Circular RNA Microarray and Microarray Data Analysis

CircRNA expression analysis was conducted on total RNA extracted from naive,
pro-inflammatory, and anti-inflammatory macrophages 24 h after polarization (n = 3).
Total RNA from each sample was measured using the NanoDrop ND-1000. Sample
preparation and microarray hybridization followed Arraystar’s standard protocols
(Arraystar MD, USA). In summary, total RNA underwent digestion with Rnase R
(Epicentre, Inc.) to remove linear RNAs and enrich circular RNAs. The enriched circular
RNAs samples were then amplified and transcribed into fluorescent cRNA utilizing a
random priming method (Arraystar Super RNA Labeling Kit; Arraystar) and subsequently
hybridized onto the Arraystar Mouse circRNA Array V2 (8x15K, Arraystar). Following
washing of the slides, arrays were scanned by the Agilent Scanner G2505C.

To analyze the acquired array images, Agilent Feature Extraction software
(version 11.0.1.1) was used. Quantile normalization and data processing were conducted
using the limma package from the R software package. Differentially expressed circRNAS

with statistical significance between two groups were determined through Volcano Plot.
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Hierarchical Clustering was utilized to visualize the distinct circRNA expression patterns
among samples. Differentially expressed circRNAs between two samples were identified
through Fold Change filtering and differential analysis between two groups was analyzed
by t-test. The criteria for significant were set at FC > 1.5 and p < 0.05. The circRNAs
identified as differentially expressed by microarray analysis were uploaded into Qiagen’s
IPA system for core analysis and then overlaid with the global molecular network in the
Ingenuity Pathway Knowledge Base (IPKB). IPA was employed to identify canonical
pathways, diseases, and gene networks that are most significant to microarray outcomes.
The top 10 circular RNA were ranked by fold change. Conservation between human and
mice was determined by pairwise alignment between human and murine circular RNA by
blast NCBI. The database www.circbase.org was used for identification of human circular
RNA sequences. .

3.2.5 Generation of Circ-cdrlas Overexpression Plasmid and in vitro Overexpression in
BMDMs

To generate a circRNA circ-cdrlas expression plasmid, we utilized the previously
described pcDNA3.1 (+) Lacasse2 MCS exon vector (Addgene plasmid # 69893;
http://n2t.net/addgene:69893; RRID:Addgene_69893) (192). This plasmid contains
bacterial resistance to ampicillin and G418/neomycin resistance in eukaryotes. Expression
of the circRNA is driven by a CMV promoter. Circ-cdrlas sequence (1263bp) gene
fragment could not be synthesized as a double stranded DNA fragment due to its high
complexity and so, it was cloned in pUC57 by EcoRV between EcoRI and Hindlll sites
(Genescript Project ID U8508GC140-2). Then the plasmid was digested, the mature
sequence fragment was purified by gel purification and subcloned into the above vector.

Fragment insertion was verified by gel electrophoresis and sanger sequencing.
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The following sequence was inserted between Pacl and Sacll sites of pcDNA3.1
(+) Lacasse2 MCS exon vector (restriction enzyme sites are in lowercase):
tatgcagaaattaattaaGGTTTCCAGTGGTGCCAGTACCAAGGTCTTCCAACATCTCCA
GGTCTTCCAGCAACTGCAAGTCTTCCAACACTGTCAAGGTCTTCCAGACAATC
GTGATCTTCCAGAAAATATGTCTTCCAGATGATATATGTCTTCCAACAACCTC
AGAGTCTTCCAGTAAATTCAGTCTTCCATGGTATCTAGATCTTCCGTGATATC
TAGATCTTCTAGGAAAATCTGTGTCTTCCAGGAAAATCTTTGTCTTCCAAGGG
ATCCATGTCTTCCAGAAAAAAATCCACGTCTTCCAGAAAAATTCATGTCTTCC
AGGAAAATCCATGTCTTCCAGAAAAATCCAAGTCTTCCAGAAGAATCTAAGT
CTTCCTGAAAAATCCATGTCTTCCATAACAATCTACATCTTCCAGAATAATCA
ACGTCTTCCACAAAATTCAGGTCTTCCAGAAAAATATCCAGGTCTTCCAACCA
GTCTATGTCTTCCAGAAAAATCCAGGTCTTCCAGCTCATCTATGTCTTCCATC
AGTTCAAGTCTTCCAGATACCCATGTCTTCCATTAAATCTAGCCATGTCTTCCT
GAAAATCCATGACTTCCCAAAAATCCAAATCTTCCTGAAAAATCCATATCTTC
CCAAAAATCCACGACTTCCCAAAAATCCATGTCTTCGTGAATATCCACGTCTT
CCTGAAAATCCAAGTCTTCCCAGAAATCCATGTCCTTCCAAAAATCCATGTCT
TCCTGAAAATCTATGCCTTCCATAAATCTACATCTTCCTGAAAATCCACATCT
TCCTGAAAATCTACATCTTCCTGAAAATCCACATCTTCCATAAATCCCAGTCT
TCCCAGAAATCCAAGTCTTCTGGAAAATCCATGTCTTCCTGAAAATCTATGCC
TTCCACAAATCCATGTCCTCCTAACAATCCAAGTCTTCCTAAAAATCTACGCC
TTCCACAAATCTACATCTTCCTGAAAATCCACATCTTCCCAAAATCCATGTCT
TCGGAAAAAATCCATGTCTTCCAAGGAGTACATGTGTCTTCCTTCACCTCCAA

GTCTTCCAGCATCTCCAGGGCTTCCAGCATCTGCCTGTCTTCCAACATCTCCA
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CATCTTCCAGCATCTTTATGTCTTCCAACAACTGCGCAGTGTCTCCAGTGTAT
CGGCGTTTTGACATTCAGGTTTTCTGGTGTCTGCCGTATCCAGccgcggagegtaagta
t.

Prior to transfection, BMDMs were polarized for 24 h for the desired phenotype as
described in section 3.2.2. For overexpression of circ-cdrlas in BDMDs in vitro, the cells
were transfected with 100 nM of control or circ-cdrlas overexpression plasmid for 24 h.
The plasmid was added in 500 uL of Opti-MEM and in another 1.5 mL Eppendorf tube 5
uL of Lipofectamine RNAIMAX was added in 500 uL of Opti-MEM and incubated for 5
min. The two mixtures were then pooled and incubated for 15 min at room temperature
(RT). The solution mixture was added to the plate and incubated for 24 h. The following
day, the media was changed to media containing 3 pg/mL of G418 antibiotic. Cells were
harvested and changes in the expression or transcription of macrophage markers were
measured by FACS or RT-gPCR, respectively.

3.2.6 Lentiviral Short Hairpin RNA Construction and in vitro Knockdown of circ-cdrlas
in BMDMs

To generate a knockdown circ-cdrlas plasmid, a custom shRNA plasmid was
constructed using Vector TR30023 pGFP-C-shLenti containing a TCAAGAG loop
targeting the splicing junction sequence of circ-cdrlas. This plasmid contains resistance to
chloramphenicol in bacteria and puromycin in eukaryotes. The shRNA circ-cdrlas plasmid
and sh-scrambled control plasmid were expanded and packaged into Lentivirus. All viruses
were produced using the third-generation lentivirus system. Briefly, HEK293 cells were
plated at 1x107cells/15 cm plate one day prior to transfection. Production of 3rd generation
lentivirus was performed using the combined ratio of transfer plasmid (Custom shRNA

plasmid from Origene, Inc.). Plasmid is TR30023 Lenti GFP-C-sh-9B with the following
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Sequence: TTCCAACAACTGCGCAGTGTCTCCAGTGT,; packaging plasmid, Env
plasmid and pRSV-Rev plasmid at 2:1:1:1, respectively. Polyethylenimine HCI MAX,
MW 40000, Transfection Grade (Polysciences, Inc) was used as the transfection reagent at
a ratio of 1:2 ug DNA: pg PEI-Max. Without changing the media on the 15 cm plates, the
DNA-PEI reagent was added to the cells drop-wise. At 72 h post transfection, supernatant
of 293 T cell cultures were PEG precipitated (1 volume of 40 % PEG to 3 volumes of
supernatant) for overnight at 4 °C and the samples were centrifuged at 1600 xg for 45 min
at 4 °C and the pellets were gently re-suspended in 15 mL 1x PBS containing 0.001 %
Pluronic F68 and 5 % Glycerol, buffer exchanged two times and concentrated down to 1
mL using Amicon Ultra-15 100 K filter. The purified virus was then recovered and filtered
through a 0.45 um PES filter and quantified using Lenti-X™ gRT-PCR Titration Kit
(Takara Bio, USA). The viruses were aliquoted and stored at —80 °C (193-195).
For circ-cdrlas knockdown in BMDMs in vitro, the cells were transfected with

MOI 15 lentiviral ShRNA (titer concentration for ShRNA scrambled: 2.9 x 10% shRNA
Circ-cdrlas: 3.67 x 10%p/mL). The cells were transfected with lentivirus sShRNA and viral
enhancer (ABM Cat# G515) for 48 h. The media was then changed to media containing
3ug/mL of puromycin antibiotic for selection of stably transfected cells. The cells were
polarized for 24 h. Cells were harvested and changes in the expression or transcription of
macrophage markers were measured by FACS or RT-gPCR, respectively.
3.2.7 FACS Analysis and Cell Sorting

BMDMs were harvested and washed with PBS staining buffer containing 2 % FBS

and 0.05 % EDTA. The cells were pre-incubated with 0.25 pg of TrueStain FcX PLUS
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(anti-mouse CD16/32) antibody (Biolegend Cat# 156603) in 100 uL volume for 10 mins
on ice. The cells were then washed with staining buffer and incubated with the following
antibodies at 4 °C for 30 min then washed with staining buffer 3x and resuspended in 1
mL of staining buffer. The BDMD were then sorted using BD FACS Aria IIu based on the
following markers: pro-inflammatory- F4/80+, CD86+, CDIllct+, CD206—; anti-
inflammatory- F4/80+, CD86—, CD11c—, CD206+. BD LSR II was used for FACS
analysis, 1.5 x 10° cells were collected, and the cells were stained with the following
markers: F4/80, CD86, and CD206. Gating strategies were based on fluorescence minus
one (FMO).
3.2.8 Reverse Transcription and RT-gPCR

Reverse Transcription (RT) was performed using High-Capacity cDNA RT kit
(Invitrogen Cat# 4368813) to obtain cDNA and quantitative Polymerase Chain Reaction
(gPCR) was performed using SYBR Green master mix (Applied Biosystems). To quantify
expression of circRNA transcripts, divergent primers are designed to amplify across the
backsplicing junction. To quantify linear transcripts, convergent primers were designed to
amplify exonic sequences not present in the circular RNA. Reverse Transcription
Quantitative Polymerase Chain Reaction (RT-gPCR) was performed on an Applied
Biosystems 770 StepOnePlus system using the Fast SYBR™ Green Master Mix (Applied
Biosystems) according to the manufacturer's instructions. Expression was quantified using
fold change of 2¢ (@<t compared to naive control, normalized to 18S rRNA used as a
reference gene.
3.2.9 CircRNA-miRNA-mRNA Interaction Network

Circular RNA-miRNA-mRNA interactions were predicted by Arraystar’s
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miRNA target prediction software based on TargetScan and miRanda, and the
differentially expressed circRNAs within all the comparisons annotated in detail including
2D structure, local AU, position, conservation.
3.2.10 TargetScan and Gene Ontology Analysis

The miRNA targets were uploaded into TargetScan software (release 8.0) to
determine microRNA targets and presence of conserved 8mer, 7mer, and 6mer sites that
match the seed region of each miRNA. The Gene Ontology (GO) enrichment analysis of

the miRNA target genes was determined using Consortium’s online tool

(http://www.geneontology.org/) that identified several significantly enriched GO terms
(False Discovery Rate: FDR, p-value <0.05), including associated biological processes,
molecular function, PANTHER pathways.
3.2.11 Statistical Analysis

All data were represented as Mean = SEM. Analyses were performed using Prism
(GraphPad Software Inc). Mean of the groups were compared using unpaired two tail t-test
(for two groups) and One-way ANOVA (more than two groups). P values of <0.05 indicate
statistical significance. GraphPad Prism version 9.4.0 was used for making data
visualization and for statistical analysis. Data are expressed as mean + standard error of the
mean (S.E.M.), and P < 0.05 was accepted as statistically significant.
3.3 Results
3.3.1 Circular RNA Profiling in Pro- and Anti-Inflammatory Macrophages

To investigate circRNA transcriptome changes between naive, pro-, and anti-
inflammatory macrophages, we initially established and characterized BMDMs stimulated

to pro-inflammatory or anti-inflammatory phenotype compared to naive unpolarized
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macrophages (Fig 3.1A). The BDMDs were sorted based on the following markers: pro-
inflammatory- F4/80+, CD86+, CD11c+, CD206—; anti-inflammatory- F4/80+, CD86—,
CDl11c—, CD206+ (Fig 3.1B). Additionally, RT-qPCR analysis was performed for further
validation of BMDM polarization based on pro- or anti-macrophage markers (Fig 3.1C)
(17,196,197).

We then performed circRNA microarray expression profile from the RNA
isolated from BMDMs polarized to a pro-inflammatory phenotype (stimulated with INFy
and TNFa, 24 h) or an anti-inflammatory phenotype (stimulated with IL-10, IL-4, and
TGF-B, 24 h. We found differential expressions of circRNAs in all experimental groups as
depicted in the heat map (Fig 3.2A). Circular RNAs were then selected based on a log fold
change of >1.5 and a p-value of <0.05.

A total of 419 circRNAs were differently expressed in pro-inflammatory
macrophages compared with anti-inflammatory macrophages. Among these, 218
circRNAs were upregulated and 201 were downregulated (Fig 3.2B). Moreover, the scatter
plot demonstrates the aberrantly expressed circRNAs between pro- and anti-inflammatory
macrophages (Fig 3.2C). Lastly, Among the circular RNA found to be differentially
expressed between pro-inflammatory vs naive and anti-inflammatory vs naive, 932 circular
RNA were present in pro-inflammatory macrophages, 136 circular RNA present in anti-
inflammatory macrophages, and 78 circular RNA found in all three phenotypes (Fig 3.2D).
3.3.2 Gene Interaction Networks and Disease Enrichment Analysis

Ingenuity Pathway Analysis (IPA) generated gene interaction networks that span
across all datasets, indicating predicted activated and inhibited genes associated with cell

death and survival, cell-to cell signaling, cardiovascular system development and function,
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and cell-mediated immune response. Noteworthy activated predicted genes include crucial
inflammatory regulators nuclear factor-xB (NFkB), interferon o (INFa), and 1L-10 (Fig
3.3A). These genes are associated with the top enriched canonical pathways between all

data sets including senescence, and B cell receptor signaling (Figure 3.3B).
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Figure 3.1. Characterization of bone marrow derived macrophages (BMDM) stimulated to
pro-inflammatory or anti-inflammatory phenotype compared to naive macrophages. (A)
Schematic of experimental outline for the polarization to a pro-inflammatory phenotype by
INFy (100ng/mL) and TNFa (100ng/mL) or an anti-inflammatory phenotype by IL-
10(10ng/mL), IL-4(10ng/mL), and TGF-B (20ng/mL). (B) The BMDMs were sorted based
on the following cell surface markers: pro-inflammatory- F4/80+, CD86+, CD11c+,
CD206—; anti-inflammatory- F4/80+, CD86—, CD11c—, CD206+. Total RNA was isolated.
(C) RT-gPCR analysis of transcriptional changes of pro or anti- inflammatory macrophage
markers compared to naive macrophages, normalized to 18S. n=3. Data are Mean + SEM.
* p<0.05, ** p<0.01, *** p<0.001, ns non-significant vs naive BMDM (one-way
ANOVA).
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Figure 3.2. Microarray analysis of differentially expressed circular RNAS in bone marrow
derived macrophages. (A) Heat map revealing differential circular RNA expression
profiles between pro-inflammatory and anti-inflammatory macrophages. The red color
indicates a higher FC value; green indicates a smaller FC value. (B) Volcano plot
comparing significantly expressed circular RNA between pro-inflammatory and anti-
inflammatory macrophages. The circular RNA expression log 2- transformed FC values
(x-axis) were plotted against the log10 P values (on the y-axis). The red dots represent the
circular RNAs having an FC value >1.5 and P < 0.05 comparing between pro-inflammatory
and anti-inflammatory macrophages. (C) Scatter plot demonstrating the distributions of
circular RNAs that are differentially expressed between pro-inflammatory and anti-
inflammatory macrophages. The values of the x- and y-axes in the scatter plot were
averaged to the normalized signal values of the group. (D) Venn Diagram illustrating the
overlap of circular RNA found between pro-inflammatory vs naive or anti- inflammatory
vs. naive macrophages. FC, fold change; circRNA, circular RNA; N, naive; P, pro-
inflammatory; A-anti-inflammatory macrophages.
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Disease enrichment analysis identified top diseases associated with circular RNA
differently expressed between pro- and anti-inflammatory macrophages. Among them, the
most common diseases are related to the liver in which macrophages are a key cellular
component and essentially for tissue homeostasis (Fig 3.3C) (198). Additionally, cardiac
fibrosis and cardiac enlargement are also noted as the top related disease in which

macrophages are the predominant leukocyte type after cardiac injury (Fig. 3.3C) (16).
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Figure 3.3. Ingenuity pathway analysis for differentially expressed circular RNAs between
pro-inflammatory and anti-inflammatory macrophages. (A) Overlapping interaction
network analysis regulated by circular RNAs found between all data sets indicating
predicted activated and inhibited genes that either directly or indirectly interact. (B)
Heatmap of the canonical pathway network construction of circular RNA activation Z-
score comparing data sets: naive vs pro-inflammatory, naive vs anti-inflammatory, and
pro-inflammatory vs anti-inflammatory (orange and blue represent activation and
suppression, respectively). (C) Disease enrichment analysis based on —log(p-value) >4
threshold on the IPA system.
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3.3.3 Validation of the Top Ten Highly Conserved and Differentially Expressed RNAs
Based on the microarray analysis, we determined the top ten differentially
expressed circular RNAs that are also conserved between human and mouse, ranked by
fold change. Among them, 6 were downregulated (circZfhx3, circCdrlas, circAmotl1, circ-
Bnc2, circPtk2, and circSIc30a7) and 3 (circElf2, circGigyf2, and circRsrcl) were
upregulated in pro-inflammatory (M1) macrophages; and 1 (circ-Mipol1) was upregulated
in anti-inflammatory (M2) macrophages (Fig 3.4A). RT-gPCR confirmation of profile data
based on detection of divergent primers showed circZfhx3, circAmotl1, and circBnc2 were
downregulated in both phenotypes; circElf2, and circMipoll were downregulated in anti-
inflammatory phenotypes; circGigyf2, circPtk2, and circSlc30a7 were non-significantly
expressed between phenotypes; circCdrlas was significantly upregulated in anti-
inflammatory macrophages (Fig 3.4B). We selected target circRNA cdrlas for further
analysis based on significant downregulation in pro-inflammatory macrophages,
significant upregulation in anti-inflammatory macrophages, 74% sequence similarity
between human and mouse, and no significant change in parental cdrl regardless of
phenotype (Figure 3.4A, B; Figure 3.5). Additionally, there are currently no reports on the
role of circ-cdrlas in macrophage phenotypic switching; however, circ-cdrlas was reported
to be involved in the regulation of brain development, diabetes, increase in cardiac infarct

size, and cardiomyocyte apoptosis (51,105,106,151).
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A)

Top 10 upregulated or downregulated conserved circRNA between human and mouse in bone marrow
derived macrophages ranked by fold change.

circRNA ID circRNA  Chromosome  Source Fold Py Value % homology of Regulation in
type Gene Change splicing junction BMDM
(human vs mouse)
mmu_circRNA_005039 Exanic Chr3 Elf2 10.4129583  0.031236023 81.1% Upregulated in
MI
mmu circRNA 005434 Antisense Chr8 Zihx3 34138622 0019556071 94 4% Downregulated
in M1
mmu_circRNA_010385 Exomic Chrl Gugyf2 27595952 0.05860264 92% Upregulated in
Ml
mmu_circRNA (01946  antisense ChrX Cdrl 24249507 0013344931 T4% Downregulated
n M1
mmu_circRNA_ 43784 Exomce Chro Ametl] 1 96831 0017305584 4% Downregulated
in M1
mmu_care_ 0001136 Intronic Chr3 Rseel 1.3513507 Q013099638 84.8% Upregulated in
M1
mmu_circRNA 014660 Exome Chrd Bne2 1.7290235 (.037334294 90, 7% Downregulated
n M1
mmu cire 0000612 Sense Chrl5 Pk2 1.673395 0037298566 45.1% Downregulated
overlapping in M1
mmu_circRNA_25157 Exonic Chrl2 Mipoll 1.5065144 0.04025052 88 7% Upregulated in
M2
mmu circ 001160 Exonic Chr3 Slc30a7 11896273 0118923222 89.5% Downregulated
in M1
B) 3 Naive
=3 Pro-inflammatory M1
Hm Anti-Inflammatory M2
I II ns
3= 34 ns *k ns ns

fold change/naive
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fold change/naive
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Figure 3.4. Top 10 Differentially expressed and conserved circRNAs in BMDMs. (A) The

top 10 circular RNA were ranked by fold change and www.circbase.org was used for
identification of human circular RNA sequences followed by pairwise alignment between
human and murine circular RNA by blast NCBI as indicated in Table 1. (B) Validation of
the top 10 differentially expressed circRNAs by RT-qPCR analysis (CT value <31) of bone
marrow derived macrophages polarized to pro-inflammatory or anti-inflammatory
phenotype compared to naive macrophages, normalized to 18S. n = 4-5. Data are Mean +
SEM. * p<0.05, ** p <0.01, *** p <0.001, ns non-significant vs naive BMDM (one-way

ANOVA).
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Figure 3.5. Parent Gene Cdrl is unaffected in polarized BMDMSs. RT-qPCR analysis of the
transcription factor linear cdrl compared to naive macrophages, normalized to 18S. n=3.
Data are Mean+ SEM. * p<0.05, ** p<0.01, *** p<0.001, ns non-significant vs naive
BMDM (one-way ANOVA).

3.3.4 Overexpression of circ-cdrlas Increases Transcription of Anti-inflammatory
markers and Percentage of CD206+ cells in vitro

Based on mentioned data indicating circ-cdrlas upregulation in anti-inflammatory
macrophages, we sought to determine if overexpression promotes phenotypic switching to
an anti-inflammatory phenotype. We generated circ-cdrlas overexpression plasmid
containing laccasse2 intronic regions to promote circularization (Figure 3.6A). The
overexpression plasmid was then transiently transfected into naive or pro-inflammatory
BMDMs (Figure 3.6B). Overexpression did not significantly change transcription of linear
cdrl (Figure 3.6C); meanwhile, overexpression increased circ-cdrlas levels by >100-fold
compared to scrambled plasmid control and un-transfected naive controls, confirming

successful transfection of plasmid. in all phenotypes (Figure 3.6D).
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Figure 3.6. Transcriptional changes in naive, pro-inflammatory, and anti-inflammatory
macrophages treated with scrambled control or overexpression plasmid. (A) Vector map
for pcDNA3.1 (+) Laccase2 MCS-CDR1as plasmid containing laccasse2 flanking introns
to promote circularization of circ-cdrlas. (B) Schematic of the experimental outline for
determining if overexpression of circ-cdrlas in naive or pro-inflammatory macrophages
promotes class switching to an anti-inflammatory phenotype. (C, D) RT-qPCR analysis of
linear cdrl (C) or circular cdrlas (D) in naive, pro-inflammatory, and anti-inflammatory
macrophages treated with scrambled control or overexpression plasmid, compared to naive
macrophages, normalized to 18S. n=3-4 Data are Mean = SEM. * p<0.05, ** p<0.01, ***
p<0.001, ns non-significant vs naive BMDM (one-way ANOVA for figures C-D)

FACS analysis and density plots demonstrated a shift in the distribution of cells
indicating an increase in CD206 (anti-inflammatory macrophage marker) in naive (Figure
3.7A) and pro-inflammatory macrophages (Figure 3.7B) overexpressing circ-cdrlas

compared to scrambled control. The transcriptional levels of anti-inflammatory
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macrophage markers such as chitinase-3-like protein 1 (CHI3I3), arginase 1 (Arg-1),
CD206 were increased in naive and pro-inflammatory macrophages overexpressing circ-
cdrlas compared to scrambled control. IL-10 and TGFB mRNA levels were also increased
in both phenotypes (Figure 3.7C, D). Pro-inflammatory marker Ly6c was significantly
downregulated in pro-inflammatory macrophages overexpressing circ-cdrlas compared to
scrambled control (Figure 3.7D). In conclusion, this data suggests that overexpression of
circ-cdrlas not only drives naive macrophages to M2/anti-inflammatory phenotype, but it
has a similar effect in polarized pro-inflammatory macrophages.

3.3.5 Knockdown of circ-cdrlas Decreases Transcription of Anti-inflammatory
markers and Increases Percentage of CD86+ cells in vitro

To determine if circular cdrlas downregulation has the opposite effect of gain of
function experiments, we used lentiviral small hairpin RNA (ShRNA) targeting the splicing
junction specific to circular RNA (Figure 3.8A, B). It was stably transduced into naive and
BMDM s prior to polarization. Knockdown significantly reduced circ-cdrlas transcription
across all phenotypes (Figure 3.8D). Importantly, circ-cdrlas knockdown did not
significantly change the expression of linear cdrl (Figure 3.8C). FACS analysis showed an
increase of CD86 (pro-inflammatory macrophage marker) in both naive and anti-
inflammatory macrophages overexpressing circ-cdrlas compared to the scrambled control.
Furthermore, density plots displayed a shift in cell distribution compared to the scrambled
control (Fig 3.9A, B). Transcriptional levels of anti-inflammatory lineage markers Arg-1
and CD206 were diminished in shRNA-treated naive and anti-inflammatory macrophages
compared to controls. Similarly, the mRNA levels of IL-10 and TGFp were reduced in
both phenotypes (Fig 3.9C, D). These findings suggest that cirRNA cdrlas plays a role in

promoting an anti-inflammatory phenotype in naive and polarized macrophages.
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Figure 3.7. Overexpression of circ-cdrlas upregulates expression of anti-inflammatory
markers in naive macrophages and pro-inflammatory macrophages. (A, B) FACS analysis
of F4/80 + CD206+ cells in naive (A) or pro-inflammatory (B) macrophages treated with
overexpression plasmid compared to scrambled control, normalized to 18S. (C,D) gqRT-
gPCR analysis of transcriptional changes of macrophage markers and cytokines in naive
(C) or pro-inflammatory (D) macrophages compared to scrambled control, normalized to
18S. n = 3-4. Data are Mean £ SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, ns (non-
significant) vs control (unpaired two tail t-test). CHI3I3, chitinase-3-like protein 1; Arg-1,
arginase 1; IL-10, Interleukin 10; TGFb-Tumor grow factor-b.
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Figure 3.8. Transcriptional changes in naive, pro-inflammatory, and anti-inflammatory
macrophages treated with scrambled control or lentivirus circ-cdrlas shRNA. (A) Vector
map of small hairpin (sh) RNA lentiviral vector targeting the splicing junction specific to
circ-cdrlas. (B) Schematic of experimental outline for determining if knockdown of circ-
cdrlas promotes class switching to an anti-inflammatory phenotype. (C-D) RT-qPCR
analysis of linear cdrl (C) or circular cdrlas (D) in naive, pro-inflammatory, and anti-
inflammatory macrophages treated with lentivirus scrambled control or lentivirus ShRNA
circ-cdrlas, compared to naive macrophages, normalized to 18S. n=3-4 Data are
Mean = SEM. * p<0.05, ** p<0.01, *** p<0.001, ns non-significant vs naive BMDM (one-
way ANOVA for figures C-D).
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Figure 3.9. Knockdown of circular cdrlas downregulates expression of anti-inflammatory
markers in naive or polarized anti-inflammatory macrophages. (A,B) FACS analysis of

F4/80+CD86+CD206- cells in naive (A) or anti-inflammatory (B) macrophages treated
with lentiviral ShRNA circ-cdrlas compared to lentivirus scrambled control, normalized to
18S. (C,D) gqRT-gPCR analysis of transcriptional changes of cytokines and macrophage
markers in naive (C) or anti-inflammatory (D) macrophages compared to lentivirus
scrambled control, normalized to 18S. n=3-4. Data are Mean + SEM. * p<0.05, ** p<0.01,
*** p<0.001, ns (non-significant) vs control (unpaired T-test). CHI3I3, chitinase-3-like
protein 1; Arg-1, arginase 1; IL-10, Interleukin 10; TGFb-Tumor grow factor-b.
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3.3.6 CircRNA Cdrlas-miRNA-mRNA Network and GO Enrichment Analysis

Recent studies demonstrate that circular RNAs play a crucial role in fine tuning the
level of MiRNA mediated regulation of gene expression by sequestering the target miRNAs
(49,51,87,106,132,133,199-202). Therefore, we sought to identify possible miRNA
targets. CircRNAs and miRNAs were predicted with Arrays miRNA target prediction
software based on TargetScan and miRanda according to the complementary miRNA
matching sequence. A total of 4 miRNAs (miR-7a/b-5p, miR-450b-3p, miR-7685-3p, miR-
7074-5p) were predicted to have an interaction with circ-cdrlas (Figure 3.10). The highest
conserved miRNA based on TargetScan and miRanda analysis is miR-7-5p. To determine
functional significance of the downstream target genes in the circRNA-miRNA-mRNA
regulatory network, we performed GO enrichment analysis for the biological process,
molecular function, and pathways involved (Figure 3.10).
3.4 Discussion

Macrophages play crucial roles in both physical and pathological conditions,
mediating tissue damage and inflammatory responses (186,198). Particularly,
macrophages are vital immune cells in the inflammatory response and are key cellular
elements in chronic inflammatory diseases such as CVD and cancer (183,196). These
versatile leukocytes can adapt their phenotypes in response to environmental cues and
signals, with two primary subpopulations: classically activated pro-inflammatory
macrophages and anti-inflammatory macrophages (185,203,204). Understanding the
mechanisms governing macrophage polarization could offer insights into developing
therapies that modulate the balance between pro- and anti-inflammatory phenotypes

without impairing monocyte function and recruitment (187,205).
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Figure 3.10. Predicted circular RNA cdrlas-miRNA-mRNA targets and top 3 associated
functions. The microRNA targets were identified using Arraystar’s miRNA target
prediction software based on TargetScan and miRanda from all the differentially expressed
circRNAs between naive, pro-, and anti-inflammatory macrophages. Predicted miRNA
targets (only top 5 included) were determined using TargetScan and sorted by cumulative
weighted context ++ score that is the sum of the contribution of 14 features, previously
described (206). GO enrichment Analysis identified top biological processes, molecular
functions, and pathways involved for the circular RNA-miRNA networks (lllustration
created with Biorender.com).

Advances in high-throughput RNA sequencing with depletion of ribosomal RNA
to enhance sequencing of non-polyadenylated RNA species have identified a new class of
non-coding RNAs called circular RNAs. Circular RNAs form covalently closed transcripts
generated when the pre-mRNA splicing machinery back splices to join a downstream 5’
splice site to an upstream 3’ splice site (68). They are derived from exonic, intronic
sequences, or both. These circular RNAs exhibit high conservation across species and have

a high degree of stability in mammalian cells, rendering them potential therapeutic targets

(85,86,88).
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Whether circRNAs are involved in macrophage polarity and phenotype is not yet
established. Therefore, this study sought to investigate expression patterns of circular
RNAs in pro- and anti-inflammatory macrophages. Our findings revealed significant
differences in 419 circular RNAs between these two phenotypes, with 218 circRNAs
upregulated and 201 circRNAs downregulated in pro-inflammatory macrophages.
Additionally, 78 circRNAs were found across naive, pro-, and anti-inflammatory
macrophages. It should be noted that macrophage activation deregulates expression of
other potential circular RNAs that are not annotated by microarray chip.

Several studies have implicated circRNAs in regulating various physiological
conditions and disease progression (128,132,172). Ingenuity Pathway analysis of
differentially expressed circular RNAs between pro- and anti-inflammatory macrophages
revealed gene interaction networks associated with critical processes like cell death and
survival, cell signaling, cardiovascular system development and function, and cell-
mediated immune response. Notably, master inflammatory regulators like NF-xB, INFa,
and IL-10 were predicted to be activated within these networks as well. These master
regulators are vital to many of the roles that macrophages play in orchestrating an
inflammatory response (204,207,208). How we may utilize circRNAs to modulate the
inflammatory response is an important field of future research.

Disease enrichment analysis identified top diseases associated with circular RNA
differently expressed between pro- and anti-inflammatory macrophages. The top two
targeted organs were the liver and the heart, in which macrophages play a major role in the
initiation and resolution of inflammation after injury (16,198). Currently, circular RNAs

have been implicated to play a role in cardiovascular diseases such as cardiac hypertrophy,
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coronary artery disease, cardiac fibrosis, rheumatic heart disease, and myocardial infarction
(34,52,123,127,128,209). One of the most characterized circular RNA, heart-related
circular RNA (HRCR), is repressed in hypertrophic and failing hearts. HRCR sequesters
miR-223 to attenuate cardiac hypertrophy by preventing the inhibition of the protein
apoptosis inhibitor in vitro and in vivo (138). Additionally, our lab found that circular RNA
circFndc3b modulates cardiac repair after MI. This circular RNA is down regulated in post-
MI murine hearts and in ischemic cardiomyopathy patients. CircFndc3b interacts with
RNA binding protein FUS to regulate VEFG expression. Overexpression of circFndc3b in
MI mouse model reduced endothelial apoptosis, cardiomyocyte apoptosis, and enhanced
angiogenesis after cardiac injury (39). These studies highlight the potential of
therapeutically targeting circRNA promote cardiac function and remodeling post-Ml.
Therefore, our future studies focused on translational functionality of circular RNA cdrlas
following myocardial injury.

Based on the microarray analysis and pairwise comparison analysis between
human and mouse circRNA sequences, we selected the top 10 differentially expressed and
highly conserved circRNAs. Validation by RT-gPCR demonstrated discrepancies between
the microarray data and RT-qPCR analyses. Therefore, validation of circRNA targets is an
essential step of screening. Furthermore, we chose circular RNA cdrlas for investigation
as both analyses indicated a downregulation in pro-inflammatory macrophages,
conservation, and RT-qPCR analysis showed a significant upregulation in anti-
inflammatory macrophages. Ingenuity Pathway analysis highlighted gene interaction
networks associated with macrophage biology and inflammation, specifically involving

master inflammatory regulators and inflammatory disease-associated pathways.
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Although there are limited studies on the role of circRNAs in immunity, there are
circular RNAs previously found to be involved in T cell and macrophage biology. One
study found significant induction of over 2,000 circular RNAs in macrophages stimulated
with LPS, a major component of the outer membrane of Gram-negative bacteria that will
activate macrophages. The authors found that circRNA mcircRasGEF1b is needed for
proper activation of macrophages in response to LPS (53, 54). In addition to this, one study
found that high expression of circ-CPA4 sequestered miR-let-7. This led to upregulation
PD-L1 resulting in CD8+ T cell inactivation, suppressed T cell growth, tumor immune
escape, and increased drug resistance (182).

A bioinformatics study on functional roles of circular CDR1as in cancer, analyzed
over 868 cancer samples using Gene ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG), gene set enrichment analysis (GSEA), CIBERSORT, Estimating the
Proportion of Immune and Cancer cells (EPIC), and the Malignant Tumors using
Expression data (ESTIMATE) algorithms. They suggest circ-CDR1as involvement in
immune and stromal cell infiltration including immune cells CD8+ T cells, NK cells, and
anti-inflammatory macrophages. Interestingly, tissues with the highest circ-CDR1as
expression had a higher ratio of anti-inflammatory to pro-inflammatory macrophages
(181). However, there are no reports on circular RNA cdrlas in the regulation of
macrophage biology and function. Our data, for the first time, reports that overexpression
of circ-cdrlas promotes phenotypic switching to an anti-inflammatory phenotype in naive
and pro-inflammatory macrophages. Meanwhile, knockdown of circ-cdrlas induces a pro-
inflammatory phenotype in naive and anti-inflammatory macrophages. Loss or gain of

function experiments did not significantly alter the linear counterpart.
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Numerous reports have identified the role of circ-cdrlas as a miRNA sponge
(51,106,181,200,202,210). Therefore, we investigated the potential relationship between
circ-cdrlas and miRNAs. This present study identified 4 miRNA and subsequent mMRNA
targets that are associated with circ-cdrlas. Among them, circ-cdrlas contains >70 binding
sites for miR-7 acting as a miRNA sponge to inhibit miRNA-7 function. Previously,
functional studies suggested that overexpression of circ-cdrlas resulted in development
defects in the midbrain of embryonic zebrafish; meanwhile, overexpression of miR-7
reduced these effects (210). However more investigation into the molecular mechanisms
underlying circRNA-miRNA-mRNA interactions related to phenotypic switching in
macrophages is needed. Although there are some reports describing that dysregulation of
mMiR-7 is associated with aberrant NFKB activation in cancer and respiratory diseases, there
is currently limited research on whether circ-cdrlas indirectly targets key inflammatory
regulators via miR-7 inhibition (211,212). Overall, this current study identified miR-7 as a
target for circ-cdrlas in BMDMs and GO enrichment analysis provided insight into the
possible biological process, molecular functions, and pathways involved including
inflammatory pathways such as interferon-gamma signaling and interleukin signaling
pathways. Therefore, this study sheds light on the regulatory roles of circRNAs,
particularly circ-cdrlas, in modulating macrophage phenotype and function, offering
potential avenues for therapeutic intervention in inflammatory diseases.

3.5 Conclusion
In conclusion, this study demonstrates the differential transcriptional changes of
circRNAs in naive, pro-/anti- inflammatory macrophages. Our findings highlight circ-

cdrlas as significantly downregulated in pro-inflammatory macrophages and upregulated
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in anti-inflammatory macrophages. Through loss or gain of function studies, we
demonstrated that overexpression of circ-cdrlas promotes phenotypic switching to an anti-
inflammatory phenotype, while knockdown has the opposite effect. Further investigation
into the detailed molecular mechanisms underlying circ-cdrlas's role in regulating
macrophage polarization is warranted. Given the relevance of circRNAs in cardiovascular
disease and our IPA disease enrichment analysis of the circRNAs, further investigation is
needed on whether circ-cdrlas could modulate macrophage biology during cardiac injury

and potentially regulate post-injury cardiac inflammation.
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CHAPTER 4
CIRCULAR RNA CDR1AS MODULATES MACROPHAGE PHENOTYPE AND
CARDIAC REPARATIVE FUNCTION AND IMPROVES POST-INJURY
CARDIAC REPAIR

4.1 Introduction

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality,
accounting for more than 900,000 deaths in the United States annually. It is estimated that
roughly 48.6% of Americans suffer from at least one form of cardiovascular disease.
Overall, CVD estimated annual economic burden is 254.3 billion, constituting 15% of
national medical expenditure. Despite advances in treatment and care, the total case
numbers and long-term prognosis remain poor (1). Myocardial infarction (MI) is one of
the most common forms of acute cardiac injury, defined as partial or complete obstruction
of blood flow resulting in sudden ischemic death of myocardial tissue and persistent
inflammation (3). These staggering figures highlight the urgent need to further understand
the underlying mechanisms to identify therapeutic targets for pharmacological intervention
for patients with heart disease.

In the initial stages of cardiac injury, dying cardiomyocytes release damage
associated molecular patterns and pro-inflammatory cytokines to recruit leukocytes and
initiate an inflammatory response. Neutrophils are the first leukocyte to be recruited, they
release matrix degrading enzymes and reactive oxygen species. Macrophages are then
recruited in high numbers to the infarcted myocardium and undergo phenotypic switching
from pro-inflammatory phenotype in the early stage to anti-inflammatory phenotype in the
later stage to control the initiation and resolution of the inflammatory response.(4,11,15).

As a result of macrophages being central regulators for the immune system, there have
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been attempts to target them via reduction, depletion, or impairment of mobilization and
function. However, these strategies prolonged cardiac inflammation leading to insufficient
clearance of dead cells and impaired tissue remodeling (16,27,29). Therefore, further
investigation is needed to identify mechanisms involved in the modulation of the
inflammatory response and their potential for therapeutic intervention. In recent years, non-
coding RNAs (ncRNAs) have been investigated as regulatory RNAs involved in
pathological process in CVD (31). In particular, circular RNAs have begun to garner
interest as potential biomarkers and regulators of cardiac dysfunction (52,57,127,128) and
immune response in infections, auto-immune diseases, and cancer (169,172,177,178).
Circular RNAs are newly discovered non-coding RNA generated from protein-
coding genes with covalently closed loop generated by the pre-mRNA splicing machinery
that backsplices to join a downstream 5’ splice site to an upstream 3’ splice site (48,55).
The unique characteristic of circRNAs to lack free terminals allow circRNAS to be resistant
to exonuclease degradation resulting in high stability. Studies have reported that circRNAS
exhibit biological functions, including transcriptional and translational regulation,
sequesters of miRNA and RBPs, and cell-to-cell communication (52,80,82,112,213).
Circular RNAs are abundant in the eukaryotic transcriptome and have been identified to be
differentially expressed during cardiovascular development and disease (127,128). For
example, a study found that in failing mouse, rat, and human hearts, there is an overall
increase in circRNA expression arising from the titin (Ttn) gene across all species (47).
Later studies have implicated circRNAs to play a role in cardiac hypertrophy, coronary
artery disease, cardiac fibrosis, and myocardial infarction (52,127). Additionally,

circRNAs have also been implicated in immune regulation. One study has shown that the
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delivery of purified exogenous circRNAs stimulates a more prominent innate immune
response compared to their linear counterpart (45). Circular RNA cdrlas, has been
implicated to play a role in the regulation of brain development (105), diabetes (106),
cardiomyocyte apoptosis 24 hours after cardiac injury (51), and immune and stromal cell
infiltration within tumor tissue (181). Notably, our previous findings identified circ-cdrlas
to modulate phenotypic switching of macrophages to a more anti-inflammatory phenotype
and overexpression of circ-cdrlas increased the transcription of anti-inflammatory markers
in both pro- and anti-inflammatory macrophages in vitro (40). However, there are currently
no reports on the role of circRNAs in macrophage biology and function during cardiac
ischemia. Therefore, we aim to understand the role of circ-cdrlas in macrophage function
post-cardiac injury. In this current study, we provide evidence that cardiac overexpression
of circ-cdrlas in vivo and ex vivo overexpression of circ-cdrlas in fluorescently labeled
bone marrow derived macrophages directly injected into the ischemic myocardium can
increase anti-inflammatory macrophages in the injured myocardium, enhance angiogenesis
and attenuate LV dysfunction post-MI. Mechanistically, we provide supporting evidence
that circ-cdrlas may invokes physiological changes in macrophages in both the steady-
state and in the injured heart by acting as a sponge for miRNA-7 to inhibit its function.
4.2 Methods
4.2.1 Animal Models

All animal procedures were performed following the approved protocols of the
Institutional Animal Care and Use Committee (IACUC) of Temple University and
conforms to the Guide for the Care and Use of the laboratory animals published by the US

National Institutes of Health. Eight weeks old wild type (WT) male mice of C57BL/6
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background and C57BL/6-Tg (UBC-GFP)30Scha/J with a C57BL/6 background (JAX
stock #004353) were procured from Jackson Research Laboratory (Bar Harbor, ME).
Briefly, UBC-GFP transgenic mice express green fluorescent protein (GFP) directed by the
human ubiquitin C promoter and allows in vivo leukocyte tracking based on distinct
expression levels of GFP (214,215).
4.2.2 Myocardial Infarction Surgery

Animals are acclimated to the house environment for at least a week prior to
surgery. Mice were anesthetized with 2% isoflurane and orally intubated with an intubated
with a 22 G 1.v. catheter, and artificially ventilated with a respirator (Harvard Apparatus).
To provide analgesia, buprenorphine (0.5 mg/kg) was injected subcutaneously before the
operation. A left intercostal thoracotomy was performed, and the ribs were retracted with
5-0 polypropylene sutures to open the chest. After the pericardium was opened, the left
anterior descending artery (LAD) was ligated distal to the bifurcation between the LAD
and diagonal branch using 8-0 polypropylene sutures through a dissecting microscope.
After positive end-expiratory pressure was applied to inflate the lung fully, the chest was
closed with 7-0 polypropylene sutures. A 22 G syringe was used to evacuate air from the
chest cavity. The mice in the sham group underwent the same procedure except for the
LAD ligation.

For the first in vivo study, immediately after LAD ligation, each mouse received
intramyocardial injection of ~500,000 AAV2 circ-cdrlas macrophages (N=17) or AAV2
vehicle macrophages (N=17) or saline (N=17) in a total volume of 25 pl at 5 different sites

(basal anterior, mid anterior, mid lateral, apical anterior, and apical lateral).
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For the second in vivo study, mice received 1x10!'vp/mL of AAV9 circ-cdrlas
(N=15) or AAV9 vehicle (N=15) by tail vein injection in a total volume of 200 puL.14 days
prior to MI as previously described (216-219). Briefly, prior to injection animals were
warmed for 5-10 minutes to dilate the veins by placing a heating pad under the cage. Then
each mouse was placed in a restraint device and injected slowly with either AAV9 circ-
cdrlas or AAV9 vehicle and the device was cleaned between each mouse. Following
injection, we applied a firm compression on the injection site with a clean gauze to
minimize bleeding and then returned them to their cage. The mice were then monitored
until they resumed normal activity.

The survival rate of MI surgery was 83.6%. At the endpoint, body weight, heart tissue
weight, and tibia length were measured and heart tissues were collected under anesthesia
with Avertin® (222-Tribromoethanol; T48402; MilliporeSigma, USA). The animals were
then euthanized following the procedure from our approved IACUC protocol.

4.2.3 Circ-cdrlas Expression Plasmid and AAV Construction

Our circ-cdrlas expression plasmid was generated as previously described (40).
Briefly, we used pcDNA3.1 (+) Lacasse2 MCS exon vector (Addgene plasmid # 69893;
http://n2t.net/addgene:69893; RRID:Addgene 69893) (192) with fragment insertion in
Pacl and Sacll sites of pcDNA3.1 (+) Lacasse2 MCS exon vector.

For in vivo expression, the sequence was cloned into a self-complementary AAV
backbone plasmid (pTRUFR) and expression of the circRNA is driven by a CMV promoter
and flanked by AAV9 ITRs (in vivo tail vein injections) or AAV2 (ex vivo overexpression
in macrophages). AAV9-GFP and AAV2-empty vector were used as controls. All viruses

were produced using the triple transfection technique (220). In brief, HEK293 cells were
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plated at 1x 107 cells/15 cm plate one day prior to transfection and polyethyleneimine
(Linear PEI, MW 25 kDa, Sigma-Aldrich) was used as the transfection reagent. For each
15 cm plate, the following reagents were added: 12 pg XX6-80 (221), 10 ug pXR9 (222),
and 6 pug pTRUFR WT-circ-cdrlas. These plasmids were combined in 500 ul of DMEM
without serum or antibiotics and 100 pl of PEI reagent (1 mg/ml pH5.0) was added, mixed,
and set aside for 5-10 min. Without changing the media on the 15 cm plates, the DNA-PEI
reagent was added to the cells drop-wise. Cells were then harvested 48—72h after
transfection, collected by centrifugation and the cell pellets were re-suspended in water and
freeze-thawed once prior to sonication (Branson Sonifier 250, VWR Scientific). DNase I
(Sigma, MO) and MgCI2 were then added before incubating at 37 °C for 60 min. The
viruses were purified by lodixanol step gradient centrifugation5 followed by FPLC using
HiTrap Q HP anion exchange chromatography column and AKTA Pure FPLC system (GE
Healthcare Life Sciences). The purified virus particles were recovered and filtered through
a 0.22 uM filter and quantified by OD 260. The viruses were aliquoted and stored at —80 °C
in phosphate buffered saline (PBS) containing 5% sorbitol. AAV titers were determined by
real-time PCR on plasmid genomes using the SYBR Green Master Mix (Roche).
4.2.4 Left Ventricle Heart Tissue Collection and Cardiac Cell Isolations

To isolate RNA from the LV tissue, the heart was quickly removed from the chest
and perfused with phosphate buffered saline (PBS) 3x. The LV tissue was excised and
minced prior to RNA extraction. Adult mouse cardiomyocytes, endothelial cells, and
fibroblast were isolated as previously described (223). Once cardiomyocytes are isolated,
non-myocyte supernatant fractions of LV digestion was centrifuged (300g for 5 mins), and

cardiac endothelial cells were isolated by magnetic bead separation using CD31+ beads.
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Afterwards, fibroblasts were isolated according to the previously described protocol. To
obtain macrophages from the heart, the LV was excised, weighed, and minced with a fine
scissor prior to digestion with collagenase type 2 (250 U/mL; Worthington LS004196),
collagenase type XI (125 U/mL; Worthington LS004188), deoxyribonuclease I (60 U/mL
Worthington L.S002060), and hyaluronidase (60 U/mL; Worthington 101215) for 10
minutes at 37 °C. The tissue was then allowed to settle to the bottom, the supernatant was
collected and passed through a 40um mesh filter into a 50mL conical tube. Then 2 ml of
stopping buffer (10% FBS in PBS) was added to the collected supernatant. The 15 mL tube
with the settled tissue then went through another round of digestion. This process was
repeated 4 times and then the collected supernatant was centrifuged at 50G for 5 minutes.
The supernatant was then collected into another 50 mL conical tube and centrifuged at 500
g for 10 mins. The supernatant was discarded, and the pellet was resuspended in 1 mL of
ACK lysis buffer (Gibco Cat# A10492-01) for 5 mins. Then, SmL of HEPES stock solution
(Gibco Cat #14170-112) was added and centrifuged for 400 g for 5 mins at 4 °C. The cells
were then prepared for FACS.
4.2.5 Echocardiography

Transthoracic two-dimensional M-mode echocardiography using the Vevo 2100
equipped with 30 MHz transducers (VisualSonics, Toronto, ON, Canada) was performed
before MI (baseline), and at 7, 21, and 28 days after surgery as described previously. Mice
were anesthetized with a mixture of 1.5% isoflurane and oxygen (1 L/min) with an

isoflurane delivery system (Viking Medical, Medford, NJ).
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The internal diameter of the LV was measured in the short-axis view from M-
mode recordings; percent ejection fraction (% EF) and fractional shortening (% FS) were
calculated using corresponding formulas as previously described (39).

4.2.6 FACS Analysis of Cardiac Cells and Bone Marrow Derived Macrophages

After isolation of macrophages from the heart as described above, the cells were
pre-incubated with 0.25pg of TrueStain FcX PLUS (anti-mouse CD16/32) antibody
(Biolegend Cat# 156603) in 100 pL volume for 10 minutes on ice. The cells were washed
with staining buffer and incubated with F4/80 antibody at 4°C for 30 minutes then
subsequently washed with staining buffer 3x and resuspended in 1 mL of staining buffer.
The cells were then sorted using BD FACS ARIA IIp based on F4/80+ marker. The sorted
cells were then collected for RNA extraction.

Flow cytometry was used to characterize and identify the percentage of GFP+,
F4/80+, CD206+, or Ly6c+ cells in cardiac macrophages and bone marrow derived
macrophages. Briefly, after isolation of macrophages from the heart as described above or
harvested BMDMs, the cells counted and 1.5x10° cells were collected for FACS analysis.
The cells were pre-incubated with 0.25pug of TrueStain FcX PLUS (anti-mouse CD16/32)
antibody (Biolegend Cat# 156603) in 100 puL volume for 10 minutes on ice. The cells were
washed with staining buffer and incubated with the following antibodies at 4°C for 30
minutes then subsequently washed with staining buffer 3x and resuspended in 1 mL of
staining buffer. The samples were analyzed using the BD FACS AriaTM (BD Biosciences,
USA). Appropriate compensation controls were used to negate spectral overlap and gating

strategies were based on fluorescence minus one (FMO).
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Table 4.1. Antibodies for FACS analysis

Antibody Fluorophore Final Company and catalog number
Concentration
F4/80 FITC 0.5 ug/100uL Thermofisher 11-4801-82
GFP FITC 1 ug/100pL Biolegend 338008
CD206 APC 0.5 ug/100uL Biolegend 141708
Ly6c BV421 0.25 ug/100uL Biolegend 128032

4.2.7 Tissue preparation and Immunohistochemistry

Mouse heart tissue samples were fixed in 4% paraformaldehyde (PFA) for at least
48 hours. The tissue was washed with PBS 3x and then placed in 10% sucrose for one hour,
washed 3x, then placed in 20% sucrose for hour, washed 3x, and placed in 32% sucrose
O/N. The tissue was then dissected and embedded with OCT in a labeled cryomold. The
cryomold was frozen in liquid nitrogen then temporarily stored in dry ice and wrapped in
foil for long term storage in -80°C. Cardiac tissues were cross-sectioned into 4—5 pm-thick
slides.

Masson Trichrome staining (Sigma Aldrich, USA) was performed following the
manufacturer’s instructions and percent of fibrotic area was determined by fibrosis
area/total area using Image J software. Masson Trichrome staining images were acquired
with Nikon stereomicroscope at 1X (scar quantification). For identification of new
capillary network, sections were stained with CD31 and a-SMA. For identification of
immune cells and anti-inflammatory macrophages, sections were heat-induced for antigen
retrieval prior to immunolabeling for CD45 (immune cells), CD163, CD68, and CD206
(anti-inflammatory macrophage markers) were used. For identification of GFP+ cells,

sections were stained with GFP antibody. To determine AAV9 GFP+ cardiomyocytes,
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sections were stained with GFP in green and Troponin T in red. To determine cell death in
cardiomyocytes, sections were stained with TUNEL in red (Roche, 12156792910) and
Troponin T in green. To determine cardiomyocyte hypertrophy, sections were stained with
wheat germ agglutinin (WGA). Nuclei were counter-stained with 4,6-diamidino-2-
phenylindole (DAPI, 1:10,000, Sigma Aldrich, St Louis, MO). Images were acquired using
4X, 10X, 20X, and 40X using EVOS 7000 (Thermo Fisher Scientific). Quantitative image
analysis was performed with NIH ImageJ by scoring random multiple imaging fields.

Table 4.2. Primary antibodies for Immunohistochemistry

1° Antibody Host Species Company and catalog
number
CD45 (1:200) Goat R&D Systems AF114
CD163 (1:30) Rabbit Abcam AB182422
CD206 (1:50) Goat R&D systems AF2535
CD68 (1:50) Rabbit Rockland 600-401-R10
GFP (1:100) Chicken Invitrogen A10262
CD31 (1:30) Goat R&D systems AF3628
Anti-Actin, a-Smooth Muscle - Cy3™ Mouse Sigma C6198
antibody (1:1000)
Troponin T (1:200) Mouse Invitrogen MA5-12960
Wheat Germ Agglutinin, Alexa Thermofisher W11261
Fluor™ 488 Conjugate (1:250)

Table 4.3. Secondary antibodies for Immunohistochemistry

2° Antibody Conjugate Company and catalog
number

Donkey anti-rabbit (1:100) Alexa Fluor 488 ThermoFisher A21206

Donkey anti-mouse (1:100) Alexa Fluor 488/555 ThermoFisher A21202/
A31570

Donkey anti-goat (1:1000) Alexa Fluor 488/555 ThermoFisher A11055/
A21432

Goat anti-chicken (1:100) Alexa Fluor 488 ThermoFisher A11039
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4.2.8 Cell Culture and in vitro Studies

Bone marrow (BM) monocytes were isolated from bone marrow mononuclear
cells of C57BL/6 male (approximately 8-10-week-old) mice by density-gradient
centrifugation with histopaque-1083 (Sigma) and red blood cells were removed with
NH4CI (Stemcell Technologies Cat #07800) as previously described (40,224). The
monocyte population was cultured in RPMI 1640 1x (Gibco) with 20% FBS, 1% penicillin-
streptomycin solution, and 20% of L929-conditioned medium. The media was changed the
day after culture, on day 3, and on day 5-7. By day 5-7, high purity of macrophages can
be observed as previously noted (190). On day 5-7, change to fresh stimulation media: for
pro-inflammatory activation (17), 100 ng/mL IFNy (R&D systems Cat# 485-MI-100) and
100 ng/mL TNFa (PromoKine Cat# D-63720); for anti-inflammatory activation (203), 10
ng/mL IL-4 (R&D systems Cat# 404-ML-010), 10 ng/mL IL-10 (R&D systems Cat# 217-
IL-005), and 20 ng/mL TGF-p (R&D systems Cat#7666-MB-005) for a period of 24 h as
previously described (40). The Raw 264.7 monocytes were cultured in DMEM-F12
medium (Corning, USA) with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin solution. Raw 264.7 cells were activated with 100 ng/mL of LPS for 24 hours.
BMDMs or RAW 264.7 cells were transfected for 24 hours with 100nM miRNA mimic
miR-7b-3p (mirVana mRNA mimic cgr mir-7b Assay ID MC26348, Thermofisher Cat #
4464066) or anti-miR-7b-3p (mmu-miR-7b-5p miR-inhibitor Assay ID: MH26348,
Thermofisher Cat #4464084) or corresponding controls (mirVana™ miRNA Inhibitor,
Negative Control #1, Thermofisher Cat # 4464076; mirVana™ miRNA Mimic, Negative
Control #1, Thermofisher Cat # 4464058). Lipofectamine RNAIMAX (Thermofisher Cat

# 13778075) was used to facilitate transfection. The cells were transfected prior to
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polarization for 24 hours. For knockdown of circ-cdrlas, BMDMs were transfected with
MOI 15 lentiviral shRNA (titer concentration for shRNA scrambled: 2.9 x 10%; shRNA
circ-cdrlas: 3.67 x 10° vp/mL) as previously described (40). Briefly, the cells were
transfected with lentivirus shRNA and viral enhancer (ABM Cat# G515) for 48 h. The
media was then changed to media containing 3ug/mL of puromycin antibiotic for selection
of stably transfected cells. The cells were polarized for 24 h. Cells were harvested and
changes in the expression or transcription of macrophage markers were measured by FACS
or RT-qPCR, respectively.
4.2.9 Ex vivo Overexpression of circ-cdrlas in BMDMs

BMDMs were transfected with 500 MOI of AAV2 circ-cdrlas (titer concentration
for AAV2 vehicle and AAV2 circ-cdrlas is 4x10° vp/mL). The cells were transfected with
AAV?2 and viral enhancer (VirallentryTM transduction enhancer ABM Cat # G515). The
following day, the media was changed to media containing 3 pg/mL of G418 antibiotic for
selection of stably transfected cells. Cells were harvested and circ-cdrlas overexpression
was verified by RT-qPCR.
4.2.10 Pull Down Assay

Circ-cdrlas was captured using magnetic instant capture beads with circ-cdrlas
single probe covalently attached to the surface of nanomagnetic particles designed by
ElementZero Biolabs to target only the backsplicing junction. This allows the RNA affinity
purification with magnetic instant capture beads for the capture of RNA-miRNA or RNA-
protein complexes from chemically cross-linked material. The following protocol was used
according to manufacturer instructions. MaglC-beads-RNA-enrichment-protocol-

proteome-capture (elementzero.bio).

87



4.2.11 RNAseR Treatment, Reverse transcription, and RT-qPCR

Total RNA was isolated from cells using miRNeasy Mini Kit (Qiagen). NanoDrop-
1000 (Thermo Scientific, USA) was used to identify RNA concentration and purity
determined by the 260 A/280 A ratio. For RNase R treatment, 500 ng was incubated 30
mins at 37°C with or without 2.5 U of Rnase R (Epicentre Technologies Cat# RNR07250).
High-capacity cDNA Reverse Transcription Kit (Applied Biosystems, 4368814) was used
to obtain cDNA and quantitative PCR (qPCR) was performed on StepOnePLus Real-Time
PCR system (Applied Biosystems 7000 apparatus) using the Fast SYBR™ Green Master
Mix (Applied ThermoFisher, USA) according to the manufacturer’s instructions. To
quantify expression of circRNA transcripts, divergent primers were designed to amplify
across the backsplicing junction. To quantify linear transcripts, convergent primers were
designed to amplify exonic sequences that are not present in the circular RNA. Expression
was quantified using fold change of 2¢ (@@ compared to control, normalized to 18S rRNA
used as a reference gene.

For detection of miRNAs, TagMan™ Advanced miRNA cDNA Synthesis Kit was
used (Thermofisher Cat # A28007). Quantitative PCR (qPCR) was performed on
StepOnePLus Real-Time PCR system (Applied Biosystems 7000 apparatus) using the
TagMan™ Fast Advanced Master Mix for qPCR (Thermofisher Cat # 4444557) according
to the manufacturer’s instructions. To detect miR-7b-3p expression primer mmu-miR-7b-
5p (Thermofisher Cat # A25576) was used and expression was quantified using fold change
of 2¢ (@la ¢ compared to control, normalized to miR-24-3p (Assay ID 477992 mir,

Thermofisher Cat # A25576) used as a reference gene.
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4.2.12 Statistical Analysis
Data are expressed as mean + standard error of the mean (S.E.M.) represent at least 3
independent biological experiments. Data visualization and statistical analyses were
performed using GraphPad Prism 10.0 software (GraphPad, La Jolla, CA). Mean of the
groups were compared using unpaired two tail t-test (for two groups) and One-way
ANOVA (more than two groups) with Tukey’s multiple comparisons test. P values of <0.05
indicate statistical significance.
4.3 Results
4.3.1 Circular RNA cdrlas is Downregulated in Post-MI Hearts

We previously profiled circRNAs expression in bone marrow-derived macrophages
polarized to pro-inflammatory or anti-inflammatory phenotype. Through Ingenuity
Pathway Analysis, we identified circular RNAs involved in gene interaction networks
associated with cardiovascular system involvement and cardiac fibrosis (40). We compared
circRNAs found in BMDMSs circRNAs profiling data set with the circRNAs profiling
dataset of cardiac tissue 3 days post-MI hearts we published before (39). We identified circ-
cdrlas as a circular RNA differentially expressed in both BMDMs and MI hearts.
Therefore, we investigated circ-cdrlas expression at different time points post-MI. Circ-
cdrlas was significantly downregulated at 3-5 days post-MI, the time during which pro-
inflammatory macrophages are most prominent, and upregulation starting at 7 days to 28
days post-MI, the time in which inflammation subsides (Figure 4.1A). We then identified
circ-cdrlas expression in different cardiac cell types in the left ventricular tissue. Circ-
cdrlas expression was significantly downregulated in the left ventricular tissue at 3 days

post-MI, macrophages (F4/80+ sorted cells), and cardiomyocytes.
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However, circ-cdrlas expression was not affected in endothelial cells (CD31+ cells) or
fibroblast (Figure 4.1B). These results suggest cell-specific downregulation of circ-cdrlas

after MI, particularly in macrophages and cardiomyocytes.
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Figure 4.1. Circular RNA cdrlas expression in sham and MI hearts. (A) qRT-qPCR of circ-
cdrlas expression at different time points in post-MI hearts compared to sham, normalized
to 18S. N=3-4/group. (One-way ANOVA). (B) gqRT-PCR analysis of circ-cdrlas expression
in 3D post-MI left ventricular (LV) tissue including isolated macrophages (M®) (Aria
sorted for F4/80+ cells), cardiomyocytes (CM), endothelial cells (EC) (CD31+ cells), and
fibroblast (FB) cells isolated from 3D post-MI tissue compared to sham controls,
normalized to 18S. (Two-sided unpaired t-test). N-4=5/group. Data are mean £ SEM. NS,
non-significant, *p<0.05, ** p<0.01. M®, macrophages; CM, cardiomyocytes; EC,
endothelial cells; FB, fibroblast.

4.3.2 Ex Vivo Overexpression of circ-cdrlas in Bone Marrow Derived Macrophages
Retain their M2 Macrophage Phenotype when Injected in Post-MI Hearts

We utilized C57BL/6-Tg (UBC-GFP)30Scha/]J with a C57BL/6 background to
isolate GFP+ BMDMs to track macrophages in the myocardium after injection. The
isolated macrophages were infected with AAV?2 control and AAV2 circ-cdrlas vector and

5x10° cells were injected in the MI border zone immediately after the induction of ML
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Macrophages polarized to M2 phenotype were used as additional control. We performed
FACS analysis of the percentage of GFP+ cells in mice 5 days post-MI (Figure 4.2A, B).
The percent of GFP+ cells between AAV2 vehicle M®, anti-inflammatory M2 M®, and
AAV?2 circ-cdrlas M® were similar (Figure 4.2B). We further investigated the percentage
of GFP/CD206+ cells and GFP+CD206+ cells/gram of tissue in the border zone/infarcted
region of these groups and found that anti-inflammatory M2 M® and AAV2 circ-cdrlas
M® had a significant percentage of cells that were GFP/CD206+ (Figure 4.2C). We then
examined the ratio of Ly6c+ (pro-inflammatory macrophage marker) or CD206+ (anti-
inflammatory macrophage marker) cells. Anti-inflammatory M2 M® and AAV2 circ-
cdrlas M® groups had the highest percentage of CD206+ cells compared to Ly6c+ cells
(Figure 4.2D). We then validated our FACS analysis with immunohistochemistry staining
for GFP and CD206 at 5 days post-MI. Anti-inflammatory M2 M® and AAV2 circ-cdrlas
M® groups had the highest GFP/CD206+ cells. Additionally, we also stained with CD45
(leukocyte marker) and CD163 (anti-inflammatory macrophage marker) and found an
increase in CD163+ cells in M2 M® and AAV?2 circ-cdrlas M® groups compared to saline
and AAV2 vehicle M® groups (Figure 4.2D, F). Taken together, these results demonstrate
that either injection of anti-inflammatory M®s or AAV?2 circ-cdrlas M®s directly into the
injured heart promotes more anti-inflammatory macrophages and that these cells can
maintain an M2-like phenotype in the initial stages of cardiac injury, during which

inflammation is high.
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Figure 4.2. GFP+ circ-cdrlas overexpressing macrophages retain M2-like phenotype in
ischemic heart. (A) FACS gating strategies for Ly6c (M1 marker) and CD206 (M2) marker
with fluorescent minus one (FMOs) controls. (B) FACS analysis of %GFP+ cells in the LV
MI region at 5D post-MI of all groups. (C) FACS analysis of %GFP/CD206+ cells in the
LV MI region at 5D post-MI of all groups (left) and normalized cells/gram (right) for all
groups. (D) FACS analysis of the percentage of CD206 or Ly6C cells found within the LV
MI region 5D post-MI (left) and normalized cells/gram (right) for all groups. (E)
Representative photomicrographs (50um) of GFP (green) and CD206 (red) positive cells
and nuclei DAPI (blue)/40X. (F) Quantification of GFP/CD206+ cells and CD45/CD163+
cells. Data are mean = SEM. N=5/group. NS, non-significant, *p<0.05, ** p<0.01, ***
p<0.001. GFP, green-fluorescent protein; Ly6C, M1 macrophage marker; CD206, M2
macrophage marker; CD45, leukocyte marker; CD163, M2 macrophage marker

4.3.3 Injection of circ-cdrlas Overexpressing BMDMs into the Ischemic Myocardium
Improved LV Function and Reduced Infarct Size.

Reduced levels of circ-cdrlas in the LV 3 days post-MI, in macrophages, and in
cardiomyocytes suggested a possible physiological role for circ-cdrlas in MI
pathophysiology. Therefore, we tested if exogenous delivery of circ-cdrlas overexpressing
or anti-inflammatory macrophages at early stage of cardiac injury could promote an anti-
inflammatory response and thereby, attenuate LV remodeling and dysfunction post-MI.
5x10° AAV2 vehicle or AAV2 circ-cdrlas macrophages were injected intramyocardially in
the border/infarct zone immediately post-left anterior descending artery (LAD) ligation.
We then determined the effect of cell therapy on LV function by echocardiography at 7,21-
, and 28-days post-MI. Percent ejection fraction (EF) and fractional shortening (FS) at
baseline and 7 days were similar in all groups. However, both circ-cdrlas overexpressing
or anti-inflammatory macrophages significantly improved %EF and %FS at 21- and 28-
days post-MI compared to saline and AAV2 M® vehicle (Figure 4.3A). Analysis of the LV
end diastolic or systolic diameter indicated significant improvement with either circ-cdrlas
overexpressing or anti-inflammatory macrophages treatments (Figure 4.3A). We next

assessed infarct size by Masson’s trichrome staining at 28 days post-MI in mice and found
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a significant decrease in infarct size compared to AAV2 vehicle and saline groups (Figure
4.3B). In order to determine the effect of circ-cdrlas macrophages or anti-inflammatory
macrophages on myocardial neovascularization, we stained sections with CD31 and a-
SMA. We found increased capillary density and o-SMA+ arterioles in the border
zone/infarcted area at 28 weeks post-MI in mice that received either circ-cdrlas
macrophages or anti-inflammatory macrophages compared to mice that received AAV2
vehicle macrophages or saline (Figure 4.3C).

4.3.4 Administration of AAV'Y circ-cdrlas by Tail Vein Injection Enhanced Cardiac circ-
cdrlas Expression After Injury.

Upon examining circ-cdrlas expression at different time points and identifying a
downregulation in expression in both macrophages and cardiomyocytes 3 days post MI,
we examined if cardiac overexpression of circ-cdrlas would improve cardiac function and
remodeling. We utilized AAV9 vector, which has a higher tropism for cardiomyocytes, to
deliver circ-cdrlas by intravenous injection. We injected 1x10''vp/mL by tail vein and
examined the expression of circ-cdrlas in the LV tissue 14 days after tail vein injection and
found a significant increase in the cardiac expression of circ-cdrlas. We then verified
increased circ-cdrlas expression at 5- and 28-days post-MI by RT-qPCR (Figure 4.4A).
Although AAV9 has a higher tropism for cardiomyocytes and highest expression of circ-
cdrlas was found in the cardiomyocytes, since circ-cdrlas expression is driven by a CMV
promoter, we also observed increased expression of circ-cdrlas in macrophages,
endothelial cells, and fibroblast at 5 days post-MI, although to a lesser extent than
cardiomyocytes (Figure 4.4B). We further validated cardiomyocyte tropism of AAV9 by
intravenous injections of control AA9-GFP vector and verifying the expression of GFP in

cardiomyocytes by immunohistochemistry (Figure 4.4C).
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Figure 4.3. Circ-cdrlas overexpressing macrophages injected into the myocardium
improved cardiac function and reduced infarct size 28 days post-MI in mice. (A) GFP+
circ-cdrlas overexpressing macrophages improved LV function (% ejection fraction, %
fractional shortening, LVEDD (mm), and LVESD (mm)) measured by echocardiography.
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Representative Masson’s Trichrome stained heart sections in sham, saline, AAV2 M®
vehicle, anti-inflammatory M®, and AAV2 circ-cdrlas M® at 28 days post-ML
Quantification of infarct size at 28D days post-MI in each group. N=sham, N=7-10 (all
other groups). (C) Representative images of capillary density in the border zone/infarcted
area of the left ventricle at 28D post-MI. Capillaries were stained with CD31+ (green),
arterioles stained with aSMA (red), and nuclei were stained with DAPI (blue). Capillary
density was quantified as the number of CD31+ capillaries/20X. N=6/group. One-way
ANOVA. Data are mean = SEM. NS, non-significant, *p<0.05, ** p<0.01, *** p<0.001.
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Figure 4.4. Validation of circ-cdrlas overexpression in the heart after tail vein injection.
(A) gRT-PCR analysis of circ-cdrlas expression in AAV9 -GFP or AAVO circ-cdrlas
treated mice 14 days after tail vein injection and 5 days and 28 days after myocardial
infarction, normalized to 18S. N=3-4/group. (B) qRT-qPCR analysis of circ-cdrlas
expression in cardiac cells, cardiomyocytes, macrophages (Aria sorted F4/80+ cells),
endothelial cells (CD31+), and fibroblast), isolated from LV-tissue 5 days post MI from
AAV9-GFPor AAV9 circcdrlas treated mice, normalized to 18S. N= 4-5/group. Unpaired
t-test. Data are mean + SEM. NS, non-significant, *p<0.05, ** p<0.01, *** p<0.001. (C)
Representative images of GFP (green)/Troponin T (red) positive cells in border zone area
in mice treated with AAV9-GFP.
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4.3.5 Administration of AAV9 circ-cdrlas Attenuates LV Dysfunction and Reduces
Infarct Size Post-MI.

Administration of AAV9 circ-cdrlas significantly improved cardiac LV functions
examined by echocardiography. The percent EF and FS were similar at baseline for AAV9-
GFP and AAVO circ-cdrlas groups. There was a significant improvement in %EF and %FS
for the AAV9 circ-cdrlas group at 21- and 28-days post-MI compared to the AAV9 vehicle
group. Additionally, the LV end diastolic and systolic diameters indicated significant
restoration of LV dimension at 28 days with AAV9 circ-cdrlas treatment (Figure 4.5A).
We next examined the percentage of infarcted area between these groups by Masson’s
trichrome staining at 28 days post-MI and found a significant reduction in the infracted
area compared to the AAV9-GFPgroup (Figure 4.5B). We also found a significant increase
in myocardial neovascularization reflected by increased capillary density and a-SMA+
arterioles in the border zone and infarcted areas at 28 days post-MI in mice treated with
AAVO circ-cdrlas compared to AAV9-GFP (Figure 4.5C). To determine if cardiomyocyte
size (cardiomyocyte hypertrophy) was affected by AAVO circ-cdrlas treatment at 28 days
post-MI, we stained with WGA and quantified the area/cell. We found no significant
change in cardiomyocyte size in mice treated with AAVO circ-cdrlas or AAV9-GFP (Figure

4.5D).
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Figure 4.5. AAV9 circ-cdrlas tail vein injection improves cardiac function and reduces
infarcted area in mice. (A) AAV9 circ-cdrlas significantly improved heart function (%

ejection fraction, % fractional shortening, LVEDD (mm), and LVESD (mm)) measured by
echocardiography compared to AAV9-GFP. N=7/group. (B) Representative images
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(100pum) of capillary density measured in infarcted area and border zone area at 28 days
post MI. Capillaries were stained with CD31 (green), arterioles stained with aSMA (red),
and nuclei with DAPI (blue). Capillaries were quantified as the number of CD31+
cells/20X. N=7/group. (C) Representative images of Masson’s Trichrome stained heart
sections in AAV9 vehicle and AAV9 circ-cdrlas groups at 28 days post-MI and quantitative
analysis of infarct size. N=7/group. (D) Representative images of WGA (50um) staining
indicating cardiomyocyte hypertrophy and quantification of the area/cell 40X. N=4/group.
Unpaired t-test. Data are mean + SEM. NS, non-significant, NS, non-significant, *p<0.05,
** p<0.01, *** p<0.001.

4.3.6 Cardiac Overexpression of circ-cdrlas Reduces Cardiomyocyte Apoptosis and
Increases Anti-Inflammatory Macrophages 5 days Post-M1

Anti-inflammatory macrophages exhibit a pro-regenerative phenotype and secrete
high levels of anti-inflammatory cytokines including IL-10 and growth factors such as
vascular endothelial growth factor VEGF and myeloid-derived growth factor known to be
cardioprotective (17,19). Therefore, we assessed the role of circ-cdrlas on apoptosis of
cardiomyocytes 5 days post-MI by TUNEL assay. We found a decrease in the percentage
of cardiomyocyte apoptosis in mice treated with AAV9 circ-cdrlas compared to AAV9-
GFP vehicle (Figure 4.6A). Interestingly, we found that treatment with AAV9 circ-cdrlas
increased the number of anti-inflammatory macrophages present at the site of injury,
indicated by increase in CD163 and CD206 positive cells 5 days post-MI (Figure 4.6B, C).
We further validated these results by FACS analysis investigating the percentage of pro-
(Ly6c) or anti-inflammatory (CD206) macrophages. We found that AAVO9 circ-cdrlas
treatment increased the ratio of CD206+ cells in the LV tissue compared to AAV9 vehicle

at 5 days post-MI (Figure 4.6D).
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Figure 4.6. Cardiac overexpression of circ-cdrlas reduces cardiomyocyte cell death
enhances anti-inflammatory macrophages 5 days post-MI. (A) Representative
photomicrographs (50um) of TUNEL (red)/Troponin T (green)staining in AAV9-GFP and
AAV9 -circ-cdrlas treated mice and quantification of TUNEL/Troponin T + cells
represented as the percent of TUNEL/Troponin T + cells and DAPI-stained nuclei/40X.
N=6/group. (B) Representative photomicrographs (50um) of CD163 (green) and CD45
(red) positive cells and quantification of CD163+ cells/40X. N=5/group (C) Representative
photomicrographs (50um) of CD68 (green) and CD206 (red) positive cells and
quantification of CD206+ cells/40X. N=5/group. (D) FACS analysis of Ly6ct+ (M1 M®
marker) and CD206 (M2 M® marker) cells isolated from LV tissue 5 days post-MI and
normalized cells/gram (right) for all groups. N=3-5/group. NS, non-significant, NS, non-
significant, *p<0.05, ** p<0.01, *** p<0.001. GFP, green-fluorescent protein; Ly6C, M1
macrophage marker; CD206, M2 macrophage marker; CD45, leukocyte marker; CD163,
M2 macrophage marker.
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4.3.7 Circular RNA cdrlas Modulates miR-7 Expression in Injured Hearts and BMDMs

Published literature including in silico analysis in our most recent paper identified
miRNA-7 as a circ-cdrlas target based on Arraystar’s miRNA target prediction software
utilizing TargetScan and miRanda (40,51,106,181,200,202,210). Circ-cdrlas is suggested
to act as miR-7 sponge. Therefore, we investigated the expression of miR-7b-3p in the LV
tissue, cardiomyocytes, and macrophages at 3 days post-MI. We identified a significant
upregulation of miR-7b-3p in the LV tissue and cardiomyocytes (Figure 4.7A). Based on
these results, we performed a pull-down assay with probes specifically designed to target
the circ-cdrlas backsplicing junction covalently attached to the surface of magnetic
particles. Using RAW264.7 macrophage cells polarized to pro- or anti-inflammatory
phenotype, circ-cdrlas pulldown assays confirmed direct binding to miRNA-7b-3p (Figure
4.7B). To determine if miR-7b-3p plays a role in BMDM polarization, we treated BMDMs
with antagonist of miR-7 or miR-7 mimic or their respective controls (Figure 4. 7C). FACS
analysis demonstrated that treatment of miR-7 mimics increased percentage of pro-
inflammatory marker CD86 and reduction in anti-inflammatory marker CD206 in naive,
pro-, or anti- inflammatory macrophages (Figure 4.7 D, E). Meanwhile treatment with anti-
miR-7 had the oppositive effect (Figure 4.7 D, E). Transcriptional levels of anti-
inflammatory lineage markers (Arg-1 and CD206) were upregulated, and transcriptional
levels of pro-inflammatory markers (Ly6C and INOS) were downregulated in BMDMs
treated with anti-miR-7. Meanwhile, treatment with miR-7 indicated the opposite effect
(Figure 4.7F). These findings suggest that circ-cdrlas plays a role in regulating miR-7 that

results in changes to polarization of macrophage phenotype.
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Figure 4.7. Reciprocal relationship between miR-7 and circ-cdrlas in injured hearts and
macrophages. (A) qRT-qPCR of miR-7b-3p expression in 3D post-MI left ventricular (LV)
tissue including isolated macrophages (M®) (Aria sorted for F4/80+ cells), cardiomyocytes
(CM) compared to sham controls, normalized to miR-24. (Two-sided unpaired t-test). N=3-
4/group. (B) Level of circ-cdrlas after pull-down and miR-7b-3p assessed by RT-qPCR in
RAW 264.7 cells unpolarized or polarized with LPS or anti-inflammatory cytokines. (Two-
sided unpaired t-test). N= 3/group. (C) Validation of miR-7b-3p expression or inhibition
by miR mimic or anti-miR, respectively. N=2. FACS analysis of (D) F4/80/CD86 + cells
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(pro-inflammatory M® marker) or (E) F4/80/CD206+ cells (anti-inflammatory M®
marker) in naive, pro-inflammatory, and anti-inflammatory macrophages treated with miR-
7 mimic or anti-miR and their respective controls. N=4/group (One way ANOVA) (F) qRT-
qPCR analysis of transcriptional changes of macrophage markers in naive, pro-
inflammatory, and anti-inflammatory macrophages treated with miR-7 mimic or anti-miR
and their respective controls, normalized to 18S. N=3/group. (Unpaired t-test) Data are
mean £ SEM. NS, non-significant, *p<0.05, ** p<0.01, *** p<0.001. M®, macrophages;
CM, cardiomyocytes; pro-inflammatory markers: Ly6C, lymphocyte antigen 6 family
member C1; INOS, inducible nitric oxide synthase; anti-inflammatory markers: CD206;
Arg-1, arginase 1.

4.3.8 MicroRNA-7 target KLF4 is Upregulated in BMDMs Treated with Anti-miR-7

Recent evidence has shown that a target of miRNA-7 is Kruppel-like factor 4
(KLF4), and miR-7 deficiency plays a role in macrophage phenotype in an acute lung injury
model. KLF4 is associated with inflammatory responses and was indicated to be
upregulated when miR-7 was inhibited (225). Thus, to explore the possible connection
between miR-7 and KLF4 in macrophages, we assessed the comparative expression levels
of KLF4 in the heart three days after myocardial infarction, in BMDM:s subjected to circ-
cdrlas or shRNA circ-cdrlas treatment, and in BMDMs treated with anti-miR-7 or miR-7
mimic. We observed downregulation of KLF4 that we also observed with circ-cdrlas in
LV tissue 3 days post-MI (Figure 4.8A). Naive, pro-, and anti-inflammatory macrophages
had an upregulation of KLF4 expression when BDMDs were overexpressed with circ-
cdrlas and a downregulation when circ-cdrlas was knocked down (Figure 4.8B). We saw
the opposite relationship with miR-7 and KLF4. KLF4 expression was upregulated in
Naive, pro-, and anti-inflammatory macrophages when miR-7 was inhibited and a
downregulation when BMDMs were treated with miR-7 mimic (Figure 4.8C). Collectively,
our data indicates that circ-cdrlas modulates miR-7 to prevent interaction with KLF4 to

alter macrophage phenotype.
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Figure 4.8. Changes in expression of miR-7b-3p target KI. F4 in the heart 3D post-MI and
in BMDMs. (A) qRT-qPCR of KLF4 expression in 3D post-MI left ventricular (LV) tissue
compared to sham, normalized to 18S. N= 3/group. (Unpaired T-test) (B) Changes in KLF4
expression in naive, pro-inflammatory, and anti-inflammatory macrophages
overexpressing circ-cdrlas cells or in cells with knockdown of circ-cdrlas, normalized to
18S. N= 3/group. (One-way ANOVA) (C) Changes in KLF4 expression in naive, pro-
inflammatory, and anti-inflammatory macrophages treated with miR-7 mimic or anti-mir-
7, normalized to miR-24. N=3/group. (One-way ANOVA) Data are mean = SEM. NS, non-
significant, *p<0.05, ** p<0.01, *** p<0.001.

4.4 Discussion

Macrophages are key cellular elements of chronic inflammatory responses
associated with cardiovascular disease and cancer (4,11,186,226). Blood derived and tissue
resident macrophages exhibit both a pro-inflammatory (M1) and anti-inflammatory (M2)
phenotypes, essential for removing injured tissue and facilitating repair. Sustained
activation of pro-inflammatory macrophages increases adverse remodeling of cardiac
tissue that ultimately leads to deterioration of cardiac function and heart failure (9-11).
However, the molecular mechanism underlying functional polarization of macrophages

into M1 or M2 phenotypes has yet to be fully understood.
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Increasing studies have demonstrated that ncRNAs involvement in modulating
macrophage polarization. Most studies have focused on the role of miRNAs and INCRNAs
in shaping macrophage polarization and plasticity (227-230). Reportedly, miR-16 may be
involved in repolarization of M1 macrophages by regulation of the tumor
microenvironment through reduction of IL-16 and TGFf (230). Additionally, miR-511-3p
could promote macrophage polarization to an M2 phenotype by inhibiting its direct targets
(PTGDS, ROCK2, and LTBP1) in lung macrophages (229). Another study investigated
IncRNAs expression profiles in human monocyte-derived macrophages (MDMs) polarized
to either an M1 or M2 phenotype and found that LncRNA-TCONS_00019715 promotes
macrophages polarization to M1 phenotype (228).

Circular RNAs (circRNAs) are a novel class of non-coding RNAs (ncRNAs).
CircRNAs are abundant in the eukaryotic transcriptome and are differentially expressed in
cardiovascular disease, cancer, and inflammatory diseases (52,178,231,232). A few studies
have demonstrated the potential role of circular RNAs in macrophage polarization
(40,46,163,233). Reportedly, circRNA-RNF19B expression in M1 macrophages was
significantly higher than that in M2 macrophages. Interestingly, expression increased when
M2 macrophages were polarized to an M1 phenotype. Knockdown of circRNF19B
following M1 activation downregulated expression of M1 macrophages markers and
elevated the expression of M2 macrophages markers (233). Another study found that
circular antisense non-coding RNA in the INK4 locus (circANRIL) confers
atheroprotection by regulating ribosomal biogenesis in macrophages. CircANRIL binds to
pescadillo homologue 1 (PES1), an essential 60S-preribosomal assembly factor to prevent

exonuclease-mediated pre-rRNA processing and ribosome biogenesis (46).
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Additionally, we previously reported for the first time the role of circ-cdrlas in
modulation of macrophage phenotype and overexpression of circ-cdrlas promotes
phenotypic switching to an anti-inflammatory phenotype in BMDMs (40). However, the
role of circ-cdrlas in modulation of macrophage function during cardiac injury has yet to
be established.

In acute MI, circ-cdrlas was demonstrated to increase cardiac infarct size and
apoptosis 24 hours after cardiac injury by LAD ligation. Further in vitro studies on mouse
cardiac myocyte cell line supported circ-cdrlas as pro-apoptotic by preventing the
inhibition of pro-apoptotic targets of miR-7, poly ADP ribose polymerase (PARP) and
member of the SP/KLF family of transcription factors SP1(51). Although this study did
reveal for the first time a possible role of circ-cdrlas/miR-7 in cardiomyocytes during acute
M1, it is important to note that these observations were limited to the first initial 24 hours
of cardiac injury. Another study between circ-cdrlas and post-MI cardiac function in pigs
demonstrated a negative correlation between circ-cdrlas and infarct size. They observed a
downregulation of circ-cdrlas 7 days post-MI (234). These findings support an integral
role of circ-cdrlas in cardiac dysfunction. However, further comprehensive studies are
needed to elucidate the role of circ-cdrlas in myocardial infarction.

The CDRL1 (cerebellar degeneration related 1) gene is associated with cerebellar
degeneration, Alzheimer’s diseases, and hepatocellular carcinoma. The CDR1 gene is in
the X chromosome and is highly conserved between humans and mice. The CDRL1 protein
is elevated in leukocytes in Alzheimer’s patients (235). Circ-cdrlas is a closed circular
RNA formed from the antisense transcript of the CDR1 gene and our previous work

indicated that expression levels of circular form of circ-cdrlas were changed during
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macrophage polarization without an effect to the linear transcript (40). Therefore, we
focused on the role of circRNA cdrlas in the modulation of the inflammatory response
during cardiac injury. In the current study, we demonstrate that circ-cdrlas is significantly
repressed post-MI in mice and particularly in cardiomyocytes and macrophages. We show
that exogenous delivery of circ-cdrlas plays a role in modulating the inflammatory
response and cardiomyocyte apoptosis at the initial stages of cardiac injury and attenuating
LV dysfunction in the later stages of MI in mice.

Bioinformatic analysis of the functional role of circ-cdrlas in cancer suggests that
this circRNA plays a role in immune and stromal cell infiltration within the tumor tissue.
Tissues with high circ-CDR1as expression had a higher ratio of anti-inflammatory
macrophages and circ-CDR1as expression was negatively correlated with CD8" T cells.
Additionally, circ-CDR1as may also regulate the TGF-B signaling pathway and ECM-
receptor interaction to serve as a mediator in reshaping the tumor microenvironment (181).

We observed that injection of macrophages overexpressing circ-cdrlas and anti-
inflammatory M®s maintained their anti-inflammatory phenotype in inflammatory
conditions following cardiac injury. Myocardial injection of circ-cdrlas M®s and anti-
inflammatory M®s enhance angiogenesis, reduce infarct size, and attenuate LV
dysfunction after MI. However, maintenance of improved cardiac function beyond 28 days
remains unknown. Furthermore, a timeline of how long these macrophages maintain their
phenotype post injury needs to be explored. Our second in vivo approach indicated that
delivery of circ-cdrlas by tail vein injection increased the percentage of anti-inflammatory
M®s at the site of injury. Anti-inflammatory M®s secrete high levels of anti-inflammatory

cytokines and growth factors including VEGF, known to promote angiogenesis (4,197).
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Anti-inflammatory M®s can also produce myeloid-derived growth factor know to protect
cardiomyocytes from cell death (19). Anti-inflammatory M®s can secrete TGFB1 leading
to upregulation of a-SMA to aid in fibroblast differentiation and facilitate tissue repair (23).
We observed that overexpression of circ-cdrlas by tail vein injection prior to Ml attenuated
LV dysfunction, reduced infarct size, enhanced angiogenesis, reduced cardiomyocyte
apoptosis, and increased the percentage of anti-inflammatory macrophages. This could be
the result of direct overexpression in cardiac cells or cross talk between cardiac cells to aid
in the cardioprotective effects of circ-cdrlas. Notably, cardiomyocytes are known to
release factors that promote phenotypic switching in macrophages, differentiation in
fibroblast, and stimulate angiogenesis (4,236,237). However, more research is needed to
understand the relationship between them.

The most established function of circRNAs located in the cytoplasm is acting as
MIiRNAs sponges (49,102-104). Therefore, we investigated the potential relationship
between circ-cdrlas and miRNAs and identified miR-7 as a target. Previous work has
shown circ-cdrlas has over 70 binding sites and their interaction is highly conserved
between species (83,106,181). In a diabetic mouse model, circ-cdrlas overexpression
improved insulin secretion in pancreatic islet cells by inhibition of miR-7 (106). Functional
studies on zebrafish demonstrated that overexpression of circ-cdrlas induced development
defects in the midbrain through miR-7 dysregulation (104). Recent studies demonstrated
that miR-7 is a key regulator of the immune response influencing T cell activation,
macrophage function, and dendritic cell maturation in inflammation-related diseases (238-
242). In a recent study, expression of miR-7 was significantly increased in bone marrow-

derived macrophages activated by LPS through the TLR4 signaling pathway (240).
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However, the role of miR-7 in modulation of the inflammatory response in cardiovascular
disease is largely unexplored. In this study, we identify the reciprocal relationship between
circ-cdrlas and miR-7 at 3 days post-MI and in naive, pro-, and anti-inflammatory
macrophages. We observed miR-7 is upregulated in the LV tissue, cardiomyocytes, and
macrophages 3 days post-MI, during which circ-cdrlas is downregulated. We also
identified that treatment with miR-7 mimic in BMDMs stimulated these cells to
phenotypically switch to a more pro-inflammatory phenotype; meanwhile, treatment with
anti-miR-7 has the opposite effect. We recognize that miR-7 may not be the only target of
circ-cdrlas and thus we cannot attribute changes in macrophage polarization solely to
targeting of miR-7.

Furthermore, we identified KLF4 as a miR-7 target previously known to play a
role in acute lung injury. KLF4 is an evolutionarily conserved zinc finger-containing
transcription factor that regulates cell growth, proliferation, and differentiation (243) Of
note, miR-7 deficiency and KLF4 upregulation were associated with changes in immune
cell composition and increase proportion of MHC anti-inflammatory macrophages in an
acute lung injury model. Studies have previously reported that KLF4 is a critical regulator
in LPS-induced inflammatory response (244), could potentially regulate the transduction
of NF-«xB pathway (245), and may acts as a transcriptional regulator to upregulate TGFp1
and IL-10 (246,247). This study reports that KLF4 is downregulated in LV tissue 3 days
post-MI. Overexpression of circ-cdrlas results in miR-7 inhibition leading to upregulation
of KLF4 in naive, pro-, and anti-inflammatory macrophages. Furthermore, modulation of
circ-cdrlas levels in our study reveals a crucial role of circ-cdrlas/miR-7/KLF4 in cardiac

injury and macrophage phenotype.
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4.5 Conclusion

In summary, our findings highlight circ-cdrlas to be involved in the regulation of
macrophage phenotype during cardiac injury and overexpression of circ-cdrlas resulted in
cardioprotective effects by reducing cardiomyocyte apoptosis, enhancing angiogenesis,
limiting infarct size, increasing percentage of anti-inflammatory macrophages, and overall
preserving post-MI cardiac function. We suggest this occurs by circ-cdrlas modulation of
miR-7 to prevent the inhibition of KLF4 (Figure 4.9). Therefore, circ-cdrlas may

potentially be a therapeutic for the resolution of inflammation after cardiac injury.

miRNA target
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miRNA
Sponge

Pro-inflammatory M1

50 miRNA target
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Anti-inflammatory M2

Figure 4.9. Graphical Summary.
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CHAPTER 5
CONCLUDING REMARKS AND SIGNIFICANCE

The research described within this dissertation is aimed to 1) determine the specific
role of circular RNA cdrlas in phenotypic modulation in macrophages, 2) determine
whether functional regulation of circ-cdrlas plays a role in macrophage function after
cardiac injury and repair, and 3) identify the possible molecular mechanism by which circ-
cdrlas regulates macrophage phenotype. Although there have been advancements in
treatment for cardiovascular disease, the prognosis remains poor. Macrophages are vital
immune cells in the inflammatory response and are key cellular elements in chronic
inflammatory diseases such as CVD and cancer. The challenges with immunomodulation
during cardiac injury include increased risk of prolonging cardiac inflammation and
impaired tissue remodeling. Therefore, an alternative strategy that could circumvent these
challenges could be to alter macrophage phenotype to an anti-inflammatory phenotype in
the initial stages of cardiac injury to modulate the inflammatory response and to promote
cardiac repair at an earlier time point and prevent further cell death.

In recent years, non-coding RNAs have been implicated in cardiovascular disease,
cancer, and inflammation. Our study focused on a newer family of non-coding RNAs,
circular RNAs, due to their resistance to exonuclease degradation, capability to regulate
gene expression by modulation miRNA activity, conservation between species, and
differential expression in cardiovascular and immune-related diseases. Therefore,
comprehensive characterization of circRNA and functional examination in macrophages
of different phenotypes may aid in the identification of circRNAs involved in macrophage

polarization and provide specific targets for the modulation of macrophage phenotype.
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There are several significant findings from our investigation. First, we performed
circular RNA expression profiling to identify circular RNAs that are differentially
expressed in naive, pro-, and anti-inflammatory macrophages. This led us to identify circ-
cdrlas as the most upregulated circRNA in anti-inflammatory macrophages. Functional
studies demonstrated that overexpression of circ-cdrlas promotes a shift to an anti-
inflammatory phenotype in unpolarized and pro-inflammatory phenotype polarized
macrophages. Based on circRNA profiling we also identified differentially expressed
circular RNAs between pro- and anti-inflammatory macrophages associated with gene
interaction networks involved in cell death and activation of master inflammatory
regulators like NF-xB, INFa, and IL-10. Although, we did not comprehensively investigate
whether circ-cdrlas plays a role in cell death or activation of inflammatory regulators, we
did observe an increase in transcription of anti-inflammatory cytokines IL-10 and TGFf.
In the future, investigating if circ-cdrlas is involved in these processes will provide a more
detailed characterization of how circ-cdrlas modulates macrophage function. It should also
be noted that there could be other circular RNA not investigated in this study that could be
involved in macrophage polarization.

Given the relevance of circRNAs in cardiovascular disease and our IPA disease
enrichment analysis of the circRNAs, we further investigated whether circ-cdrlas could
modulate macrophage function during cardiac injury and potentially regulate post-injury
cardiac inflammation. Our studies investigated circular cdrlas in the regulation of
macrophage function in vivo using a myocardial infarction mouse model. We first
identified circ-cdrlas expression in the LV tissue 3 days post MI and found a

downregulation of circ-cdrlas in the MI region, cardiomyocytes, and macrophages. And
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so, for our first approach, we overexpressed circ-cdrlas in macrophages and injected these
macrophages into the myocardium at time of MI. Using this cell based therapeutic
approach, we observed that macrophages retained their anti-inflammatory M2 like
phenotype in the initial stages of MI, during which inflammation is high, but also
attenuated LV dysfunction in the later stages of MI. Our next approach focused on
overexpression of circ-cdrlas by tail vein injection primarily targeting cardiomyocytes by
utilizing AAV9. Interestingly, we observed increase percentage of anti-inflammatory
macrophages at site of injury and a reduction of cardiomyocyte cell death in the initial
stages of MI. We also observed attenuation of LV dysfunction, decrease of infarct size, and
increase in angiogenesis. These observations could be a result of anti-inflammatory
macrophages secreting high levels of anti-inflammatory cytokines and growth factors
known to promote angiogenesis, fibroblast differentiation, prevent cardiomyocyte cell
death, and promote cardiac remodeling. Additionally, cardiomyocytes are also able to
secrete factors that promote phenotypic switching in macrophages, differentiation in
fibroblast, and stimulate angiogenesis. Overall, the interplay between cardiac cells and
upregulation of circ-cdrlas needs to be further investigated. Future studies may include
investigating if overexpression of circ-cdrlas in cardiomyocytes affect polarization of
macrophages, how circ-cdrlas affects cell death in macrophages and cardiomyocytes, and
determining the factors secreted by either cardiomyocytes or macrophages when they
overexpress circ-cdrlas.

Lastly, we investigated the potential mechanism of circ-cdrlas as a miRNA sponge
for miR-7 and its target KLF4. We identified a reciprocal relationship between circ-cdrlas

and miR-7 at 3 days post-MI and in naive, pro-, and anti-inflammatory macrophages.
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We observed a downregulation of circ-cdrlas, upregulation of miR-7 and downregulation
KLF4 in LV tissue, cardiomyocytes, and macrophages 3 days post-MI during. We observed
the same trend in naive, pro-, and anti-inflammatory macrophages. We identified treatment
with miR-7 mimic in BMDMs stimulated these macrophages to favor a pro-inflammatory
phenotype and inhibition of miR-7 favored an anti-inflammatory phenotype. Interestingly,
we observed that overexpression of circ-cdrlas, downregulated miR-7, and upregulated
miR-7 target KLF4. Meanwhile, knockdown of circ-cdrlas has the opposite effect. We
recognize that miR-7 may not be the only target of circ-cdrlas and thus we cannot attribute
changes in macrophage polarization solely to targeting of miR-7. Although this study
indicates the crucial role of circ-cdrlas/miR-7/KLF4 in cardiac injury and macrophage
phenotype, further research is needed in how modulation of circ-cdrlas in conjunction with
modulation of miR-7 modulate macrophage phenotype.

Overall, these studies shed light on the regulatory roles of circRNAs, particularly
circ-cdrlas, in modulating macrophage phenotype and function, overexpression of circ-
cdrlas may be cardioprotective by reducing cardiomyocyte apoptosis, enhancing
angiogenesis, limiting infarct size, increasing percentage of anti-inflammatory
macrophages, and overall preserving post-MI cardiac function. Therefore, utilizing circular
RNAs as a potential therapeutic target may offer potential avenues for therapeutic

intervention in inflammatory diseases.
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