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RNAs are versatile molecules that are primarily involved in
gene regulation and can thus be widely used to advance the
fields of therapeutics and diagnostics. In particular, circular
RNAs which are highly stable, have emerged as strong
candidates for use on next-generation therapeutic platforms.
Endogenous circular RNAs control gene regulatory networks
by interacting with other biomolecules or through translation
into polypeptides. Circular RNAs exhibit cell-type specific
expression patterns, which can be altered in tissues and body
fluids depending on pathophysiological conditions. Circular
RNAs that are aberrantly expressed in diseases can function
as biomarkers or therapeutic targets. Moreover, exogenous
circular RNAs synthesized in vitro can be introduced into
cells as therapeutic molecules to modulate gene expression
networks in vivo. Depending on the purpose, synthetic
circular RNA sequences can either be identical to endogenous
circular RNA sequences or artificially designed. In this
review, we introduce the life cycle and known functions of
intracellular circular RNAs, The current stage of endogenous
circular RNAs as biomarkers and therapeutic targets is also
described. Finally, approaches and considerations that
are important for applying the available knowledge on
endogenous circular RNAs to design exogenous circular RNAs
for therapeutic purposes are presented.
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INTRODUCTION

RNAs regulate diverse biological processes in addition to par-
ticipating in translation. For several decades, novel regulatory
RNAs and their biological roles have been identified (Morris
and Mattick, 2014), and the new functions of previously
known RNAs, such as fragmented tRNAs, have been revealed
(Gebetsberger and Polacek, 2013; Kumar et al., 2014; Morris
and Mattick, 2014). Identifying novel regulatory RNAs and
understanding their mechanisms of action have expanded
our RNA metabolism-related knowledge regardless of the
RNAs' coding potentials. RNAs have been investigated from
multiple perspectives; for example, their use as potential ther-
apeutic molecules has been explored, and they have been
targeted for their potential treatment benefits. Antisense
oligonucleotide (ASQO), which modulates RNA splicing and
stability, is an exemplary therapeutic molecule that regulates
endogenous RNAs (Stephenson and Zamecnik, 1978). Intro-
ducing small interfering RNAs (siRNAs) synthesized outside
of cells is another approach to suppressing the expression of
endogenous genes. Exogenous siRNAs cleave target RNAs
inside cells and control gene expression. Exogenous mRNAs
can also be introduced to increase the levels of endogenous
proteins or to express foreign proteins in cells.

RNA therapeutics have recently undergone a historical tran-
sition since the U.S. Food and Drug Administration urgently
approved mRNA vaccines, enabling a quick response to the
coronavirus disease 2019 (COVID-19) pandemic (Hodgson,
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2020; Jung and Shin, 2021; Lee and Oh, 2021; Park et al.,
2021). The knowledge accumulated in the field of RNA biol-
ogy was applied when developing COVID-19 mRNA vaccines
(Pardi et al., 2018). N1-methylpseudouridine (m1¥) was
incorporated into mMRNAs to reduce the likelihood of undesir-
able immune responses (Nelson et al., 2020), and the 5" and
3’ untranslated region sequences were modified to increase
the mRNA stability and translational efficiency (Nelson et
al., 2020; Orlandini von Niessen et al., 2019). Although the
results of these experiments were successful, some aspects
remain to be improved. Because a decrease in the number
of neutralizing antibodies over time is unstoppable in RNA-
based vaccine systems, studies to find new platforms that
can produce higher amounts of proteins and maintain the
levels of RNAs introduced into the body are underway (Qu et
al., 2022). Circular RNAs have been attracting attention as a
next-generation vaccine platform to improve both the immu-
nological and economical efficiencies of vaccines.

Circular RNAs are closed forms of single-stranded RNAs
in which the 5" and 3’ ends are connected with covalent
bonds. The absence of both ends protects circular RNAs
from exonucleases and results in increased RNA stability. The
average half-life of circular RNAs is longer than that of lin-
ear mRNA isoforms in mammalian cells (Jeck and Sharpless,
2014). Thus, using a highly stable circular RNA is beneficial
for its application as a biomarker or therapeutic molecule. In
this review, we discuss the current therapeutic approaches
of circular RNAs in two main categories—the utilization of
endogenous circular RNAs and the application of exogenous
circular RNAs synthesized in vitro.

INTRACELLULAR CIRCULAR RNAs AS BIOMARKERS
AND THERAPEUTIC TARGETS

Most endogenous circular RNAs are produced through
pre-mRNA back-splicing, whereas some categories of circular
RNAs are produced from exon-containing lariats and intronic
lariats that escape debranching (Salzman et al., 2012; Zhang
et al,, 2013) (Fig. 1A). Back-splicing junctions (BSJs) have
been characterized as a key feature in distinguishing circular
RNAs from linear RNAs. Besides the identification of BSJs, the
development of RNA sequencing and computational analysis
technologies has enabled the discovery of huge numbers of
novel circular RNAs (Chen et al., 2021). Circular RNAs show
cell-type specific expression patterns that change with vari-
ations in pathological conditions (Bachmayr-Heyda et al,,
2015; Zhang et al., 2018c). Such changes in circular RNA
expression patterns highlight the existence of several other
ways to develop unconventional biomarkers to diagnose var-
jous disease states. Currently, circular RNA-based therapies
are actively being developed; for instance, methods to mod-
ulate the circular RNA expression levels may be invented to
reverse disease states.

Biogenesis of circular RNAs

Back-splicing can occur when the upstream splicing accep-
tor site and downstream splicing donor site in a pre-mRNA
become physically close. The proximal distancing of the
back-splicing sites is regulated by cis- and trans-acting ele-
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ments; intronic complementary sequences (ICSs) pairing on
flanking introns, and RNA binding proteins (RBPs), respec-
tively. ICSs, which are mainly composed of Alu repeats (Jeck
et al., 2013), and RBPs (e.g., MBL, QK1, and FUS), facilitate
the back-splicing process (Ashwal-Fluss et al., 2014; Conn et
al., 2015; Errichelli et al., 2017; Jeck et al., 2013). However,
other RBPs, such as ADAR and DHX9, impede circular RNA
production by destabilizing ICSs (Aktas et al., 2017; lvanov et
al., 2015).

The factors determining the initiation of non-canonical
back-splicing rather than canonical linear splicing remain
largely unknown. Yet, clues as to which factors promote the
production of circular RNAs were obtained by analyzing the
structural characteristics of the host genes from which highly
expressed circular RNAs originated; genes containing long
introns between exons and actively transcribed genes were
found to frequently generate circular RNAs (Cocquerelle et
al., 1992; Kristensen et al., 2018). Moreover, although the
causality between circular RNA expression levels and cellular
stress is unknown, it has been reported that the process of
circular RNA biogenesis increases when cells are under stress
caused by DNA damage, oxidation, and heat shock (Lee et
al., 2022). Accordingly, elucidating the molecular mecha-
nisms that increase circular RNA levels under stress conditions
should enhance our understanding of the link between circu-
lar RNAs and diseases.

Biological roles of circular RNAs

While most circular RNAs are localized in the cytoplasm, sub-
sets of circular RNAs are localized in the nucleus (Zhang et al.,
2019). Nuclear circular RNAs interact with RNA polymerase |l
and certain transcription factors to regulate gene expression
at the transcriptional level (Guarnerio et al., 2019; Li et al.,
2015; Zhang et al.,, 2013), whereas some other nuclear cir-
cular RNAs affect RNA export and splicing by binding RBPs or
forming R-loops with the host gene (Conn et al., 2017; Mao
etal., 2021; Xu et al., 2020) (Fig. 1B).

The first identified biological role of circular RNAs was that
of a microRNA sponge (Hansen et al., 2013; Memczak et al.,
2013). A circular RNA localized in the cytoplasm can seques-
ter a specific microRNA and relieve target mRNAs from the
microRNA. Currently, additional roles of cytoplasmic circular
RNAs, such as protein sponges (Abdelmohsen et al., 2017;
Huang et al., 2020) and scaffolds (Zeng et al., 2017), which
suppress and facilitate protein functions, respectively, have
been reported. Furthermore, in some cases, circular RNAs
function as translational templates for producing polypep-
tides (Legnini et al., 2017; Lei et al., 2020). Polypeptides
translated from circular RNAs modulate the biological roles
of other intact proteins (Liang et al., 2019; Yang et al., 2018;
Zhang et al., 2018a; 2018b; Zheng et al., 2019) (Fig. 1C).

Applications as biomarkers

Circular RNAs are great biomarker candidates. All tissues in
the human body express circular RNAs; the expression pro-
files change depending on the context. During pathogenesis,
altered circular RNA expression patterns reflect disease states.
The lesions of patients with various types of cancers, neuro-
logical diseases, retinal diseases, and diabetes all have been
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Fig. 1. The life cycle of circular RNA. (A) Circular RNA biogenes
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is. Circular RNAs are produced through pre-mRNA back-splicing or by-

products of splicing lariats. Back-splicing is facilitated by complementary sequences present in the flanking introns or trans-acting RBPs
(RNA binding proteins). (B) Biological roles of nuclear circular RNAs. Circular RNAs can remain in the nucleus and function as gene
expression regulators. Nuclear circular RNAs affect splicing by interacting with RNA polymerase Il or forming R-loops with genomic
DNA. Moreover, nuclear circular RNAs can modulate RNA export. (C) Biological roles of cytoplasmic circular RNAs. Most of the well-
known functions of circular RNAs are cytoplasmic (e.g., miRNA sponge, protein sponge, protein scaffold, and template for protein
production). Moreover, circular RNAs can be packaged into exosomes and circulated throughout the body as a body fluid. (D) Circular
RNA degradation. The known mechanisms accelerating circular RNA degradation have been illustrated.

shown to have significant changes in circular RNA expression
(Hanineva et al., 2022; Lei et al., 2020; Li et al., 2021; Sakshi
etal, 2021; Sun et al., 2020). For example, circ_0044234, a
circular RNA that was found to be significantly downregulat-
ed in triple-negative breast cancer (TNBC) compared to other

breast cancer types was suggested to be a promising bio-
marker for the diagnosis of TNBC (Darbeheshti et al., 2021).
Circular RNAs can also be detected in various body fluids
such as cerebrospinal fluid (CSF), blood, urine, and saliva (Lai
et al., 2022; Zhang et al., 2021b). Abundant levels of circu-
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lar RNAs are expressed in the CSF, although these are less
diverse than those in the blood (Wang et al., 2022); by con-
trast, much more diverse and higher levels of circular RNAs
are expressed in the blood than in urine or saliva (Bahn et al.,
2015; Hutchins et al., 2021; Koh et al., 2014). Circular RNAs
may also be secreted into body fluids through exosomes—
one of the extracellular vesicles (Oh et al., 2022; Wang et al.,
2019). Changes in the type or composition of circular RNAs
in exosomes can be representative of the pathophysiological
states of some organs.

Liquid biopsies for circular RNA detection have enormous
value as diagnostic and prognostic tools as they are more
accessible than tissue biopsies (Lener et al., 2015). A recent
study described a group of altered circular RNAs in serum
from patients with gastric cancer, supporting the reliability of
circular RNAs in body fluids as biomarkers (Roy et al., 2022);
the expression of eight circular RNAs was increased in pa-
tients, but the expression of seven of the eight circular RNAs
returned to normal after surgery. Using circular RNAs from
liquid biopsies as biomarkers may be very useful, particularly
for the diagnosis and prognosis of central nervous system
diseases. Blood, rather than CSF, may be used for diagnosing
brain diseases because a large percentage of blood circular
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RNAs overlap those present in the cerebral cortex; moreover,
blood biopsies are less invasive than CSF biopsies (Memczak
etal, 2015).

Efforts have been made to find human disease-associated
circular RNAs that can be used as biomarkers. The disease-as-
sociated circular RNAs identified and analyzed thus far have
been uploaded to several databases (Chen et al., 2021; Fan
et al., 2021). By accessing the information available in open
databases, we can hope for the development of early diag-
nostic methods and effective treatments for human diseases.

Approaches to regulating circular RNAs as therapeutic
targets

Circular RNAs differentially expressed in certain diseases
may be used to modulate and reverse pathologic condi-
tions. Many techniques have been developed to adjust the
expression of disease-associated circular RNAs. Clustered
regularly interspaced short palindromic repeats (CRISPR) and
siRNA systems have been applied to reduce the circular RNAs
expression levels (Fig. 2A). The initial step of circular RNA
biogenesis can be blocked through CRISPR-Cas9-mediated
ICS removal from the genome (Zhang et al., 2016). Alterna-
tively, circular RNAs can be degraded through RNA cleavage

Excessive circular RNA knockdown

Highly purified
circular RNAs

Fig. 2. Therapeutic approaches using circular RNA. (A) Circular RNAs as therapeutic targets. ICS removal using the CRISPR-Cas9 system
at the biogenesis stage and circular RNA knockdown using shRNA, CRISPR-Cas13, and ASO were examined for the downregulation of
circular RNAs. (B) Circular RNAs as a therapeutic tool. Highly purified in vitro synthetic circular RNAs can be delivered to cells to function
as sponges and play roles in alternative splicing regulation, exogenous protein expression, and microRNA suppression.
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using siRNAs (including small hairpin RNAs or shRNAs) or
CRISPR-Cas13d (Jiang et al., 2020; Zhang et al., 2021a). Se-
quences targeted by siRNA or CRISPR-Cas13d should span
the BSJs to exclude off-target linear RNA cleavage. siRNAs
are practically advantageous for target cleavage as they em-
ploy endogenous protein machinery. To cut target RNAs us-
ing the CRISPR-Cas13d system, Cas13d in the form of either
protein or mRNA has to be delivered along with guide RNAs.
Despite these delivery issues, CRISPR-Cas13d is advantageous
compared with siRNA, owing to its reduced off-target effects
on a partial complementary sequence (Zhang et al., 2021a).
Besides the RNA interference and CRISPR systems, ASOs such
as GapmeR have been suggested as a method to deplete nu-
clear circular RNA levels (Santer et al., 2019). By contrast, to
increase the expression levels of downregulated circular RNAs
in cells, vectors expressing circular RNAs (Hu et al., 2021;
Wang et al., 2018) or synthetic circular RNAs can be delivered
into cells. If the molecular mechanisms underlying circular
RNA biogenesis are elucidated in further detail, CRISPR sys-
tems and ASOs may also be utilized to increase endogenous
circular RNA expression levels.

SYNTHETIC CIRCULAR RNAs AS THERAPEUTIC
MOLECULES

Circular RNAs can be used as gene-delivery platforms for
disease prevention or treatment. Circular RNAs, which lack
ends, have great advantages in terms of stability and can help
resolve critical issues in the developmental processes of RNA-
based therapeutic molecules. When circular RNAs synthe-
sized in vitro are introduced into cells, compared with circular
RNAs expressed through DNA plasmids, synthetic circular
RNAs may not be sustained at high levels in cells. However,
compared with plasmid DNAs expressing circular RNAs, it is
safer to deliver synthetic circular RNAs into cells because DNA
may be integrated into the host genome. Moreover, synthetic
circular RNAs can be used to express exogenous proteins or
regulate endogenous gene networks (Fig. 2B).

Synthesis of circular RNA in vitro

Circularization is the most important step of in vitro circular
RNA synthesis. Three different methods have been developed
to connect both ends of linear RNAs. First, by adding con-
densation reagents, a phosphodiester bond can be formed
between the 5"-phosphate and 3’-hydroxyl groups of a lin-
ear RNA (Dolinnaya et al., 1991). However, the production
of by-products, i.e., 2", 5'- phosphodiester linkages from the
same condensation reaction, is unavoidable. Next, enzymatic
ligation using DNA/RNA ligases can circularize linear RNAs.
Oligonucleotides with complementary sequences spanning
the 5" and 3" ends of linear RNAs work as splints to physically
bring each end of a linear RNA into proximity; ligases can
covalently connect both ends (Abe et al., 2018). A caveat of
this approach is the possibility of concatemer generation, re-
ducing the overall circular RNA yield. Finally, ribozymes can be
conveniently used to generate circular RNAs. Linear RNAs can
circularize and form circular RNAs if the sequences required
for self-splicing are introduced to the linear forms. However,
to produce intact circular RNAs with the desired sequences
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but without any partial ribozyme sequences originating from
other organisms, sequences in a linear RNA need to be used
as exonic ribozyme sequences. Through linear RNA sequence
permutations, nucleotide sequences functioning as ribo-
zyme exons in circularization can be identified (Rausch et al.,
2021).

Protein expression

Circular RNA-based protein expression has been attempted
to extend the retention time of protein-expressing RNAs in
the body. Protein expression using circular RNAs has been
examined in vaccine development, and the results have been
remarkable. The same amounts of circular RNAs and linear
MRNAs were assessed, and circular RNAs were found to pro-
duce more antigens than linear mRNAs (Wesselhoeft et al.,
2018). Circular RNAs showed immunogenicity comparable
to that of m1¥-modified linear RNAs, which have a higher
protein translatability than unmodified linear RNAs (Qu et al.,
2022). The results indicated that modified nucleotides are
unnecessary in circular RNAs and that lesser amounts of cir-
cular RNAs than linear RNAs are needed to achieve the same
level of protein expression. Furthermore, circular RNAs were
found to be durable at room temperature, making the supply
of circular RNA-based therapeutic molecules convenient and
easy to handle.

To generate proteins, circular RNAs lacking a 5 cap struc-
ture need to recruit translational machinery using other
systems. The internal ribosome entry site (IRES) is the most
representative structure that can be used for cap-indepen-
dent translation. A recent study that performed extensive
IRES screening identified the most effective functional IRES in
circular RNAs (Chen et al., 2022); briefly, human rhinovirus-B
IRES was reported to yield the highest level of translation
products from circular RNAs. Besides facilitating protein pro-
duction over a long period, the incorporation of aptamers or
chemical modifications to circular RNAs can promote the re-
cruitment of translation initiation factors to IRES (Chen et al.,
2022; Tusup et al., 2018).

Noncoding elements regulating cellular gene expression
networks
Circular RNAs with engineered sequences have been used to
regulate microRNAs and proteins (Jost et al., 2018; Lavenniah
et al., 2020; Schreiner et al., 2020) (Fig. 2B). Heterogeneous
nuclear ribonucleoprotein L (hnRNPL), which is involved in
splicing, can be sequestered by artificial circular RNAs (Sch-
reiner et al., 2020). The splicing patterns were altered when
artificial circular RNAs, which function as a hnRNPL sponge,
were introduced into cells. Apart from regulating proteins,
injecting circular RNAs engineered to function as microRNA
sponges for miR-132 and miR-212 into a mouse model of
transverse aortic constriction, as well as injecting circular
RNAs having twelve miR-29b binding sites into a mouse
model of muscle atrophy, resulted in pathological symptom
improvement (Lavenniah et al., 2020; Liet al., 2022).
Circular RNAs synthesized in vitro can be introduced into
cells to modulate the endogenous circular RNA-centric gene
regulatory network. In conditions where the equilibrium
between circular RNAs and other interacting molecules is dis-
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rupted, circular RNAs mimicking endogenous circular RNAs
can be delivered into cells. Nevertheless, further investigations
are needed to identify the cellular functions and intermolecu-
lar interactions of endogenous circular RNAs.

Considerations

To achieve long-lasting effects of circular RNA-based thera-
peutics, features that may accelerate circular RNA decay must
be avoided during circular RNAs design (Fig. 1D). Comple-
mentary sequences that perfectly match those of microRNAs
recruit AGO2; such sequences should be excluded to prevent
circular RNA cleavages. Because highly structured RNAs pref-
erentially bind G3BP1, which contains endonuclease activity,
highly structured sequences in circular RNAs are not condu-
cive to circular RNA stability. The association between RNAs
and G3BP1 consequently degrades structured RNAs (Fischer
et al., 2020). Moreover, whether the m®A modification helps
increase the circular RNA stability remains unclear. The m°A
modification helps exogenous circular RNAs be recognized
as “self,” reducing the chances of RNA degradation caused by
immune responses (Chen et al,, 2019). By contrast, another
report showed that the m®A modification facilitates circular
RNA degradation by recruiting RNase P through YTHDF2, an
m°PA reader protein (Park et al., 2019). Given these opposing
arguments, a substantial amount of attention is needed to
progress the field of circular RNA biology.

Another important point concerning persistent synthetic
circular RNA expression is purity (Fig. 2). By-products of circu-
lar RNAs could stimulate innate immune responses, thereby
activating RNase L, which can induce global circular RNA
decay. RNase R, a 3’-5" exoribonuclease, has been used for
circular RNA purification. However, only isolating circular
RNAs was incomplete despite efforts to maximize the enzy-
matic activities of RNase R (Xiao and Wilusz, 2019). Nowa-
days, size-exclusion high-performance liquid chromatography
together with RNase R treatment is being used to obtain
high-purity circular RNAs. High-purity circular RNAs leading to
less innate immune responses provide additional benefits to
the uses of circular RNAs encoding proteins, thereby guaran-
teeing higher translation efficiency (Wesselhoeft et al., 2018).

CONCLUSION AND FUTURE PROSPECTS

Circular RNAs in and out of cells are multifunctional mole-
cules that can be used as biomarkers, therapeutic targets,
and therapeutic molecules. Although efforts have been made
to understand how circular RNAs are generated and act upon
production, the majority of reports are observations, and
studies to understand the detailed mechanism are lacking. To
use circular RNAs for clinical purposes, additional fundamen-
tal knowledge on the molecular mechanisms of circular RNA
biogenesis and decay, cell-type specific circular RNA expres-
sion profiles in a given condition, and subcellular localization
of circular RNAs need to be revealed in further detail.
Regarding circular RNA biogenesis, different angles of basic
research may reveal currently unknown cis- and trans-acting
elements and factors, inducing back-splicing of the preferred
host genes. Moreover, different types of cellular stress, other
than previously discovered types of damage, may be un-
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veiled. From another perspective, besides acting as a protein
and microRNA sponge, pathological conditions altering the
expression levels of novel circular RNAs in diverse common or
rare diseases could open a new field of study, thus advancing
the diagnosis and treatment of hard-to-treat and incurable
human diseases.
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