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ABSTRACT

Circular RNA (circRNA) forms closed loops via back-splicing in precursor mRNA, resisting exonuclease
degradation. In higher eukaryotes, protein-coding genes create circRNAs through exon back-splicing.
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Unlike mRNAs, circRNAs possess unique production and structural traits, bestowing distinct cellular

functions and biomedical potential. In this review, we explore the pivotal roles of viral circRNAs and
associated RNA in various biological processes. Analysing the interactions between viral circRNA and
host cellular machinery yields fresh insights into antiviral immunity, catalysing the development of
potential therapeutics. Furthermore, circRNAs serve as enduring biomarkers in viral diseases due to their
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stable translation within specific tissues. Additionally, a deeper understanding of translational circRNA
could expedite the establishment of circRNA-based expression platforms, meeting the rising demand for
broad-spectrum viral vaccines. We also highlight the applications of circular RNA in biomarker studies as
well as circRNA-based therapeutics. Prospectively, we expect a technological revolution in combating

viral infections using circRNA.

1 Introduction to circRNAs: structure, biogenesis,
known functions, and translation

Merely 5% of the human transcriptome undergoes translation [1],
while most cellular RNA transcripts, such as circular RNAs
(circRNAs), microRNAs, small nuclear RNA (snRNA), piwi-
interacting RNA (piRNA), small nucleolar RNA (snoRNA) and
long-noncoding RNAs (IncRNAs), are designated as noncoding
RNAs (ncRNAs) and are believed to be hardly translated [2].
CircRNA is a unique subtype of ncRNA that contains covalently
closed loops, but without 3’ and 5 terminals [3,4], generated
through back-splicing or head-to-tail splicing [5-7]. Thus, the
‘back splicing junctions’ (BS]) of circular RNAs can exclusively
distinguish it from linear RNAs [8]. Their unconventional struc-
ture makes them resistant to most ribonucleases, except for RNase
A, RNase T1, and RNase T2 [9,10]. CircRNAs are found in cells
from a broad range of species, including humans, with a more
enriched content in specific cell or tissue types due to their longer
biological half-life [11]. CircRNAs not only function as post-
transcriptional regulators but also act as miRNA sponges, repress
viral gene expression, or function as protein decoys [12].

Since their initial identification in plant viral RNA patho-
gens, circRNAs have been repeatedly observed in life-cycles of
many viruses, including both RNA and DNA viruses, regard-
less they are single-stranded or double-stranded [13]. This
discovery has drawn elevated attention in various epidemics

and pandemics. Some virus genomes even encode entire
circRNA sequences, allowing for the production of large
amounts of circRNAs. However, unlike the linear viral
RNAs, circRNAs lose their replicative and infectious abilities
as a result of the reverse splicing process that leads to the
circularization of viral genes [14,15]. Most viral circRNAs
have been found in tumour-associated viruses, such as
Epstein - Barr virus (EBV), Kaposi’s sarcoma herpesvirus
(KSHV), and papillomaviruses (HPVs), indicating their
potential roles in tumorigenesis [16-18]. Additionally, the
research on viral circRNA has also explored biological func-
tions and significances [19-21]. Currently, there are two hot-
spots in viral circRNA research that are being closely watched,
including 1) the identification of disclosing latent circRNAs as
potential therapeutic targets [22-24] 2) the use of tumour
viruses-associated circular RNAs as long-lived tumour
biomarkers.

Typical circRNAs in cells lack open reading frames, rendering
them untranslated. Moreover, circRNAs are typically not trans-
lated due to the absence of the 5 cap and 3’ poly(A) tail. In
eukaryotes, the 5" cap of m7GpppN (m7G) and 3’ poly(A) tail of
mRNA are considered essential for protein synthesis. In most
instances, transcripts that correspond to products with less than
100 amino acids are also neglected [25]. However, some mature
exonic circRNAs in the cytoplasm are still capable of recruiting
the translational machinery to produce unique peptides [11,26].
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The identification of translatable circRNAs is based on high-
throughput technology, RNA sequencing (RNA-seq), polysome
profiling, and a panel of circRNA-specific bioinformatics algo-
rithms [27-30]. As biological circRNAs lack a functional m’G cap,
the translation initiation of circular RNA relies on the presence
of other elements such as the internal ribosome entry site (IRES)
[27,31-33] and m®A-IRES (m°A-Internal Ribosome Entry Site,
MIRES) [34]. Otherwise, circRNAs can also be translated via the
rolling circle amplification (RCA) mechanism [30]. A better
understanding of noncanonical circRNA-derived proteins
could facilitate the construction of effective and reliable expres-
sion platforms for the development of circRNA-based viral
vaccines, providing alternative therapeutic tools in viral
epidemics.

In this review, we provide an overview, as well as the recent
progresses, of circRNAs in the viral life cycle, with a specific
focus on virus-associated circRNAs. We highlight the latest
findings on the regulatory functions of circRNA in viral
infections, including their potentials as long-lived biomarkers
for viral diseases. Additionally, we discuss the translation
regulatory mechanism of the noncanonical circRNA-derived
proteins and their implications in viral replication and host-
virus interactions. Finally, we explore the potential applica-
tions of circRNA as therapeutic tools for the treatment of viral
infections.

2 CircRNAs in viral infections: biogenesis,
immunogenicity and functions

2.1 The biogenesis of circRNA in vivo

CircRNAs are widespread in living organisms, spanning pro-
karyotes, eukaryotes, and viruses, and are believed to contri-
bute to natural evolution. Unlike linear RNAs, which are
hindered from circularization due to 5 end caps and/or 3’
end poly(A) tails, circRNAs are generally considered to be
more structurally stable. Given their increased stability,
circRNAs are suspected to function as the genetic information
storage molecule in viroids and virus-like particles [35].

The mechanisms behind the biogenesis of circular RNAs
remain unclear, although two models have been proposed and
widely accepted to explain their formation of circRNA and
had been reviewed otherwhere [36,37] (Figure 1A,B). These
circRNA biogenesis models include the direct back-splicing
model and the lariat intermediate model [38,39]. Back-
splicing is a unique form of splicing that differs from cano-
nical splicing. Canonical splicing involves joining exons at an
upstream 5 splice site with a downstream 3’ splice site,
releasing the lariat intron. Whereas back-splicing joins
a downstream 5’ splice site with an upstream 3’ splice site in
reverse order across exon(s) to generate circular RNAs
(Figure 1A). In the lariat intermediate model, canonical spli-
cing produces a lariat intermediate containing skipped exons,
which is then back-spliced to generate a circRNA consisting
of the exons that were originally skipped (Figure 1B).
A circRNA can also be generated from an exon-skipped lariat
or from an intron lariat that escapes debranching
(Figure 1C) [40].

Many ‘tans’ and ‘cis’ factors regulate circRNA biogenesis.
Complementary Alu repeats adjacent to circularized exons
facilitate circRNA formation [41]. DExH-Box Helicase 9
(DHX9), a reverse Alu helicase, has been shown to guide the
circRNA formation by binding to reverse Alu elements
(IRAlu) [42]. In addition to analysing and forecasting
circRNA formation mechanisms, IRAlu has become
a practical tool for identifying and characterizing circRNAs
in biological systems [38]. Circular RNA biogenesis is influ-
enced by various proteins, including nuclear factor 90 and 110
(NF90/NF110) [43], heterogeneous nuclear ribonucleoprotein
L (HNRNPL) [44], splicing factor muscleblind (MBL) [41],
RNA-binding protein quaking I (QKI) [45], and others
[39,46-49].

2.2 RNA circularization strategies in vitro

Increasing interest in the growing number of identified cir-
cular RNA species in vivo has led to researchers attempting to
establish in vitro circularization modes of RNA molecules
[50]. Generally, two approaches are now commonly used for
in vitro synthesis of circRNA, T4 enzymatic ligation and
modified group I intron self-splicing. As a preparation step,
the primary linear RNA needs to be synthesized before circu-
larization using in vitro transcription (IVT). The T4 enzy-
matic ligation approach uses bacteriophage T4 RNA ligase 1
(T4 Rnl 1) or RNA ligase 2 (T4 Rnl 2) to catalyse ligation
reactions [35]. To enable the enzymatic reactions, a linear
RNA precursor with a 3-OH and a 5> monophosphate present
at the acceptor site and donor site, respectively, is required
[51] along with a short DNA or RNA oligonucleotide (com-
plementary to the acceptor and donor site) to splint the RNA.
The activated 5-terminus of the RNA precursor is then sus-
ceptible to T4 RNA ligase mediated nucleophilic attack,
resulting in a covalent 5°,3’-phosphodiester bond that circu-
larizes the RNA (Figure 1D). The group I intron self-splicing
approach, also known as permuted introns and exons (PIE)
[52-54], utilizes self-splicing of group I introns to ligate RNA
by two transesterifications at defined splice sites with GTP
and Mg®" as cofactors. Circular permutation of the group
I intron precursor RNA disrupts the half-intron sequences
with coupled exons [53,55], yielding a circular RNA exon
in vitro. In the first transesterification, the free 3’-OH in
GTP attacks the acceptor splice site in the 5’-half intron,
releasing the 3’-terminal sequence. In the second transester-
ification, the newly generated 3’-splice site in exon 1 with
a free 3°-OH attacks the acceptor splice site in the 3’-half
intron and finally cyclizes exons 1 and 2. In practice, to
study the function of a gene of interest, it can be inserted
between exons 1 and 2 (Figure 1E). Group II introns consti-
tute a nucleic acid catalytic self-splicing system similar to
Group I introns. The process begins with the attack of the
2’-OH from the 5 splice site, followed by the free 3-OH
attacking the acceptor splice site in the 3’-half intron. The
excised Group II intron is connected through 2’-5’phospho-
diester bonds, and the circularized exon is connected through
3’-5" phosphodiester bonds, ultimately forming a complete
circRNA molecule (Figure 1F). CircRNAs produced by
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Figure 1. In vivo and in vitro generation of circRnas.

A. Canonical splicing and back-splicing both refer to distinct processes that a precursor mRNA (pre-mRNA) can undergo. Canonical splicing results in the production
of a linear mRNA, while back-splicing leads to the formation of a circRNA and an alternatively spliced linear mRNA variant lacking specific exons. This occurs through
a unique process, where the 5 splice site (5’ ss, donor site) joins with a 3’ splice site (3’ ss, acceptor site) in a ‘head-to-tail'’ manner.

B. In the lariat intermediate model, canonical splicing first produces a linear RNA without introns, and a long intron lariat containing the skipped exons. This lariat
then undergoes back-splicing, forming a circular RNA.

C. In the Intronic circRNA model, after an intron lariat forms, it can take one of two paths: rapid degradation if stable consensus RNA sequences are absent, or the
creation of a circular intronic RNA (ciRNA) when these consensus sequences are present and prevent debranching.

D. T4 RNA ligase facilitates the formation of a covalent 5',3'-phosphodiester bond by promoting a nucleophilic attack, where the 3'-OH terminus reacts with the
activated 5'-terminus. The splint, whether composed of cDNA or RNA, serves as a bridge, assisting in aligning and stabilizing the reactive ends.

E. Group I Intron Self-Splicing System: Attachment of a free guanosine (G-OH) to the half intron initiates transesterification at the 5" splice site of exon 1. A second
transesterification at the 3’ splice site using the freed hydroxyl group at the 3’ end of the intermediate leads to circularization of the inserted sequence and the
release of two intron tails.

F. Group Il Intron Self-Splicing System: Involves joining the 5" splice site at the end of an exon to the 3' splice site at the beginning of the same exon. All exon
sequences are substitutable for group Il intron catalysed inverse splicing, enabling more accurate linear RNA precursor ligation.
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Group II introns enable the full replacement of the original
exonic sequence, distinguishing them from Group I introns
(Figure 1E,F).

The synthesis of circular RNA is achieved both in cells and
in tubes using the PIE method [56], which offers broader
application compared to enzymatic ligation. Unlike enzymatic
ligation, the PIE method is capable of cyclizing larger linear
RNA precursors, and its reaction conditions and purification
methods are superior. Therefore, the PIE method is currently
the most widely used approach for RNA circulation
[53,57,58].

2.3 The production and function of viral-derived
circRNAs

CircRNAs are found in diverse viral families such as herpes-
viruses, coronaviruses and orthohepadnavirus. Among all
circRNAs encoded viruses, circRNAs from Epstein-Barr
Virus (EBV) are most intensively investigated (Table 1).
Recently, high-throughput sequencing of RNA libraries (ribo-
somal RNA- and linear RNA-depleted) have revealed
a repertoire of circRNAs in EBV and Kaposi’s sarcoma her-
pesvirus (KSHV)-infected cells [22,68]. Besides EBV and
KSHV [21,68,69], other DNA viruses, such as HPV16 [70],
hepatitis B virus (HBV) [71] and Marek’s Disease Virus
(MDV) [72] also encode circular RNA. Recently, an RNA-
sequencing study of viral infection revealed thousands of
circRNAs in the life-threatening coronaviruses MERS-CoV,
SARS-CoV-1 and SARS-CoV-2 [73]. In Grass carp reovirus
(GCRYV) infected kidney cell, more than 30 specific circRNAs
were identified and confirmed to engage in the viral prolifera-
tion [74]. Two RNA virus-derived circRNA, circALTO1 and
circALTO2, were detected in the Merkel Cell Polyomavirus
(MCPyV) infected cells and patients’ tissues [75] (Table 1).
Functionally, viral-derived circRNAs regulate viral gene

to viral pathogenesis [76]. One comprehensively analysed
example of viral-derived circRNAs is the spectrum of circular
RNAs encoded by the latency and lysis cycles of EBV as well
as spanned cell lines in different latency states [22]. EBV
encodes more than 30 unique viral circRNAs [22,68]. EBV-
circrpmsl, circlmp2, and EBV-circbhlfl have been associated
with EBV-associated cancer [23,77]. Two EBV-encoded
circRNAs, circRPMSI1 and ebv-circLMP2A, are often over-
expressed in cells and tissues infected with EBV, and both of
them further play a pivotal role in the development and
maintenance of cancer stem cell properties [77].
Understanding the biogenesis and functions of circRNAs in
viral infections provides valuable insights into the intricate
interplay between viruses and hosts.

2.4 The immunogenicity of viral-derived circRNAs

Given the prevalence of circRNAs in viral genomes, it is
not surprising that mammalians possess innate immunity to
distinguish viral circRNAs from self-produced ones. For
example, circRNAs from KSHV and hepatitis delta virus
(HDV) were targeted by the host immune system [69]. The
ability of the host to identify and react to viral circRNAs
could contribute to the host’s immune response to combat
viral infections. In mammalian cells, the retinoic acid-
inducible gene-I (RIG-I) mediates the recognition of exo-
genous circRNAs, while endogenous circRNAs modified
with m°A to recognize non-self circRNAs. These specific
molecular characteristics or modifications play a crucial
role in identifying circRNAs that are not derived from the
host organism [78]. RIG-I, belonging to the pattern recog-
nition receptors (PRRs) of the host, is essential in innate
immunity. It recognizes signals from pathogen-associated
molecular patterns (PAMPs) of viruses and induces non-
specific reactions against viral infection [59]. RIG-I distin-

expression, modulate host immune responses, and contribute guishes endogenous from exogenous circRNAs by
Table 1. The production and function of viral-derived circRNAs.
Ribosome
Virus circRNA Methods binding Cellular location Function and mechanism Reference(s)
EBV circEBNA_U, circRNAome IRES Cytoplasm and Fundamental processes during latent  [27]
circRPMS1_E4_E3a nucleus infection
EBV CircBART_1, RNA sequencing ND Cytoplasm and Tumor virus pathogenesis [59]
circBART_2 nucleus

EBV circrpms1 RNA sequencing ND Cytoplasm and EBV-associated gastric carcinoma and  [28,60]
n nucleus RNA-protein interactions

EBV circlmp2 RNA sequencing ND Cytoplasm and Inducing and maintaining stemness [22]
nucleus

EBV circbhlf1 circRNAome ND Nucleus Encoded 200 amino acid peptide [27]

KSHV circvIRF4, circPAN/K7.3 - Biochemistry methods ND Cytoplasm, nucleus  Incorporation into KSHV virions [26]

KSHV circviRF4, circPAN/K7.3  RNA sequencing ND Cytoplasm, nucleus  Tumor virus pathogenesis [59]
and polysome

KSHV Kcirc54, Kcirc55, Microarrays ND ND ND [61]

Kcirc97,

HPV16 circe7 RNA sequencing ND Cytoplasm Tumor virus pathogenesis [62]

HBV HBV_circ_1 Sanger sequencing ND Cytoplasm Stimulating tumour growth [63]

MDV 289 MDV circRNAs inverse PCRs and existing ND ND ND [64]

RNA sequencing data
MERS-CoV, 3437 circRNAs RNA sequencing ND ND ND [65]
SARS-CoV
-1/2
GCRV-873 32 GCRV-derived CircRNA-sequencing ND ND Interaction with miRNAs [66]
circRNAs
MCPyV CircALTO1, circALTO2  RNA sequencing ND Cytoplasm Enhancing transcription of host genes [67]

Abbreviations: EBV, Epstein-Barr virus; KSHV, Kaposi sarcoma-associated herpesvirus; ND, not determined.



discriminating the self-intronic regions from the non-self
regions. This distinction is facilitated by the association of
endogenous spliceosomes with exogenous RNAs, which is
enabled by RNA binding proteins (RBPs). The inability of
exogenous circRNAs to bind to host RBPs is speculated to
trigger RIG-I-mediated innate immune responses [60].
The m®A RNA modification on circRNA is also implicated
in differentiating host and exogenous circRNAs [55,78].
The m°A reader protein binds to the m°A modified sites
on the host circRNA, preventing the activation of innate
immunity [61]. However, the transcribed viral circRNAs
within infected cells exploit the host cell machinery, evad-
ing detection as foreign circRNAs due to the presence of
the same nucleotide modification patterns
(e.g. m®A modification) [62,63].

2.5 Roles of host derived circRNAs in viral infections

Analysis of RNA-seq data obtained from cells infected with
diverse viruses revealed changes in host circRNAs in
response to viral infection [64]. Several studies have
demonstrated possible functions played by host circRNAs
to counteract viral infections [65-67]. Upon de novo KSHV
infection, has_circ_0001400 expression was found to result
in the reduction of KSHV LANA-1 and RTA transcripts
significantly, without blocking viral entry into cells. These
findings suggest hsa_circ_0001400 may act as an antiviral
factor [79].

CircRNAs that are normally found in host cells can be
co-opted by viruses to enhance viral replication and patho-
genesis. For instance, CircGATAD2A was found to play
a role in promoting HINI1 influenza virus (IAV) virus
replication, as evidenced by increased viral titre and nucleo-
capsid protein (NP) levels in overexpressing cells [80].
Additionally, the cellular content of circGATAD2A was
upregulated upon HIN1 IAV infection. Furthermore,
a negative regulation of vacuolar sorting protein 34
(VPS34)-dependent autophagy by circGATAD2A was
exhibited in this work, which was accomplished by inhibit-
ing autophagy-related protein light-chain 3-II (LC3-II) for-
mation and increasing the level of p62. VPS34-dependent
autophagy is known to be essential for the removal of
intracellular viruses. In hepatitis C virus (HCV), Chen
et al. (2020) observed proviral activities of host circRNAs
in HCV-infected cells [81]. The expression of circular RNA
circPSD3, which is encoded by the Pleckstrin and Sec7 gene,
was upregulated during HCV infection. This resulted in the
inhibition of the cellular nonsense-mediated decay (NMD)
pathway, which serves as a broad-spectrum antiviral
defence mechanism. Similarly, infection of lung cells with
Middle East respiratory syndrome coronavirus (MERS-
CoV) led to the increased expression of host circRNAs
(e.g. circFNDC3B and circCNOT1) with proviral function
[82]. MERS-CoV viral load was significantly reduced when
knocked down the host-derived circFNDC3B and
circCNOT1 [82].
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3 Therapeutic applications of circRNAs: as
biomarkers, RNA-based therapies, or expression
platform

3.1 The circRNAs as diagnostic markers for viral diseases

Numerous studies investigating on implications of viral-
encoded circRNAs or viral infection-induced host circRNAs
have suggested possibilities for developing new diagnostic and
prognostic tools, as well as new treatments, for virus-
associated diseases (Figure 2). For example, circRNAs have
been reported to be stably detected in human peripheral
whole blood and plasma, indicating their potency in detecting
a variety of diseases [83,84]. The exceptional stability and
specificity of both host and viral circRNAs according to cell
type and developmental stage make them highly promising as
effective diagnostic and prognostic biomarkers for diseases
associated with viruses. Furthermore, the presence of viral
circRNAs in transplanted organs or tissues can be used to
monitor transplant recipients for the development of trans-
plant-related complications [85]. The presence of viral
circRNAs indicates a greater likelihood of virus-related
illnesses.

Viral circRNAs, including those derived from EBV, KSHV,
and HPV, were shown to be detectable in patient samples
[22,23,68]. However, EBV circRNAs have not been compared
to the clinical diagnostic marker EBV-encoded RNA tran-
scripts (EBER) in detecting EBV in tumours with respect to
specificity and sensitivity for now. Constructive information
will be obtained by performing such tests. Similarly, HPV
circE7 can also be compared to the operational HPV DNA
testing for its potency as a diagnostic marker for cervical
cancer screening [86]. Additionally, the concentration of
immune-related circRNAs is a potential marker for antiviral
immunity [87-89]. Albeit the promising clinical perspectives
of circRNAs, the current understanding of them is still rough.
Recent advances in high-throughput techniques have facili-
tated the probing of promising circRNA biomarkers that can
potentially be used to validate respiratory virus diseases [90].
However, compared to established clinical diagnostic methods
for viral diseases, circRNA as a diagnostic marker still has
a long way to go.

3.2 CircRNA-based RNA therapies

The stability of RNA molecules can significantly extend their
potentials in therapeutic applications [57,91-93]. Antisense
circRNAs and oligos targeting the 5’-untranslated region of
SARS-CoV-2 viral mRNAs exhibited greater inhibition effi-
ciency in cell-based virus proliferation compared to linear
modified antisense oligos, attributed to the circRNAS’
enhanced stability [94]. Some circRNAs were shown to target
disease-linked miRNA and were proposed as potential cures.
One example is from HCV, microRNA-122 is essential for
efficient HCV replication [95]. Jost et al. (2018) found that
miR sponge, an artificial circRNA can disrupt the life cycle of
HCV by targeting microRNA-122 [96]. Similar to Miravirsen,
the first anti-microRNA drug that was manifested to decrease
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Figure 2. Perspectives of circRNA nanomedicine.

CircRNA shows promise in various areas including rare disease therapy, CAR-T therapy, vaccine design, antibody expression, cytokine modulation, and diagnostic
marker development. It can serve as a target for diagnostic and prognostic tools, and studies indicate its potential in restoring heart function and therapeutic
interventions. Exploring circRNA’s role in these applications may lead to significant advancements in disease treatment, immunotherapy, vaccine development, and

diagnostic approaches.

HCV titre in patients, miR sponge exhibits the ability to
capture and eliminate microRNA-122 from HCV cells.
Through the utilization of advanced high-throughput RNA
sequencing and cutting-edge bioinformatics tools, a myriad of
circRNAs have been identified across various organisms.
Notably, circMbl and circANRIL act as protein sponges
[12,97], regulating MBL and PES1, respectively. Elevated
MBL levels enhance circMbl biosynthesis, impacting mRNA
splicing. Conversely, circMbl overexpression sequesters MBL
impairing its functionality. CircANRIL disrupts PES1 func-
tion, affecting rRNA processing, linked to atherosclerosis.
circRNAs intricately interact with proteins, uncovering
a complex regulatory network with broad gene expression
implications [12,97]. To develop safe and effective circRNA-
based therapies for virus-related diseases, it is important for

future research to concentrate on identifying circRNA targets
and enhancing patient delivery methods.

3.3 The discovery of translated circRNA

Natural circRNAs were previously thought to be untranslated
for lacking the m’G cap and poly(A) tail until the introduc-
tion of a synthetic circRNA carrying an ORF and IRES of
encephalomyocarditis virus. An approximate 23 kDa protein
was produced from this artificial circRNA, manifesting the
translation potency of IRES-element equipped circRNAs
(Figure 3A) [98]. The single-stranded circular RNA originated
from the genome of the hepatitis delta virus was found to
contain an open reading framework (ORF), a start codon
AUG, and a stop codon, suggesting a chance to be translated
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A. Cap-independent translation of circRNAs mediated by Internal Ribosome Entry Sites (IRES). IRES elements, featuring specialized secondary stem-loop structures
located in the untranslated regions (UTRs) of circRNAs, directly engage and bind ribosomes, instigating translation through the formation of ribosome-IRES
complexes. In circRNA, these recruitment proteins (elF4G, elF4A, elF4B, and elF3) are instrumental in facilitating the translation process. They assist in the initiation
and regulation of protein synthesis, ensuring efficient progression. Specifically, elF4G aids in the formation of the translation initiation complex, elF4A is involved in
unwinding mRNA structures, elF4B enhances elF4A’s unwinding activity, and elF3 coordinates the assembly of the pre-initiation complex. This coordinated action of

recruitment proteins is crucial for effective translation of circRNA.

B. Translation initiation in eukaryotic cells is triggered by the methylation of the sixth nitrogen in adenosine (m®A modification) within the UTR preceding the AUG
triplets of circRNAs. This m°A modification is dynamically regulated through post-transcriptional processes involving ‘writers’ (methyltransferases), ‘erasers’
(demethylases), and ‘readers’ (proteins containing conserved m6A—binding domains). The reader protein YTHDF3, belonging to the YTH domain family,
identifies m®A-circRNAs and recruits translation initiation factors like eukaryotic initiation factor 4 gamma 2 (elF4G2) to initiate the translation of circRNAs.

[99]. Plant viroids and virusoids were also revealed to com-
prise similar translated circular RNAs [100]. Additionally,
covalently closed RNAs from virusoids were also shown to
produce 16 kDa proteins using overlapping initiation-
termination codons (UGAUGA) and in IRES-dependent
manner [101]. The translation potency of circRNAs in
human and Drosophila cells was also proven [102]. Natural
exonic circRNAs containing GFP fragments and IRES-
elements were translated into functional proteins [56]. Apart
from the IRES-dependent translation, an alternative protein
synthesis mechanism termed ‘rolling circle amplification
(RCA)” was found to be utilized by an exonic circRNA that
contains an infinite ORF (iORF) and a start codon AUG
[103,104]. Even without IRES element, 5m’G cap, and 3’
poly(A) tail, this construct still produced a set of unexpected
protein bands in rabbit reticulocyte lysate and human cells.
Altogether, the feasibility of circRNAs to undergo the cap-
independent  translation = has  been  demonstrated.
Correspondingly, one recent study reported the detection of
a large number of circRNA-coded peptides using mass spec-
trometry [105]. Most of the translated peptides were rapidly
degraded after the translation and were present in low
abundance.

Additionally, solid evidence has already been found to
confirm the polysomes involved natural circRNAs translation
process [27,28,34,106]. Using ribosome footprinting (RFP)
datasets, 192 circRNAs were found to be polysome-bound in
rat/mouse tissues and 151 circRNAs were in Drosophila.

Pamudurti et al. (2017) detected a 37.03 kDa protein with
Western blotting and MS analysis at the overexpression of
circMbl3, a circRNA derived from the mbl transcript [28].
Similarly, using a polysome sucrose gradient fractionation
assay, a circ-ZNF609-heavy polysome complex has been
examined in human and mouse tissues. A UTR-directed
mechanism generated an approximately 30 kDa protein
from this ribo-circRNA [27].

MIRES-dependent circRNA translation was also discov-
ered. According to the m°A-RIP assay, numerous circRNAs
possess m°A site density near the start codon and possess an
RRACH (R: G or A; H: A, C or U) consensus motif
of m°A modification. Circular RNA could be translated at
one or two mC°A sites, mainly through the recruitment
of m°A binding proteins, like YTH domain family (YTHDF)
proteins [34]. Human embryonic stem cells were mapped
across their genome for m°A-methylated circular RNAs,
which implies that circRNA translation is dependent on
MIRES [106] (Figure 3B).

3.4 The application of translated circRNA as an
expression platform

As a proof of concept, some circRNAs have demonstrated the
potential for protein translation applications [27,28,107]. In
an innovative study, artificially engineered circRNAs with
IRES were shown to robustly and stably express proteins in
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Table 2. The translational usage of circRNA.

Translated protein from Splicing IRES Homology Clinical
circRNA Circularization strategies efficiency used arms usage Status Reference(s)
Gaussia luciferase PIE splicing 48% CVB3 19 nt ND ND [73]
Gaussia luciferase Permuted Anabaena pre-tRNA group | intron 40% CVB3 25 nt ND ND [89]
splicing
Nano luciferase T4 thymidylate synthase (td) intron splicing ~20% CVB3, ND ND ND 122
HRV
SARS-CoV-2 RBD antigens  Group | intron autocatalysis >80% CcvB3 19 nt ND Preclinical 124
study
Abbreviations: PIE, permuted intron-exon; CVB3, Coxsackievirus B3; HRV, human rhinovirus; ND, not determined.
eukaryotic cells [53]. To enhance the splicing, their circRNA  [110]. Furthermore, the development of mRNA-LNP-

backbone was equipped with a self-splicing intron with well-
designed accessory sequences. A sequence of exogenous RNAs
up to 5 kb in length was circularized into the engineered
backbone in vitro. In preclinical studies, Wei’s group used
circular RNA as a vaccine candidate, expressing receptor-
binding domain (RBD) of SARS-CoV-2, and had demon-
strated greater efficacy against SARS-CoV-2 and its emerging
variants in mice and rhesus macaques [108] (Table 2). These
results illustrate that circRNAs hold great promise as a safe
and effective platform for developing virus-targeted vaccines.

Both mRNA and circRNA vaccines have shown great
potential in expressing neutralizing antibodies, effectively
inhibiting viral replication and providing robust protection
[108]. For instance, the administration of LNP-encapsulated
SARS-CoV-2 neutralizing antibody HB27 resulted in long-
term protection in mice and hamsters [109], and the mRNA-
based therapeutic antibody VRC01 demonstrates potential for
passive immunotherapy against HIV-1 and other diseases

mediated CAR-T therapy has been established [111].
CircRNAs have demonstrated impressive protein expression
capabilities, making them promising candidates for various
trials using antibody and cytokines, as well as CAR-T therapy.
They have been proposed as potential treatments for diseases
such as cancers, genetic diseases, and rare diseases [112,113].
Considering the superior expression capability of circRNAs,
their immense potential in the field of medical applications
can be predicted (Figure 2).

3.5 Challenges for translational circRNA platform

Despite the success of SARS-CoV-2 vaccines, circRNA-
associated nanomedicine is facing a primary challenge in
sequence design to improve the protein expression efficiency.
Directions to improve the expression modules include RNA
modifications [57,78], optimization of homologous arms
[53,114], incorporation of IRES [57], utilization of aptamers
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Figure 4. Challenges of circRNA nanomedicine.

Optimization of homologous arms is key to enhancing circulation efficiency of circRNA. The achievement of efficient translation is dependent on several factors,
including adenosine modification (N®-methyladenosine), incorporation of IRES, and utilization of aptamers. Despite significant production advancements in recent
years, purification and delivery of circRNA remain challenging. The immunogenic properties of circRNA require further investigation and exploration.



[115] (Figure 4). Recently, a novel circRNA platform was
developed with optimized vector topology, 5° and 3° UTRs,
IRESs, and synthetic aptamers, enabling potent and durable
protein production process [57]. The optimized circRNA
backbone from this platform increases the yield of circRNA
proteins by several hundred-fold in cells (Table 2).

Another approach is to improve manufacturing for better
expression. Purification techniques like HPLC and the use of
RNase R are employed to achieve high purity and enrichment
of circular RNA for downstream applications (Figure 4).
Anderson’s data supported this improvement direction
[114]. Safety is another significant concern when it comes to
RNA therapy aimed at achieving protein expression, as
immune responses can lead to potential toxicity. Therefore,
enhancing the safety of circRNA-associated nanomedicine is
crucial. Encouragingly, research from ORNA has demon-
strated that circRNAs induce fewer undesirable immune
responses than linear mRNAs [58]. As we summarize in
part 2.4, non-self circRNA is recognized by RIG-I [60]
and m°A modification on circRNA can evade the activation
of innate immunity [78]. The immune recognition of circRNA
is influenced by factors like sequence, m®A modifications
[57,78], structure, and cellular environment. The in vitro
synthesized circular RNA should be more carefully checked
for its immunogenicity as the impurity intermediate RNA
generated during the synthetic process [114].

CircRNA can be delivered using various methods, includ-
ing lipid nanoparticles (LNPs), for efficient and targeted
delivery. Yet, delivery efficiency and target delivery are other
challenges facing circRNA (Figure 4). Novel RNA delivery
systems are under development, which is better reviewed
elsewhere [58]. Increasing evidence had suggested that several
biological pathways may interfere with RNA delivery
[116,117], yet the molecular mechanisms are unclear. Better
understanding can further improve the efficacy of RNA drugs.
Overall, to expedite the clinical translation of circRNA nano-
medicines, additional breakthroughs and advancements are
necessary to overcome the existing obstacles.

3.6 Future perspectives

CircRNA presents several advantages and promising pro-
spects for the future. Its natural accumulation in non-
dividing cells indicates enhanced stability and safety, enabling
sustained expression due to its slower degradation. However,
designing the sequence of circRNA poses significant chal-
lenges compared to traditional linear mRNA. The circular
nature of circRNA, coupled with the lack of well-established
methods for secondary structure prediction, complicates the
design process. Factors such as codon usage, enzyme-cleavage
motifs, translation initiation of IRES, and auxiliary sequences
must be carefully considered. This demands a more sophisti-
cated and nuanced approach.

In the production of circRNA, three major challenges need
to be addressed. 1), large-scale production of circRNA remains
underdeveloped within the mRNA production landscape, hin-
dering its practical application. Robust large-scale production is
necessary to achieve cost control and to facilitate widespread
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use. 2), the circular structure of circRNA lacks a Poly-A tail at
certain design points, making conventional large-scale affinity
chromatography purification methods inadequate. Thus, devel-
oping effective purification strategies for large-scale production
of high-quality and pure circRNA is crucial. 3), formulating
circRNA as a novel product capable of long-term and targeted
expression in vivo requires further investigation to ensure its
efficacy, safety, and stability within the body.

To unlock the full potential of circRNA as a revolutionary
mRNA platform, research and development efforts must focus
on overcoming these challenges. By addressing the issues
surrounding large-scale production, purification, and in vivo
expression, circRNA can fulfil its promise as a versatile and
effective therapeutic platform.

4 Conclusions

CircRNAs are featured with high tissue-specificity and
remarkable stability, making them promising disease markers
and therapeutic targets [118]. They can function as miRNA
sponges [119], playing crucial roles in regulating various
viruses-associated cancers [120] and viral infection diseases
[121]. Furthermore, the study of viruses-associated circRNAs
has extended our understanding of viral life cycle and how
viruses interact with their host [64], which may expedite the
development of antiviral therapy in the near future.

Compared to well-established mRNA nanomedicine,
circRNA holds great promise for application in various drug
fields, including cell and gene therapy, antibody drugs, and
protein replacement therapy. Its potential has sparked interest
in circRNA nanomedicine across a wide range of fields, driv-
ing innovation and transformative changes.
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