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The occurrence of viral infections and approaches to handling
them are very challenging and require prompt diagnosis and
timely treatment. Recently, genomic medicine approaches
have come up with the discovery of the competing endogenous
RNA (ceRNA) network, including microRNAs (miRNAs), long
non-coding RNAs (lncRNAs), and circular RNAs (circRNAs)
on the basis of gene silencing. CircRNAs, as a group of non-en-
coded RNAs, make a loop-like structure by back-splicing
through 30 and 50 ends. They are stable, abundant, specific,
and highly conserved and can be quickly generated at large
scales in vitro. CircRNAs have the potential to contribute in
several cellular processes in a way that some serve as microRNA
sponges, cellular transporters, protein-binding RNAs, tran-
scriptional regulators, and immune system modulators.
CircRNAs can even play an important role in modulating anti-
viral immune responses. In the present review, circRNAs’
biogenesis, function, and biomarker and therapeutic potential
as well as their prospective applications as vaccines against viral
infections such as SARS-CoV-2 are explained. By considering
their unique properties, their potential to be used as novel
vaccines, biomarkers, and a therapeutic approach appears
possible.

INTRODUCTION
Circular RNAs (circRNAs) belong to a large group of non-encoded
RNAs with a loop-like structure through 50 (downstream splice-
donor site) and 30 (upstream splice-acceptor site) ends back-splicing
through a covalent bond without any 50 cap and poly A tail.1

CircRNAs were originally identified in viruses on the 1970s,2 but
soon after, they were detected in the cytoplasm of eukaryotic cells us-
ing electronmicroscopy.3 They were initially considered a genetic res-
idue without any function in cells. However with the advantage of
technology in the field of RNA sequencing (RNA-seq) and bioinfor-
matics, it became clear that circRNAs are specifically expressed in
fungi, plants, viruses, and mammals and even in different tissues
and are conserved among various species.4,5 CircRNAs are formed
from linear RNAs and some from non-linear ones, originating mostly
from genes encoding protein with one or more exons.6,7 CircRNAs
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have a closed ring structure that is regarded as a positive feature,
because it provides them with resistance to exonuclease-mediated
degradation and, consequently, stability compared with linear
RNAs, a feature that facilitates their localization in cell cytoplasm.8

Some viral genomes can also be in circular form, such as viroid plants
and hepatitis D virus.9 Although circRNAs’ exact functions are not
yet well understood, it is believed that in correlation with their abun-
dance, circRNAs can suppress or promote the genes expression and
ultimately lead to cell proliferation or apoptosis.10–12 This happens
because of their potential to perform several functions such that
some circRNAs serve as microRNAs sponges, cellular transporters,
protein-binding RNAs, competitors of linear RNAs, transcriptional
regulators, and immune system modulators, and some regulate
maternal gene expression and alternative splicing.13–15 They affect
the expression of their parental genes by interacting with U1 small
nuclear ribonucleoprotein (snRNP) or by association with RNA po-
lymerase II (RNAPol II).16,17 The detection and characterization of
virus-encoded circRNAs and the recently reported regulatory role
of circRNAs in some virus-associated diseases14,15 have led to an
increasing awareness of their importance in viral infections and
other diseases. Therefore, recent studies have verified circRNAs’
role in the pathogenesis and progression of some human diseases
and even in modulating antiviral immune responses.18–20 The
fundamental role of circRNAs in viral infections seems to be related
to their impacts on miRNA levels and innate immune responses.18,19

A study of circRNAs encoded by Middle East respiratory
syndrome coronavirus (MERS-CoV), severe acute respiratory syn-
drome coronavirus-1 (SARS-CoV-1), and severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) in human infection indi-
cated that viral circRNAs upregulate genes associated with mRNA
splicing and processing in the early stage of viral infection and regu-
late genes involved in cancer, metabolism, autophagy, and viral
: Nucleic Acids Vol. 29 September 2022 ª 2022 The Author(s). 705
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Figure 1. Three models of circRNA synthesis, including intron pairing driven, RBP driven, and lariat-circularization, are displayed

Intron pairing driven: as mRNAs are transcribing, back-splicing may happen between the 50 region of the downstream exon as an acceptor site and the 30 region of the

upstream exon as a donor site. RBP driven: dimerization of RNA-binding proteins (RBPs) and their binding to specific intron motifs of flanking bonds stimulate circRNA

generation. Lariat-driven: partial folding of RNA during transcription helps exons far from each other be adjacent, jump, and stick together. As a result of these processes, EI-

circRNAs, e-circRNAs, and i-circRNAs are formed.
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infection in the late stage.21 In addition, circRNAs contribute to the
regulation of various viral infections, such as human herpes virus
(HHV),22 hepatitis B virus (HBV),23 human immunodeficiency virus
(HIV),24 MERS-CoV,25 and SARS-CoV-2.26

Additionally, circRNAs have been suggested as biomarkers to differ-
entiate non-viral and viral pneumonia.26 Therefore, by considering
unique properties of circRNAs such as biogenesis and biological func-
tions, their application as diagnostic biomarkers or an effective treat-
ment strategy in the form of vaccines for repressing some respiratory
infections, such as novel coronavirus disease 2019 (COVID-19), does
not seem far from impossible.

BIOGENESIS AND REGULATION OF circRNAs
On the basis of inner elements, circRNAs can be categorized into
three types: exon-intron circular RNAs (EI-circRNAs), exonic circu-
lar RNAs (e-circRNAs), and intronic circular RNAs (i-circRNAs).27

One or more exons with flanking introns that have been retained
during back-splicing form EI-circRNAs, while exons without flanking
introns produce e-circRNAs. In addition, in the lariat model, i-circR-
NAs can be synthetized in specific intron sequences by GU-rich
domain close to the 5ʹ splicing site and a C-rich domain close to
706 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
the breakpoint. Nearly 85% of circRNAs are e-circRNAs, formed
during intron pairing-driven and lariat model.28

Multiple evidence, such as the mutational analysis of circular splicing
in HeLa cells (blocking the process of spliceosome assembly), indicate
that canonical splice signals are essential to circRNA biogenesis.29,30

In this regard, several hypotheses and models have been suggested,
as displayed in Figure 1.31

Intron pairing-driven circularization

Intron pairing-driven circularization is the main hypothesis, also
known as direct back-splicing during pre-mRNA transcription.
Back-splicing is considered a kind of unusual alternative splicing
that happens co-transcriptionally and post-transcriptionally and is
coupled with both canonical pre-mRNA splicing and Pol II transcrip-
tion. When intron sequences flanking the downstream splice-donor
site and upstream splice-acceptor site join together and bring the
two sites close to each other with a 30,50-phosphodiester bond,
back-splicing occurs.32 In this model, the pairing of repetitive regions
(e.g., Alu repeats) located in the upper and lower regions of the in-
trons cause the acceptor binding site to be adjacent to the donor bind-
ing site and thereby form e-circRNAs or EI-circRNAs when introns
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Figure 2. Biological function of circRNAs. CircRNAs can contribute to multiple levels of protein expression and function, as illustrated here

CircRNAs act as sponge of miRNA (A) and RNA-binding proteins (RBPs) (B) and thereby adjust their functions indirectly. They can even be used directly as a template for

translation (C). Besides, circRNAs via participating in the structure of a protein complex can improve protein function (D). By binding to RNA polymerase II, circRNAs

potentially regulate maternal gene expression at the both transcriptional and post-transcriptional levels (E).

www.moleculartherapy.org

Review
are omitted or retained, respectively.33 In addition, circRNAs tend to
have long side introns, more present in genes with extremely active
promoters.34

Lariat model

Partial folding of RNA during conventional transcription of pre-RNA
allows exons far from each other to be adjacent. Consequently, exons
jump and stick together to form intermediate circRNAs, including
both exons and introns, which then by further back-splicing convert
to mature circRNA molecules in the form of e-circRNAs (with intron
removal) and sometimes EI-circRNAs (with intron preservation).
However, some introns are not degraded after splicing and instead
freely twist to form i-circRNAs.35

Protein trans factor (RNA-binding protein) driven

Dimerization of RNA-binding proteins (RBPs) such as HQK36 and
FUS,37 which are bound to specific intron motifs to function as a
bridge for approximating flanking bonds closer to each other, thereby
stimulate circRNA generation. This model indicates a combination of
cis- and trans-acting elements of splicing factors, including heteroge-
neous nuclear ribonucleoproteins (hnRNPs) and SR proteins.38

Epigenetic changes in histones

Epigenetic changes in histones, by affecting alternative splicing, could
have a direct effect on the biogenesis of circRNAs.39

It has been demonstrated that the expression of circRNAs is affected
by several factors. First, as circRNA biogenesis is coupled with tran-
scription, which is mediated by RNAPol II, any factor affecting the
transcription elongation rate (TER) in RNAPol II can affect the
synthesis of circRNAs. A longer TER can increase the probability of
back-splicing.40 Second, cis- and trans-regulatory factors as regulators
of spliceosome mechanism have the potential to modulate the expres-
sion of circRNAs. Third, there are several RBPs that affect the synthe-
sis of circRNAs, such as splicing regulator 1 muscleblind (MBL) like
MBNL1 and adenosine deaminase 1 acting on RNA1 (ADAR1).40

MBNL1 facilitates circularization, but ADAR1 negatively regulates
circRNA production because of its high affinity to bind double-
stranded RNAs and melt stem-like structures.19 Fourth, it has been
recently noted that spliceosomal components such as SF3a and
SF3b complexes (which are affected by chemicals or other molecules)
are involved in the regulation of circRNA biosynthesis. Depletion of
spliceosomal factors can shift canonical splicing to back-splicing.41

Fifth, the existence and turnover of circRNAs may affect the biogen-
esis of other circRNAs. Taken together, by considering the factors
affecting the regulation of circRNA biosynthesis and expression, these
steps can be manipulated for distinct purposes.

BIOLOGICAL FUNCTION OF circRNAs
The prominent role as miRNA sponges

CircRNAs biologically act as sponges for miRNA and effectively sup-
press their activity. This function of circRNA is almost related to the
stoichiometry of interactions between miRNA binding sites of the
circRNA and the mRNA target sites of the miRNA, leading to compe-
tition for binding to miRNA and acting as intracellular competitive
endogenous RNA (ceRNA), which affects miRNA function and tar-
gets gene expression.42 Therefore, circRNAs can negatively regulate
miRNAs and quench their biological function by binding them, as
shown in Figure 2. For example, ciRS_7 (a highly stable and abundant
circRNA in neural tissue) is involved in the differentiation and func-
tion of the nervous system. CiRS_7 has 70 binding sites for miR-7 and
therefore can absorb miR-7 and negatively regulate it. Any deficiency
in ciRS_7 can increase the release of miR-7 and subsequently enhance
the inhibition of ubiquitin ligase A (functionally eliminates toxic am-
yloid peptides) by miR-7.43 Moreover, circCORO1C and circBIRC6
as sponges for miRNAs (miR-34a and miR-145 which modulate the
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 707
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maintenance of pluripotency) could regulate the differentiation and
pluripotency of human embryonic stem cells.44

Exerting biological effects through binding to proteins

Binding of specific proteins to circRNAs in cytoplasm may prompt
the induction of external stimuli and modify RNA transcription,
maturation, transportation, and eventually translation. Transcription
factors, RNA processing proteins, and proteases are common
circRNA-binding proteins, so circRNAs can join these RBPs and
contribute in regulation of gene expression and protein transla-
tion.45,46 Although the abundance of binding site for RBPs on circR-
NAs is less than those on mRNAs, strong evidence still supports the
interaction of RBPs with circRNAs, as it is considered as another
significant function of circRNAs.47 For instance, the tendency of anti-
viral proteins such as NF90/NF110 to bind to circRNAs can lead to
molecular storage of these proteins for fast antiviral immune re-
sponses; in contrast, under normal conditions this tendency can
help suppress the undesirable innate immune responses.48 NF90/
NF110 are immune factor proteins with a double-strand RNA bind-
ing site in structure. Therefore, in the nucleus, they can bind RNAs,
stabilize the intronic complementary sequences, and thereby promote
circRNA synthesis. In cytoplasm, NF90 and NF110 interact with
endogenous circRNAs and form circRNP complex. Upon viral infec-
tion, NF90 and NF110 release the complex and bind viral mRNAs to
inhibit viral translation.18 Therefore, NF90 and NF110 function not
only in modifying circRNAs expression pattern but also in antiviral
immune responses, during viral infection.

Acting as messengers to be translated to proteins

Although circRNAs are known as non-coding RNAs and lack neces-
sary elements for cap-dependent translation like 50 cap, they could
bind to the 40S subunit of eukaryotic ribosomes through internal ri-
bosomal entry sites (IRES) upstream of the circRNA start codon
(initially identified in picornavirus mRNAs)49 or conformity with
the incorporation of N6-methyladenosine (m6A) (RNA modification
in the 50 untranslated region [UTR])50 and thereby be translated by
ribosomes. Some circular RNAs, such as circ_ZNF609, possess start
and stop codons and thus can be translated into proteins.51 In
addition, circ_FBXW7, circ_FBXW7, circ_Mbl, circ_SHPRH, and
circ_PINTexon2 are proved to act as protein templates.52–55

Competing with linear RNAs

As circRNAs are synthetized during RNA processing, competition
between circularization and splicing (RNA back-splicing and canon-
ical splicing) is possible. For instance, it has been found that circ_Mbl
is circularized by exon 2 of the MBL gene. The product of the MBL
gene specially binds to the sequences of circ-Mbl and its pre-
mRNA and then induces circ_Mbl synthesis (circularization of
exon 2). However, circ_Mbl-MBL binding competitively inhibits
canonical mRNA splicing.29

Regulating maternal gene expression

CircRNAs have been shown to influence the expression of maternal
genes at both transcriptional and post-transcriptional levels in a cis
708 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
or trans manner through regulating RNAPol II elongation activity/
TER or interacting with U1 snRNP.28 In human cells, EI-circRNAs
such as circular eukaryotic translation initiation factor 3 subunit
J (EIF3J) and circular poly(A) binding protein interacting protein 2
are associated with RNAPol II.16 As a result, EI-circRNAs can
regulate the transcription through RNA-RNA, RNA-DNA, or
RNA-protein interactions and play a variety of roles.

CircRNAs AS A DIAGNOSTIC BIOMARKER IN VIRAL
INFECTIONS
Recently, progressive improvements in RNA sequencing technology
and bioinformatics approaches have remarkably facilitated the detec-
tion of viral circRNAs and differently expressed host circRNAs in
multiple viral infections. As circRNAs are stable, abundant, ubiqui-
tous, and conserved through species and show cell-tissue specificity,
they have better potential to be used as promising diagnostic markers
to linear ones.56 CircRNAs are associated with progression and
pathogenesis of some diseases, such as chronic thromboembolic pul-
monary hypertension,57 type 2 diabetes mellitus,58 cardiovascular and
neurological diseases,59 aging, and cellular senescence, which are
highly correlated with the susceptibility and even mortality rate
from COVID-19 infection. Reduction in the expression pattern of
circRNAs in peripheral blood mononuclear cells of active pulmonary
tuberculosis patients has been detected compared with healthy indi-
viduals. Several studies have also demonstrated that circRNAs are
differentially expressed in multiple respiratory diseases such as lung
cancer, acute respiratory distress syndrome, pulmonary hyperten-
sion, pulmonary tuberculosis, and silicosis.60 CircRNAs can partici-
pate in the development of immune responses by effecting epigenetic
modification. In addition, circRNAs are present in peripheral tis-
sues,61 can be secreted into body fluids (such as blood, urine, and
saliva),62–64 and are found as a novel detectable component in exo-
somes.65,66 These features enable circRNAs to be highly stable, resis-
tant to environmental variations, and candidate biomarkers in the
diagnosis of various diseases and infections. In some viral infections,
some host circRNAs are differently expressed following viral infec-
tion. For instance, in hepatocellular carcinoma (HCC) patients,
different patterns for expression of 226 circRNAs have been distin-
guished such that 189 of those circRNAs became upregulated and
37 downregulated, which participate in pathogenesis of HCC.67

Moreover, RNA-seq in chronic hepatitis B (CHB) patients have re-
vealed 99 differently expressed circRNAs in their liver biopsies.23

Nasopharyngeal carcinoma (NPC), as a disease generally induced
by Epstein-Barr virus (EBV), is difficult to diagnose. Consequently,
its early diagnosis can be very helpful for managing treatment. In
this regard, studies have shown that circRNAs such as EBV-encoded
circRPMS1 and host hsa_circRNA_001387 are remarkably detectable
in EBV-positive NPC tissues compared with adjacent tissues, which
are not verified in EBV-negative NPC tissues. Therefore, these two
circRNAs are considered as NPC diagnostic biomarkers.68

A list of multiple viral associated diseases that have some circRNAs
with potential of being used for diagnosis of related diseases is pro-
vided in Table 1. As mentioned before, circRNAs are specifically
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Table 1. A list of some circRNAs for diagnosis of virus-related diseases

Diseases CircRNAs Diagnostic indicators References

Hepatitis B virus (HBV)-related liver cancer circRNA_10156

Quantitative RT-PCR (qRT-PCR) assay indicated
that circRNA_10156 is upregulated and can be
considered in the diagnosis of HBV-related liver
cancer.

69

Community-acquired pneumonia (CAP)

hsa_circ_0018429
hsa_circ_0026579
hsa_circ_0125357
hsa_circ_0099188

A panel of four circRNAs that serves extremely
well as a sensitive and specific biomarker for
diagnosing CAP. Also, it has been demonstrated
that hsa_circ_0026579 is a good presentation in
differentiating viral infections from bacterial or
mixed ones.

26

Hepatocellular carcinoma (HCC)
hsa_circ_0004001
hsa_circ_0004123
hsa_circ_0075792

These circRNAs or a combination of these three
biomarkers exhibited higher sensitivity and
specificity. Therefore, these circRNAs can be
considered as a valuable diagnostic biomarker in
HCC.

70

HBV-related HCC
hsa_circ_0000976
hsa_circ_0139897
hsa_circ_0007750

The plasma circRNA panel (CircPanel) containing
hsa_circ_0000976, hsa_circ_0139897, and
hsa_circ_0007750 can be used and take in to
account for diagnosis of HBV-related HCC.

63

EBV-related nasopharyngeal carcinoma cell
(NPC)

circRPMS1

It has been indicated that EBV-encoded
circRPMS1 increases in metastatic NPCs. In
contrast, EBV-negative NPC tissues do not express
circRPMS1. Thus, it can be used for the diagnosis
of EBV-(NPC) from EBV-negative NPC tissues.

68

EBV-NPC hsa_circRNA_001387
Hsa_circRNA_001387 was significantly
upregulated in EBV-NPC. Furthermore, it can be
used as a biomarker for NPC.

71

Human papillomaviruses (HPVs)-related cervical
carcinoma cells

circE7
CircE7 is related to the transforming properties of
HPV.

72

HBV-related HCC hsa_circ_0027089
Plasma hsa_circ_0027089 could be used as a
diagnostic biomarker for HBV-related HCC.

73

Kaposi’s sarcoma-associated herpesvirus (KSHV) circARFGEF1
CircARFGEF1 is highly upregulated in KSHV.
Therefore, it may be considered as a biomarker for
KSHV infection.

74

HPV-related vaginal carcinoma cell lines hsa_circ_0024169
Circ_0024169 level has potential to be measured as
a prognostic marker of angiosarcoma.

75

HPV-related tongue squamous cell carcinoma
(TSCC)

hsa_circ_081069
Assessment of circ_081069 and miR-665 could be
a novel diagnostic biomarker for TSCC.

76

Herpes simplex virus 1 (HSV-1)-related KMB17
cells

hsa_circRNA7752
hsa_circRNA7231

These circRNAs were enriched in NOD-like
receptor/JAK-STAT signaling pathway in KMB17
cells during HSV-1 infection and may be included
in viral pathogenesis and cellular immunity.

77
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detectable in body fluids such as plasma, urine, and saliva because of
their stability and specificity.61 A recent investigation identified a
circRNA panel for plasma (CircPanel) involving three circRNAs
(hsa_circ_0007750, hsa_circ_0000976, and hsa_circ_0139897), which
can help better detect HBV-related hepatocellular carcinoma. On the
basis ofmicroarray screening and quantitative RT-PCR (qRT-PCR) of
plasma circRNAs, CircPanel is elevated in HBV-related HCC patients
compared with healthy controls. Therefore, CircPanel is offered as a
potential biomarker in the clinical diagnosis of HCC.63

Additionally, viral circRNAs have the potential to be used as biolog-
ical markers in virus related diseases. It has been illustrated that
circE7 can be identified in RNA-seq data of both HPV-positive can-
cers and cell lines infected with HPVs. Because circE7 can induce the
optimal expression of E7 oncoprotein, it has been proposed as a po-
tential delicate biomarker for high-risk cancers associated with
HPVs.78 The RNA-seq dataset of three life-threating coronavirus in-
fections has also led to the identification of 28,754, 720, and 3,437
circRNAs encoded, respectively, by MERS-CoV, SARS-CoV-1, and
SARS-CoV-2, which usually display low expression levels and are ex-
pressed mostly in the late stage of infection.21 One study has also sug-
gested a number of circRNAs as biomarkers for distinguishing viral
from non-viral pneumonia.26 Altogether, circRNAs can be easily de-
tected in human peripheral whole blood, plasma, and saliva and
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 709
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thereby be proposed as an accessible and yet non-invasive method for
the diagnosis of various diseases. Developing a fast and reliable diag-
nostic method for measuring the levels of circRNAs in the serum,
plasma, or blood of infected people can help assess the risk for a
wide range of diseases associated with viral pathogens.

Various detection methods, such as qRT-PCR, northern blotting, and
microarrays in addition to bioinformatic approaches are used to
determine the presence of circRNAs in patient tissue or fluid samples.
In situ hybridization (ISH) and fluorescence in situ hybridization
(FISH) can be used to distinguish the expression and distribution
of both viral and host circRNAs.79,80 Using these developed methods
has helped successfully identify viral circRNAs such as EBV circRPM-
S1_e4_e3a, KSHV circPAN, K7.3 circvIRF4, and HPV circE7 in pa-
tient samples. By single-cell separation and sequencing, differentially
expressed circRNAs can also be detected in tissues or a group of
cells.19

CircRNAs AS THERAPEUTIC AGENTS IN VIRAL
INFECTIONS
As mentioned previously, the rate of viral diseases is raising and the
way of handling them is challenging which necessitates a quick reac-
tion. Better understanding the virus and host interaction as well as
their pathogenic pathways will help us effectively manipulate it.
Typical antiviral therapeutics are based on the use of neutralizing an-
tibodies that target viral envelop and neutralize the virus entry, still
ineffective in total removal of viral reservoirs and in the case of highly
mutational viral strains.81,82 However, genomic medicine approaches
have recently produced the discovery of the ceRNA network,
including miRNAs, long non-coding RNAs (lncRNAs), and circR-
NAs, on the basis of gene silencing.83

The utility of circRNAs as therapeutic agents may be due mostly to
their function as miRNA sponges and their effects on proteins trans-
lation.26,27 Viral miRNAs are involved in the development of viral in-
fections via modulating cellular processes such as apoptosis. On the
other hand, circRNAs could affect protein-coding mRNAs in virus-
infected cells by taking advantage of the host’s miRNA network.84,85

In some cases, virus-encoded miRNAs inhibit some host cell genes
and thereby protect virus-infected cells from immune cells.86 It has
been shown that viruses have the potential to modulate the host
miRNA networks on the basis of their own functions as sponges.87

If circRNAs could target viral miRNAs and disable them, they could
be considered a new antiviral treatment strategy. Therefore, circRNAs
can be used as therapeutic targets in the management of viral infec-
tions, some of which are shown in Table 2. In this regard, a supportive
study has reported that circRNA (CircEZH2) can avoid gastroenter-
itis coronavirus-induced opening of mitochondrial permeability tran-
sition pore via targeting miR-22. However, transmissible gastroenter-
itis coronavirus downregulates circEZH2, resulting in the activation
of NF-kB and ultimately mitochondrial damage in porcine intestinal
epithelial cells. In HBV-associated HCC tissues and cells, elevated
expression level of tumor necrosis factor a-induced protein 3
(TNFAIP3) and has_circ_0006942 (circ_ATP5H) has been observed.
710 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
Conversely, the expression of miR-138-5p was downregulated, indi-
cating that ATP5H acts as a miR-138-5p sponge and regulates the
expression of TNFAIP3. Hence, circ-ATP5H could be considered
as a prospective therapeutic target for HBV-correlated HCC.88 More-
over, the expression of Epstein-Barr virus-derived circRNA LMP2A
was found to be correlated with the induction of stem cell-like pheno-
type via miR-3908/TRIM59/p53 axis in gastric cancer cells. Because
increased EBV_circLMP2A expression is characterized by increased
metastatic potency of these cancer cells, targeting the miR-3908/
TRIM59/p53 axis can be considered a therapeutic approach.97 In
another investigation, a study of Hantaan virus (HTNV) infection
in human umbilical vein endothelial cells (HUVECs) revealed that
the expression of Circ_0000479 has been increased following infec-
tion, which in turn suppressed the viral replication by sponging
miR-149-5p and inducing RIG-I expression.98 Influenza A virus
H1N1 infection in A549 cells leads to overexpression of circ-GA-
TAD2A in these cells, which in turn induces H1N1 replication by im-
pairing VPS34-dependent autophagy, while via circ_GATAD2A
knockdown, H1N1 replication is repressed.99

On the other hand, by considering this function of circRNAs (as
miRNA sponges), we can also use synthetic circRNAs to achieve
desired therapeutic goals. In a recent study, an artificially designed
circRNA could effectively suppress HCV replication by sponging
miR-122, which is necessary for HCV replication in HuH-7.5 or
HuH-7 cells.100

As mentioned before, the expression of some circRNAs that promote
viral infection become upregulated in some viral related diseases.
Therefore, targeting these circRNAs can be considered a promising
therapeutic approach. For example, circRNA_10156 is abundantly
expressed in HBV-related liver cancer which regulates the prolifera-
tion of these cells through circRNA_10156/miR-149-3p/AKT1
signaling pathway. It has been shown that reduction of
circRNA_10156 leads to the upregulation of miR-149-3p and thereby
prevents liver cancer cell proliferation following depletion of Akt1
expression.91 Therefore, by considering the effect of this circRNA
on these pathways via depletion of circRNA_10156 level, HBV repli-
cation can be inhibited. As mentioned in the previous section, EBV-
positive NPC tissues express high levels of circRPMS1. It has been re-
vealed that knockdown of EBV-encoded circRPMS1 inhibits NPC cell
proliferation and metastasis through sponging multiple miRNAs,
which shows that downregulating circRPMS1 can be suggested as a
therapeutic strategy for the treatment of EBV associated NPC.68 It
is also revealed that the expression of hsa_circ_0067985
(circFNDC3B) and hsa_circ_0006275 (circCNOT1) are upregulated
in MERS-CoV-infected human lung epithelial cells. Additionally,
the knockdown of these two selected circRNAs resulted in a reduction
in the both cellular viral load and expression of the target genes that
modulate MAPK and ubiquitination pathways.89 Therefore, this
research provides new visions into the potential antiviral strategies
for MERS-CoV infection. It has also been observed that in cellular re-
sponses to HSV-1 infection, the circRNA-miRNA-genes regulatory
axis ,which is involved in a large number of immunity-related genes,
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Table 2. CircRNAs and therapeutics targets approach

CircRNAs Function in viral infection Expression of CircRNAs Therapeutic capability References

Circ_ATP5H
A sponge for miR-138-5p. Provokes HBV
replication through regulating miR-
138-5p/TNFAIP3 axis.

Circ_ATP5H and TNFAIP3 levels are
increased in HBV-positive HCC tissues
and cells.

Decreased circ_ATP5H expression
will lead to increased miR-138-5p
expression, which has anti-cancer
properties.

88

Circ_CNOT1 and
cir_FNDC3B

Increases MERS-CoV load in
adenocarcinoma cells by regulating the
expression of target mRNAs and
modulating ubiquitination and
MAPK signaling pathways.

Upregulated circ_CNOT1 and
circ_FNDC3B in MERS-CoV
-infected lung adenocarcinoma
epithelial cells.

Knocking out of circ_CNOT1 and
circ_FNDC3B can reduce the load
of the virus in cells.

89

Circ_0004812
Sponging miR-1287-5p. Induce the
regulation of FSTL1 and immune
suppression in chronic hepatitis B.

upregulated circ_0004812 in CHB
patients and HBV-infected
hepatoma cells

Decreased circ_0004812 expression
will lead to increased miR-1287-5p
expression, which increases
apoptosis in cancer cells.

90

CircRNA_10156
A sponge for miR-149-3p. Regulated
proliferation of HBV- related liver
cancer cells.

Upregulated in liver cancer cells.
Inhibition of circ_10156 expression
could reduce proliferation on
cancer cells.

91

EBV_circLMP2A

Associated with metastasis and poor
prognosis in patients with EBV-associated
gastric cancer (EBVaGC) and maintaining
stemness phenotypes through targeting
miR-3908/TRIM59/p53 axis.

EBV-encoded circLMP2A enhancement
in metastatic EBVaGC.

Suppression of EBV_circLMP2A,
may repress the stemness phenotype
in EBVaGC.

92

KSHV-circRNA
(circ_vIRF4)

Is induced upon Kaposi’s sarcoma-
associated herpesvirus (KSHV)
lytic replication.

Upregulated in KSHV.
Decreased circ_vIRF4 expression
will lead to reduced virus replication.

93

CircRPMS1

The inhibitor of miR-31, miR-451,
miR-203 and promote epithelial-
mesenchymal transition (EMT)
in nasopharyngeal carcinoma
(NPC) cells.

EBV-encoded circ_RPMS1 enhancement
in metastatic NPC.

Knockdown of circRPMS1 (the
inducer of apoptosis) inhibited
cell proliferation and suppressed
cell invasion in EBV-positive
NPC cells.

68

hsa_circ_081069

miR-665 as a miRNA target of
circ_081069 may be involved in
tongue squamous cell carcinoma
(TSCC) development.

Upregulated in HPV-related TSCC.

Inhibition of hsa_circ_081069
expression led to increased
miR-665 level and suppression
of proliferation in TSCC.

76

hsa_circ_0023404

Via sponging the miR-136 and miR-136
targeted TFCP2 (an activator of YAP
signaling pathway), promotes progression
and development of cervical cancer (CC).

Upregulated in HPV-related CC.
Knockdown of hsa_circ_0023404/
miR-136/TFCP2/YAP axis can
reduce the progression in CCs.

24

hsa_circ_0001821
(circPVT1)

By behaving as an oncogene modulate
the expression of miR-497-5p in
head and neck squamous cell
carcinoma (HNSCC).

Upregulated in HPV-related HNSCC.

Down regulation of circPVT1
expression and their related
mutant p53/YAP/TEAD axis
can reduce the malignant
phenotype in HNSCC.

94

CircEZH2

As a sponge of miR-22, suppressed
mitochondrial damage of porcine
intestinal epithelial cell (IPEC)
during transmissible gastroenteritis
coronavirus (TGEV) infection by
regulating circEZH2/miR-22/HK2
axis and circEZH2/miR-22/IL-
6/NF-kB axis.

CircEZH2 is downregulated
during transmissible gastroenteritis
coronavirus (TGEV) infection.

Increased circEZH2 expression
will decrease the TGEV infection.

95

Synthetic circRNAs Targeting microRNA-122. Synthetically synthetized.
Synthetic circRNAs can inhibit
the hepatitis C virus.

96

Viral and host circRNAs can be easily detectable in tissues and body fluids and thereby used as diagnostic biomarkers in infections and associated diseases. They have unique properties
to be considered as a desired therapeutic approach. Synthetic circRNAs have the potential to be used as a novel vaccine in viral infections.
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principally those enriched in NOD-like receptor/JAK-STAT
signaling pathway, becomes dysregulated as a result of altered circR-
NAs expression.77 Consequently, these circRNAs can be supposed as
a target in therapeutic approaches.

CircRNAs are similarly effective in immunological processes accord-
ing to a study showing that there are nearly 189 different circRNAs
among M1 and M2 macrophages, suggesting an association between
circRNAs and macrophage polarization.101 In addition, some circR-
NAs (circ_RasGEF1B) are even essential for macrophage activation
in response to lipopolysaccharide. Conversely, some of these circR-
NAs, such as circ_ANRIL, are associated with apoptosis and prolifer-
ating suppression in macrophages.102 A study demonstrated that
circRNAs (Circ_chr19) by targeting miR-30b of Ebola virus can
help the immune system identify and inhibit virus, which is demon-
strated as the antiviral properties of Circ_chr19 against Ebola.103 As
circRNAs can be involved in differentiation, polarization, develop-
ment, and apoptosis of immune cells as well as their response, it
may be possible to use circRNAs with the intention of planning the
phenotype and responses of immune cells in diseases as a second
therapeutic strategy.

CircRNAs AS VACCINES IN VIRAL INFECTIONS
Although vaccines have long been used to treat diseases or prevent
the severity of infections, some virus-related infections are still (or
sometimes cause) major public health problems, which reinforce
the urgent need for progression of protective vaccines. CircRNAs
have some features that make it possible to use them as vaccines.
They can be expressed endogenously, play a role in gene regulation,
and potentially act as virus antigens. The most general vaccines are
cell, DNA, and mRNA bases, with their own special features. Never-
theless, they could have some limitations, such as short half-lives and
low stability for mRNA-based vaccines104 and possible genome inte-
gration for DNA-based vaccines.105 On the other hand, during the
production process of mRNA vaccines, an exceptionally sterile and
severely RNase-free environment is required. Moreover, the storage
and dispensing of mRNA vaccine often necessitate low-temperature
and cold chain, limiting its accessibility in low-resource countries
or regions.106 Recently, transfection of mRNAs, especially circRNAs
(with the potential of being translated into proteins), into dendritic
cells (DCs), is proposed as an effective antigen, being able to activate
effector CD8+ T cells and used as vaccines.107 CircRNA-based
vaccines can have unique properties compared with conventional
vaccines. First, circRNAs have longer half-lives than mRNA vaccine
because of their circular structure. Therefore, they can be translated
into proteins for a long period of time, and even a small amount of
circRNAs can be sufficient to sensitize DCs.108–110 Second, similar
to mRNA vaccines, circRNA-based vaccines could be translated
into proteins in cytoplasm; accordingly, there is no need for integra-
tion into the genome, and safety is improved. Third, synthetic
circRNAs can be designed to express specific antigens with high
immunogenicity to be presented by DCs.27,108 Even though circRNAs
have also been implicated in provoking autoimmune responses, the
risk for undesired immune responses can be minimized in circRNA
712 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
vaccine platforms through their precise design and synthesis.111,112

So far, just a few endogenous circRNAs have been demonstrated to
feature as a protein translation template.51 In addition, circRNAs
such as linear mRNA vaccines can be quickly generated at large scales
in vitro, with the difference that the half-lives of circRNAs are at least
2.5 times longer than their linear mRNA isoforms and also require
less nucleotide manipulation. Although circRNAs do not have neces-
sary elements for translation because of their closed structure, they are
likely to be engineered to allow protein translations via IRES or m6A
modifications, which might be located inside the 50 UTR part.110

Numerous studies have shown that full-length spike protein
(mRNA-1273 and BNT162b2)113,114 or receptor-binding domain
(RBD)-based mRNA vaccines76 effectively induce cellular immunity
and efficiently produce neutralizing antibodies in SARS-CoV-2.

It is possible that circRNA could itself serve as a vaccine adjuvant,
suggesting that circRNA vaccine probably advantage from its own
adjuvant effects.9 Because of their particular properties, circRNAs
preserve the potential in biomedical and the approach could be to
use them as vaccines, andmost researchers are probably being pushed
in this direction. On the other hand, exploration of the complete
biology and function of circRNAs is insufficient; just one study has
used circRNAs as a vaccine for viral infections.109 To conclude, it ap-
pears that circRNAs may play an important role in viral infection and
related disease therapy by being applied as a vaccine.

CircRNAs IN SARS-CoV-2 INFECTION
COVID-19 as a serious public health problem caused by SARS-CoV-
2 virus,115 necessitating accessibility of effective therapy and an easily
achievable vaccine.116 As mentioned above, viral circRNAs can be de-
tected in infected individuals to verify the ones with biomarker and
therapeutic value. Certain conditions such as the stage of infection
and load of virus can change circRNAs level. In the case of coronavi-
rus infection, 28,754, 720, and 3437 circRNAs, respectively, derived
from MERS-CoV, SARS-CoV-1, and SARS-CoV-2 have been found
in the late stage of infection.21 After identification, it would be essen-
tial to distinguish how these circRNAs exert their effects on host
cellular components and host-pathogen interactions. An investiga-
tion of SARS-CoV-2 infection revealed that viral circRNAs account
for downregulation of genes associated with metabolic processes of
fatty acid, alcohol, and cholesterol and upregulation of genes related
to cellular responses to oxidative stress in the late stage of viral infec-
tion.21 Related findings demonstrate that viral circRNAs in distinct
virus may affect different processes during the infection. A recent bio-
informatic study also predicted circRNA-miRNA-mRNA interaction
in SARS-CoV-2 infection.117 Accordingly, hsa-miR-6891-5p affects
186 genes and 200 circRNAs, as well as a region on the SARS-CoV-
2 (ORF3a) gene (these circRNA-miRNA-mRNA interactions are ad-
ditive). On the other hand, hsa-miR-126-5p targets 193 circRNA and
a gene (ORF1ab) of SARS-CoV-2, hsa-miR-194-5p has an effect on
132 circRNA and a gene region (ORF1ab), and hsa-miR-374a-3p
on 155 circRNA and two gene regions (ORF1ab, S).117 An in silico
study based on pathogen-host interactions in SARS-CoV-2 infected
cells predicted a quintuple competing endogenous RNA network
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including one lncRNA (Gm26917), one miRNA (miR-124-3p), one
mRNA (Ddx58), one transcription factor (STAT2), and two circR-
NAs (C330019G07Rik and protein phosphatase 1 regulatory subunit
10) on the basis of host-virus interactions.118 This study may describe
the factor by which the virus evades the immune system and host
factors and also how the cells could deal with virus. Thus, the
miRNA-circRNA-mRNA networks may play imperative roles in
overall gene expression mainly when there is a new set of genes as a
target candidate during SARS-CoV-2 infections. A recent study
distinguished circ_3205 from nasopharyngeal swabs of SARS-CoV-
2-infected individuals, synthetized by SARS-CoV-2.119 Their results
conveniently proposed that circ_3205 act as a ceRNA, sponges hsa-
miR-298, and by promoting the upregulation of KCNMB4 (potas-
sium calcium-activated channel subfamily M regulatory beta subunit
4) and PRKCE (protein kinase C epsilon) mRNAs contributes to the
progression of SARS-CoV-2 infection.119

Additionally, in another RNA-seq study, 351, 224, and 2,764 circR-
NAs were identified from SARS-CoV-2, SARS-CoV, and MERS-
CoV, respectively. It was observed that theses coronavirus-derived
circRNAs are more abundant and longer than host genome-derived
circRNAs.120 A recent study detected 75 potential SARS-CoV-2
circRNAs with spliceosome-independent origin from Vero E6 cells.
It is reported that two circRNAs are a significant component of
coronavirus transcriptome because of having ORF3a and M and
containing strong IRES signals.121

It has also been observed that SARS-CoV-2, like the majority viruses,
can change the expression of host circRNAs. Consequently, 42 of
the total 6,118 circRNAs were remarkably dysregulated, of which
17 circRNAs were upregulated and 25 were downregulated upon
SARS-CoV-2 infection at various phases. Afterward, these dysregu-
lated circRNAs indirectly regulated genes by sponging and their tar-
geted miRNAs and interacting with RBPs.87 Lately, a study in the field
of host-virus interactions has shown that SARS-CoV-2 moderates the
biogenesis of host circRNAs to accelerate their replication. It was re-
vealed that hnRNP C as an RBP can bind physically to circRNAs.
Upon SARS-CoV-2 infection, the phosphorylated forms of hnRNP
C enhances to trigger the downstream CT10 regulator of kinase
(CRK)-mTOR pathway and facilitate infection. However, by the use
of rapamycin, an inhibitor of mTOR, the viral load has significantly
decreased.122

In the field of molecular therapy, circRNAs can be artificially synthe-
tized and applied for therapy of viral infection.96,116,123,124 In this re-
gard, a synthetic antisense circRNA has been designed to target
SARS-CoV-2 genome at the 50 UTR. The activity of this synthetic
circRNA significantly reduced the virus proliferation in cell culture.85

Therefore, it seems that circRNAs can also be more efficient in the
field of SARS-CoV-2 therapy, even though in form of manufactured
circRNAs vaccines if superiorly been designed and exhibit high
protectivity. Recently a study has designed and produced a circRNA
vaccine that encodes the trimeric receptor-binding domain of SARS-
CoV-2 spike protein (circRNARBD). A signal peptide sequence of
human protein was combined to the N terminus of RBD for being
assured of its secretion to increase the immunogenicity of this
antigen. They demonstrated that circRNA can be produced in the lab-
oratory and its nucleotides can remain unchanged, so that this circR-
NARBD is highly resistant to RNase R and exonuclease and stable
compared with RBD linear RNAs. In addition, they indicated that
circRNARBD encapsulated with lipid nanoparticles can promote the
production of stable neutralizing antibodies and even the appropriate
Th1 responses in mice. Interestingly, antibodies of immunized mice
with circRNARBD neutralized very effectively the B.1.351 variant (a
common variant in South Africa) and even well-established therapeu-
tic circRNARBD, encapsulated with nano-bodies efficiently, neutral-
ized SARS-CoV-2 pseudovirus.109 By the way, the coding sequence
of circRNA may quickly be adapted to deal with any rising SARS-
CoV-2 versions, along with these lately founded B.1.1.7/501Y.V1,
B.1.351/501Y.V2, and P.1 variations.125,126 Taken together, by exten-
sion our deep understanding of the biology and function of circRNAs,
new windows can be opened to solve the problems of viral infections
in the future.

Conclusion

CircRNAs have the potential to serve as microRNA sponges, cellular
transporters, protein-binding RNAs, competitors of linear RNAs,
transcriptional regulators, regulators of maternal gene expression,
and regulators of alternative splicing and the immune system. There-
fore, they can be involved in various cellular processes such as defense
against viral infections. CircRNAs are ubiquitous, abundant, tissue
and cell specific, conserved across species, resistant to exonuclease-
mediated degradation, and more stable than linear RNAs. They can
be quickly generated in vitro at large scale and do not need many
nucleotide modifications. Modification in virus and host circRNAs
expression can be verified in different viral infections (various
circRNA in different viral infections may increase or decrease) that
affect the severity and extent of the pathogenicity of the infectious
agent. Therefore, circRNAs can be suggested as biomarkers to differ-
entiate viral pneumonias from non-viral ones. Considering their
important functions, identification of lncRNA/circRNA can help
construct a ceRNA network, which may provide novel and effective
targets for the development of innovative therapeutic strategies.
Because of their stability and resistance to environmental conditions
and other features mentioned above, it seems possible to be used as a
circRNA-based vaccine to overcome various infections and virus-
associated disease. To conclude, by considering unique properties
of circRNAs, such as biogenesis and biological functions, they might
be used as diagnostic biomarkers or an effective treatment strategy in
the form of vaccines with circRNAs bases to halt some respiratory in-
fections, such as COVID-19.
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