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ARTICLE INFO ABSTRACT

Keywords:

Circular RNAs (circRNAs) are a class of non-coding RNAs with a special covalently closed circular structure,

Virus which is formed by precursor mRNA (pre-mRNA) through “back-splicing”. CircRNAs are more stable than linear

Circular RNAs
Diagnostic marker
Treatment targets

RNAs because they are resistant to exoribonucleases. Viral infections often cause abnormal expression of
circRNAs, which could serve as novel biomarkers for the diagnosis of viral infections by detecting specific
circRNAs in cells, body fluids, or tissues. CircRNAs also play a critical role in regulating host immune response

and virus replication. Here, we reviewed the production and function of circRNAs, mainly focusing on their
regulation on virus infection, to provide novel insights into the potential role of circRNAs as diagnostic marker or
treatment targets for viral infection.

1. Introduction

CircRNAs were originally discovered in plant viroids by Sanger et al.
in 1976 (Sanger et al., 1976). With the development of high-throughput
sequencing technology, circRNAs have been widely identified in
humans (Memczak et al., 2013; Wang et al., 2018), animals (Capel et al.,
1993; Gupta et al., 2018; He et al., 2017; Memczak et al., 2013; Qiu
etal., 2018) and plants (Han et al., 2020; Sablok et al., 2016), not only in
cells, but also in various body fluids (Liu et al., 2019a) and exosomes
(Shi et al., 2020; Wang et al., 2019). CircRNA, without the 5'-cap
structure and 3’ poly(A) tail (Eger et al, 2018), is generated by
pre-mRNA through “back-splicing” (Starke et al., 2015). Therefore, they
are more stable and less susceptible to degradation by exoribonucleases
than linear RNAs (Jeck et al., 2013). CircRNAs are mainly located in the
cytoplasm in eukaryotic cells (Memczak et al., 2013; WR and biotech-
nology, 2014) and play critical roles in gene regulation. Some circRNAs
have been found to express at a specific stage of some human tissues
(Hansen et al., 2013; Salzman et al., 2012; Xu et al., 2017) and they are
enriched in cells that proliferate slowly, such as in nerve cells (Rybak--
Wolf et al., 2015). In 2017, Piwecka et al. reported a circRNA, CDR1as,
could regulate brain sensorimotor gating and synaptic transmission
through interacting with miR-7 and miR-671, which is the first study
with conclusive evidence for the biological function of a particular
circRNA (Piwecka et al., 2017).

Virus infection and the related disease endanger the health of
humans, animals, and plants. Studies have shown that the virus-
generated circRNAs or differentially expressed host circRNAs can be
used as candidate biomarkers for viral infection (Wang et al., 2018; Yu
et al., 2020; Zhao et al., 2019a). Meanwhile, circRNAs are involved in
regulating antiviral immune response (Chen et al., 2017; Li et al., 2017),
viral replication (Lu et al., 2020; Sekiba et al., 2018; Tagawa et al., 2018;
Yu et al., 2019; Zhang and Wang, 2020), and pathogenesis of infectious
diseases (Zhang et al., 2019; Zhao et al., 2019a, b). In this review, we
summarized the current understanding of circRNAs, mainly focused on
the circRNAs in the regulation of viral infections.

2. Formation and function of circRNAs
2.1. Formation mechanism of circRNAs

CircRNA originates from pre-mRNA “back-splicing”, which links the
3"-end of an exon to the 5 -end of an upstream exon by a covalent bond.
This process requires the donor splice site of an exon not connected with
the receptor splice site of the downstream exon as observed in a linear
RNA splicing, but it connects with the upstream receptor site (Aufiero
et al., 2019). There are three types of circRNAs: exon-intron circular
RNAs (EIciRNAs) (Li et al., 2015b; Salzman et al., 2013), exonic circular
RNAs (eCircular RNAs) (Salzman et al., 2012) and circular intronic
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RNAs (ciRNAs) (Zhang et al., 2013b), which are formed through intron
pairing-driven circularization, RNA binding proteins (RBPs)-driven
circularization, and lariat-driven circularization, respectively (Fig. 1).

In intron pairing-driven circularization, cis-acting elements flanking
back-spliced exons enable the flanking introns base-paired directly
through complementary sequences (Fig. 1A) (Aufiero et al., 2019). The
elements involved in pairing include short interspersed nuclear elements
(SINEs; such as complementary Alu repeat sequences) and
non-repetitive complementary sequences (Jeck et al., 2013; Liang and
Wilusz, 2014; Zhang et al., 2014). The competitive complementary
pairing between introns can result in the production of multiple circR-
NAs on a parental gene locus (Zhang et al., 2014). It has been reported
that double-stranded RNA(dsRNA)-specific adenosine deaminase
(ADAR) inhibit circRNAs formation through binding to dsRNA and
interfering RNA base pairing on introns (Fig. 1A) (Ivanov et al., 2015).
Immune factors NFOO/NF110, which contain a dsRNA binding region,
promote circRNAs production in nucleus by binding with intronic
complementary RNA pairs flanking the back-spliced exons (Li et al.,
2017).

In RBPs-driven circularization, trans-acting factors, the proteins
binding to cis-acting elements, initiate circRNAs formation by docking
on specific sites of the introns flanking back-spliced exons (Ashwal-Fluss
et al, 2014a; Conn et al, 2015). Several proteins, such as
muscleblind-like protein 1 (MBNL1) (Ashwal-Fluss et al., 2014b) and
protein quaking (QKI) (Conn et al., 2015), have been reported to facil-
itate circRNAs formation through interacting with flanking introns
(Fig. 1A).

Lariat driving circularization including lariat removal (Zhang et al.,
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2013a) that forms ciRNAs during linear pre-mRNA splicing (Fig. 1B),
and exon skipping (Zaphiropoulos, 1996) that forms exon-containing
lariat (also EIciRNAs) (Fig. 1C).

In summary, circRNA formation is a complicated process. Circular-
ization process is regulated by many elements including cis-acting ele-
ments, trans-acting factors, and spliceosomes (Chen, 2016; Yu and Kuo,
2019).

2.2. Biological function of circular RNAs

Although some circRNAs exist in nucleus (Li et al., 2015a), various
secretions (Bahn et al., 2015; Liu et al., 2019a; Song et al., 2020; Yu
et al., 2020) and exosomes (Shi et al., 2020; Wang et al., 2019), most
circRNAs are mainly located in the cytoplasm (Memczak et al., 2013;
WR and biotechnology, 2014). The biological function of circRNAs
varies according to their physical location, though most of them are still
poorly recognized.

2.2.1. CircRNAs localized in the cytoplasm

CircRNAs located in the cytoplasm function in three patterns: 1)
function as microRNA (miRNA) sponge (Hansen et al., 2013; Memczak
et al., 2013); 2) affect gene expression by binding RBPs (Abdelmohsen
et al., 2017; Ashwal-Fluss et al., 2014a; Du et al., 2017, 2016), and 3)
translate into proteins directly (Legnini et al., 2017; Pamudurti et al.,
2017; Yang et al., 2017, Yang et al., 2018). Although circRNAs have
many biological functions, sponge miRNA is the first biological function
discovered, which prevents the interaction between certain miRNAs and
their target mRNAs in the cytoplasm (Fig. 1D) (Hansen et al., 2013;
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Fig. 1. Formation and function of circRNAs. (A) The cis-acting elements and trans-acting factors participate in circularization. The cis-acting element allows the
introns flanking exons directly base pair into circularization through SINEs. Trans-acting factor driving circularization by binding to specific sites of introns flanking
exons. Among them, MBL and QKI promote cyclization, while ADAR1 inhibits circRNAs formation. (B, C) Lariat-driven circularization mode includes exon skipping
and intron removal toform EIciRNAs and ciRNAs respectively. (D) CircRNAs act as miRNA sponges to inhibit the interaction between miRNAs and their target
mRNAs. (E) Circ RNAs directly bind RBPs to affect gene expression. (F) CircRNAs directly bind RBPs to affect gene expression. (G) CircRNAs interact with U1 snRNP
to form circRNAs-U1 snRNP complexes and regulate gene transcription in the nucleus. (H) RNA-DNA hybrid strand regulates its parental DNA transcription by a
negative feedback loop. (I) CircRNAs are packed into exosomes and involved in cell-to-cell signal transmission. (J) Some circRNAs exists freely in various body fluids
such as blood, saliva, and urine, together with exosomes circuRNAs can be used as biomarkers for disease diagnosis.
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Memczak et al., 2013). CircRNAs have also been found to form specific
circRNPs with some cytoplasmic proteins. CircRNPs can affect gene
expression and function of these protein, therefore serving as RBPs
sponges (Fig. 1E) (Abdelmohsen et al., 2017; Ashwal-Fluss et al., 2014a;
Du et al., 2017, 2016). Some cytoplasmic circRNAs have internal ribo-
some entry site (IRES) elements, which can be translated into proteins or
peptides after binding to ribosomes (Fig. 1F) (Legnini et al., 2017;
Pamudurti et al., 2017; Yang et al., 2018). Other circRNAs without IRESs
but contain m6A modification sites can also initiate the protein trans-
lation process (Yang et al., 2017). Recently, a study reported that circSfl
was translated into a 25-kDa protein by sharing the N-terminus with the
110-kDa SFL protein encoded by host sulfateless (sfl) gene. Both proteins
encoded by circSfl and linear SFL transcripts can regulate the life-span of
flies, while the circSfl protein lacks the enzymatically active domain at
the C terminus (Weigelt et al., 2020).

2.2.2. CircRNAs localized in the nucleus

CiRNAs and EIciRNAs are mainly located in the nucleus, and their
functions have been reported to regulate gene transcription and alter-
native splicing through interacting with Ul snRNP to form circular
RNAs-U1 snRNP complexes (Fig. 1G) (Li et al., 2015a). These circRNAs
can also affect the transcription efficiency of many genes by interaction
with the RNA polymerase II (Pol II) transcription complex of pre-mRNA
promoter region (Zhang et al., 2013a). Most recently, it is reported that
circRNAs can be used as a template for de novo transcription under Pol II
catalysis (Dissanayaka Mudiyanselage and Wang, 2020). The stranded
circRNAs in the nucleus are able to form an RNA-DNA hybrid strand
with its parental dsDNA, which negatively regulates the parental DNA
transcription (Fig. 1H) (Conn et al., 2017).

2.2.3. CircRNAs secreted into the extracellular

Some circRNAs can be secreted into various body fluids such as
blood, saliva, and urine. Studies have reported that circRNAs can be
packed into exosomes to function in cell-to-cell signal transmission and
regulation (Fig. 1I) (Shi et al., 2020; Wang et al., 2019). These secreted
circRNAs are promising biomarkers for disease diagnosis and progres-
sion (Fig. 1J) (Bahn et al., 2015; Liu et al., 2019a; Song et al., 2020; Yu
et al., 2020).

3. CircRNAs associated with virus infection

Virus-derived circRNAs and/or differentially-expressed host circular
RNAs have been observed following various virus infections. These re-
sults indicated that circRNAs may play important roles in virus infection
and host defense. In this section, we summarize the potential use of the
viroid circRNAs, viral-derived circRNAs, and differentially expressed
host circRNAs as biological markers for virus infection and related dis-
eases progression.

3.1. Viroid circRNAs

Viroid replicates autonomously in plants to induce disease. The
genome is a single-stranded RNA molecule, which can form a “naked”
rod-like conformation (Lopez-Carrasco and Flores, 2017). The special
circular genomic structure of viroid makes it replication by a
rolling-circle way in the nucleus and chloroplast of host cells (Flores
et al., 2009, 2011; Gago-Zachert, 2016).

In 1976, Sanger et al. found a single-stranded covalently closed cir-
cular RNA molecule in plant viroid, which can base complementary
pairing to form a rod-like structure (Sanger et al., 1976). In 1988, three
kinds of viroid circRNAs were found in nucleic acids of grapevine
analyzed by two-dimensional gel electrophoresis (Rezaian et al., 1988).
In 1997, a cherry small circRNA (csc RNA1) was discovered as a new
viroid-like satellite circRNA (Di Serio et al., 1997). The small circRNA
(sc-RNA) associated with rice yellow mottle sobemovirus (RYMV) was
discovered in 1988, which contains only 220 nucleotides and is the

Virus Research 291 (2021) 198205

smallest viroid circRNA identified so far (Collins et al., 1998). This
sc-RNA is the only viroid circRNA that can encode a 16-kDa protein,
which uses novel modalities for coding, translation, and gene expression
(AbouHaidar et al., 2014).

3.2. Virus-derived circRNAs

Hepatitis delta virus (HDV) is the first mammal virus that has been
found to have a circRNA genome (Kos et al., 1986). Compared with
viroid, HDV uses host cell RNA polymerase to replicate its circular
genomic RNA by rolling-circle model (Macnaughton et al., 2002). With
the development and wide application of high-throughput sequencing
technologies, a variety of circRNAs derived from viruses, including
human papillomavirus (HPV) (Zhao et al., 2019a), hepatitis B virus
(HBV) (Sekiba et al., 2018), blackcurrant leaf chlorosis associated virus
(BCLCaV) (James et al., 2018), Epstein-Barr virus (EBV) (Huang et al.,
2019; Toptan et al.,, 2018; Ungerleider et al., 2018, 2019), murine
gamma herpesvirus 6868 (MHV68) (Ungerleider et al., 2019) and
Kaposi sarcoma herpesvirus (KSHV) (Tagawa et al., 2018; Toptan et al.,
2018; Ungerleider et al., 2019) have been identified and confirmed
(Table 1). Interestingly, some studies have reported that the terminal
regions of flavivirus genomes contain inverted complementary se-
quences, which can mediate long-range RNA interactions and RNA
cyclization. This circular conformation of genomes is essential for fla-
vivirus RNA replication (Alvarez et al., 2005; Khromykh et al., 2001; Lo

Table 1
Virus-derived circRNAs.
Virus Sample type Virus-derived circRNAs Reference
HPV TCGA RNA-Seq data HPV16 circE7 (Zhao et al.,
from HPV-positive 2019a)
cancers
HBV HBV-infected HepG2 HBV circRNA (Sekiba et al.,
cells, HepAD38 cells 2018)

and human primary
hepatocytes

BCLCaV BCLCaV-infected circular forms of BCLCaV (James et al.,
Ribes nigrum and RNA-2 and RNA-3 2018)
Nicotiana
benthamiana tissue
rLCV SIV/LCV-infected rLCV circRPMS1_E5_E3a
SIV rhesus lymphoma EBV circRPMS1_E4_E3a
model circRPMS1_E2b_E1b (Ungerleider
) circEBNA_U etal,
MHves  HIV6Sinfected NIH \\veg cirem11 oRF69 2019)
3T12 cells
KSHV KSHV positive BCBL-L oy cirevIRF4
cells
KSHV-infected (Tagawa et al.
KSHV HUVECs or infected B KSHV circvIRF4 2018) ’
cell line, MC116
EBV-infected cell
lines, including SNU- . (Huang et al.,
EBV 719, AGS-EBV, C666. 07 circRPMSI 2019)
1 and Akata
Represent type I, II,
and III latency circEBNA_U. circBHLF1
transcription circRPMS1_E4_E3a
EBV programs and during circRPMS1_E4_E2 (Ungerleider
reactivation period circEBNA_W1_C1 et al., 2018)
lymphocyte gastric circEBNA_W2_C1
cancer cell models circLMP2_E8_E2
infected with EBV
EBV EBV-positive PTLDs circBARTSs
DMSO-treated or
NaB/TPA-induced (Toptan et al.,
KSHV KSHV-infected PEL circvIRF4, circPANs/K7.3 2018)

cell lines BCBL1 and
BC-1

TCGA, The Cancer Genome Atlas; rLCV, rhesus macaque lymphocryptovirus;
SIV, simian immunodeficiency virus; HUVECs, HUVEC-human umbilical vein
endothelial cells; PTLD, posttransplant lymphoproliferative disease.
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et al., 2003; Villordo and Gamarnik, 2009).

High-risk HPV infection stimulates the development of cervical,
oropharyngeal, anal, vulvovaginal, and penile cancers. An HPV16-
derived circRNA, circE7 has been identified in HPV-positive cancers.
Knocking down of HPV16-derived circE7 in CaSki cells reduces the
translation of E7 protein and inhibits the growth of HPV-related cancer
cells. These findings indicated that HPV16-derived circE7 may be used
as a screening marker for high-risk HPV infection. It also illustrated that
virus-encoded circRNA can be translated into proteins (Zhao et al.,
2019a).

3.3. Differentially-expressed host circRNAs following virus infection

Virus infection significantly changes the expression patterns of host
circRNAs (Table 2). 226 differentially-expressed circRNAs have been
identified in hepatocellular carcinoma (HCC) patients by circRNA
microarray. Of these 226 circRNAs, 189 are up-regulated and 37 down-
regulated. Further functonal studies demonstrated that some of these
circRNAs are involved in the pathogenesis of HCC. One such example is
the upregulated circRNA_100338 regulated the cancer cells invasion
through sponging miR-1413p (Huang et al., 2017). Similarly, 99
differently-expressed circRNAs were identified in liver biopsies from
chronic hepatitis B (CHB) patients using RNA sequencing. Computa-
tional analysis of the circRNA-miRNA-mRNA pathways revealed that
four pathways may be involved in HBV infection and progression of
HBV-associated liver disease. Of these four pathways, hsa_circ_0000650
has been found to regulate transforming growth factor-f (TGFp)
pathway by sponging miR-6873—3p using a regression analysis of gene
expression (Zhou et al., 2018).

CircRNAs differentially expressed in plasma are expected to be po-
tential biomarkers for HBV-related HCC. In a recent research, three
circRNAs, hsa_circ_0000976, hsa_circ_0007750, hsa_circ_0139897 were
found to be significantly up-regulated in the plasma of HBV-related HCC
patients compared with those of healthy controls, CHB, and HBV-related
liver cirrhosis patients (Yu et al., 2020). Another study screened the
differentially expressed plasma circRNAs from 10 patients with
HBV-related HCC and 5 patients with HBV-related liver cirrhosis using
microarray. They verified that the expression of hsa_circ_0027089 was
significantly altered in HCC patients and can be used to distinguish HCC
patients from cirrhotic patients and healthy participants (Zhu et al.,
2020). In addition, circRNA profiles were also investigated in
HBV-related HCC and their paired adjacent non-tumorous (NT) tissues.
They found 24 significantly up-regulated and 23 down-regulated
circRNAs tissues in HBV—HCC tissues. Among them, up-regulation of
hsa_circ_100381, hsa_circ_103489 and down-regulation of
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hsa_circ_101764 were verified in another 10 validation HCC tissues.
Further study also indicated that circRNA_101764 may play an impor-
tant role in the development of HCC (Wang et al., 2018). However,
although these studies are all focused on HBV-related HCC, there is none
overlap of the differently expressed circRNAs, which may arise from
different sample types and control groups used. More investigation on
the association between specific circRNAs and HBV-related HCC are
warranted in future research.

Similarly, the change of circRNA profiles can also be detected in
animals infected with viruses. Tumors from subgroup J avian leucosis
virus infected (ALV-J-infected) chickens lead to high mortality. Several
studies have investigated the circRNAs related to ALV-J infection in
chickens. It is found that circ-Vav3 was significantly up-regulated in
liver tumor tissues of ALV-J-infected chickens. Overexpression of circ-
Vav3 in DF-1 cells can sponge gga-miR-375 and increase the Yes-
associated protein 1 (YAP1) expression to promote epithelial-
mesenchymal transition (EMT) and tumorigenesis. These findings sug-
gest that the circ-Vav3/gga-miR-375/YAP1 axis is a regulator of ALV-J
infection-induced tumorigenesis (Zhang et al., 2019). In addition, 106
up-regulated circRNAs and 46 down-regulated circRNAs were identified
in the spleen tissues of ALV-J-infected chicken by using RNA sequencing
(Qiu et al., 2018). 32 differentially expressed circRNAs were identified
in liver tissues from ALV-J-resistant and ALV-J-susceptible chickens
(Zhang et al., 2017). Furthermore, a novel circHRH4 is highly expressed
and stably existed in various tissues of chicken (Qiu et al., 2018).These
results provide new insight into circRNAs regulation on tumor induction
and development in chicken.

Piglets infected by transmissible gastroenteritis coronavirus (TGEV)
suffer from severe vomiting and diarrhea with symptoms of trans-
missible gastroenteritis (TGE). Research revealed that circEZH2
expression level was significantly down-regulated in piglets infected
with TGEV. Overexpression of circEZH2 in IPEC-J2 cells inhibited
TGEV-induced mitochondrial permeability transition pore (mPTP)
opening via attaching miR-22 to regulate hexokinase 2 (HK2) and
interleukin 6 (IL-6), while silencing of IL-6 supressed activation of NF-xB
pathway. This study provides potential drug targets for the prevention
and treatment of TGE (Zhao et al., 2019b). Studies have also examined
circRNA expression profiles by using high-throughput sequencing in
MBDK cells infected with bovine viral diarrhea virus (BVDV) (Li et al.,
2019) and in the silkworm following bombyx mori nuclear polyhedrosis
virus (BmNPV) infection (Hu et al., 2018). All these findings implied
that circRNAs play critical roles in regulating virus infection both in
animals and plants.

Table 2

Differentially expressed host circRNAs in human following virus infection.
Virus Sample type Name of circRNAs with differentially expressed Expression level Reference
HTNV HTNV-infected HUVECs hsa_circ_0000479 Up-regulated (Lu et al., 2020)
HBV Blood and liver tissues from CHB patients, hsa_circ_0004812 Up-regulated (Zhang and Wang,

HBV-infected hepatoma cells

hsa_circ_0005389
and hsa_circ_0000038
hsa_circ_0000650

HBV Liver biopsies from untreated CHB patients

PBMC of HARRT-naive EHI patients

HIV
PBMCs of HARRT-naive CHI patients hsa_circ_0003863 hsa_circ_0049083
1AV . .
H1N1-infected A549 cells hsa_circ-GATAD2A
HIN1
HCMV HCMV latent-infected THP-1 cells hsa_circ_0001445 hsa_circ_0001206
KSHV KSHV-infected HUVEC, B cell line, MC116 hsa,c%rc,0001400 hsa_circ_0001741 hsa_circ_0008311
hsa_circ_0005145
HSV-1 HSV-1 infected KMB17 cells hsa_circRNA3046 hsa_circRNA3683 hsa_circRNA6783

hsa_circRNA7752 hsa_circRNA7231

hsa_circ_0000711 hsa_circ_0006968

2020)

Upregulated (Zhou et al.,

2018
Down-regulated )

EHI group compared with HC
group : up-regulated
CHI group compared with EHI
group : up-regulated

(Zhang et al., 2018)

Up-regulated (Yu et al., 2019)

(Lou et al., 2019)
(Tagawa et al.,
2018)

Down-regulated

Up-regulated

Up-regulated (Shi et al., 2018)

HTNV, hantaan virus; HIV-1, human immunodeficiency virus type 1; IAV, influenza A virus; HSV-1, herpes simplex virus; HCs, healthy controls; PBMC, Peripheral
blood mononuclear cell; HARRT, Highly Active Antiretroviral Therapy; EHI, early HIV infection; CHI, chronic HIV infection.
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4. CircRNAs regulate viral replication and induce antiviral
immune response

Research on the role of circRNAs in various diseases (such as tumors
(Vo et al., 2019), nervous system diseases (Piwecka et al., 2017), and
cardiovascular diseases (Aufiero et al., 2019), etc) is moving rapidly in
recent years. Studies also demonstrated that circRNAs play important
roles in virus replication and host antiviral immune response, though the
detailed mechanisms are still unclear. Here we summarize some of the
reports on circRNAs regulation of viral replication and related diseases
(Table 3).

4.1. CircRNAs regulate virus replication through mediating host-virus
interaction

Studies have showen that viral-derived circRNAs were produced
during some virus infection such as HBV and EBV. It was found that
HBV-derived circRNA was regulated by the host DHX9 (DEAH-box
helicase 9) protein. Specific disruption of DHX9 protein in HepG2 cells,
HepAD38 cells, and human primary hepatocytes increased HBV-derived
circRNA levels, while decreased the HBV protein levels. The author
therefore concluded that DHX9 functions as an RNA binding factor to
regulate expression levels of viral-derived circRNAs or viral proteins
(Sekiba et al., 2018). Using a R-resistance RNA-seq, EBV-encoded
circRNAs have been investigated. They identified the miRNAs sponged
by EBV-encoded circRNAs and their interactions with target mRNAs,
which regulate the EBV replication and its related tumorigenesis (Qiao
et al., 2019). It has been shown that KSHV infection increased hsa_-
circ_0001400 expression level in HUVECs cells. While ectopic expression
of this circRNA in SLK cells suppressed the expression of key viral latent
gene LANA and lytic gene RTA in KSHV de novo infections, siRNA
knockdown of hsa_circ_ 0001400 stimulated the expression of KSHV
genes (LANA and RTA), suggesting that hsa_circ 0001400 has an anti-
viral effect and may serve as a new therapeutic target for antiviral
infection (Tagawa et al., 2018).

Table 3
Mechanisms of circRNAs regulation in viral replication and related disease.

CircRNA Effect on virus Regulated pathway Refer-ence

circ_0000479 Overexpression circ_0000479/ miR- (Luetal.,
promotes the 149-5p/ RIG-I 2020)
expression of RIG-I pathway
and hampering
HTNV replication

hsa_circ_0004812 Knockdown circ_0004812/ miR- (Zhang and
expression promotes 1287-5p/ FSTL1 axis Wang,
the IFN-a/B, and to regulate IFN- 2020)
inhibits HBV induced immune
replication. response

circRNA_100338 Overexpression circRNA_100338 / (Huang
enhanced migratory miR-1413p axis to etal.,
and invasive ability regulate invasive 2017)
of cancer cells potential in liver

cancer cells

circ-GATAD2A Knockdown circ-GATAD2A/ (Yu et al.,
expression enhances VPS34-dependent 2019)
autophagy and autophagy pathway
inhibits JAV HIN1
replication, reverse
after overexpression

circ-Vav3 Overexpression circ-Vav3/gga-miR- (Zhang
induces EMT, 375/YAP1 axis et al.,
promote ALV-J induces EMT pathway  2019)
related
tumorigenesis

circEZH2 Overexpression circEZH2/ miR-22/ (Zhao
inhibits TGEV- HK2 axis, circEZH2 et al.,
induced mPTP /miR-22/IL-6/ NF-Kb 2019b)

opening and regulate
NF-kB activation

pathway to regulate
mPTP opening
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4.2. Circular RNAs induces antiviral immune response

CircRNAs are involved in the host anti-viral immune response. dsRNA-
binding proteins are important components of host antiviral innate im-
mune system. Studies have reported that some host and virus-derived
circRNAs regulate virus infection through interacting with these dsRNA
binding antiviral proteins (Awan et al., 2020; Liu et al., 2019b). Retinoic
acid-inducible gene I (RIG-I) is a cytosolic RNA-sensing protein that rec-
ognizes viral dsRNA and elicit innate immune response. Recently, it has
been reported that RIG-I can also sense exogenous circRNAs and stimu-
lates innate immunity to inhibit viral infection (Chen et al., 2017). In
addition to the 5 verified circRNAs upregulated by HSV-1 infection
(shown in Table 2), Shi et al. analyzed the circRNA-miRNA-genes regu-
latory axis using the top-9 dysregulated circRNAs induced by HSV-1
infection (hsa_circRNA1450, hsa_circRNA14514, hsa_circRNA14515,
hsa_circRNA14189, hsa_circRNA15655, hsa_circRNA15950, hsa_-
circRNA14556, hsa_circRNA15053 and hsa_circRNA15906), they found
that the a large number of immunity-related genes, mainly enriched in
NOD-like receptor/JAK-STAT signaling pathway, were potentially regu-
lated by HSV-1-induced circRNAs (Shi et al., 2018).

Immune factors NF90/NF110 can promote circRNAs production in
the nucleus and interact with mature circRNAs in the cytoplasm. Upon
viral infection, partly due to the nuclear export of NFOO/NF110 to the
cytoplasm, the expression level of circRNA is reduced. In addition,
NF90/NF110 released by the circRNP complexes binds to the viral
mRNA and inhibits viral translation to play an important role in antiviral
immune response (Li et al., 2017). HTNV infection in humans causes
high mortality of hemorrhagic fever with renal syndrome (HFRS).
Circ_0000479 expression in HUVEC has been found to increase after
HTNV infection, which in turn to inhibit viral replication by sponging
miR-149-5p and promoting RIG-I expression (Lu et al., 2020). The
expression of hsa_circ_0004812 in liver cancer tissues of CHB patients is
significantly up-regulated. Knockdown of hsa_circ_ 0004812 stimulated
the expression of IFN-o/f to inhibit viral replication, while over-
expression of hsa_circ. 0004812 promoted HBV-induced immunosup-
pression through sponging miR-1287—5p. Therfore, hsa_circ 0004812
was speculated as a potential therapeutic target for the treatment of HBV
infection (Zhang and Wang, 2020). IAV HIN1 infection is easy to cause
seasonal epidemic acute respiratory disease. The expression level of
circ-GATAD?2A is significantly up-regulated in A549 cells infected with
HIN1 virus. Overexpression of circ-GATAD2A promoted HIN1 repli-
cation by blocking VPS34-dependent autophagy, while the virus repli-
cation was inhibited after knockdown of circ-GATAD2A (Yu et al.,
2019).

In addition, some studies revealed that the cytoplasmic endonuclease
RNase L is activated after viral infection, which would restrict circRNAs
expression and thereby releasing NF90, NF110, and PKR to promote
antiviral immune responses activities (Chen, 2020; Li et al., 2017; Liu
et al., 2019b).

5. Conclusions and prospects
5.1. Prospects

Early detection is the key to treat virus infections. CircRNAs can exist
in cells, body fluids (Bahn et al., 2015; Liu et al., 2019a; Song et al.,
2020; Yu et al., 2020), and exosomes (Shi et al., 2020; Wang et al.,
2019), which makes them more stable than linear RNAs. Based on these
characteristics, circRNAs are potential candidate biomarkers for the
diagnosis of viral infections in a noninvasive manner. However, little is
known in using specific circRNAs as biomarkers for virus diagnosis, due
to the lack of standard methods for circRNA detection.

In addition, circRNAs also have a therapeutic potential for virus-
related diseases. Recently, a circRNA constructed artificially in vitro
can successfully inhibit HCV replication by sponging miR-122, which is
required for HCV replication in HuH-7.5 or HuH-7 cells (Jost et al.,
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However, some challenges and problems still need to be solved.
Firstly, circRNAs contain almost the same sequence as its linear parental
gene except for the sequence at the back-splice junction. Therefore, it is
difficult to specifically detect circRNAs from its linear parental gene.
Secondly, the study on circRNAs is still in the early stage. For example,
other mechanisms except for sponging miRNA are not clear, besides
most studies on circRNAs still stay at the cellular level. Further in-
vestigations in animal models and patients are needed. A unified and
standardized circRNAs naming system should also be established as soon
as possible. Last but not least, since circRNAs can resist the degradation
of RNase and remain stable in cells, how can it be degraded safely is an
important question when it was considered as a drug.

5.2. Conclusions

In summary, circRNA as an emerging regulatory RNA molecule, its
existence and function expand the complexity and diversity of eukary-
otic transcriptomes. The special circular structure endows the circRNAs
with good stability and different functions from those of their parental
linear RNAs (Li et al., 2018). Here, we discussed the formation and
function of circRNAs, as well as the molecular mechanism by which
circRNAs regulate virus replication and disease occurrence. Future study
is required to shed the potential role of circRNAs in the diagnosis and
treatment of infectious diseases.
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