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Keywords Circular RNAs (circRNAs) are a recently discovered class of noncoding
circRNA; circular RNA; miRNA sponge; RNAs found in many species across the eukaryotic kingdom. These
noncoding RNA; virus intriguing RNA species are formed through a unique mechanism that is
known as back splicing in which the 5 and 3’ termini are covalently joined.
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and therapeutic treatment of viral-associated diseases. We conclude by dis-
cussing the current limitations in knowledge and significance of elucidating
the roles of circRNAs in host-virus interactions, as well as future direc-
tions for this emerging field.

Introduction Meanwhile, the infected host cells respond by express-
ing and/or activating factors (ranging from RNA and
proteins to lipids) and pathways to restrict virus repli-
cation.

Innate immunity presents the first line of defense
against viral pathogens and is deployed rapidly. A
repertoire of sensors recognize specific pathogen-
derived patterns that culminate in the mobilization of

Viruses are obligate intracellular parasites that fully
rely on their host’s biochemical machinery for growth
and reproduction, but are inert when present outside
the host. A subset of pathogenic viruses known as
oncogenic viruses can cause cancer upon viral infec-
tion. To reproduce inside the host, viruses utilize many
cellular factors and pathways for efficient replication.
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a range of innate immune effectors and regulators such circRNA biogenesis mechanisms have been widely

as interferon release and induction of an antiviral state accepted (Fig. 1), including RNA-binding protein
[1]. At the same time, the viruses also deploy various (RBP)-mediated [6,8,9], intron pairing-driven [10,11],
mechanisms to evade the host immune response fuel- and lariat-driven circularization [12,13].

ing the evolution of mechanisms to sense and censor circRNAs formed through backsplicing lack free

viruses and virus-derived RNA. It is the net effect of termini; thus, these can easily escape from hydrolysis
these virulence factors of the pathogen and the host by the numerous cellular exonucleases such as RNase
immune defense that likely determines the outcome of R. Reduction in exonuclease susceptibility allows cir-

the virus infection. However, our present understand- cRNAs to have significant longer half-lives than lin-
ing of the role of non-coding RNAs (ncRNAs) during ear RNA [3]. The abundance of most circRNAs is
host—virus interaction is comparatively lacking. low at a hundred to a thousand times lower than

With the improvement of biochemical methods and that of the cognate linear RNAs. circRNAs can be
the advent of high-throughput sequencing, an intrigu- derived from either exons or introns or from both,

ing class of ncRNA, namely circular RNA (circRNA), and with a great diversity in length, from less than a
has been discovered [2-7]. circRNAs were previously hundred to thousands of nucleotides. Thousands of
thought to be the byproduct of mis-splicing during circRNAs are reported to be highly expressed in tis-

mRNA processing in eukaryotic cells, but have now sue and developmental stage-specific manners [14]
become one of the most attention-grabbing molecular with more than 20 % of expressed genes in examined
species in research focus. circRNA expression is ubiq- cells and tissues able to produce circRNA transcripts
uitous throughout the eukaryotic kingdoms. circRNAs [15]. circRNAs are abundant, evolutionarily conserved
are primarily generated through a unique mechanism across species, and predominantly reside in the cyto-

known as backsplicing, a process that differs from plasm. Nuclear-retained circRNAs are predicted to
canonical splicing whereby the upstream 3’ splice regulate transcription, whereas circRNAs that are

acceptor is covalently joined to the downstream 5 predominantly found in the cytoplasm are more likely
splice acceptor. To date, three hypothetical models for to be involved in post-transcriptional gene regulation.
pre-mRNA
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Fig. 1. Biogenesis of circRNA. Three hypothetical models for circRNA biogenesis mechanisms have been widely accepted, including (1)
RBP-mediated circularization [6,8,9]. RBP (e.g., QKI, MBL) is a trans-factor that regulates circularization through the binding of specific
sequence motifs on introns flanking exon(s) to be circularized on a linear pre-mRNA, and dimerize to facilitate backsplicing; (2) intron pairing-
driven circularization [10,11]. This model utilizes the presence of inverted complementary sequences in flanking intronic regions (e.g., Alu
repeats) that may promote alternative circularization through intron pairing; and (3) Lariat-driven circularization which starts with canonical
splicing, resulting in the production of linear mRNA with skipped exon(s) within a long intron lariat. Subsequently, internal splicing facilitates
the removal of flanking intronic sequence, allowing the generation of circRNA [12,13]. SA, splicing acceptor; SD, splicing donor.
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Fig. 2. Biological functions of circRNAs. circRNA (ciRS-7, cir-/TCH) acts as a (1) miRNA sponge that may compete with other classes of
RNA for miRNA-binding sites and perturb the complex network of interaction and gene regulation [16-20]; (2) RBP sponge [9,21] and
protein regulator [23,24]. circRNAs (e.g., circFoxo3) are able to bind, store, sort, and sequester proteins to particular subcellular locations,
and act as dynamic scaffolding molecules that modulate protein—protein interactions; (3) regulates transcription of parental gene in cis- or
trans-manners through interacting with UT snRNP and promote transcription of their parental genes (e.g., circE/F3J and circPAIP2);
recruiting TET1 demethylase to induce DNA demethylation of promoter or interacting with DNMT1 promoter that results in DNMTT
silencing (e.g., circFECR1) [12,22]; (4) mRNA trap (e.g., circMbl) whereby the formation of circRNA competes with linear mRNA production

[9]; and (5) template for circRNA translation (e.g., circfi-catenin) as it contains an open reading frame (ORF) [25-27].

To date, several biological functions have been pro-
posed for circRNAs (Fig. 2), including microRNA
(miRNA) sponge [16-20], RBP sponge [9,21], tran-
scriptional regulator [12,22], mRNA trap [9], protein
regulator [23,24], and as templates for translation into
protein [25-27]. Comprehensive review of circRNA
biogenesis, detection, and function would be beyond
the scope of this work and has been recently
reviewed elsewhere [28-31].

Recent studies have revealed that viruses also
encode a repertoire of circRNAs. Some viral cir-
cRNAs are abundantly expressed and are reported to
play a role in disease pathogenesis. Evidence of how
host circRNAs changes in response to virus infections
is also slowly emerging. In this review, we provide a
summary of key current evidence of host and viral-
derived circRNA expression, their regulation, and
their biological functions during host—virus interac-
tion. In addition, the medical potential of host and
viral circRNAs as diagnostic and prognostic markers
and as therapeutic targets for viral-associated diseases
will be discussed.

4490

Viral-derived circRNAs

circRNAs were first identified in RNA viruses as vir-
oids via electron microscopy [32]. Years later, endoge-
nous circRNA was first discovered in the humans
deleted in colon cancer (DCC) gene [33]. With the
functional characterization of eukaryotic circRNAs,
viruses are being revisited for the possibility in encod-
ing bona fide circRNAs backspliced from viral genes.
Recent circRNA analyses have discovered and vali-
dated the presence of viral circRNAs in DNA viruses
such as herpesviruses, papillomavirus, and others (see
more below). These viral circRNAs are different from
viroids that also have single-stranded circular RNA
structure as the genetic content ranging from 220 to
457 bp in size and lacking protein-coding capability
[34]. Although viral circRNAs and viroids have paral-
lels, viroids are pathogenic self-replicating infectious
agents of higher plants with no effects in humans and
animals, whereas viral circRNAs are nonreplicating,
noninfectious RNA transcripts derived via backsplic-
ing of viral genes. Importantly, the circularity of plant
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viroid RNA genomes has functional relevance to their
replication cycle via the rolling circle mechanism,
which is different from viral circRNAs formed via
backsplicing [35]. The landscape of viral-derived cir-
cRNAs across different viruses and their characteriza-
tion including biological functions are summarized in
Fig. 3 and discussed below.

EBV circRNAs

Epstein—Barr virus (EBV) is one of the most common
human viruses, infecting approximately 90% of the
world’s population [36]. Primary EBV infection during
early childhood is usually asymptomatic and delayed
onsets can be associated with infectious mononucleo-
sis. EBV infection also accounts for various malignan-
cies in B lymphocytes and epithelial cells including
Burkitt’s lymphoma (BL), Hodgkin lymphoma (HL),
extranodal nasal-type natural killer/T-cell lymphoma
(NKTL), nasopharyngeal carcinoma (NPC), and EBV-

DNA viruses

Gammaherpesvirinae

EBV/HHV4

Papillomaviridae Hepadnaviridae
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associated gastric carcinoma (EBVaGC). Other than
protein-coding gene expression, EBV synthesizes many
essential viral noncoding RNAs that regulate diverse
biological processes including viral replication, host
immune evasion, and cellular transformation [37].
circRNAs encoded by EBV and a closely related
tumorigenic herpesvirus, Kaposi sarcoma herpesvirus
(KSHYV), were first described in a series papers by
three different groups [38—40]. Erik Flemington’s
group showed that EBV expresses a spectrum of viral
circRNAs between latent and lytic cycles across vari-
ous cell lines with different latency status [38]. Nota-
bly, some viral circRNAs have been found to be
expressed at levels comparable or higher than host cir-
cRNA levels such as circRPMSI_E4_E3a and
circBHLFI, which suggests potential biological impli-
cations. Some of these circRNAs such as cir-
cRPMSI1_FE4_F3a and circEBNA_U are also expressed
broadly across different EBV latencies. Whereas a

majority of the circRNAs were formed via
RNA viruses
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Fig. 3. Mechanism of actions of viral and host circRNAs during viral infection. DNA viruses (EBV [38,39,42,43], KSHV [39,40,47], HPV
[49,50], and HBV [52,53])—transcribed viral circRNAs contribute to disease pathogenesis by acting as miRNA sponge, oncoprotein producer,
and affecting hallmarks of cancer. RNA viruses (HCV [70], DENV [70], HIN1 IAV [69], and MERS-CoV [71]) regulate host circRNA expression
to promote viral replication. Poly(l:C) treatment upregulates host circRNA to trigger TLR3 and RIG-I signaling pathway through miRNA

sponging.
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backsplicing of one or more exons, a few were found
to include intronic regions. Intriguingly, most of the
EBV circRNAs identified are encoded from latency
genes and a significant proportion of expressed EBV
circRNA were upregulated upon lytic reactivation.
Further subcellular localization study demonstrated
that EBV circRNAs can be localized to either cyto-
plasm, nucleus, or both. Importantly, comparison
between EBV and rhesus macaque lymphocryptovirus
(rLCV)-expressed  circRNAs showed that cir-
CRPMSI_E4 E3a and circEBNA_U are conserved
among gammaherpesvirinae, even though there is only
65% nucleotide homology between rLCV and EBV
genomes, suggesting conserved functional relevance
[41]. On the other hand, Yuan Chang’s group has
identified and characterized a number EBV circRNAs,
including abundant circRPMSI isoforms (known as
circBARTs in Toptan et al.’s study) in EBV-positive
posttransplant lymphoproliferative disease samples
(PTLDs) [39]. Essentially, further characterization by
the group showed that other than detection in EBV-
positive cell lines, circRPMSI_E4 _E3a was also found
in EBV-positive AIDS-associated lymphoma, EBV-
positive gastric carcinoma, and NPC xenografts.

To date, limited functions have been ascribed to
these EBV-derived circRNAs with only circRNAs
from RPMSI and LMP2A genes being reported. cir-
CRPMSI1_E4 E3a is located within the EBV BamHI A
rightward transcript (BART) locus that is responsible
for the majority of EBV noncoding RNA transcription
[37]. Two studies have demonstrated that cir-
CRPMSI E4 E3a (known as ebv-cicRPMSI in
Huang et al.’s study and as circRPMS! in Liu et al’s
work) promotes EBV-associated epithelial cancer
tumorigenesis by acting as a miRNA sponge. Liu et al.
[42] showed that circRPMSI_E4_FE3a was upregulated
in NPC tissues with higher expression in metastatic
NPC and was associated with shorter survival time.
Moreover, circRPMSI_FE4_E3a promotes cell prolifer-
ation and invasion ability, as well as suppress apopto-
sis in EBV-positive NPC cells through sponging
multiple miRNAs and promoting epithelial-mesenchy-
mal transition (EMT). Likewise, Huang et al. [43]
showed that ectopic expression of circRPMSI_FE4_E3a
in EBVaGC cells increased cell migration rate com-
pared with the control group, as well as downregulate
11 of 14 human miRNAs.

Another EBV circRNA, circLMP2A which is
formed through the backsplicing of exon 5 to exon 3
of the LM P2A gene, was recently reported to promote
cancer stemness properties of EBVaGC cells through a
circLMP2A/miR-3908/ TRIMS59/p53 axis [44]. cir-
cLMP2A contains three predictive binding sites of
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miR-3908, with sites 1 and 3 crucial for its sponging
ability. Sponging of miR-3908 by circLMP2A freed
the miRNA target, tripartite motif-containing protein
59 (TRIMS59), an E3 ligase, to potentially ubiquitinate
and degrade the tumor suppressor p53. Gong et al.’s
finding is consistent with the loss of p53 in gastric can-
cers promoting tumorigenesis via conferring cell stem-
ness and inducing EMT [45]. Importantly, high
expression of circLMP2A correlates with an enhanced
metastasis rate and the poor prognosis of EBVaGC
patients, suggesting its potential use in EBVaGC diag-
nosis and treatment.

KSHV circRNAs

Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV)
is the causative agent for Kaposi’s sarcoma, the most
common cancer in untreated HIV-infected individuals,
organ transplant recipients, and immunocompromised
individuals [46]. KSHV was recently confirmed to gen-
erate circRNAs from several KSHV genes. KSHYV cir-
cRNAs are ubiquitously but differentially expressed
depending on the virus life cycle. The most abundant
KSHYV circRNAs are derived from viral interferon reg-
ulatory factor 4 (vIRF4) and PAN (polyadenylated
nuclear) region [39]. However, according to Toptan
et al., analysis of circRNA from the KSHV PAN
region is challenging as the region includes both sense
(PAN) and antisense (K7.3) transcripts which have yet
to be found spliced and there is no obvious sequence
feature accounting for hypervariable and bidirectional
generation of circPAN/K7. Intriguingly, the two abun-
dant KSHV circRNAs, circv/IRF4 and circPAN/K7.3,
have a different expression pattern in lytic replication.
The expression of circv/RF4 remained unchanged com-
pared with the expression of linear vIRF4, while cir-
cPAN/K7.3 expression was induced upon lytic
reactivation, mirroring the expression of its linear
counterpart. No change in circv/RF4 expression after
Iytic cycle induction suggests the transcription activity
of the vIRF4 operon does not directly regulate its bio-
genesis [47]. It is possible that a nonlytic cycle-regu-
lated splicing mechanism that recognizes alternative
splice donor and acceptor sites is involved in the circu-
larization of vIRF4 [39].

Curiously, circvIRF4 and circPAN/K7.3 were found
packaged into nuclease-resistant viral particles. This is
similar to the packaging of KSHV linear transcripts
including PAN, suggesting a function for viral cir-
cRNAs at the initial steps of primary infection prior
to the onset of the viral transcription program [47].
However, further investigations are required to deter-
mine whether these circRNAs exhibit a similar
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function to those of other transcripts and proteins
incorporated into the KSHYV virions to regulate cellu-
lar immune response for successful establishment of
KSHYV infection.

Importantly, abundant KSHV circRNAs can be
detected in KS patient samples [47]. RT-PCR revealed
a higher detection rate of circv/RF4 and circPAN/K7.3
than of linear LANA-I (latency-associated nuclear
antigen) transcripts in KS tissue samples. Basescope
in situ hybridization showed that a majority of the
valid archival formalin-fixed, paraffin-embedded
(FFPE) KS tissue biopsy specimens were also positive
for circv/IRF4 and circPAN/K7.3. In addition, KSHV
circRNAs can be detected in freshly prepared parallel
plasma and serum samples and to a certain extent, the
old sera samples.

Tagawa and team also reported the presence of
another list of KSHV circRNAs in KSHV-infected cell
lines and fresh lymph node biopsies from KSHV-posi-
tive patient samples including circvIRF4 and circPAN/
K7.3. They showed that KSHV circRNA expression
correlates with the increased expression of replication
and transcription activator (RTA4) in the patient sam-
ples. Furthermore, differential growth rate can be
observed in KSHV-infected and noninfected cells that
stably express viral circRNAs (kcirc54, kcirc55, and
kcirc97) compared with control cells. Interestingly,
transient but not stable expression of the same viral
circRNAs caused mild repression of KSHV RTA but
not LANA-1 [40]. Further investigations are needed to
determine the reason behind the different regulation
pattern of viral genes by KSHV circRNAs in transient
and stably expressing cells.

HPV circRNAs

Human papillomavirus (HPV) is a double-stranded
DNA oncovirus that contributes to the development
of oropharyngeal cancer and other female reproductive
system-related cancers [48]. HPV vaccination provides
protection against several virulent HPV subtypes and
reduces the risk of HPV-related cancers. Based on the
RNA-seq data from HPV-infected tissues, Zhao et al.
predicted a list of HPV circRNA candidates. circE7
that is abundant and contains the entire open reading
frame of the E7 oncogene was selected for further
characterization as the E7 oncogene is strongly related
with HPV-associated oncogenesis [49]. circE7 can be
detected from multiple high-risk HPVs including
HPV16 and HPVI18, with HPV16 being the most
abundant species. Importantly, the study showed that
rather than its linear £7 mRNA, N°methyladenosine
(m°A)-modified circE7 and  cytoplasmic-enriched

Viruses join the circRNA world

circE7 serve as the main template for E7 oncoprotein
translation through a cap-independent mechanism and
the translation can be enhanced in a heat-shock regu-
lated manner. Moreover, E7 oncoprotein from circE7
is essential for HPV16’s ability to transform CaSki cer-
vical carcinoma cells and for its transformed behavior
in vitro and in tumor xenografts. The authors also sug-
gest other potential functions for circE7 such as regu-
lating HPV replication and host cell transformation,
but further experiments are needed for validation.

Based on the study by Chamseddin and colleagues,
circE7 was also detected in anal squamous cell carci-
noma (ASCC), which is a rare, potentially fatal malig-
nancy primarily linked to HPV. A higher level of
circE7 as assessed by RNA-seq was significantly asso-
ciated with improved survival rate in ASCC, and simi-
lar trend was also found in the analysis of RNA-seq
from HPV-positive head and neck cancer and cervical
cancers from The Cancer Genome Atlas (TCGA) data.
These phenomena can be explained by the higher level
of circE7 that allows for increased expression of E7
oncoprotein, which in turn activates a stronger
immune response against HPV-related cancers [50].
However, this hypothesis remains to be clarified. Thus,
further studies are necessary to support such hypothe-
sis and to confirm the role of circE7 in different HPV-
related cancers.

HBV circRNAs

Hepatitis B virus (HBV) infection is a major health
concern worldwide as it increases the risk of develop-
ment of liver cirrhosis and hepatocellular carcinoma
[51]. RNA-seq data revealed that HBV encodes a
~ 2.5 kb circRNA derived from intronless pregenomic
RNA (pgRNA), which is predominantly found in the
cytoplasm, with some in the nucleus [52]. Interestingly,
circularization of this circRNA requires mechanisms
similar to the pre-mRNA splicing and RNA homolo-
gous recombination at two different junction sites of
pgRNA. The latter junction involves a 113 bp repeti-
tive sequence at the 3’ and 5 end of pgRNA. How-
ever, further study is required to identify the specific
mechanism. In addition, Sekiba and team also
reported a circRNA derived from HBV pgRNA that
interacts with DExH-Box helicase 9 (DHX9), a RNA
helicase that is involved in innate immune responses
against DNA viruses [53]. Knockdown of DHX9 leads
to increased production of HBV circRNA but
decreased level of mRNAs that are essential for viral
protein translation, hence a decrease in the level of
viral surface proteins. DHX9 is known to suppress cir-
cRNA formation by preventing the binding of
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complementary sequences [54]. The authors suggest
that DHX9 can bind to the inverted repeat sequences
at the 5 and 3’ ends at the HBV pgRNA to inhibit
the circRNA biogenesis. This regulation of HBV cir-
cRNA by DHXO is thought to potentially be a crucial
mechanism in the regulation of viral circRNA and
viral protein levels during HBV infection [53]. Addi-
tional efforts are needed to further investigate and
prove the involvement of DHX9 in pgRNA circular-
ization.

Viral circRNA database

The first viral circRNA database, VirusCircBase was
introduced in 2020 [55]. Utilizing a de novo method for
viral circRNA prediction, 1592 high-confidence cir-
cRNAs from DNA and RNA viruses with lengths
ranging from 200 bp to 1 kb and at least 5 reads
detected on the backsplice junctions (BSJs) were
reported. Notably, up to 99% of viral circRNAs were
virus-specific and had no homologs in other viral spe-
cies. In addition to the predicted viral circRNAs, the
interaction between viral circRNAs with host miRNAs
was also analyzed. Based on the competing endoge-
nous RNA (ceRNA) network concept, circRNAs
could sponge miRNAs and indirectly modulate expres-
sion of miRNA-targeted mRNAs. Gene Ontology
(GO) term enrichment and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis of cir-
cRNAs were performed based on the affected
miRNA-targeted host genes that were indirectly tar-
geted by the viral circRNAs. Consistently, KEGG
pathway analysis shows them to be significantly associ-
ated with cancer, such as viral carcinogenesis and mul-
tiple cancers suggesting important roles for viral
circRNAs in cancer. The availability of the VirusCirc-
Base can facilitate further discovery and investigation
of viral circRNAs in the context of disease develop-
ment. The functional enrichment analysis of the pre-
dicted viral circRNAs will help to narrow down the
potential functions of viral circRNAs; thus, in vivo
and in vitro experiments can be planned based on the
suggested roles.

Biogenesis of viral circRNAs

Although evidence for viral circRNAs is emerging, the
mechanisms for biogenesis of most viral circRNAs
remain unknown. Ungerleider er al. in their review
reported that inverted repeats such as A/u repeats were
not found for the flanking introns of the gammaher-
pesvirus BSJs identified to date, though short inverted
repeats may be a possible mechanism to promote

K.-E. Tan and Y.-Y. Lim

RNA circularization [56]. Interestingly, based on the
circRNA analysis by Cai and team, it was reported
that viruses might utilize the intron pairing-driven cir-
cularization model for circRNA biogenesis. Their anal-
ysis indicated that more than 90% of the viral
circRNAs are flanked by short repeat or reverse com-
plementary sequences that are essential for the RNA
circularization [55]. Huang et al. also reported that
exon 3a to exon 4 of the EBV RPMS1 gene is flanked
by long introns containing inverted complementary
sequence on each side. This may ease the circulariza-
tion of RNA and contribute to its abundance across
various EBV-infected cell lines and patient samples
[43]. It is worth noting that in the gammaher-
pesviruses, many viral circRNAs are differentially
expressed in latent and lytic states, suggesting specific
cis regulation. However, more research is required for
further understanding of viral circRNA biogenesis and
the regulatory factors involved in circularization.

Host-derived circRNAs in antiviral
immunity

Host innate immune surveillance mechanisms such as
the pattern recognition receptors (PRRs) are responsi-
ble to react against viral infection to maintain internal
homeostasis. Upon detection of viruses, innate
immune system is activated and antiviral cytokines are
released to protect the cells against viral infection.
Notably, findings from several recent studies have
begun to shed light on the potential role of host cir-
cRNAs in the regulation of antiviral immune
responses.

Effects of exogenous circRNAs on
host immune response

Chen et al. reported that intracellular introduction of
purified exogenous circRNAs, although lacking
S'triphosphate, potently stimulate innate immune
genes, including retinoic acid-inducible gene-1 (RIG-I),
melanoma differentiation-associated gene 5 (MDAY),
5" oligoadenylate synthase 1 (0AS1), OAS-like protein
(OASL), and protein kinase R (PKR) with RIG-I being
the most upregulated. Interestingly, it was found that
RIG-I is not only able to recognize circRNAs but also
able to differentiate endogenous from exogenous cir-
cRNA based on the self versus nonself intronic regions
that are essential for RNA circularization [57]. Specifi-
cally, circRNAs spliced by endogenous spliceosomes
are associated with a diverse and distinctive set of
RBPs, whereas exogenous circRNAs lack the binding
of host RBPs and thus trigger an RIG-I-mediated
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innate immune response. Other than host RBP bind-
ing, m®A RNA modification of the circRNA sequence
also helps to differentiate host and exogenous cir-
cRNAs [58]. In this case, m°A reader protein binds to
the m®A modification on the host circRNA to prevent
activation of innate immunity.

Host sensing and immunity against nonself circRNA
may be useful to protect against viral circRNAs, for
example, KSHV circRNAs from virions or even circu-
lar virus RNA genomes, such as hepatitis delta virus
(HDV) and Lassa fever virus. However, viral cir-
cRNAs transcribed inside the infected cells using the
host cell machinery may avoid being sensed as foreign
circRNAs by using the same mechanism ascribed to
host-derived circRNAs. In fact, m®A modification is
prevalent in viruses and a recent study reported that
viruses avoided detection by the innate immune system
by acquiring m®A in their RNA, which mimics the cel-
lular RNA [59,60].

Controversially, Wesselhoeft et al. [61] reported that
the immunogenicity of exogenously introduced cir-
cRNAs was due to impurities in the synthetic circRNA
preparations. RNase R-treated, HPLC-purified, and
phosphatase-treated unmodified exogenous circRNAs
were relatively less immunogenic compared with those
having contaminating RNA species. This evasion of
cellular RNA sensors was diminished with linearized
circRNA. However, in contrast to the findings for
application of exogenous mRNAs in similar studies,
nucleoside modification including NI1-methylpseu-
douridine (m1V) of exogenous circRNAs was not nec-
essary to prevent the activation of innate immune
responses. The encapsulation of exogenous circRNAs
into lipid nanoparticles (LNPs) has also been shown to
prevent activation of RIG-I or Toll-like receptor
(TLR) in vitro and in vivo.

Based on the above, further studies will be needed
to address the discordant results on the immunogenic-
ity of exogenous circRNAs (Fig. 4). Notable differ-
ences between the two studies are the sequence of
circRNA, methodology, and cell type tested. There-
fore, in agreement with Basavappa and Cherry, poten-
tial contaminants during circRNA preparation, the
cell-type studied, transfection, and inoculation route
should be taken into consideration for in vitro and
in vivo studies as immunogenicity of a circRNA might
be context- or cell-type-dependent [62].

Virus infection alters host circRNAs

The host circRNAs play a role in immunosurveillance
which was demonstrated by recent studies. Chen Ling-
Ling’s group demonstrated that NF90/NF110, the
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immune response factors against viral infection, plays
a role in facilitating RNA circularization in the
nucleus [63]. In the nucleus, binding of NF90/NF110
to the double-stranded RNAs (dsRNAs) formed by
inverted repeat elements in the introns flanking the
two splice sites during nascent pre-mRNA transcrip-
tion enhances circRNA biogenesis by stabilizing such
intronic RNA hairpin structures. Upon viral infection,
PKR activation caused NF90/NF110 to be exported
to the cytoplasm to suppress viral replication. This
reduces the abundance of NF90/NF110 available for
pre-mRNA binding in the nucleus and eventually leads
to the reduction in circRNA formation. In addition,
some of these mature exonic circRNAs form NF90/
NF110-circRNA protein (circRNP) complexes in the
cytoplasm. Interestingly, NF90/NF110 was released
from these circRNP complexes to bind viral mRNAs
as an immune response for efficient host defense. It is
thought that the binding of circRNAs to immune fac-
tors in the cytoplasm act as an immediate reservoir for
the release of immune factors upon activation but are
sequestered away from undesirable immune response.
Future work on how other host immune factors identi-
fied in the same study, including RIG-I, contributes to
circRNA formation would enable us to discover the
function of RNA circularization. It is also possible
that viruses utilize the host antiviral response for viral
circRNA formation.

In a subsequent study by the same group, Liu et al.
reported a significant drastic reduction in global host
circRNA levels in cells upon poly(I:C) (a synthetic
double-stranded RNA that is used experimentally to
model viral infections in vivo) transfection or
encephalomyocarditis virus (EMCYV) infection [64].
Intriguingly, they found that a proportion of cir-
cRNAs tends to form imperfect short 16-26 bp intra-
RNA duplexes in cells and preferentially interacted
with nucleic acid receptors such as PKR. The finding
that certain host circRNAs can form a dsRNA struc-
ture may explain why NF90/NF110 and RIG-I are
able to bind host circRNAs. Strikingly, interaction of
these dsRNA-containing circRNAs with PKR sup-
presses the phosphorylation of PKR and activation
under normal situations. A similar mechanism could
potentially explain impairment of cell-intrinsic immu-
nity to viruses in the brainstem of DBRI1-mutated
patients, which have cellular accumulation of RNA
lariat circles [65]. When exogenous dsRNA is intro-
duced into cells through either poly(I:C) transfection
or viral infection, OA4SI is activated to generate 2',5'-
linked oligoadenylates (2-5A) which further activate
RNase L, a cytoplasmic endoribonuclease that target
host and viral RNAs for degradation. Interestingly,

The FEBS Journal 288 (2021) 4488-4502 © 2020 Federation of European Biochemical Societies 4495



Viruses join the circRNA world

K.-E. Tan and Y.-Y. Lim

Viruses = — 2 Cytoplasm
Non-self CircRNAs == == == = - ~~o
#\C O >~
~
A Y
3*: oO .
\
\
mo«\ . MG \
,706 I
— dSRNP\ p
/\/Q//Y\ ) b I
RN
* yiral MRNA o o Ui etiNe |
I?E/ea ——p : 1 bl I
‘ & i | PKRdimer |
PKR monomers (active) |
NF95/NF110 RNase L monomer RNase L dimer (inactive) p
{)b (inactive) (active)
Viral replication {j / I
AsNF90/NF110 5 ,/ I
. . I
reservoir ’ 0(\(\;\\: : |
Nucleus ﬁ N , of (\/\p Innate immune
\ 9 responses 1
CH Degraded circRNA I
/ \—
nr:& t:O: / e ~ B \ 4
e Q§ 4;; A ) S v
AAAAAAA r:f — ~
/\//\/\\//\\/\/\ «: m3A modification A RIG-I

Host circRNAs

Fig. 4. Regulation of host and viral circRNAs by host immune response during viral infection. In noninfected cells, NFOQO/NF110 localized to
the nuclear to promote circRNA biogenesis [63]. Upon viral infection, NFOO/NF110 is exported to the cytoplasm to suppress viral replication
by targeting viral mMRNA. OAS-activated RNase L would degrade cellular dsRNA-containing circRNAs bound to PKR that eventually lead to
the release and activation of PKR. Both exogenous (not m®A-modified) and degraded circRNAs are postulated to activate RIG-I [58,64].
Activation of PKR and RIG-1 ultimately leads to innate immune response to eliminate virus in the host. However, it remains inconclusive if

exogenous circRNA is immunogenic [567,58,61].

activated RNase L would target these dSRNA-contain-
ing host circRNAs binding to PKR for degradation.
This leads to the release of PKR for activation, to ini-
tiate a signal transduction cascade for immune func-
tion upon recognizing pathogenic dsRNAs. Studies
have reported that RNase L-cleaved products gener-
ated from either self (cellular) or nonself (viral) RNA
can activate the RIG-I-MDAS-IPS-1 cascade to
enhance IFN-f gene transcription [66]. It is thought
that this phenomenon circumvents the need for nonself
viral RNAs in perpetuating and amplifying innate
immunity. As such, it is possible that the host self cir-
cRNAs may also serve as an additional reservoir of
self RNA for degradation by RNase L to amplify
antiviral innate immunity against viral infections.
While the above studies summarized in Fig. 4 sug-
gest that multiple host circRNAs expressed in low
copy numbers may function together as a group dur-
ing an immune response, other studies have shown
that individual host circRNAs play specific pro- or
antiviral roles during infection of different viruses (see
Fig. 3). Upon de novo KSHYV infection, Tagawa et al.
[40] have shown that many human host circRNAs are
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differentially expressed, with hsa_circ_0001400 among
the most upregulated. Transient and stable expression
of hsa_circ 0001400 significantly reduced KSHV
LANA-1 and RTA transcripts without blocking viral
entry into cells, suggesting that it acts as an antiviral
factor. KSHV LANA-1 is an important latent protein
for persistence and replication of KSHYV, whereas
RTA protein acts as the master latent-to-lytic switch
that triggers KSHV to enter into the productive tran-
scriptional program required for viral spread and KS
pathogenesis [67]. Therefore, reduction in both LANA-
I and RTA could prevent persistence and replication
of KSHV in the host, thus protecting host cells from
KSHV-related pathogenesis. Other than repressing
viral protein, hsa_circ_0001400 may exert its antiviral
effect through stimulating some host defense pathways,
for example, upregulation of TNF-a in cells stably
expressing hsa_circ_0001400 upon KSHV infection.

In another study by Le Qin and team, it was shown
that host circRNAs defend against viral infections by
functioning as miRNA sponges against repressors of
innate immunity sensors. Upon poly(I:C) treatment in
testicular Sertoli and Leydig cells, upregulation of
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circRNA-9119 sponged miR-26a and miR-136 that
interact with the 3’-UTR of TLR3 and RIG-I, respec-
tively, leading to the upregulation of inflammatory
cytokines such as IFN-f3, IL-1f3, and MCP-1 [68].
Unexpectedly, host circRNAs can be hijacked by
the virus to enhance viral replication and pathogenesis,
or to counteract innate immune responses, as revealed
by recent studies. For instance, circGATAD2A (ID:
hsa_circ_30753) was upregulated upon HIN1 influenza
virus (IAV) infection [69]. Overexpression of circGA-
TAD2A greatly increased the viral titer and nucleic
proteins (NPs) of HIN1 IAV, whereas knockdown of
circGATAD2A showed an opposite effect, suggesting
that circGATAD2A expression promotes HIN1 AV
virus replication. The study showed that circGA-
TAD2A negatively regulates VPS34-dependent autop-
hagy which is important for removal of intracellular
viruses, by inhibiting LC3-II formation and increasing
the level of p62. The increase in p62 level suggests that
circGATAD2A might also be responsible for suppress-
ing the maturation of autophagosome in parallel. Simi-
larly, Chen et al. showed that host circRNAs could
display proviral activities in hepatitis C virus (HCV)-
infected cells [70]. In particular, host circRNA encoded
by Pleckstrin and Sec7 domain-containing 3
(circPSD3) that is upregulated upon HCV infection
inhibits cellular nonsense-mediated decay (NMD)
pathway, a general virus restriction pathway. They fur-
ther showed that this inhibition occurs independent of
translation factor eIF4A3, a factor that is essential in
the execution of NMD (circPSD3 RNA harbors six
predicted eIF4A3 binding sites). Interestingly,
circPSD3 also exerts a similar proviral effect in dengue
virus but not in chikungunya virus-infected cells, sug-
gesting distinct effects on different RNA viruses. Other
host circRNAs with proviral function are circFNDC3B
and circCNOT1, which are upregulated upon infection
of lung cells with Middle East respiratory syndrome
coronavirus (MERS-CoV). MERS-CoV viral load was
significantly downregulated in circFNDC3B and cir-
cCNOTI-knowdown cells, presumably due to the
decrease in levels of circFNDC3B- and circCNOTI-
regulated target genes in mitogen-activated protein
kinase (MAPK) and ubiquitination pathways [71].
Lastly, RNA-seq data analysis of cells infected with
other viruses such as porcine endemic diarrhea virus
(PEDV) [72], grass carp reovirus [73], avian leukosis
virus [74], simian virus 40 (SV40) [75], transmissible
gastroenteritis virus (TGEV) [76], and canine influenza
viruses [77] has also revealed host circRNAs changes
upon virus infection. The potential function of these
host circRNAs has been predicted based on GO
enrichment and KEGG pathway analysis, as well as
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by the concept of ceRNA networks. Although some of
the miRNAs predicted to be sponged by host cir-
cRNAs might be involved in viral infection and antivi-
ral effect, the role of these circRNAs still remains to
be proven.

Viral and host antiviral circRNA as
diagnostic and prognostic marker

Continued studies on the implications of host or viral-
encoded circRNAs during host—virus interaction not
only enhance our understanding of currently unknown
physiological functions of circRNAs and their poten-
tial role in disease pathogenesis, but also lead toward
potential novel diagnostic and/or prognostic as well as
therapeutic strategies against virus-associated diseases.

The fact that circRNAs were reported to be stably
detected in human peripheral whole blood [78], plasma
[79], and saliva [80] offers an easily accessible yet non-
invasive method for their use in the detection of a
variety of diseases. The high stability along with cell-
type and developmental stage specificity of host and
viral circRNAs shows immense potential for their
development into useful diagnostic and prognostic
biomarkers for virus-related diseases. The development
of a reliable yet rapid detection method to measure the
level of viral circRNAs in serum, plasma, or blood
could help to assess the risk of a condition associated
with pathogenic virus infection. Similar methods can
also be employed to monitor organ or tissue transplant
recipients, for example, the presence of viral circRNAs
in the transplanted organ or tissue. Positive identifica-
tion of viral circRNAs can indicate a heightened risk
for contracting virus-associated diseases.

Various methods including in situ hybridization and
divergent primer PCR can be utilized to determine the
presence of viral circRNA in a patient’s tissue or fluid
samples. For example, viral circRNAs such as EBV
circRPMSI1 _e4_e3a, KSHV circPAN/K7.3, circvIRF4,
and HPV circE7 have been successfully detected in
patient samples. It would be interesting to compare
the specificity and sensitivity of EBV
CircRPMSI1_e4_e3a to the existing clinical diagnostic
marker, EBV-encoded RNA transcripts (EBER), for
EBV detection in tumors. A similar approach can be
used to compare the potential of HPV circE7 to the
existing HPV DNA testing method as a diagnostic
marker for cervical cancer screening. In addition,
Chamseddin et al. suggest that HPV circE7 could be
used as a sensitive ‘passenger’ biomarker to differenti-
ate the tumor state between basaloid (a more benign
state) and keratinizing as its level reduced after cal-
cium-induced differentiation of keratinocytes [50].
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Likewise, the level of immune-related circRNAs is a
potential molecular indicator for antiviral immune
responses. Recent advances in high-throughput tech-
niques are beneficial for the identification of such
promising circRNA biomarkers.

Viral and host antiviral circRNAs as
therapeutic targets

Based on the current understanding of circRNA func-
tions, host and viral circRNAs could serve as a target
for precise therapies. Possible concepts for therapeutic
modulation include overexpressing protective or antivi-
ral circRNAs or depleting proviral circRNAs. Mount-
ing evidence has shown that miRNAs are aberrantly
expressed and contribute to the disease development of
different types of virus-related diseases. Therefore, the
use of circRNAs as inhibitors of miRNA activity in
disease therapeutics has great potential. Host cir-
cRNAs in antiviral immunity identified through study
can be made into synthetic circRNA sponges or super
sponges which can be introduced into patients to
absorb one or multiple specific overexpressed viral dis-
ease-linked miRNAs and/or RBPs as disease suppres-
sors. A proof-of-principle study by Oliver Rossbach’s
group reported the first artificial circRNA that acts as
a microRNA sponge targeting a specific microRNA,
miR-122, that is required for the life cycle of the hep-
atitis C virus (HCV) [81]. The study demonstrated that
the artificial circRNA sponges sequestered miRNA-
122, depriving HCV of miRNA-122, and had compa-
rable efficiency as Miravirsen. Miravirsen was the first
anti-microRNA drug that managed to decrease HCV
titer in patients by functionally sequestering miRNA-
122. Drugs targeting circRNA biogenesis mechanisms
could also be designed to alter the generation of dis-
ease-linked viral or host circRNAs that are antiviral or
proviral. Alternatively, synthetic purified circRNAs
could be used as an immune adjuvant to purposefully
boost innate and adaptive immune signaling against
viral infections [58,82]. Future research efforts focused
on identifying circRNA targets and improved patient
delivery methods are important for the development of
safe and effective circRNA-based therapies for virus-
related diseases.

Perspectives and Future directions

The field of circRNA in host—virus interaction is still
in its infancy but is exciting. The finding that viruses
also encode circRNAs adds another layer of complex-
ity to the biology of viruses and host—virus interaction.
However, many questions and challenges remain. In

K.-E. Tan and Y.-Y. Lim

order to better understand the role of circRNAs (viral
and host) in disease pathogenesis, more studies are
needed for the discovery of novel viral circRNAs and
to identify circRNAs that are differentially expressed
(DE) during host-virus interaction. Utilization of
newer algorithms such as CIRIquant that includes a
normalization step is beneficial to obtain more accu-
rate expression values of circRNA and DE circRNAs
in the virus or host cell [83].

Importantly, do all circRNAs and in particular viral
circRNAs have biological functions during viral life
cycles, host—virus interactions, and contribute to the
pathogenesis of disease, or are these splicing by-prod-
ucts? Till today, most of the circRNAs that have been
described are localized to the cytoplasm and are
involved in the post-transcriptional regulation of gene
expression, with many reported to act as miRNA
sponges. However, caution should be taken, as many
circRNAs are reported to be in low copy numbers thus
might be insufficient to act effectively as miRNA
sponges in a physiological setting.

In contrast, nuclear circRNAs including intronic cir-
cRNA [12] and exon-intron circRNA [84] are less
studied. Importantly, circRNA with introns retained
could share the same BSJ with the exonic circRNA
encoded by the same exons. circRPMSI_e4_e3a, cir-
CRPMSI _e4_e2, circLMP2 _e8_e2 [56], and circvIRF4
[47] with intron retention were subsequently found to
be predominantly localized in the nucleus, which is dif-
ferent from their exonic isoforms that localized to the
cytoplasm. Whether or not these nuclear viral cir-
cRNA isoforms are functional remains to be investi-
gated. New algorithms such as CIRI-full [85] and
CircAST [86] would be useful for circRNA full-length
assembly and isoform quantification. Full-length cir-
cRNA assembly is important in determination of
sequence conservation and identification of RBP/
miRNA-binding sites and diseases-associated SNP
variation in circRNAs.

More studies are also needed to understand the bio-
genesis and regulation of viral circRNA expression,
which would hint on its possible biological function.
Given that viral circRNAs are packaged into KSHV
virions, it would also be interesting to determine
whether the same occurs in other herpesvirus virions
and in other virus families. Understanding the impor-
tance of virion incorporation may help to uncover the
biological functions of viral circRNAs.

Finally, the new concept that multiple host cir-
cRNAs may act in groups during an antiviral response
provides new insight into how low copy number cir-
cRNAs can function and is definitely worth pursuing
further.
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