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Abstract

The life-threatening coronaviruses MERS-CoV, SARS-CoV-1 and SARS-CoV-2 (SARS-CoV-1/2) have caused and will continue
to cause enormous morbidity and mortality to humans. Virus-encoded noncoding RNAs are poorly understood in
coronaviruses. Data mining of viral-infection-related RNA-sequencing data has resulted in the identification of 28 754, 720
and 3437 circRNAs encoded by MERS-CoV, SARS-CoV-1 and SARS-CoV-2, respectively. MERS-CoV exhibits much more
prominent ability to encode circRNAs in all genomic regions than those of SARS-CoV-1/2. Viral circRNAs typically exhibit low
expression levels. Moreover, majority of the viral circRNAs exhibit expressions only in the late stage of viral infection.
Analysis of the competitive interactions of viral circRNAs, human miRNAs and mRNAs in MERS-CoV infections reveals that
viral circRNAs up-regulated genes related to mRNA splicing and processing in the early stage of viral infection, and
regulated genes involved in diverse functions including cancer, metabolism, autophagy, viral infection in the late stage of
viral infection. Similar analysis in SARS-CoV-2 infections reveals that its viral circRNAs down-regulated genes associated
with metabolic processes of cholesterol, alcohol, fatty acid and up-regulated genes associated with cellular responses to
oxidative stress in the late stage of viral infection. A few genes regulated by viral circRNAs from both MERS-CoV and
SARS-CoV-2 were enriched in several biological processes such as response to reactive oxygen and centrosome localization.
This study provides the first glimpse into viral circRNAs in three deadly coronaviruses and would serve as a valuable
resource for further studies of circRNAs in coronaviruses.
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Introduction

The ongoing global pandemic COVID-19 has infected 32 730 945
people and caused 991 224 death worldwide as of 27 September
2020 [1]. The agent for COVID-19, SARS-CoV-2, is a coronavirus
with a positive and single-stranded RNA genome [2]. Besides the
SARS-CoV-2, there have been six human-infecting coronaviruses
[2]. Among them, SARS-CoV-1 caused more than 8000 human
infections with over 900 deaths in 32 countries in the period
of 2002-2004 [3]; MERS-CoV has caused epidemics in more than
20 countries since 2012 [4]. More than 2500 human infections
with 866 deaths have been reported as of January 2020 [S]. The
high mortality rate of diseases caused by SARS-CoV-1 and MERS-
CoV and the ongoing pandemic caused by SARS-CoV-2 suggests
that coronaviruses are among the most life-threatening viruses
to humans. Unfortunately, no effective vaccines or drugs are
currently available for prevention and control of these deadly
viruses.

Coronaviruses are the largest kind of RNA viruses with
genomes ranging from 26 to 32 kb and with a diameter of
125 nm [6]. Coronaviruses are classified into four genera:
Alphacoronavirus, Betacoronavirus, Gammacoronavirus and Delta-
coronavirus [7]. The MERS-CoV, SARS-CoV-1 and SARS-CoV-2
(SARS-CoV-1/2) belong to the genus Betacoronavirus [8]. The
genome of these three Betacoronaviruses includes 11-14 open
reading frames (ORFs) which encode 15-16 nonstructural
proteins (nsps), four major structural proteins including spike
(S), envelope (E), membrane (M) nucleocapsid protein (N), and
5-8 accessory proteins [9-11]. Besides these canonical ORFs,
several virus-encoded noncoding RNAs have been found in
infection of coronaviruses [12]. For example, three small RNAs
encoded by the SARS-CoV were found to contribute to infection-
associated lung pathology [12]. Moreover, a recent work by
Kim et al. presented a high-resolution map of the SARS-
CoV-2 transcriptome and found many transcripts encoding
unknown ORFs [13]. These studies suggest that virus-encoded
noncoding RNAs may play important roles in infections of
coronaviruses, and the systematic discovery of noncoding RNAs
in coronaviruses is of essence due to the complex transcription
process.

The circular RNAs (circRNAs) are a kind of covalently closed
long noncoding RNAs and have no 3'poly(A) tail and 5'cap [14].
They can be generated by three mechanisms including the com-
plementary sequence-mediated circularization, RNA-binding-
protein-driven circularization and lariat-driven circularization
[15]. The circRNAs are reported to have diverse functions in
mammals and plants [16, 17]. They can function as microRNA
(miRNA) sponges, by binding proteins, or by encoding proteins
[18-20]. For example, ciRS-7 contains more than 70 binding
sites for miR-7 and correlates with the human disease by
affecting miR-7 activity [21]. The circRNAs can also function
by encoding proteins or interacting with proteins [19, 20]. For
example, circFOXO3 binds to the cell cycle proteins cyclin-
dependent kinase 2 and cyclin-dependent kinase inhibitor 1,
which inhibits cell cycle progression [20]. The circRNAs play
essential roles in human diseases and are considered to be ideal
biomarkers of these diseases due to their high stability [22].
For example, the up-regulation of hsa_circ_0000064 has been
reported in lung cancer tissues and cell lines [22]. Knockdown
of hsa_circ_0000064 can attenuate the proliferation, block cell
cycle progression, promote cell apoptosis, abate migration and
invasion activities of lung cancer cell lines, which indicates this
circRNA is a potential prognostic biomarker for lung cancer [22].

In recent years, virus-encoded circRNAs have been identified
and characterized in several cancer-associated viruses such as
the Epstein-Barr virus [23-25] and the Kaposi’s sarcoma her-
pesvirus [24, 26]. Several viral circRNAs were associated with the
progression of cancers, such as hpv-circE7 [27], ebv-circRPMS1
[28] and ebv-circLMP2A [29]. A recent study by Cai et al. systemat-
ically investigated circRNAs in viruses and identified more than
10 000 circRNAs [30]. These circRNAs are encoded in more than
20 viruses including several RNA viruses and RT viruses, which
suggest the circRNAs may be a kind of widespread molecules
in viruses [30]. However, no circRNAs from coronaviruses have
been reported so far. Herein, we identified thousands of circRNAs
in MERS-CoV and SARS-CoV-1/2 from the RNA-sequencing data
of viral infection. We also characterized the size, expressions,
sequence feature, genome location preference and functions of
these viral circRNAs. Our systematic characterization of circR-
NAs in coronaviruses provides a valuable resource that can be
used to further explore the mechanisms of action for individual
circRNAs in coronaviruses.

Materials and methods
Data collection

The dataset (ID: GSE148729) of RNA sequencing of total RNAs
in SARS-CoV-1/2 infection of Calu-3 cells [31], and the dataset
(ID: GSE139516) of RNaseR-resistant RNA sequencing in MERS-
CoV infection of Calu-3 cells [32], were collected from the Gene
Expression Omnibus (GEO: https://www.ncbi.nlm.nih.gov/geo/)
[33] and Sequence Read Archive (SRA: https://www.ncbi.nlm.nih.
gov/sra/) [34] using the NCBI SRA Toolkit (http://www.ncbi.nlm.
nih.gov/books/NBK158900/).

Computational identification of viral circRNAs

The genome annotation of most viruses is not suitable for the
detection of circRNAs since most regions of the viral genome
encode genes. Therefore, three de novo methods including cir-
cRNA_finder [35], find_circ [36] and CIRI2 [37] were used to
detect viral circRNAs as described in Cai et al. [30]. More specif-
ically, Fastp [38] was used to trim adaptors and low-quality
reads in RNA-seq datasets. The remaining reads were aligned
to the human hg38 genome plus the viral reference genome
(AY310120.1 for SARS-CoV-1, MN908947.3 for SARS-CoV-2 and
NC_019843.3 for MERS-CoV) with different alignment tools. BWA
(version 0.7.17, parameter: ‘-T 19’) [39] was used for CIRI2 [37],
STAR (version 2.7.1a, parameter: default parameters) [40] for
circRNA_finder [35] and Bowtie2 (version 2.1.0, parameter: ‘-p16
-very-sensitive —-score-min=C,-15,0’) [41] for find_circ [36]. Viral
circRNAs were then identified using three de novo computa-
tional tools (CIRI2, find_circ and circRNA_finder) with default
parameters. The abundance of viral circRNAs was determined
as the average number of reads across the back-splicing junc-
tions in the three de novo methods [42]. For comparison of
the abundance of viral circRNAs in MERS-CoV and SARS-CoV-
1/2, the TPM (transcripts per million) of each viral circRNAs
was calculated by dividing the average number of back-splicing
reads by the total number of clean reads in each sample [32,
42].

All the identified viral circRNAs and related information
(such as position, strand, abundance and so on) were provided in
the VirusCircBase [30] which is available at http://www.computa
tionalbiology.cn/ViruscircBase/home.html.
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Genome annotation of coronaviruses

The genome annotations of coronaviruses were adapted from
NCBI RefSeq database.

Analysis of sequence conservation of viral circRNAs

Each viral circRNA was queried against the viral circRNAs in
other viruses using blastn (version 2.9.0+) [43]. The hits with
identity >80%, coverage >80% and e-value < 1E-5 were consid-
ered to be homologous to the query viral circRNA.

Analysis of flanking sequence features of viral circRNAs

For each viral circRNA, the repeat sequences or reverse comple-
mentary sequences of 4 bp or longer were searched within the
upstream and downstream 10 bp of 5" and 3’ of the splice site.

Differential expression analysis of host genes
and miRNA in viral infection of MERS-CoV
and SARS-CoV-1/2

For MERS-CoV, the expression data of human genes and miRNAs
measured by FPKM and TPM, respectively, at 6 and 24 hours
post infection (hpi) were obtained from the dataset GSE139516
[32] in NCBI GEO database. The differentially expressed (DE)
miRNAs and mRNAs at 6 or 24 hpi were obtained by comparing
the gene expressions in samples of viral infection and mock
infection using the limma package [44] in R. For SARS-CoV-1 and
SARS-CoV-2, the expression data of human genes and miRNAs
measured by read counts at 4, 12 and 24 hpi were obtained from
the dataset GSE148729 [31] in NCBI GEO database. The differ-
entially expressed miRNAs (DEmiRNAs) and mRNAs at 24 hpi
were obtained by comparing the gene expressions in samples
of viral infection and mock infection using the DESeq2 package
[45] in R. The DEmiRNAs and mRNAs at 12 hpi were obtained by
comparing the gene expressions in samples of viral infection at
12 hpi and those of mock infection at 4 hpi and 24 hpi, since no
mock infections were conducted at 12 hpi. RNAs with at least
2-fold changes and adjusted P-values <0.05 were considered to
be DE.

Prediction of interactions between viral circRNAs
and host miRNAs

Previous studies have shown that circRNAs below 200 bp did
not exhibit RNase R resistance and were prone to be false
positives [46]. Therefore, selection criteria of high-confidence
viral circRNAs include those detected by at least two detection
tools, with back-splicing junction reads >2 and with the
length ranging from 200 bp to 2 kbp. This yields 4062 high-
confidence viral circRNAs used for interaction and function
analysis. The interactions between the high-confidence viral
circRNAs and the DEmiRNAs were predicted using TarPmiR
(http://hulab.ucf.edu/research/projects/miRNA/TarPmiR/)  [47]
with default parameters. Further analysis considers only the
interactions with definite binding probabilities (P=1) and
binding energies < —20 kcal/mol according to Seclaman’s study
[48].

Construction of competing endogenous RNA network
of viral circRNAs, human miRNAs and mRNAs

When constructing the competing endogenous RNA (ceRNA)
network for a virus, viral circRNAs were connected to the DE

human miRNAs if they were predicted to interact with each
other; the up-regulated (or down-regulated) miRNAs were con-
nected to down-regulated (or up-regulated) mRNAs if the former
targeted the latter based on the database miRTarBase (http://
mirtarbase.mbc.nctu.edu.tw/php/index.php) [49]. The circRNA-
miRNA-mRNA network was visualized using Cytoscape (version
3.5.1).

Functional enrichment analysis of human genes

The KEGG pathway and GO enrichment analysis was conducted
with functions of enrichKEGG and enrichGO in the package
clusterProfiler (version 3.12.0) [50] in R (version 3.6.1). All the
KEGG pathways and GO terms with g-values less than 0.05 were
considered as significant enrichment.

Statistical analysis

All the statistical analyses in this study were conducted in R (ver-
sion 3.6.1). The Wilcoxon rank-sum test was used to compare the
sample means in this study and was conducted with wilcox.test.

Results

Computational identification of circRNAs encoded
by MERS-CoV, SARS-CoV-1 and SARS-CoV-2

Three computational methods, i.e. CIRI2, find circ and cir-
cRNA_finder, were used to identify viral circRNAs in Calu-3 cells
infected by MERS-CoV, SARS-CoV-1 and SARS-CoV-2. A total of
28 754, 720 and 3437 viral circRNAs were identified for MERS-
CoV, SARS-CoV-1 and SARS-CoV-2, respectively (Figure 1). Among
them, 4182, 55 and 354 viral circRNAs were detected by at least
two methods, and only 319, 3 and 24 viral circRNAs were detected
by all three methods in MERS-CoV, SARS-CoV-1 and SARS-CoV-2,
respectively.

Analysis of the length of circRNAs encoded by three coro-
naviruses showed that 67-81% of viral circRNAs had lengths
ranging from 200 bp to 2 kbp (Figure 2A), which was similar to
those observed in other viral circRNAs [30]. The median length
of viral circRNAs was 409 bp, 812 bp and 791 bp for MERS-CoV,
SARS-CoV-1 and SARS-CoV-2, respectively. The viral circRNAs in
MERS-CoV were significantly shorter than those in SARS-CoV-
1/2 (P-value < 2.2E-16). Short viral circRNAs with less than 200 bp
composed nearly 10% in MERS-CoV but less than 2% in SARS-
CoV-1/2, whereas the percentage of long viral circRNA with more
than 20 000 bp were less than 5% in all three viruses.

Analysis of the strandness of viral circRNAs showed that
about half of viral circRNAs were encoded by the positive-strand
in the MERS-CoV, whereas nearly 70% of viral circRNAs were
encoded by the positive-strand in the SARS-CoV-1 and SARS-
CoV-2 (Figure 2B).

The expression level of viral circRNAs showed a bimodal
distribution in all three viruses (Figure 2C). Ninety-nine per-
cent of viral circRNAs had less than one TPM. Only a few viral
circRNAs had high expression levels. For example, the MERS-
CoV_circ_Homo_sapiens_1312 encoded by MERS-CoV had a high
expression of 371.7 TPM. The expression level of viral circRNAs
in MERS-CoV was significantly lower than those in SARS-CoV-1/2
(P-value < 2.2E-16).

The progressive expression of viral circRNAs in MERS-
CoV and SARS-CoV-1/2 were analyzed (Figure 3). MERS-CoV
expressed 883 circRNAs in the early stage of infection at 6 hpi,
and 28 645 circRNAs in the late stage of infection at 24 hpi. SARS-
CoV-1 and SARS-CoV-2 expressed zero and two circRNAs in the
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early stage (4 hpi), 213 and 1504 circRNAs in the middle stage
(12 hpi), and 541 and 2320 circRNAs in the late stage of viral
infection (24 hpi), respectively. Five hundred and seven and 1931
viral circRNAs identified in 24 hpi were not identified in 12 hpi
for SARS-CoV-1 and SARS-CoV-2, respectively. Comparison of
the expression level of common viral circRNAs in different
stages of viral infection revealed that MERS-CoV expressed more
circRNAs in the late stage than in the early stage for MERS-CoV
(P-value < 2.2E-16), whereas SARS-CoV-1/2 expressed similar
level of viral circRNAs in both the middle stage and the late
stage (Figure S1).

Previous studies have reported high variability of circRNAs
identified among the biological replicates [51]. We then analyzed
the overlapped viral circRNAs identified between the biological
replicates of virus infections. As shown in Figure S2, only 3.74%
and 19.19% circRNAs were identified in all three biological repli-
cates at 6 hpi and 24 hpi of MERS-CoV, respectively; for SARS-
CoV-1 and SARS-CoV-2, 5-13% viral circRNAs were identified
among biological replicates of viral infections at different time
points. We further analyzed the correlations between the expres-
sions of viral circRNAs in biological replicates. As was shown
in Table S1, for all three viruses, median to strong correlations
with statistical significance were observed between circRNA
expressions in biological replicates.

Location of viral circRNAs along the genome
of MERS-CoV and SARS-CoV-1/2

MERS-CoV, SARS-CoV-1 and SARS-CoV-2 share nearly identical
genomic structures (Figure 4), but encoded much different num-
bers of circRNAs (Figure 1). When mapping the viral circRNAs
into genomes, we found that the number of viral circRNAs
identified per kilobase along the viral genome was the largest
in MERS-CoV, next in SARS-CoV-2 and smallest in SARS-CoV-1
(Figure 4). There were no correlations between the number of

viral circRNAs identified per kilobase in the three viruses. The
ability of encoding circRNAs varied along the viral genomes.
The 5 and 3’ ends of viral genomes encoded less circRNAs than
other regions in the viral genomes. In the MERS-CoV genome, the
region from 25 kb to 27 kb (marked by a red arrow) encoded much
more circRNAs than other regions. In the SARS-CoV-2 genome,
the number of viral circRNAs identified per kilobase increased
slightly from 5 to 3’ end (Pearson Correlation Coefficient=0.72).

Conservation of viral circRNAs in MERS-CoV
and SARS-CoV-1/2

The sequence conservation of viral circRNAs in three coron-
aviruses was analyzed. A total of 456 viral circRNA encoded
by SARS-CoV-1 had sequence homology with those in SARS-
CoV-2, whereas 1913 viral circRNAs encoded by SARS-CoV-2 had
sequence homology with those in SARS-CoV-1. However, none of
viral circRNAs encoded by MERS-CoV had homology with those
in either SARS-CoV-1 or SARS-CoV-2.

circRNAs in coronaviruses are flanked by short repeat
sequences and reverse complementary sequences

To understand the mechanisms of the biogenesis of viral
circRNAs, we analyzed the flanking short repeat sequences and
reverse complementary sequences of viral circRNAs. For all three
viruses, nearly 70% and 80% of viral circRNAs were flanked
by reverse complementary sequences and repeat sequences,
respectively (Figure S3). More than 90% of viral circRNAs in
coronaviruses were flanked by either short repeat sequences
or reverse complementary sequences, whereas nearly 60%
of viral circRNAs had both. This statistic was comparable to
that observed in other viral circRNAs or plant circRNAs [30,
52], suggesting that both flanking short repeat sequences and
reverse complementary sequences might be crucial for the
biogenesis of circRNAs in coronaviruses.

The competitive interactions of viral circRNAs,
human miRNAs and mRNAs

Since circRNAs regulate target genes of miRNAs by acting as
miRNA sponges [18], the competitive interactions of viral cir-
cRNAs and the DE human miRNAs and mRNAs were analyzed
in viral infections of Calu-3 cells to investigate the functions of
viral circRNAs. In 6 hpi of MERS-CoV, 238 high-confidence viral
circRNAs which were defined as those detected by at least two
detection tools, with back-splicing junction reads >2 and with
the length ranging from 200 bp to 2 kbp (Materials and Meth-
ods) were identified (Table 1). Six up-regulated and seven down-
regulated human miRNAs were identified, among which two and
four were predicted to interact with viral circRNAs; 6214 down-
regulated and 2410 up-regulated human mRNAs were identified,
among which 93 and 162 were targeted by DEmiRNAs and were
therefore regulated indirectly by viral circRNAs. GO enrichment
analysis of 162 mRNAs which were up-regulated by viral cir-
cRNAs showed that they were enriched in biological processes
related to mRNA splicing and processing (Table S2). No GO terms
were enriched in the 93 mRNAs which were down-regulated by
viral circRNA.

In 24 hpi of MERS-CoV, 3741 high-confidence viral circRNAs
were identified (Table 1); they were predicted to interact with
56 up-regulated and 30 down-regulated human miRNAs, respec-
tively, thus down- and up-regulating 1165 and 1586 human
mRNAs indirectly. Analysis of the functions of 1165 mRNAs
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Table 1. The number of differentially expressed miRNAs and mRNAs, and the high-confidence viral circRNAs interacting with miRNAs in
MERS-CoV at 6 and 24 hpi in Calu-3 cells. DEmiRNAs, differentially expressed miRNAs; DEmRNAs, differentially expressed mRNAs

Time High-confidence viral circRNAs Human DEmiRNAs Human DEmRNAs
Total Interact with Sign. Total Interact with Sign. Total Interact with
human DEmiRNAs viral circRNAs human DEmiRNAs
6 hpi 238 59 Up 6 2 Down 6214 93
Down 7 4 Up 2410 162
24 hpi 3741 3311 Up 86 56 Down 7023 1165
Down 41 30 Up 3963 1586

which were down-regulated by viral circRNAs showed that they
were enriched in diverse KEGG pathways associated with cancer,
metabolism, bacterial and viral infection, and so on (Figure 5A
and Table S3); in the GO enrichment analysis, they were mainly
enriched in biological processes of viral infection, protein target-
ing, in cellular components of cell surface and organelles, and
in molecular functions of binding and oxidoreductase (Figure 5A
and Table S3). The 1586 mRNAs which were up-regulated by viral
circRNAs were also enriched in diverse KEGG pathways asso-
ciated with cancer, virus infection, protein processing, cellular
senescence, autophagy,and so on (Figure 5B and Table S3); in the
GO enrichment analysis, they were mainly enriched in biological
processes of molecule modification, nucleic acid transport and
localization, in cellular components of nucleus, in molecular

functions of transcription coactivator, transferase amd phos-
phatase.

In 12 and 24 hpi of SARS-CoV-1, two and five human miRNAs
were DE, respectively (Table S4). Among them, only one human
miRNA was down-regulated and up-regulated by viral circRNAs,
respectively. No DE human mRNAs were regulated by human
miRNAs and viral circRNAs.

We then analyzed the competitive interactions of viral cir-
cRNAs, human miRNAs and mRNAs in 12 and 24 hpi of SARS-
CoV-2 in Calu-3 cells. In 12 hpi, only 141 high-confidence viral
circRNAs were identified. They were predicted to interact with
two up-regulated human miRNAs and thus down-regulated one
human mRNA (Table 2). In 24 hpi, 228 viral circRNAs were iden-
tified. A ceRNA networks of viral circRNAs, human miRNAs and
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mRNAs were built in 24 hpi of SARS-CoV-2 (Figure 6) (Materials
and Methods). Eighty-six viral circRNAs (yellow circle) were pre-
dicted to interact with eight up-regulated miRNAs (red square),
whereas the latter targeted 27 down-regulated mRNAs (green tri-
angle). These down-regulated genes were enriched in biological
processes of metabolic processes of cholesterol, alcohol, sterol,
fatty acid and so on (Figure 7A and Table S5). Twenty-seven viral
circRNAs (yellow circle) were predicted to interact with three

down-regulated miRNAs (green square), whereas the latter tar-
geted 25 up-regulated mRNAs (red triangle). These up-regulated
genes were enriched in KEGG pathway of ‘Longevity regulating
pathway’ and in biological processes of cellular responses to
oxidative stress (Figure 7B and Table S5).

Comparison of the DEmiRNAs and mRNAs which interacted
with viral circRNAs in MERS-CoV and SARS-CoV-1/2 showed
that only one miRNA (hsa-miR-4485-3p) was up-regulated by
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Table 2. The number of differentially expressed miRNAs and mRNAs, and the high-confidence viral circRNAs interacting with miRNAs in
SARS-CoV-2 at 12 and 24 hpi in Calu-3 cells. DEmiRNAs, differentially expressed miRNAs; DEmRNAs, differentially expressed mRNAs

Time High-confidence viral circRNAs Human DEmiRNAs Human DEmRNAs
Total Interact with Sign. Total Interact with Sign. Total Interact with human
human DEmiRNAs viral circRNAs DEmiRNAs
12 hpi 141 7 Up 3 2 Down 691 1
Down 1 0 Up 91 0
24 hpi 228 96 Up 12 8 Down 1396 27
Down 13 3 Up 433 25

circRNAs of all three viruses in 24 hpi. The miRNA hsa-miR-
4485-3p was reported to induce cell cycle arrest and tumor
growth inhibition of breast cancer cells through reduction of
key cell cycle progression factors including cyclins Bl and
D1 [53, 54]. No DE mRNA was regulated by viral circRNAs
of all three viruses. Eight mRNAs were up-regulated by viral
circRNAs of both MERS-CoV and SARS-CoV-2 in 24 hpi (Table S6),
such as SESN2 and SOD2. They were enriched in KEGG
pathway of ‘Longevity regulating pathway’ and in biological
process of ‘response to reactive oxygen species’ (Table S7).
Seven mMRNAs were down-regulated by viral circRNAs of
both MERS-CoV and SARS-CoV-2 in 24 hpi (Table S6), such as
SLC26A2 and SCD. They were enriched in biological process of
centrosome localization, bisphosphate metabolic process and
so on (Table S7).

Discussion

This work for the first time identified circRNAs encoded by
three coronaviruses MERS-CoV, SARS-CoV-1 and SARS-CoV-2. All
three coronaviruses belong to Betacoronavirus and have similar
genomic structures [55], yet they exhibit largely diverse circRNA-
coding ability. MERS-CoV encodes far more circRNA than SARS-
CoV-1/2. Even for the SARS-CoV-1 and SARS-CoV-2 which share
80% genome similarity [56], the number of viral circRNAs differs
much. We have identified 11 924 viral circRNAs from 23 viral
species in a previous study [30]. MERS-CoV, a positive-strand RNA
virus with 30 kb genome [55], was predicted to encode more
than 20 000 viral circRNAs, which exhibits far greater circRNA-
coding ability when compared with several DNA viruses which
had genomes larger than 100 kb [30].

Many factors may contribute to the different ability of viruses
in encoding circRNAs. Firstly, as was reported in our previous
study, the genome size of viruses was observed to have a weak
correlation with the coding ability of circRNAs, whereas the
genome type (circular or linear genome) contributed little to
the coding ability of circRNAs [30]. Secondly, the RNA-binding
proteins (RBPs) which may promote the generation of circRNAs
were dynamically regulated by viral infections which may result
in dynamic expression of viral circRNAs [20]. For example, over
30% of circRNAs are dynamically regulated by the alternative
splicing factor, i.e. the RNA binding protein Quaking (QKI), dur-
ing human epithelial-mesenchymal transition [57]. Thirdly, the
expression of circRNAs is tissue- and cell-specific [58] since
the expression of RBPs may vary with tissues or cells [20, 59].
Fourthly, the method of library preparation for sequencing has
a large influence on the number of circRNAs identified [58].
For example, the RNase R-treated RNA-seq can enrich more
circRNAs than the total RNA-seq did [60]. Nevertheless, the key
factors that determine the coding ability of circRNAs in viruses
await further exploration.

It is worth noting that lots of viral circRNAs identified here
are encoded by the negative strand of the coronaviruses which
have positive single-stranded RNA genomes. Previous studies
have shown that both the full-length negative-stranded genomic
RNAs and lots of negative-strand subgenomic RNAs (sgRNAs)
are generated during the processes of genome replication and
transcription of coronaviruses [13, 61-63]. For example, Kim
et al. have shown that numerous discontinuous transcription
events led to highly complex transcriptome including lots of
negative-strand sgRNAs in the SARS-CoV-2 infection [13]. The
circRNAs may be generated from the negative-strand viral sgR-
NAs through two possible mechanisms: the first is the RNA-
RNA interaction of base pairing between the flanking sequence
of viral RNAs [15]; the second is the cyclization of viral sgR-
NAs mediated by the RBPs. The RBPs can promote the inter-
actions between the upstream and downstream of the sgRNAs
[57]. More efforts are needed to clarify the detailed mecha-
nism of generating circRNAs in the negative-strand of coron-
aviruses.

The roles of viral circRNAs in viral infection is poorly under-
stood. Ungerleider et al. investigated the circRNA repertoires
in the Lymphocryptovirus and Rhadinovirus genera of Gammaher-
pesviruses and found that viral circRNAs function in latency and
viral replication [64]. The circRNAs may have different functions
in the cell and may act as a sustained effector in signaling
pathways due to their unique structure and increased stability
[64]. Most viral circRNAs identified in this study were expressed
in the late stage of infection for coronaviruses. The viral cir-
cRNAs in the early stage of MERS-CoV infection were observed
to up-regulate genes related to mRNA splicing and processing;
whereas in the late stage of viral infection, the viral circRNAs
were observed to regulate genes involved in diverse functions
including cancer, metabolism, autophagy and viral infection
(Figure 5). Interestingly to note, the genes up-regulated by MERS-
CoV circRNAs in the late stage of viral infection were enriched in
nucleus, whereas those down-regulated by viral circRNAs were
enriched in cell surface and organelles (Figure 5). In SARS-CoV-
2, the genes down-regulated by viral circRNAs were associated
with metabolic processes of cholesterol, alcohol, sterol and fatty
acid, whereas those up-regulated genes by viral circRNAs were
associated with cellular responses to oxidative stress in the late
stage of viral infection (Figure 7). Taken together, viral circRNAs
in different viruses may exercise diverse functions during the
infection process.

MERS-CoV, SARS-CoV-1 and SARS-CoV-2 are currently the
most life-threatening coronaviruses to humans [65]. Despite of
their similar genome structures, the pathogenicity varies much,
with MERS-CoV the highest, SARS-CoV-1 next and SARS-CoV-2
the lowest [66]. The mechanism behind viral pathogenicity is still
poorly understood. MERS-CoV takes DPP4 as the main receptor
[67], whereas both SARS-CoV-1 and SARS-CoV-2 take ACE2 as
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Figure 7. Functional enrichment analysis of up- and down-regulated genes in viral infection of SARS-CoV-2 in Calu-3 cells at 24 hpi.

the main receptor [68, 69]. Both DPP4 and ACE2 are expressed and T cells, which may lead to immune dysregulation [72].
in a wide range of human cells [70, 71]. Thus, all three viruses Besides the receptors, the interactions between virus and human
can infect a wide range of human cells, tissues and organs. proteins (or RNAs) also influence the viral pathogenicity [73].
MERS-CoV can even infect human dendritic cells, macrophages Previous studies have identified several human or viral RNAs
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associated with immunity and inflammation on infection of
coronaviruses [12, 74]. This study identified a large number of
viral circRNAs during the infection process of MERS-CoV, SARS-
CoV-1 and SARS-CoV-2. The circRNAs identified herein may
regulate human genes with diverse functions and possibly con-
tribute to the viral pathogenicity of coronaviruses, while their
mechanism of actions require further exploration.

There are some limitations in this study. Firstly, the viral
circRNAs were identified from the RNA-seq dataset of viral
infection in vitro. However, viral circRNAs are known to have
strong cell and tissue specificity [30]. Therefore, the expression
patterns of these viral circRNAs in other types of human cells or
tissues in vivo require further investigations. Secondly, the pres-
ence of viral circRNAs was identified solely by computational
methods in this study, whereas the experimental validation of
their presence would require further efforts. Nevertheless, this
work for the first time identifies and characterizes a repertoire of
circRNAs encoded by MERS-CoV, SARS-CoV-1 and SARS-CoV-2. It
would serve as a valuable resource for any further investigations
of circRNAs in coronaviruses.

Key Points

® We identified thousands of circRNAs encoded by
MERS-CoV, SARS-CoV-1 and SARS-CoV-2 for the
first time.

® Most viral circRNAs were expressed in the late stage of
viral infection.

® Viral circRNAs had different functions in MERS-CoV
and SARS-CoV-2.
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