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ABSTRACT Virus-host interactions are complicated processes, and multiple cellular
proteins promote or inhibit viral replication through different mechanisms. Recent
progress has implicated circular RNAs (circRNAs) in cancer biology and progression;
however, the role of circRNAs in viral infection remains largely unclear. Here, we
detected 11,620 circRNAs in A549 cells and found that 411 of them were differen-
tially expressed in influenza virus-infected A549 cells. We characterized a novel
intronic circRNA, AIVR, that was upregulated in influenza virus-infected A549 cells
and found that silencing of AIVR significantly promoted influenza virus replication in
A549 cells. We further found that AIVR predominantly localizes in the cytoplasm and
works as a microRNA (miRNA) sponge. One of the miRNAs absorbed by AIVR binds
the mRNA of CREBBP, which is an important component of the large nucleoprotein
complex interferon beta (IFN-B) enhanceosome that accelerates IFN-B production.
AIVR overexpression significantly increased the mRNA and protein levels of IFN-8 in
the influenza virus-infected A549 cells. Therefore, the upregulation of AIVR is a cellu-
lar antiviral strategy, with AIVR exerting its antiviral effect by absorbing miRNA and
promoting the expression of CREBBP to facilitate IFN-B production. Our study pro-
vides new insights into the roles of circRNAs in the cellular innate antiviral response.

IMPORTANCE Circular RNAs (circRNAs) are new members of the long noncoding RNA
families and have been identified in a variety of organisms, including plants, animals,
and humans. Accumulating data indicate that circRNAs perform multiple functions in
a variety of cellular processes associated with human diseases, such as Alzheimer’s
disease and cancer; however, the roles of circRNAs in virus infection have been
largely uninvestigated. In this study, we investigated the cellular circRNA response
upon influenza virus infection and found that 411 circRNAs were differentially
expressed in the virus-infected cells. We identified a novel human intronic circRNA
(we named AIVR) that antagonizes influenza virus replication. Upregulated circRNA
AIVR absorbs an miRNA that binds the mRNA of CREBBP, leading to an increase in
the cellular expression of CREBBP and then accelerating IFN-B production. This study
advances the understanding of the roles of circRNAs in the cellular innate antiviral
response.

KEYWORDS influenza virus, antiviral agent, circular RNA

nfluenza A viruses are categorized into different subtypes according to the antigenic-
ity of their surface glycoproteins, namely, hemagglutinin (HA) and neuraminidase
(NA). Currently, 16 HA subtypes (H1 to H16) and 9 NA subtypes (N1 to N9) have been
detected in avian species, and a few new subtypes (H17, H18, N10, and N11) have
been detected in bats (1, 2). Influenza viruses of the HIN1, H2N2, and H3N2 subtypes
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have caused four human influenza pandemics since 1918, and the H1IN1 and H3N2
viruses are still circulating in humans globally (3, 4). Some influenza viruses bearing the
HA of the H5 and H7 subtypes are highly pathogenic for chickens and have caused
numerous disease outbreaks in poultry around the world; moreover, the H5N1, H5N6,
H7N7, and H7N9 viruses have also caused severe human infections and deaths in dif-
ferent countries (5). In addition, HON2 and H10N8 viruses have also occasionally
infected humans (6, 7). Therefore, influenza viruses continue to pose a threat to human
and animal health.

Cellular factors, including proteins and noncoding RNAs, play roles in the virus life
cycle, and identification of these host factors and their underlying mechanisms can
provide important insights for the development of strategies to inhibit viral infection.
A number of host proteins have been reported to interact with different influenza virus
proteins to promote or inhibit viral replication at different stages of the virus life cycle
(8-12). In comparison to cellular proteins, the effects of long noncoding RNAs on influ-
enza virus replication are not well understood, although several linear long noncoding
RNAs, including NRAV, NEATT1, BISPR, and CMPK2, have been recently reported to regu-
late the cellular antiviral response during influenza virus infection (13-16).

Circular RNAs (circRNAs), a new member of the long noncoding RNA families, have
been identified in a variety of organisms, including plants, animals, and humans (17).
CircRNAs are generated from pre-mRNA through the process of back-splicing and are
categorized into exonic circRNAs, exon-intron circRNAs, intronic circRNAs, intergenic
circRNAs, and antisense circRNAs according to their sequences. Exonic circRNAs are
exclusively produced from exons and represent the largest group of circRNAs. The
exon-intron circRNAs retain intronic sequences between the back-spliced exons (at
least two), and the intronic circRNAs are generated only from introns. These intron-
retaining circRNAs predominantly exist in the nucleus (18, 19). The microRNAs
(miRNAs) are small noncoding RNAs of 20 to 24 nucleotides that regulate gene expres-
sion by repressing translation or directing sequence-specific degradation of comple-
mentary mRNA (20) or by targeting the promoter sequence and inducing gene expres-
sion (21, 22).

Previous studies suggest that the exonic circRNAs predominantly exist in the cyto-
plasm, and one of their functions is to work as an miRNA sponge and, thus, to counter-
act miRNA-mediated degradation of mMRNAs (23-26). Zhang et al. reported that intronic
circRNAs are abundant in the nucleus and have little enrichment for miRNA target
sites, suggesting one possible function for intronic circRNAs as positive regulators of
their parent coding genes (18). Accumulating data indicate that circRNAs perform mul-
tiple functions in a variety of cellular processes associated with human diseases, such
as Alzheimer’s disease and cancer (27, 28); however, the roles of circRNAs in virus infec-
tion have been largely uninvestigated.

In this study, we investigated the cellular circRNA response upon influenza virus
infection and found that 411 circRNAs were differentially expressed in the virus-
infected cells. We identified a novel human intronic circRNA (we named AIVR) that
antagonizes influenza virus replication, and we uncovered the underlying mechanism
by which AIVR exerts its antiviral effect.

RESULTS

Identification of differentially expressed circRNAs in influenza virus-infected
A549 cells. To investigate the differential expression of circRNAs in influenza virus-
infected cells, human alveolar epithelial cells (A549) were mock infected or infected
with an A/chicken/Jiangsu/C4258/2012 (H9N2) avian influenza virus (HON2 virus). At
12 h postinfection (p.i.), total RNA was extracted from the cells, and the circRNAs,
miRNAs, and mRNAs were deep sequenced and computationally analyzed. The bioinfor-
matic analysis indicated that 11,620 distinct circRNAs (>200 nucleotides [nt]) were pres-
ent in A549 cells (Fig. 1A and B), including 7,412 (63.8%) newly identified circRNAs and
4,208 (36.2%) circRNAs that have been reported by others in circBase (29). A total of 411
differentially expressed circRNAs, including 276 upregulated and 135 downregulated,
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FIG 1 CircRNAs detected in HON2 influenza virus-infected and uninfected A549 cells by RNA-Seq and
bioinformatics. (A) Genomic origin of total circRNAs. (B) Length distribution of total circRNAs. (C)
Heatmap of differentially expressed circRNAs. RNA-Seq analysis revealed 276 upregulated and 135
downregulated circRNAs in H9N2-infected A549 cells compared with HON2-uninfected A549 cells
(n=3; |fold changel|, >2; P < 0.05). The RNA quantification is shown as centered and scaled log, data
in the heatmap. (D) Genomic origin of differentially expressed circRNAs. (E) Length distribution of
differentially expressed circRNAs.

were detected after the HON2 virus infection (|fold change| of >2; P<0.05) (Fig. 1C).
Among the total circRNAs, over 68% were generated from exons and only 3.49% from
introns (Fig. TA). The length of the circRNAs ranged from 200 to 91,766 nucleotides, and
78.59% of them were smaller than 2,500 nt (Fig. 1B). Similar distribution patterns were
observed for the differentially expressed circRNAs (Fig. 1D and E).

The above prediction of circRNAs is based on transcriptome sequencing (RNA-Seq)
and bioinformatics. However, many factors such as template switching, sequence
homology, and degenerate sequences at exon boundaries may lead to false positive in
such a prediction (30-32). We then selected six circRNAs that were abundant in A549
cells and highly differentially expressed after viral infection and verified their circular
properties. Four upregulated circRNAs (AIVR, circ_009130, circ_009414, and circ_009456)
and two downregulated circRNAs (circ_005840 and circ_006683) of A549 cells that were
infected with or without HON2 virus were quantified by reverse transcription-quantitative
PCR (qRT-PCR) using a set of divergent primers that were designed to specifically amplify
circRNAs (Fig. 2A; see Table S1 in the supplemental material). The differential expression
of the six circRNAs in HON2 virus-infected cells was confirmed by gRT-PCR (Fig. 2B), and
the junction sites of these six circRNAs were analyzed by using Sanger sequencing
(Fig. 2Q).

The levels of the six differentially expressed circRNAs in A549 cells that were
infected with different viral doses or that were collected at different time points after
virus infection were evaluated. We found that the levels of the four upregulated
circRNAs of the cells that were infected at an multiplicity of infection (MOI) of 2 with
HIN2 virus were notably higher than those of the cells that were infected with the
same virus but at an MOI of 0.5. The levels of the four upregulated circRNAs of the cells
at 12 h p.i. were notably higher than those of the cells at 4 or 8 h p.i. with the HON2 vi-
rus (MOI of 1). The levels of the two downregulated circRNAs of the cells that were
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FIG 2 Validation of the circular nature of selected circRNAs. (A) Schematic diagram of the PCR
primers. Expected products could be amplified only from circular RNAs and not from linear RNAs. (B)
Validation of the differential expression of circRNAs upon influenza virus infection. Six circRNAs,
ranging from 324nt to 2,111 nt, were selected and quantified by qRT-PCR with primers designed to
amplify the junction areas; data shown are the mean * SD of three samples. (C) Junction sites of
circRNAs identified by Sanger sequencing. The junction sites are indicated by arrowheads. (D)
Expression level of the circRNAs in A549 cells infected with different doses of HIN2 virus or at
different time points after virus infection.
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infected at an MOI of 2 with HON2 virus were notably lower than those of the cells that
were infected at an MOI of 0.5 with HIN2 virus, and the levels of the two downregu-
lated circRNAs of the cells at 12 h p.i. were notably lower than those of the cells at 4 or
8 h p.i. with the HON2 virus (MOI of 1) (Fig. 2D). These results indicate that the expres-
sion levels of the circRNAs are related to viral dose and infection time.

Characterization of a circRNA that antagonizes influenza virus replication. Our
data indicate that hundreds of circRNAs are differentially expressed upon influenza vi-
rus infection; but do any of these circRNAs affect viral replication? To answer this ques-
tion, we selected the four upregulated circRNAs and the two downregulated circRNAs
that were validated above and investigated whether they affect influenza virus replica-
tion. We designed two small interfering RNAs (siRNAs) covering the junction site of
each circRNA and tested their efficiency for circRNA silencing (Fig. 3A). The siRNAs that
efficiently interfered with the circRNAs were then selected for further study. Twenty-
four hours after the siRNA transfection, A549 cells were infected with HON2 virus at an
MOI of 1, and the supernatants were harvested at 12 h p.i. for viral titration in MDCK
cells. Silencing of AIVR enhanced the viral replication by 12-fold, whereas silencing of
the other five circRNAs had no notable effects on HIN2 virus replication (Fig. 3B).

To further confirm the antiviral effect of AIVR, we constructed a plasmid to overex-
press AIVR (designated pcDNA-AIVR) and confirmed that pcDNA-AIVR-transfected
A549 cells have increased levels of circRNA AIVR (Fig. 3C and D). We then compared
the replication of HIN2 virus in A549 cells that were first transfected with a pcDNA3.1
plasmid control (pcDNA) or pcDNA-AIVR. The viral titers in the pcDNA-AIVR-transfected
cells were 17-fold lower than those in the control cells (Fig. 3E). These results indicate
that the upregulation of circRNA AIVR in virus-infected cells is a host antiviral strategy
against HION2 virus infection.

We next investigated whether the antiviral efficacy mediated by AIVR is applicable
to other influenza virus subtypes. We found that circRNA AIVR levels also increased af-
ter the cells were infected with an H5N1 virus (A/Anhui/1/2005 strain) or an H7N9 virus
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FIG 3 CircRNA AIVR inhibits the replication of different influenza viruses in A549 cells. (A) CircRNAs
in A549 cells could be silenced by small interfering RNAs (siRNAs). A549 cells were transfected with
different siRNAs or control siRNA (si-NC), and the level of different circRNAs was determined by qRT-
PCR (n=3); data shown are mean = SD. (B) Silencing of AIVR promotes HIN2 virus replication. A549
cells were transfected with siRNA or si-NC, and the cells were infected 24 h later with HIN2 virus.
Virus titers in supernatants were measured at 12 h postinfection. a, P value of <0.05 compared with
the corresponding value of the si-NC-transfected cells. (C) Schematic illustration of the AIVR-
overexpressing plasmid (pcDNA-AIVR) construction. The upstream fragment is amplified from the
genomic sequence of intron 4 of MLLT3/AF9 (chr9, 20414651 to 20415428; hg38). The downstream
fragment is the inverted upstream fragment. A linear AIVR sequence with 44-nt upstream flanking
sequences and 84-nt downstream flanking sequences was amplified from genomic DNA of A549 cells.
(D) Levels of circRNA AIVR in A549 cells. A549 cells were transfected with pcDNA-AIVR and pcDNA,
respectively, and the levels of circRNA AIVR were determined by qRT-PCR 24 h posttransfection. (E)
Overexpression of AIVR inhibited HON2 replication. A549 cells were transfected with pcDNA-AIVR and
pcDNA, respectively, and 24 h later, the cells were infected with HON2 virus. Supernatants were
harvested 24 h postinfection and viral titers were determined in MDCK cells. (F) AIVR was
upregulated in A549 cells upon H5N1 or H7N9 virus infection. A549 cells were infected with H5N1
virus or H7N9 virus (MOI, 1), respectively, and the level of AIVR in the cells was measured 12 h after
infection by qRT-PCR. (G) The effect of AIVR on the replication of H5N1 and H7N9 viruses in A549
cells. A549 cells were transfected with AIVR siRNA (si-AIVR), si-NC, pcDNA-AIVR, and pcDNA, and 24 h
later, the cells were infected with H5N1 or H7N9 virus. Viral titers in supernatants were titrated 36 h
postinfection. Data shown are means = SD. a, P value of <0.01 compared with the corresponding
values of the si-NC- or pcDNA-transfected cells. b, Pvalue of <0.05 compared with the corresponding
values of the si-NC- or pcDNA-transfected cells.

(A/Anhui/1/2013 strain) that were isolated from human patients (33, 34) (Fig. 3F). The
titers of the H5N1 and H7N9 viruses in the AIVR-silenced A549 cells were 8-fold and 11-
fold higher, respectively, than those in the control cells, whereas the titers of the H5N1
and H7N9 viruses in the cells overexpressing AIVR were 8-fold and 19-fold lower,
respectively, than those in the control A549 cells (Fig. 3G). These results indicate that
AIVR upregulation is a cellular antiviral strategy against infection with different sub-
types of influenza viruses.

AIVR is an intronic circRNA that predominantly localizes to the cytoplasm and
binds different miRNAs in A549 cells. Our sequence analysis indicates that the novel
circRNA AIVR has 2,111 nucleotides. Genome Blat (http://genome.ucsc.edu/) results
indicate that AIVR matches the nucleotides between positions 722754 and 724864 of
chromosome 7 and overlaps with intron 1 of the protein kinase CAMP-dependent type
| regulatory subunit beta (PRKAR1B) gene (Fig. 4A). Therefore, AIVR is a novel intronic
circRNA.

Previous studies have shown that circRNAs derived from introns are abundant in
the nucleus and could promote transcription of their host genes (18, 35, 36). We there-
fore investigated the cellular distribution of AIVR and asked whether it promotes the
transcription of the PRKAR1B gene. Fluorescence in situ hybridization (FISH) analysis in
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FIG 4 AIVR predominantly locates in the cytoplasm and binds to different miRNAs in A549 cells. (A)
Schematic illustration of the genomic origin of AIVR. (B) Detection of AIVR in A549 cells by FISH. A549
cells were infected with HON2 virus or transfected with pcDNA-AIVR, and AIVR in A549 cells was
detected by an AIVR-specific FISH probe at 12 h after infection or 24 h after transfection. Nuclei were
stained with DAPI. The white scale bar denotes 5um in all images. (C) AIVR copy numbers in the
cytoplasm and nucleus of A549 cells were measured by qRT-PCR. (D) AIVR precipitation from AIVR-
overexpressing A549 cells by using a specific biotin-labeled probe and a control probe. The relative
copy numbers of AIVR pulled down by the probes were determined by gRT-PCR and were
normalized to the value in the input. (E) AIVR absorbed miRNAs in A549 cells. The relative AIVR and
miRNA levels pulled down by the probes were determined by qRT-PCR; data shown are values for
the AIVR-specific probe normalized to those for the control probe. Only the nine miRNAs that were
highly enriched (14- to 139-fold higher in the samples assessed by using the AIVR-specific probe than
in those assessed with the control probe) are shown in the figure. (F) Schematic illustration of the
mechanism of action of the pLuc-AIVR-wt vector. (G) Binding of different miRNAs to AIVR was
confirmed by use of a luciferase reporter gene assay. HEK293T cells were cotransfected with pLuc-
AIVR-wt vector and miRNA or NC-miR. The luciferase activity of the pLuc-AIVR-wt vector was
normalized to the NC-miR transfection groups. a, P value of <0.01 compared with the corresponding
values of the NC-miR group. b, P value of <0.05 compared with the corresponding values of the NC-
miR group. (H and 1) Effect of miRNA miR-330-3p on influenza virus replication. A549 cells were
transfected with miRNA or NC-miR (H) or miRNA inhibitor or negative-control inhibitor (NC inhibitor)
(1), and 24 h later, the cells were infected with HON2 virus. Twenty-four hours after infection, the
supernatants were harvested for virus titer determination in MDCK cells. a, P value of <0.01
compared with the corresponding values of the NC-miR group (H) or the NC inhibitor group (I).
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A549 cells, HON2 virus-infected A549 cells, and AIVR-overexpressing A549 cells
revealed that AIVR predominantly localizes to the cytoplasm (Fig. 4B). AIVR copy num-
bers in the cytoplasm and nucleus of untreated A549 cells, HON2 virus-infected A549
cells, and AlVR-overexpressing A549 cells were measured by gRT-PCR (Fig. 4C) and
found to be consistent with the FISH analysis. Overexpression or silencing of AIVR did
not affect the transcription of the PRKAR1B gene in A549 cells (see Fig. S1 in the sup-
plemental material).

CircRNAs located in the cytoplasm have been reported to function as sponges for
miRNAs (23, 24). We therefore investigated whether AIVR absorbs miRNAs. By using
RNAhybrid miRNA target prediction tools (37), 206 different miRNA binding sites were
predicted in AIVR, of which 35 are present in A549 cells (Table S2). We therefore
designed a probe that specifically binds AIVR and a probe that does not bind AIVR
(Fig. 4D) and used these probes to identify miRNAs that bind AIVR in the AIVR-overex-
pressing A549 cells. The miRNAs that bound AIVR were quantified by qRT-PCR with a
set of primers that were specifically designed for the miRNAs (Table S1). The copy num-
bers of nine miRNAs were 14- to 139-fold higher in the samples assessed by using the
AIVR-specific probe than in those examined with the control probe (Fig. 4E), whereas
the copy numbers of the other 26 miRNAs in the samples assessed by using the AIVR-
specific probe were less than 7-fold higher than those examined with the control
probe (data not shown). To exclude any nonspecific binding in these experiments, we
constructed a firefly luciferase reporter gene plasmid, pLuc-AIVR-wt, containing the
full-length linear sequence of AIVR inserted between the luciferase gene and the SV40
late poly(A) signal of the pmirGLO plasmid (Promega, USA) (Fig. 4F), and transfected
HEK293T cells with pLuc-AlVR-wt and each of the 9 miRNAs or a nonspecific control
miRNA (NC-miR). The luciferase activity of the transfected cells was measured at 36 h
posttransfection. As shown in Fig. 4G, compared with the luciferase activity in NC-miR-
transfected cells, transfection of six miRNAs reduced the expression of the luciferase re-
porter gene by 14% to 45%, whereas transfection of the other three miRNAs did not
affect the luciferase activity (Fig. 4G). These results demonstrate that AIVR does func-
tion as a miRNA sponge and binds to at least six miRNAs in A549 cells.

To investigate whether any of these six miRNAs absorbed by AIVR affect influenza
virus infection, we transfected A549 cells with each of the six miRNAs or a NC-miR and
then infected the cells at an MOI of 0.01 with the HIN2 virus. Twenty-four hours later,
the supernatants were collected to determine viral titer. The viral titer in the hsa-miR-
330-3p (miR-330-3p)-transfected cells was 5-fold higher than that in the NC-miR-trans-
fected cells, whereas the viral titers in the other five miRNA-transfected cells were simi-
lar to those in the NC-miR-transfected cells (Fig. 4H). We confirmed these results by
testing viral replication in A549 cells that were transfected with each of the miRNA-spe-
cific inhibitors or a control inhibitor (NC inhibitor); the viral titer in the cells transfected
with the miR-330-3p inhibitor was about 8-fold lower than that in the cells transfected
with the NC inhibitor, whereas the viral titers in the cells transfected with the inhibitors
of the other five miRNAs were similar to those in the cells transfected with the NC in-
hibitor (Fig. 4l). These results indicate that the miRNA miR-330-3p enhances influenza
replication in A549 cells.

The miRNA miR-330-3p and circRNA AIVR bind to each other but do not degrade
each other. There are 23 nucleotides in miR-330-3p, and 10 nucleotides near its 5" end
match nucleotides 1007 to 1016 of circRNA AIVR (Fig. 5A). To determine whether this
area of AIVR is the miRNA miR-330-3p binding site, we mutated these 10 nucleotides
of circRNA AIVR in pLuc-AlVR-wt and designated this new plasmid pLuc-AIVR-mt
(Fig. 5A). HEK293T cells were cotransfected with pLuc-AIVR-wt and miRNA miR-330-3p,
pLuc-AlVR-wt and NC-miR, pLuc-AIVR-mt and miRNA miR-330-3p, or pLuc-AlVR-mt and
NC-miR, and the luciferase activity of the transfected cells was measured at 36 h post-
transfection. The luciferase activity in the cells transfected with pLuc-AIVR-wt and
miRNA miR-330-3p was reduced by 45% compared with that in the cells transfected
with pLuc-AIVR-wt and NC-miR, whereas the luciferase activity was comparable in the
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FIG 5 Interaction of circRNA AIVR and miRNA miR-330-3p. (A) Predicted binding site of miR-330-3p
in AIVR. The predicted binding site sequences in AIVR were mutated in the plasmid pLuc-AIVR-mt as
indicated in red. (B) miR-330-3p affects the luciferase activity of pLuc-AIVR-wt but not that of pLuc-
AIVR-mt. HEK293T cells were transfected with miR-330-3p or NC-miR together with pLuc-AIVR-wt or
pLuc-AIVR-mt. At 36 h posttransfection, a luciferase reporter gene assay was performed to measure
luciferase activity. (C to F) AIVR and miR-330-3p cannot digest each other. gRT-PCR results showed
that the increased (C) or decreased level (D) of miR-330-3p did not affect the cellular level of AIVR in
A549 cells and that the increased (E) or decreased level (F) of AIVR did not affect the cellular level of
miR-330-3p in A549 cells. The relative mRNA levels were determined by gRT-PCR. a, P value of <0.01
compared with the corresponding values of the control groups.

cells transfected with pLuc-AIVR-mt and miRNA miR-330-3p and the cells transfected
with pLuc-AIVR-mt and NC-miR (Fig. 5B).

These results indicate that upregulated circRNA AIVR may exert its antiviral function
by absorbing miRNA miR-330-3p; therefore, we investigated whether the two RNAs
degraded each other. The copy numbers of circRNA AIVR in the miRNA miR-330-3p-
transfected A549 cells were comparable with that in the NC-miR-transfected A549 cells
(Fig. 5C). Similarly, circRNA AIVR levels were similar in the miRNA miR-330-3p-inhibited
cells and the NC inhibitor-transfected cells (Fig. 5D). We also investigated the miRNA
miR-330-3p levels in the AlVR-overexpressing and AlIVR-silenced cells and found that
the miRNA miR-330-3p levels were not affected by the levels of AIVR (Fig. 5E and F).
These results indicate that AIVR and miR-330-3p bind to each other but do not degrade
each other.

The miRNA miR-330-3p interacts with different mRNAs. Studies show that miRNA
binds mRNA and affects the expression of related proteins through different mecha-
nisms (20-22, 38, 39). Our data indicate that miRNA miR-330-3p promotes influenza vi-
rus replication, suggesting that miRNA miR-330-3p may interact with the mRNAs of
certain proteins that directly or indirectly inhibit influenza virus replication. We there-
fore compared the mRNAs of HIN2 virus-infected A549 cells and uninfected A549 cells
and found 5,031 upregulated mRNAs and 2,555 downregulated mRNAs (|fold change|
of >2; false discovery rate value of <0.05) in the virus-infected cells (see Fig. S2 in the
supplemental material). Among these genes, 57 upregulated genes have been linked
to influenza virus infection by Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way analysis (Table S3).

The interactions between miRNAs and mRNAs can be predicted by using the
miRanda prediction algorithm (40). In such an analysis, if the miRNA and mRNA have
an mirSVR score of less than —0.1 and a PhastCons score of greater than 0, the miRNA
and mRNA have the potential to interact. We therefore predicted the interactions
between miRNA miR-330-3p and the 57 mRNAs listed in Table S3 in the supplemental
material by using the miRanda prediction algorithm and found that only 7 genes met
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FIG 6 Identification of mRNAs in A549 cells that may be affected by miR-330-3p. (A) Seven
differentially expressed mRNAs in HON2 virus-infected A549 cells that may interact with miR-330-3p
were predicted by miRanda algorithm (40). (B) Changes in the seven predicted mRNAs in miR-330-3p-
transfected A549 cells. (C) Changes in the mRNA level of CREBBP in miR-330-3p-silenced A549 cells.
(D and E) The mRNA levels of CREBBP in AlIVR-overexpressing (D) or AIVR-silenced (E) A549 cells. (F)
Western blotting of the protein level of CREBBP in miR-330-3p- and AIVR-overexpressing or -silenced
A549 cells. The relative mRNA levels in B to E were determined by qRT-PCR. a, Pvalue of <0.01
compared with the corresponding values of the control groups.

both criteria (Fig. 6A; Table S3), suggesting that these 7 mRNAs may interact with
miRNA miR-330-3p.

To test our prediction, we investigated whether the levels of these mRNAs are
affected in A549 cells transfected with miRNA miR-330-3p. The mRNA levels of
DNAJB1, TNFRSF10D, and PABPN1 in miRNA miR-330-3p-transfected cells were signifi-
cantly or notably higher than those in NC-miR transfected cells. The mRNA levels of the
other three proteins in the miRNA miR-330-3p-transfected cells were comparable with
those in the NC-miR-transfected cells, whereas the mRNA level of CREBBP in the
miRNA miR-330-3p-transfected cells was significantly lower than that in the NC-miR-
transfected cells (Fig. 6B). We further confirmed that the mRNA level of CREBBP in the
miRNA miR-330-3p-silenced cells was significantly higher than that in the NC-inhibitor-
transfected cells (Fig. 6C).

We then investigated the mRNA levels of CREBBP in AIVR-overexpressing or
-silenced A549 cells. The mRNA level of CREBBP in the AIVR-overexpressing cells was
significantly higher than that in the control cells (Fig. 6D), and the mRNA level of
CREBBP was significantly reduced when AIVR was silenced (Fig. 6E). These results indi-
cate that AIVR positively affects the RNA level of CREBBP.

We next investigated the protein levels of CREBBP in cells with different miR-330-3p
or AIVR levels and found that the protein levels of CREBBP in the miR-330-3p-trans-
fected A549 cells and AIVR-silenced A549 cells were notably lower than those in their
control cells and that the protein levels of CREBBP in the miR-330-3p-silenced A549
cells and AIVR-overexpressing A549 cells were notably higher than those in their con-
trol cells (Fig. 6F). These results indicate that in A549 cells containing different levels of
miR-330-3p or AIVR, changes in CREBBP protein levels were consistent with its mRNA
levels and that upregulation of AIVR promotes CREBBP expression.

The circRNA AIVR absorbs the miRNA miR-330-3p, promotes CREBBP expression,
and thereby facilitates IFN-B production. The mRNA of CREBBP has 10,790 nucleo-
tides; its 5’ untranslated region (UTR) has 797 nucleotides, and its 3" UTR has 2,664
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FIG 7 AIVR promotes IFN-B production by absorbing miR-330-3p from CREBBP and then increasing
CREBBP expression. (A) Predicted target sites for miR-330-3p in the 3’ UTR of CREBBP. Mutated
sequences in the pLuc plasmid used for analysis in B are shown in red. (B) Binding of miR-330-3p to
the predicted target sites of CREBBP was evaluated by use of a luciferase reporter gene assay. a,
Pvalue of <0.01 compared with the corresponding values of the control groups that were
transfected with NC-miR. (C and D) AIVR absorbing miR-330-3p from CREBBP site 1 (C) and site 2 (D)
was confirmed by use of a luciferase reporter gene assay. a, Pvalue of <0.01 compared with the
corresponding values of the control groups that were transfected with NC-miR. (E and G) The mRNA
levels of IFN-B in AlIVR-overexpressing or -silenced A549 cells. A549 cells were untreated or
transfected with pcDNA, pcDNA-AIVR, and si-AIVR, and 24 h later, the cells were infected with H7N9
virus. The cellular RNA was collected to examine IFN-B mRNA levels by qRT-PCR (E), and cell
supernatants were harvested to detect IFN-B by ELISA (F) or by use of a VSV-GFP report virus
bioassay (G). a, P value of <0.01 compared with the corresponding values of the control groups that
were untreated. Scale bars, 400 wm.

nucleotides. Two sites in the mRNA of CREBBP were predicted to bind to miRNA miR-
330-3p by using the TargetScan algorithm (41) (Fig. 7A). Of note, in one of these sites,
seven nucleotides match seven nucleotides in the 5 end of miRNA miR-330-3p, and
six nucleotides match six nucleotides in the 3’ end of miRNA miR-330-3p. To verify our
prediction, we inserted the sequences bearing these two potential binding sites and
their mutants into the pmirGLO luciferase vector and designated the resulting plas-
mids pLuc-site1-wt, pLuc-site1-mt, pLuc-site1-mt1, pLuc-site1-mt2, pLuc-site2-wt, and
pLuc-site2-mt. HEK293T cells were transfected with each of these plasmids and the
miR-330-3p or a NC-miR, and the luciferase activities were measured at 36 h after trans-
fection. The luciferase activity in the cells transfected with pLuc-site1-wt, pLuc-site2-wt,

July/August 2021 Volume 12 Issue4 e01017-21

mbio.asm.org

mBio’

10


https://mbio.asm.org

A Novel circRNA That Antagonizes Influenza Virus

pLuc-site1-mt1, or pLuc-site1-mt2 together with miR-330-3p was lower than that in
the cells transfected with these plasmids and NC-miR, whereas the luciferase activity in
the cells transfected with pLuc-site1-mt or pluc-site2-mt together with miR-330-3p was
comparable to that in the cells transfected with these plasmids and the NC-miR
(Fig. 7B), indicating that the miRNA miR-330-3p binds to the mRNA of the CREBBP at
both predicted sites. We also confirmed that the pLuc-sitel-wt- or pLuc-site2-wt-
bound miR-330-3p could be absorbed by circRNA AIVR (Fig. 7C and D).

CREBBP is an important component of a large nucleoprotein complex called the
IFN-B enhanceosome (42), in which it serves as a molecular connector (43). In virus-
infected cells, interferon regulatory factor 3 (IRF-3) and CREBBP form a complex called
virus-activated factor, which directly triggers transcription of IFN-3 (42, 44). The IRF-3-
CREBBP interaction is important for coactivator-mediated localized histone hyperacety-
lation at the IFN-B promoter (45). We therefore investigated whether overexpression
or silencing of circRNA AIVR affected the cellular IFN-3 level in influenza virus-infected
cells. We found that in AIVR-overexpressing A549 cells, the mRNA and protein levels of
IFN-B were significantly higher than those in control cells, and that in AIVR-silenced
A549 cells, the mRNA and protein levels of IFN-3 were significantly lower than those in
control cells (Fig. 7E and F).

Vesicular stomatitis virus (VSV) is very sensitive to IFN-8, and a VSV reporting virus,
VSV-green fluorescent protein (GFP), was generated and widely used for evaluating
IFN-3 levels (10, 46, 47). We therefore further confirmed the above results by using a
VSV-GFP system as described previously (47). VSV-GFP did not replicate in the cells
treated with the undiluted supernatants that were collected from the control cells and
pcDNA-transfected cells, but they replicated well in the cells treated with the diluted
supernatants that were collected from these cells. VSV-GFP did not replicate in any
cells treated with the supernatants that were collected from the pcDNA-AIVR trans-
fected cells, whereas it replicated in all of the cells treated with supernatants that were
collected from the si-AlVR-transfected cells, although its replication in the cells treated
with the undiluted supernatants was notably lower than that in other cells (Fig. 7G).
These results indicate that IFN-8 expression in influenza virus-infected cells was pro-
moted by AIVR overexpression and was inhibited by AIVR silencing.

Our results in Fig. 2 showed that the expression level of AIVR in high-dose virus-
infected cells was higher than that in low-dose virus-infected cells, and the expression
level of AIVR at 12 h was higher than that at 4 and 8 h (Fig. 2D). We found that the
expression levels of CREBBP (Fig. 8A and B) and IFN-3 (Fig. 8C and D) in the influenza
virus-infected cells were also related to viral dose and infection time, which was con-
sistent with the expression trend of AIVR. Taken together, our findings allow us to pres-
ent a model of the antiviral mechanism of circRNA AIVR (Fig. 9).

DISCUSSION

In this study, by using RNA deep sequencing technology and bioinformatics analy-
sis, we detected 11,620 circRNAs in A549 cells and found that 411 of them were differ-
entially expressed upon influenza virus infection. We identified a novel intronic
circRNA, AIVR, that was upregulated in influenza virus-infected A549 cells and found
that silencing of AIVR significantly promotes influenza virus replication in A549 cells.
We found that circRNA AIVR predominantly locates in the cytoplasm and works as an
miRNA sponge. Upregulated circRNA AIVR absorbs the miRNA miR-330-3p that binds
the mRNA of CREBBP, leading to an increase in the cellular expression of CREBBP,
which is an important component of the large nucleoprotein complex IFN-B enhan-
ceosome that accelerates IFN-B production. Therefore, the newly discovered circRNA is
an important host innate antiviral factor.

The mechanism of circRNA regulation remains largely unknown. Studies by
Rajewsky et al. and Conn et al. reported that the levels of certain circRNAs increase
when linear transcript expression also increases but rarely by the same factor (48,
49). Yet some circRNAs show a reciprocal expression pattern during differentiation,
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FIG 8 The expression level of CREBBP and IFN-3 in influenza virus-infected cells. (A) The mRNA level
of the CREBBP in A549 cells infected with HON2 virus (MOI, 1) at different time points after virus
infection (left) or different doses of HON2 virus at 12 h p.i. (right). (B) Western blotting of the protein
level of CREBBP in A549 cells infected with HON2 virus (MOI, 1) at different time points after virus
infection (left) or different doses of HON2 virus at 24 h p.i. (right). (C) The mRNA level of IFN-3 in
A549 cells infected with HIN2 virus (MOI, 1) at different time points after virus infection (left) or
different doses of HON2 virus at 12 h p.i. (right). (D) Detection of IFN-8 in cell supernatants of A549
cells infected with HON2 virus (MOI, 1) at different time points (left) or with different doses of HON2
virus at 24 h p.. (right) by ELISA. The dashed black lines indicate the lowest limit of detection. a,
P<0.01. b, P<0.05.

suggesting that circularization can compete with linear splicing (50). Chen et al.
reported that vesicular stomatitis virus infection of cells led to a decrease in the
expression of certain circRNAs, while their cognate mRNAs were largely unaffected
(51). Similarly, in this study, we identified 14 intronic circRNAs (5 upregulated and 9
downregulated) that were differentially expressed in influenza virus-infected A549
cells. According to the RNA deep sequencing and bioinformatics analysis, only one
of the cognate mRNAs of the five upregulated circRNAs was upregulated in the influ-
enza virus-infected A549 cells, and only two of the cognate mRNAs of the nine
downregulated circRNAs were downregulated in the influenza virus-infected A549
cells (see Table S4 in the supplemental material). These facts indicate that the upreg-
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FIG 9 Schematic depiction of the antiviral mechanism involving upregulated circRNA AIVR in
influenza virus-infected cells. In normal cells, miRNA miR-330-3p binds to the mRNA of CREBBP and
suppresses its replication. In influenza virus-infected cells, the upregulated circRNA AIVR absorbs the
miRNA miR-330-3p and thereby promotes CREBBP expression, which then activates IFN-8 production.
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ulation of circRNA is not necessarily related to the change in their parental genes.
Several cellular proteins, including Quaking, MBL, RBM20, NFOO/NF110, and ADART,
have been reported to affect the biogenesis of circRNAs in different cells (50-54). It
remains to be investigated which cellular or viral protein(s) promote(s) AIVR upregu-
lation in influenza virus-infected A549 cells.

Previous studies suggest that circRNAs generated from introns and exons may func-
tion differently (55). It has been reported that the intronic circRNAs are abundant in
the nucleus and have a positive regulatory effect on their parental coding genes (18,
35, 36), whereas the exonic circRNAs are abundant in the cytoplasm and function as an
miRNA sponge (23-26). AIVR is an intronic circRNA that mainly localizes to the cyto-
plasm and works as a miRNA sponge. Moreover, it does not affect the transcription of
its parental gene. These facts suggest that the location and function of circRNAs in cells
may not be entirely dependent on their origin and that intronic circRNAs can also
localize to the cytoplasm and function as miRNA sponges. AIVR efficiently absorbs six
different miRNAs in A549 cells, but only one is associated with influenza virus replica-
tion. Although the target mRNAs of the other five miRNAs are unclear, it is reasonable
to assume that AIVR has multiple biological functions and affects the mRNAs associ-
ated with the other five miRNAs.

In miR-330-3p-transfected cells, the mRNA of CREBBP was degraded, but the
mRNA levels of DNAJB1, TNFRSF10D, and PABPNT1 increased, suggesting that the miRNA
miR-330-3p can interact with multiple mRNAs. Our study demonstrated that miRNA miR-
330-3p binds to the 3’ UTR region and suppresses the expression of CREBBP and that
this suppression could be partially prevented by the upregulation of AIVR upon influenza
virus infection. Previous studies have shown that miRNA can induce gene expression by
targeting promoter sequences (21, 22). Target sites of miRNA miR-330-3p were indeed
present in the promoters of DNAJB1, TNFRSF10D, and PABPNT1 (see Fig. S3 in the supple-
mental material), which may explain the elevated mRNA levels of these proteins in the
cells transfected with miRNA miR-330-3p. However, in A549 cells infected with influenza
virus, the upregulation of these three mRNAs may not be due to miRNA miR-330-3p
binding to their promoters because our study showed that miRNA miR-330-3p was
absorbed by the upregulated circRNA AIVR during influenza virus infection. DNAJB1 and
PABPN1 are involved in influenza virus replication at different stages, and TNFRSF10D
inhibits apoptosis (56-58); therefore, the upregulation of these proteins in influenza vi-
rus-infected cells may be attributable to other as yet unknown causes.

In summary, we identified a novel intronic circRNA that is upregulated in influenza
virus-infected A549 cells, and we further demonstrated that the upregulation of
circRNA AIVR is an important part of the host innate IFN-8 antiviral pathway. Our study
thus provides new insights into the roles of circRNAs in the cellular innate antiviral
response.

MATERIALS AND METHODS

Viruses. Influenza viruses A/chicken/Jiangsu/C4258/2012 (H9N2), A/Anhui/1/2005 (H5N1), and A/
Anhui/1/2013 (H7N9) were reported previously (59-61) and were propagated in 10-day-old specific-
pathogen-free embryonated chicken eggs and stored at —70°C. VSV-GFP was constructed and reported
previously (47).

Cells. A549 cells, MDCK cells, and HEK293T cells were grown in nutrient mixture F-12 Ham Kaighn’s
modified medium or Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (Gibco, USA) at 37°C in a humidified 5% CO, atmosphere. Using the Myco-Off mycoplasma
cleaner and Myco-Blue mycoplasma detector (Vazyme, China), we ensured that all cells and culture
media used in this study were free of mycoplasma contamination.

Antibodies. CBP rabbit monoclonal antibody (Cell Signaling Technology, USA) and GAPDH mouse
monoclonal antibody (Santa Cruz Biotechnology, USA) were used as the primary antibodies;
IRDye800CW goat anti-rabbit IgG (H+L) secondary antibody (Li-Cor, USA) and IRDye800CW goat anti-
mouse IgG (H+L) secondary antibody (Li-Cor) were used as secondary antibodies for Western blotting.

Oligonucleotides. The sequences for primers and oligonucleotides used in this study are provided
in Table S1. The primers for qRT-PCR and plasmid construction were synthesized by TsingKe (Beijing,
China). siRNAs, miRNAs, and miRNA inhibitors were synthesized by GenePharma (Shanghai, China). The
probes used for FISH and circRNA precipitation were synthesized by General Biol (Anhui, China).
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Plasmid construction. The circRNA-overexpressing plasmid pcDNA-AIVR was constructed by using
the pcDNA3.1 backbone as described previously (62) with minor modifications. Briefly, the full-length
linear sequence of AIVR with a 44-nt upstream flanking sequence and an 84-nt downstream flanking
sequence was inserted into EcoRV/Xhol sites of pcDNA3.1. Subsequently, the intron 4 fragment of
MLLT3/AF9 (chr9, 20414651 to 20415428; hg38) and its inverted fragment were inserted into EcoRl/
EcoRV sites and Xhol/Xbal sites, respectively, to facilitate the circularization of the inserted AIVR linear
sequence.

For the dual luciferase reporter assay, we constructed eight plasmids bearing different fragments in
the pmirGLO dual-luciferase miRNA target expression vector (Promega, USA); the cloning strategy is
shown in Fig. 4F. The pLuc-AIVR-wt bears the full-length linear sequence of AIVR. pLuc-sitel-wt and
pLuc-site2-wt bear a 362-bp fragment and a 413-bp fragment, respectively, that were amplified from
the mRNA of CREBBP. pLuc-site1-wt was predicted to contain a canonical site that binds to the 5’ seed
region of miR-330-3p and an uncanonical site that binds to the 3’ region of miR-330-3p. The predicted
miR-330-3p target sites in the insertions of these plasmids were mutated, and the resulting plasmids
were designated pLuc-AIVR-mt, pLuc-site1-mt, pLuc-site1-mt1, pLuc-site1-mt2, and pLuc-site2-mt. The
mutated sequences are indicated in Fig. 5A and Fig. 7A.

Total RNA isolation, library construction, and sequencing. A549 cells were infected with HON2 vi-
rus at an MOI of 3 for 12 h, and total RNA was extracted from uninfected and HIN2 virus-infected A549
cell samples. After removing the rRNAs, half of the total enriched RNA was used for circRNA and mRNA
library construction, and the other half was size selected by polyacrylamide gel electrophoresis to enrich
for 18- to 30-nt RNAs for small RNA library construction. To construct circRNA and mRNA libraries, frag-
mented RNAs were reverse transcribed into cDNA by using random primers, and the cDNA fragments
were purified with a QiaQuick PCR extraction kit, end repaired, poly(A) added, and ligated to lllumina
sequencing adapters. Then, uracil-N-glycosylase was used to digest the second-strand cDNA. The
digested products were amplified by PCR and sequenced by Gene Denovo Biotechnology Co.
(Guangzhou, China) using an lllumina HiSeq 4000 instrument . To construct the small RNA library, the 3’
and 5’ lllumina sequencing adaptors were ligated to the RNAs, and the ligation products were reverse
transcribed, amplified, and sequenced by Gene Denovo Biotechnology Co. using an lllumina HiSeq 2500
instrument.

qRT-PCR analysis. Total RNA was extracted using the TRIzol reagent (Invitrogen, USA) according to
standard procedures. Reverse transcription of circRNAs and mRNAs was performed by using random pri-
mers with a PrimeScript reverse transcriptase (RT) reagent kit with genomic DNA (gDNA) Eraser (TaKaRa,
Japan) according to the supplied protocol. Reverse transcription of miRNAs was performed by using our
designed stem-loop reverse transcription primers using a PrimeScript RT reagent kit with gDNA Eraser
(TaKaRa) or by use of the polyadenylated method using a Mir-X miRNA first-strand synthesis kit (TaKaRa)
according to the supplied protocol for a large-scale screen. qRT-PCRs were performed using TB Green
Premix Ex Taq Il (TaKaRa) according to the manufacturer’s instructions. GAPDH was used as an endoge-
nous control for circRNA and mRNA and U6 was used for miRNA. The relative expression was calculated
by using the comparative threshold cycle (AACT) method. The exact expression level of AIVR was calcu-
lated by using the standard curve method.

Cell transfection and infection. Transfection of siRNAs was conducted by using the Lipofectamine
RNAiMax reagent (Invitrogen) at a final concentration of 50 nM according to the manufacturer’s proto-
col. Transfection of pcDNA-AIVR, miRNA, and miRNA inhibitors was conducted by using Lipofectamine
LTX and PLUS reagent (Invitrogen) according to the manufacturer’s protocol. The transfection efficiency
was checked by use of qRT-PCR analysis. To investigate the effect of these transfections on the growth
of influenza viruses, the above-transfected cells were infected with virus at the indicated MOI for the
indicated hours in each experiment. Supernatants were collected, and virus titers were determined in
MDCK cells.

Virus titer determination. Virus titers were determined in MDCK cells. Briefly, the culture superna-
tants were serially diluted 10-fold in DMEM with 1 ug/ml tosylsulfonyl phenylalanyl chloromethyl ketone
(TPCK)-treated trypsin. A 100-ul aliquot of each diluted sample was added to the well of a 96-well plate
containing 70% confluent MDCK cells. Cells were cultured at 37°C in 5% CO, for 72 h. Then, 50 ul of me-
dium per well was used in a hemagglutination assay to identify the presence of virus. We recorded the
number of positive and negative wells and calculated the 50% tissue culture infectious dose (TCID,,) by
using the Reed-Muench method.

Fluorescence in situ hybridization (FISH). AIVR was detected by FISH as described previously with
minor modifications (63). Briefly, a 56-nt probe that is complementary to the “head-to-tail” AIVR junction
site was synthesized, and 4 thymidine residues of the probe were labeled with cy3. A549 cells seeded on
coverslips that were placed in a 12-well plate were transfected with 800 ng of pcDNA-AIVR or infected
with HON2 virus at an MOI of 3. Twenty-four hours posttransfection or 12 h postinfection, the cells
(including untreated control cells) were washed twice with phosphate-buffered saline (PBS) and fixed
with 1 ml of 4% paraformaldehyde with RNA enzyme inhibitor for 10 minutes at room temperature. The
cells were then washed with cold PBS for 10 minutes three times and permeabilized for 2 h in 2 ml of
70% cold ethanol at 4°C. The cells were then incubated at 37°C for 16 h in a solution containing 50%
formamide, 10% dextran sulfate, 1% 50x Denhard’s, 10 mM Tris-HCl, 0.3 M NaCl, 1 mM ethylenediamine-
tetraacetic (EDTA), 100 ug/ml sheared salmon sperm DNA, and 100 ng of FISH probe. They were then
washed with 2x saline sodium citrate (SSC) for 15 minutes three times. Then, the cells were incubated
with 4,6-diamidino-2-phenylindole (DAPI) for 30 minutes to stain the nuclei and then washed with 2x
SSC for 10 minutes three times. Finally, the cells were mounted in ProLong gold antifade (Invitrogen)
and were analyzed on a confocal microscope (Zeiss).
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Subcellular fractionation. A549 cells were seeded in 12-well plates and then transfected with
800 ng of pcDNA-AIVR or were infected with HIN2 virus at an MOI of 0.01. Subcellular fractionation of
the control cells, transfected cells, or infected cells was performed by using a PARIS kit (Invitrogen)
according to the instructions provided. The cytoplasmic and nuclear RNAs were separately used for qRT-
PCR of AIVR. The DNA fragment corresponding to AIVR was amplified and ligated to a T vector, and was
used to plot a standard curve by qRT-PCR. AIVR copy numbers in the nucleus or cytoplasm of A549 cells
were calculated based on the C; value from qRT-PCR and the cell number.

CircRNA precipitation. CircRNA precipitation was performed as previously reported (64) with minor
modifications. A biotin-labeled AIVR probe was designed to be complementary to the head-to-tail junc-
tion site. The negative-control biotin-labeled probe was a nonsense sequence. In brief, A549 cells were
seeded in a 6-well plate and transfected with pcDNA-AIVR 24 h before use. Cells were washed twice
with 2ml of cold PBS and then lysed by 300 ul of radioimmunoprecipitation assay (RIPA) lysis buffer
(Beyotime, China) and 1 ul of RNase inhibitor (TaKaRa, Japan) for 30 minutes on ice and then stored at
—80°C. We then ligated the biotin-labeled AIVR probe to Dynabeads magnetic beads (Invitrogen, USA)
by following the manufacturer’s instructions. Five microliters of the cell lysate at —80°C was retained as
input and 100 ul of lysate supernatant was incubated with the biotin-labeled probe-processed magnetic
beads on a rotating wheel at 4°C for 16 h. After the magnetic beads were washed 5 times with cold lysis
buffer in a magnetic field, the coprecipitated RNA and 5% input were extracted with TRIzol and detected
by gRT-PCR.

Dual luciferase reporter assay. HEK293T cells seeded in 24-well plates were collected 36 h after
transfection using a luciferase assay system (Promega, USA). In the plasmid and miRNA cotransfection
experiment, Lipofectamine LTX and PLUS reagent (Invitrogen, USA) were used according to the manu-
facturer’s protocol; 100ng of plasmid was used, and miRNAs were used at a final concentration of
10 nM. The luminescence was measured with a multilabel reader (EnVision, USA). The relative luciferase
expression was calculated as the ratio of firefly to Renilla luciferase activity. All experiments were per-
formed in triplicate.

Western blot analysis. Western blotting was performed as described previously (11). Briefly, A549
cells seeded in 24-well plates were transfected with miRNA or siRNA or pcDNA-AIVR. Twenty-four hours
later, the cells were washed twice with cold PBS and lysed in RIPA lysis buffer (Beyotime, China) contain-
ing protease inhibitors (Merck, Germany) and phenylmethylsulfonyl fluoride (PMSF) (Biosharp, China).
The protein extracts were denatured at 100°C in SDS-PAGE loading buffer (Beyotime) for 10 minutes.
Equal amounts of protein were run on SDS-PAGE. Proteins were transferred onto a nitrocellulose filter
membrane (GE Healthcare, USA) and incubated with primary antibody. After being washed with PBS
with Tween (PBST), the blots were incubated with secondary antibody and visualized by using an
Odyssey CLx infrared imaging system (Li-Cor, USA).

Detection of IFN-3 secretion. Twenty-four hours after transfection with siRNAs or plasmids, A549
cells were infected with H7N9 virus at an MOI of 0.01. Twenty-four hours later, the cell supernatants
were inactivated with UV light for 2 h with constant stirring, and inactivation of the virus was con-
firmed by cell culture. Detection of IFN-8 secretion into cell supernatants was performed by using
enzyme-linked immunosorbent assay (ELISA) kits (Invitrogen) following the manufacturer’s instruc-
tions. To detect IFN-B secretion by using a bioassay, the UV-inactivated supernatants were serially
diluted 2-fold and added to new A549 cells and incubated for 24 h. The cells were then infected with
30 plaque forming units (PFUs) of VSV-GFP for 24 h. VSV-GFP replication was analyzed by fluores-
cence microscopy.

Statistical analysis. Data are presented as mean = standard deviation (SD) from at least three inde-
pendent experiments unless otherwise indicated. Comparisons between groups were analyzed by using
a two-sided Student's t test. A P value of <0.05 was considered statistically significant.

Data availability. The Gene Expression Omnibus accession number for the circRNA, mRNA, and
miRNA sequencing data from this study is GSE172315.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 0.2 MB.

FIG S2, TIF file, 0.3 MB.

FIG S3, TIF file, 0.7 MB.

TABLE S1, DOCX file, 0.04 MB.

TABLE S2, DOCX file, 0.03 MB.

TABLE S3, DOCX file, 0.03 MB.

TABLE S4, DOCX file, 0.03 MB.

ACKNOWLEDGMENTS

We thank Susan Watson for editing the manuscript.

This work was supported by the National Key R&D Program of China (2016YFD0500200)
and by the National Natural Science Foundation of China (31521005).

We declare no competing interests.

July/August 2021 Volume 12 Issue4 e01017-21

mBi

mbio.asm.org

o

15


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE172315
https://mbio.asm.org

Qu etal.

C.L, and H.C. analyzed the data; and Z.Q. and H.C. wrote the paper.

mBio’

ZQ.,FM,JS,GD, XZ,JG,Y.L,LL,P.C, and Y.J. conducted the experiments; Z.Q.,

REFERENCES

1.

July/August 2021

Tong S, Li Y, Rivailler P, Conrardy C, Castillo DAA, Chen L, Recuenco S,
Ellison JA, Davis CT, York IA, Turmelle AS, Moran D, Rogers S, Shi M, Tao Y,
Weil MR, Tang K, Rowe LA, Sammons S, Xu X, Frace M, Lindblade KA, Cox
NJ, Anderson LJ, Rupprecht CE, Donis RO. 2012. A distinct lineage of influ-
enza A virus from bats. Proc Natl Acad Sci U S A 109:4269-4274. https:/
doi.org/10.1073/pnas.1116200109.

. Tong S, Zhu X, Li Y, Shi M, Zhang J, Bourgeois M, Yang H, Chen X,

Recuenco S, Gomez J, Chen L, Johnson A, Tao Y, Dreyfus C, Yu W, McBride
R, Carney PJ, Gilbert AT, Chang J, Guo Z, Davis CT, Paulson JC, Stevens J,
Rupprecht CE, Holmes EC, Wilson IA, Donis RO. 2013. New World bats har-
bor diverse influenza A viruses. PLoS Pathog 9:e1003657. https://doi.org/
10.1371/journal.ppat.1003657.

. Kilbourne ED. 2006. Influenza pandemics of the 20th century. Emerg

Infect Dis 12:9-14. https://doi.org/10.3201/eid1201.051254.

. Smith GJ, Vijaykrishna D, Bahl J, Lycett SJ, Worobey M, Pybus OG, Ma SK,

Cheung CL, Raghwani J, Bhatt S, Peiris JS, Guan Y, Rambaut A. 2009. Ori-
gins and evolutionary genomics of the 2009 swine-origin HIN1 influenza
A epidemic. Nature 459:1122-1125. https://doi.org/10.1038/nature08182.

. Philippon DAM, Wu P, Cowling BJ, Lau EHY. 2020. Avian influenza human

infections at the human-animal interface. J Infect Dis 222:528-537.
https://doi.org/10.1093/infdis/jiaa105.

. Chen H, Yuan H, Gao R, Zhang J, Wang D, Xiong Y, Fan G, Yang F, Li X,

Zhou J, Zou S, Yang L, Chen T, Dong L, Bo H, Zhao X, Zhang Y, Lan Y, Bai T,
Dong J, LiQ, Wang S, Zhang Y, Li H, Gong T, Shi Y, Ni X, Li J, Zhou J, Fan J,
Wu J, Zhou X, Hu M, Wan J, Yang W, Li D, Wu G, Feng Z, Gao GF, Wang Y,
Jin Q, Liu M, Shu Y. 2014. Clinical and epidemiological characteristics of a
fatal case of avian influenza A H10N8 virus infection: a descriptive study.
Lancet 383:714-721. https://doi.org/10.1016/50140-6736(14)60111-2.

. Peiris M, Yuen KY, Leung CW, Chan KH, Ip PL, Lai RW, Orr WK, Shortridge

KF. 1999. Human infection with influenza H9N2. Lancet 354:916-917.
https://doi.org/10.1016/s0140-6736(99)03311-5.

. Long JS, Giotis ES, Moncorge O, Frise R, Mistry B, James J, Morisson M,

Igbal M, Vignal A, Skinner MA, Barclay WS. 2016. Species difference in
ANP32A underlies influenza A virus polymerase host restriction. Nature
529:101-104. https://doi.org/10.1038/nature16474.

. Liang L, Jiang L, Li J, Zhao Q, Wang J, He X, Huang S, Wang Q, Zhao Y,

Wang G, Sun N, Deng G, Shi J, Tian G, Zeng X, Jiang Y, Liu L, Liu J, Chen P,
Bu Z, Kawaoka Y, Chen H, Li C. 2019. Low polymerase activity attributed
to PA drives the acquisition of the PB2 E627K mutation of H7N9 avian
influenza virus in mammals. mBio 10:e01162-19. https://doi.org/10.1128/
mBio.01162-19.

. Sun N, Jiang L, Ye M, Wang Y, Wang G, Wan X, Zhao Y, Wen X, Liang L, Ma

S, Liu L, Bu Z, Chen H, Li C. 2020. TRIM35 mediates protection against
influenza infection by activating TRAF3 and degrading viral PB2. Protein
Cell 11:894-914. https://doi.org/10.1007/513238-020-00734-6.

. Luo W, Zhang J, Liang L, Wang G, Li Q, Zhu P, Zhou Y, Li J, Zhao Y, Sun N,

Huang S, Zhou C, Chang Y, Cui P, Chen P, Jiang Y, Deng G, Bu Z, Li C, Jiang
L, Chen H. 2018. Phospholipid scramblase 1 interacts with influenza A vi-
rus NP, impairing its nuclear import and thereby suppressing virus repli-
cation. PLoS Pathog 14:e1006851. https://doi.org/10.1371/journal.ppat
.1006851.

. Zhu P, Liang L, Shao X, Luo W, Jiang S, Zhao Q, Sun N, Zhao Y, Li J, Wang

J, Zhou Y, Zhang J, Wang G, Jiang L, Chen H, Li C. 2017. Host cellular pro-
tein TRAPPC6AA interacts with influenza A virus M2 protein and regulates
viral propagation by modulating M2 trafficking. J Virol 91:e01757-16.
https://doi.org/10.1128/JV1.01757-16.

. Ouyang J, Zhu X, Chen Y, Wei H, Chen Q, Chi X, Qi B, Zhang L, Zhao Y, Gao

GF, Wang G, Chen J. 2014. NRAV, a long noncoding RNA, modulates anti-
viral responses through suppression of interferon-stimulated gene tran-
scription. Cell Host Microbe 16:616-626. https://doi.org/10.1016/j.chom
.2014.10.001.

. Imamura K, Imamachi N, Akizuki G, Kumakura M, Kawaguchi A, Nagata K,

Kato A, Kawaguchi Y, Sato H, Yoneda M, Kai C, Yada T, Suzuki Y, Yamada
T, Ozawa T, Kaneki K, Inoue T, Kobayashi M, Kodama T, Wada Y, Sekimizu
K, Akimitsu N. 2014. Long noncoding RNA NEAT1-dependent SFPQ relo-
cation from promoter region to paraspeckle mediates IL8 expression

Volume 12 Issue4 e01017-21

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

upon immune stimuli. Mol Cell 54:393-406. https://doi.org/10.1016/j
.molcel.2014.06.013.

. Barriocanal M, Carnero E, Segura V, Fortes P. 2014. Long non-coding RNA

BST2/BISPR is induced by IFN and regulates the expression of the antiviral
factor tetherin. Front Immunol 5:655. https://doi.org/10.3389/fimmu.2014
.00655.

. Kambara H, Niazi F, Kostadinova L, Moonka DK, Siegel CT, Post AB,

Carnero E, Barriocanal M, Fortes P, Anthony DD, Valadkhan S. 2014. Nega-
tive regulation of the interferon response by an interferon-induced long
non-coding RNA. Nucleic Acids Res 42:10668-10680. https://doi.org/10
.1093/nar/gku713.

. Salzman J, Chen RE, Olsen MN, Wang PL, Brown PO. 2013. Cell-type spe-

cific features of circular RNA expression. PLoS Genet 9:e1003777. https://
doi.org/10.1371/journal.pgen.1003777.

. Zhang Y, Zhang X, Chen T, Xiang J, Yin Q, Xing Y, Zhu S, Yang L, Chen L.

2013. Circular intronic long noncoding RNAs. Mol Cell 51:792-806.
https://doi.org/10.1016/j.molcel.2013.08.017.

. Li Z, Huang C, Bao C, Chen L, Lin M, Wang X, Zhong G, Yu B, Hu W, Dai L,

Zhu P, Chang Z, Wu Q, Zhao Y, Jia Y, Xu P, Liu H, Shan G. 2015. Exon-intron
circular RNAs regulate transcription in the nucleus. Nat Struct Mol Biol
22:256-264. https://doi.org/10.1038/nsmb.2959.

Mohr AM, Mott JL. 2015. Overview of microRNA biology. Semin Liver Dis
35:3-11. https://doi.org/10.1055/5-0034-1397344.

Matsui M, Chu Y, Zhang H, Gagnon KT, Shaikh S, Kuchimanchi S,
Manoharan M, Corey DR, Janowski BA. 2013. Promoter RNA links tran-
scriptional regulation of inflammatory pathway genes. Nucleic Acids Res
41:10086-101009. https://doi.org/10.1093/nar/gkt777.

Place RF, Li L, Pookot D, Noonan EJ, Dahiya R. 2008. MicroRNA-373 indu-
ces expression of genes with complementary promoter sequences. Proc
Natl Acad Sci U S A 105:1608-1613. https://doi.org/10.1073/pnas
.0707594105.

Hansen TB, Jensen Tl, Clausen BH, Bramsen JB, Finsen B, Damgaard CK,
Kjems J. 2013. Natural RNA circles function as efficient microRNA
sponges. Nature 495:384-388. https://doi.org/10.1038/nature11993.
Panda AC. 2018. Circular RNAs act as miRNA sponges. Adv Exp Med Biol
1087:67-79. https://doi.org/10.1007/978-981-13-1426-1_6.

Panda AC, Grammatikakis I, Kim KM, De S, Martindale JL, Munk R, Yang X,
Abdelmohsen K, Gorospe M. 2017. Identification of senescence-associ-
ated circular RNAs (SAC-RNAs) reveals senescence suppressor CircPVT1.
Nucleic Acids Res 45:4021-4035. https://doi.org/10.1093/nar/gkw1201.
Zheng Q, Bao C, Guo W, Li S, Chen J, Chen B, Luo Y, Lyu D, Li Y, Shi G,
Liang L, Gu J, He X, Huang S. 2016. Circular RNA profiling reveals an abun-
dant circHIPK3 that regulates cell growth by sponging multiple miRNAs.
Nat Commun 7:11215. https://doi.org/10.1038/ncomms11215.

Lukiw WJ. 2013. Circular RNA (circRNA) in Alzheimer’s disease (AD). Front
Genet 4:307. https://doi.org/10.3389/fgene.2013.00307.

Goodall GJ, Wickramasinghe V. 2021. RNA in cancer. Nat Rev Cancer
21:22-36. https://doi.org/10.1038/s41568-020-00306-0.

Glazar P, Papavasileiou P, Rajewsky N. 2014. circBase: a database for circu-
lar RNAs. RNA 20:1666-1670. https://doi.org/10.1261/rna.043687.113.
Kristensen LS, Andersen MS, Stagsted LVW, Ebbesen KK, Hansen TB,
Kjems J. 2019. The biogenesis, biology and characterization of circular
RNAs. Nat Rev Genet 20:675-691. https://doi.org/10.1038/s41576-019
-0158-7.

Kristensen LS, Okholm TLH, Veno MT, Kjems J. 2018. Circular RNAs are
abundantly expressed and upregulated during human epidermal stem
cell differentiation. RNA Biol 15:280-291. https://doi.org/10.1080/
15476286.2017.1409931.

Szabo L, Salzman J. 2016. Detecting circular RNAs: bioinformatic and ex-
perimental challenges. Nat Rev Genet 17:679-692. https://doi.org/10
.1038/nrg.2016.114.

Gao R, Cao B, Hu Y, Feng Z, Wang D, Hu W, Chen J, Jie Z, Qiu H, Xu K, Xu X,
Lu H, Zhu W, Gao Z, Xiang N, Shen Y, He Z, Gu Y, Zhang Z, Yang Y, Zhao X,
Zhou L, Li X, Zou S, Zhang Y, Li X, Yang L, Guo J, Dong J, Li Q, Dong L, Zhu
Y, Bai T, Wang S, Hao P, Yang W, Zhang Y, Han J, Yu H, Li D, Gao GF, Wu G,
Wang Y, Yuan Z, Shu Y. 2013. Human infection with a novel avian-origin

mbio.asm.org 16


https://doi.org/10.1073/pnas.1116200109
https://doi.org/10.1073/pnas.1116200109
https://doi.org/10.1371/journal.ppat.1003657
https://doi.org/10.1371/journal.ppat.1003657
https://doi.org/10.3201/eid1201.051254
https://doi.org/10.1038/nature08182
https://doi.org/10.1093/infdis/jiaa105
https://doi.org/10.1016/S0140-6736(14)60111-2
https://doi.org/10.1016/s0140-6736(99)03311-5
https://doi.org/10.1038/nature16474
https://doi.org/10.1128/mBio.01162-19
https://doi.org/10.1128/mBio.01162-19
https://doi.org/10.1007/s13238-020-00734-6
https://doi.org/10.1371/journal.ppat.1006851
https://doi.org/10.1371/journal.ppat.1006851
https://doi.org/10.1128/JVI.01757-16
https://doi.org/10.1016/j.chom.2014.10.001
https://doi.org/10.1016/j.chom.2014.10.001
https://doi.org/10.1016/j.molcel.2014.06.013
https://doi.org/10.1016/j.molcel.2014.06.013
https://doi.org/10.3389/fimmu.2014.00655
https://doi.org/10.3389/fimmu.2014.00655
https://doi.org/10.1093/nar/gku713
https://doi.org/10.1093/nar/gku713
https://doi.org/10.1371/journal.pgen.1003777
https://doi.org/10.1371/journal.pgen.1003777
https://doi.org/10.1016/j.molcel.2013.08.017
https://doi.org/10.1038/nsmb.2959
https://doi.org/10.1055/s-0034-1397344
https://doi.org/10.1093/nar/gkt777
https://doi.org/10.1073/pnas.0707594105
https://doi.org/10.1073/pnas.0707594105
https://doi.org/10.1038/nature11993
https://doi.org/10.1007/978-981-13-1426-1_6
https://doi.org/10.1093/nar/gkw1201
https://doi.org/10.1038/ncomms11215
https://doi.org/10.3389/fgene.2013.00307
https://doi.org/10.1038/s41568-020-00306-0
https://doi.org/10.1261/rna.043687.113
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1080/15476286.2017.1409931
https://doi.org/10.1080/15476286.2017.1409931
https://doi.org/10.1038/nrg.2016.114
https://doi.org/10.1038/nrg.2016.114
https://mbio.asm.org

A Novel circRNA That Antagonizes Influenza Virus

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

July/August 2021

influenza A (H7N9) virus. N Engl J Med 368:1888-1897. https://doi.org/10
.1056/NEJMoa1304459.

Shu Y, Yu H, Li D. 2006. Lethal avian influenza A (H5N1) infection in a
pregnant woman in Anhui Province, China. N Engl J Med 354:1421-1422.
https://doi.org/10.1056/NEJMc053524.

Stoll L, Rodriguez-Trejo A, Guay C, Brozzi F, Bayazit MB, Gattesco S,
Menoud V, Sobel J, Marques AC, Veno MT, Esguerra JLS, Barghouth M,
Suleiman M, Marselli L, Kjems J, Eliasson L, Renstrom E, Bouzakri K, Pinget
M, Marchetti P, Regazzi R. 2020. A circular RNA generated from an intron
of the insulin gene controls insulin secretion. Nat Commun 11:5611.
https://doi.org/10.1038/s41467-020-19381-w.

Yang F, Fang E, Mei H, Chen Y, Li H, Li D, Song H, Wang J, Hong M, Xiao W,
Wang X, Huang K, Zheng L, Tong Q. 2019. Cis-acting circ-CTNNB1 pro-
motes beta-catenin signaling and cancer progression via DDX3-mediated
transactivation of YY1. Cancer Res 79:557-571. https://doi.org/10.1158/
0008-5472.CAN-18-1559.

Rehmsmeier M, Steffen P, Hochsmann M, Giegerich R. 2004. Fast and
effective prediction of microRNA/target duplexes. RNA 10:1507-1517.
https://doi.org/10.1261/rna.5248604.

Correia de Sousa M, Gjorgjieva M, Dolicka D, Sobolewski C, Foti M. 2019.
Deciphering miRNAs" action through miRNA editing. Int J Mol Sci
20:6249. https://doi.org/10.3390/ijms20246249.

Filipowicz W, Bhattacharyya SN, Sonenberg N. 2008. Mechanisms of post-
transcriptional regulation by microRNAs: are the answers in sight? Nat
Rev Genet 9:102-114. https://doi.org/10.1038/nrg2290.

Betel D, Wilson M, Gabow A, Marks DS, Sander C. 2008. The microRNA.org
resource: targets and expression. Nucleic Acids Res 36:D149-D153.
https://doi.org/10.1093/nar/gkm995.

Lewis BP, Shih I-h, Jones-Rhoades MW, Bartel DP, Burge CB. 2003. Predic-
tion of mammalian microRNA targets. Cell 115:787-798. https://doi.org/
10.1016/50092-8674(03)01018-3.

Wathelet MG, Lin C, Parekh BS, Ronco LV, Howley PM, Maniatis T. 1998. Vi-
rus infection induces the assembly of coordinately activated transcription
factors on the IFN-beta enhancer in vivo. Mol Cell 1:507-518. https://doi
.org/10.1016/51097-2765(00)80051-9.

Maniatis T, Falvo JV, Kim TH, Kim TK, Lin C, Parekh BS, Wathelet MG. 1998.
Structure and function of the interferon-beta enhanceosome. Cold Spring
Harbor Symp Quant Biol 63:609-620. https://doi.org/10.1101/sqb.1998
.63.609.

Yoneyama M, Suhara W, Fukuhara Y, Fukuda M, Nishida E, Fujita T. 1998.
Direct triggering of the type | interferon system by virus infection: activa-
tion of a transcription factor complex containing IRF-3 and CBP/p300.
EMBO J 17:1087-1095. https://doi.org/10.1093/emboj/17.4.1087.

Parekh BS, Maniatis T. 1999. Virus infection leads to localized hyperacety-
lation of histones H3 and H4 at the IFN-beta promoter. Mol Cell
3:125-129. https://doi.org/10.1016/51097-2765(00)80181-1.

Li Z, Jiang Y, Jiao P, Wang A, Zhao F, Tian G, Wang X, Yu K, Bu Z, Chen H.
2006. The NS1 gene contributes to the virulence of H5N1 avian influenza
viruses. J Virol 80:11115-11123. https://doi.org/10.1128/JVI.00993-06.
Chen W, Wen Z, Zhang J, Li C, Huang K, Bu Z. 2018. Establishing a safe,
rapid, convenient and low-cost antiviral assay of interferon bioactivity
based on recombinant VSV expressing GFP. J Virol Methods 252:1-7.
https://doi.org/10.1016/j.jviromet.2017.08.007.

Rybak Wolf A, Stottmeister C, Glazar P, Jens M, Pino N, Giusti S, Hanan
M, Behm M, Bartok O, Ashwal Fluss R, Herzog M, Schreyer L,
Papavasileiou P, Ivanov A, Ohman M, Refojo D, Kadener S, Rajewsky N.
2015. Circular RNAs in the mammalian brain are highly abundant, con-
served, and dynamically expressed. Mol Cell 58:870-885. https://doi
.org/10.1016/j.molcel.2015.03.027.

Conn VM, Hugouvieux V, Nayak A, Conos SA, Capovilla G, Cildir G,
Jourdain A, Tergaonkar V, Schmid M, Zubieta C, Conn SJ. 2017. A circRNA

Volume 12 Issue4 e01017-21

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

mBio’

from SEPALLATAS3 regulates splicing of its cognate mRNA through R-loop
formation. Nat Plants 3:17053. https://doi.org/10.1038/nplants.2017.53.
Ashwal-Fluss R, Meyer M, Pamudurti NR, Ivanov A, Bartok O, Hanan M,
Evantal N, Memczak S, Rajewsky N, Kadener S. 2014. circRNA biogenesis
competes with pre-mRNA splicing. Mol Cell 56:55-66. https://doi.org/10
.1016/j.molcel.2014.08.019.

Li X, Liu C, Xue W, Zhang Y, Jiang S, Yin Q, Wei J, Yao R, Yang L, Chen L.
2017. Coordinated circRNA biogenesis and function with NF9O/NF110 in
viral infection. Mol Cell 67:214-227.e7. https://doi.org/10.1016/j.molcel
.2017.05.023.

Conn SJ, Pillman KA, Toubia J, Conn VM, Salmanidis M, Phillips CA, Roslan
S, Schreiber AW, Gregory PA, Goodall GJ. 2015. The RNA binding protein
quaking regulates formation of circRNAs. Cell 160:1125-1134. https://doi
.org/10.1016/j.cell.2015.02.014.

Khan MA, Reckman YJ, Aufiero S, van den Hoogenhof MM, van der Made |,
Beqqali A, Koolbergen DR, Rasmussen TB, van der Velden J, Creemers EE,
Pinto YM. 2016. RBM20 regulates circular RNA production from the titin gene.
Circ Res 119:996-1003. https://doi.org/10.1161/CIRCRESAHA.116.309568.
Ivanov A, Memczak S, Wyler E, Torti F, Porath HT, Orejuela MR, Piechotta
M, Levanon EY, Landthaler M, Dieterich C, Rajewsky N. 2015. Analysis of
intron sequences reveals hallmarks of circular RNA biogenesis in animals.
Cell Rep 10:170-177. https://doi.org/10.1016/j.celrep.2014.12.019.

Chen L. 2016. The biogenesis and emerging roles of circular RNAs. Nat
Rev Mol Cell Biol 17:205-211. https://doi.org/10.1038/nrm.2015.32.
O'Neill RE, Jaskunas R, Blobel G, Palese P, Moroianu J. 1995. Nuclear import
of influenza virus RNA can be mediated by viral nucleoprotein and transport
factors required for protein import. J Biol Chem 270:22701-22704. https:/
doi.org/10.1074/jbc.270.39.22701.

Chen Z, Li Y, Krug RM. 1999. Influenza A virus NS1 protein targets poly(A)-
binding protein Il of the cellular 39-end processing machine. EMBO J
18:2273-2283. https://doi.org/10.1093/emboj/18.8.2273.

Ishikawa E, Nakazawa M, Yoshinari M, Minami M. 2005. Role of tumor ne-
crosis factor-related apoptosis-inducing ligand in immune response to
influenza virus infection in mice. J Virol 79:7658-7663. https://doi.org/10
.1128/JV1.79.12.7658-7663.2005.

Li Y, Shi J, Zhong G, Deng G, Tian G, Ge J, Zeng X, Song J, Zhao D, Liu L,
Jiang Y, Guan Y, Bu Z, Chen H. 2010. Continued evolution of H5N1 influ-
enza viruses in wild birds, domestic poultry, and humans in China from
2004 to 2009. J Virol 84:8389-8397. https://doi.org/10.1128/JV1.00413-10.
Li X, Shi J, Guo J, Deng G, Zhang Q, Wang J, He X, Wang K, Chen J, Li Y,
Fan J, Kong H, Gu C, Guan Y, Suzuki Y, Kawaoka Y, Liu L, Jiang Y, Tian G, Li
Y, Bu Z, Chen H. 2014. Genetics, receptor binding property, and transmis-
sibility in mammals of naturally isolated HON2 avian influenza viruses.
PLoS Pathog 10:e1004508. https://doi.org/10.1371/journal.ppat.1004508.
Zhang Q, Shi J, Deng G, Guo J, Zeng X, He X, Kong H, Gu C, Li X, Liu J,
Wang G, Chen Y, Liu L, Liang L, Li Y, Fan J, Wang J, Li W, Guan L, Li Q, Yang
H, Chen P, Jiang L, Guan Y, Xin X, Jiang Y, Tian G, Wang X, Qiao C, Li C, Bu
Z, Chen H. 2013. H7N9 influenza viruses are transmissible in ferrets by re-
spiratory droplet. Science 341:410-414. https://doi.org/10.1126/science
.1240532.

Liu D, Conn V, Goodall GJ, Conn SJ. 2018. A highly efficient strategy for
overexpressing circRNAs. Methods Mol Biol 1724:97-105. https://doi.org/
10.1007/978-1-4939-7562-4_8.

Zirkel A, Papantonis A. 2018. Detecting circular RNAs by RNA fluorescence
in situ hybridization. Methods Mol Biol 1724:69-75. https://doi.org/10
.1007/978-1-4939-7562-4_6.

Li Y, Chen B, Huang S. 2018. Identification of circRNAs for miRNA targets
by Argonaute2 RNA immunoprecipitation and luciferase screening
assays. Methods Mol Biol 1724:209-218. https://doi.org/10.1007/978-1
-4939-7562-4_17.

mbio.asm.org 17


https://doi.org/10.1056/NEJMoa1304459
https://doi.org/10.1056/NEJMoa1304459
https://doi.org/10.1056/NEJMc053524
https://doi.org/10.1038/s41467-020-19381-w
https://doi.org/10.1158/0008-5472.CAN-18-1559
https://doi.org/10.1158/0008-5472.CAN-18-1559
https://doi.org/10.1261/rna.5248604
https://doi.org/10.3390/ijms20246249
https://doi.org/10.1038/nrg2290
https://doi.org/10.1093/nar/gkm995
https://doi.org/10.1016/s0092-8674(03)01018-3
https://doi.org/10.1016/s0092-8674(03)01018-3
https://doi.org/10.1016/S1097-2765(00)80051-9
https://doi.org/10.1016/S1097-2765(00)80051-9
https://doi.org/10.1101/sqb.1998.63.609
https://doi.org/10.1101/sqb.1998.63.609
https://doi.org/10.1093/emboj/17.4.1087
https://doi.org/10.1016/S1097-2765(00)80181-1
https://doi.org/10.1128/JVI.00993-06
https://doi.org/10.1016/j.jviromet.2017.08.007
https://doi.org/10.1016/j.molcel.2015.03.027
https://doi.org/10.1016/j.molcel.2015.03.027
https://doi.org/10.1038/nplants.2017.53
https://doi.org/10.1016/j.molcel.2014.08.019
https://doi.org/10.1016/j.molcel.2014.08.019
https://doi.org/10.1016/j.molcel.2017.05.023
https://doi.org/10.1016/j.molcel.2017.05.023
https://doi.org/10.1016/j.cell.2015.02.014
https://doi.org/10.1016/j.cell.2015.02.014
https://doi.org/10.1161/CIRCRESAHA.116.309568
https://doi.org/10.1016/j.celrep.2014.12.019
https://doi.org/10.1038/nrm.2015.32
https://doi.org/10.1074/jbc.270.39.22701
https://doi.org/10.1074/jbc.270.39.22701
https://doi.org/10.1093/emboj/18.8.2273
https://doi.org/10.1128/JVI.79.12.7658-7663.2005
https://doi.org/10.1128/JVI.79.12.7658-7663.2005
https://doi.org/10.1128/JVI.00413-10
https://doi.org/10.1371/journal.ppat.1004508
https://doi.org/10.1126/science.1240532
https://doi.org/10.1126/science.1240532
https://doi.org/10.1007/978-1-4939-7562-4_8
https://doi.org/10.1007/978-1-4939-7562-4_8
https://doi.org/10.1007/978-1-4939-7562-4_6
https://doi.org/10.1007/978-1-4939-7562-4_6
https://doi.org/10.1007/978-1-4939-7562-4_17
https://doi.org/10.1007/978-1-4939-7562-4_17
https://mbio.asm.org

	RESULTS
	Identification of differentially expressed circRNAs in influenza virus-infected A549 cells.
	Characterization of a circRNA that antagonizes influenza virus replication.
	AIVR is an intronic circRNA that predominantly localizes to the cytoplasm and binds different miRNAs in A549 cells.
	The miRNA miR-330-3p and circRNA AIVR bind to each other but do not degrade each other.
	The miRNA miR-330-3p interacts with different mRNAs.
	The circRNA AIVR absorbs the miRNA miR-330-3p, promotes CREBBP expression, and thereby facilitates IFN-β production.

	DISCUSSION
	MATERIALS AND METHODS
	Viruses.
	Cells.
	Antibodies.
	Oligonucleotides.
	Plasmid construction.
	Total RNA isolation, library construction, and sequencing.
	qRT-PCR analysis.
	Cell transfection and infection.
	Virus titer determination.
	Fluorescence in situ hybridization (FISH).
	Subcellular fractionation.
	CircRNA precipitation.
	Dual luciferase reporter assay.
	Western blot analysis.
	Detection of IFN-β secretion.
	Statistical analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

