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ABSTRACT Circular RNAs (circRNAs) are a class of widespread and diverse cova-
lently closed circular endogenous RNAs that exert crucial functions in regulating
gene expression in mammals. However, the function and regulation mechanism of
circRNAs in lower vertebrates are still unknown. Here, we discovered a novel circRNA
derived from PIKfyve, named circPIKfyve, that is related to the antiviral responses in
teleost fish. The results showed that circPIKfyve plays essential roles in host antiviral
immunity and inhibition of SCRV replication. Moreover, we also found that the
antiviral effect inhibited by miR-21-3p could be reversed with the addition of
circPIKfyve. Our data revealed that circPIKfyve is a competitive endogenous RNA
(ceRNA) of MAVS by sponging miR-21-3p, leading to the activation of the NF-kB/
IRF3 pathway, which then enhanced the innate antiviral responses. In addition,
we found that the RNA binding protein QKI is involved in the formation and reg-
ulation of circPIKfyve. Our results provide strong evidence that circRNAs play a
regulatory role in antiviral immune responses in teleost fish.

IMPORTANCE Here, we identified a novel circRNA, namely, circPIKfyve, that can act as
a key regulator of the innate immune response in teleost fish. circPIKfyve acts as a
molecular sponge by competitive adsorbing of miR-21-3p, thereby increasing the
abundance of MAVS and activating the downstream NF-kB/IRF3 pathway to enhance
the antiviral response. In addition, this study was the first to find that QKI protein is
involved in regulating the formation of circPIKfyve in fish. The overall results of this
study suggest that circPIKfyve plays an active regulatory role in the antiviral immune
response of teleost fish.
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nnate immunity is the host’s initial defense system against pathogen invasion. Upon

infection, viral nucleic acids are regarded as pathogen-associated molecular patterns
(PAMPs), which are detected by pattern recognition receptors (PRRs) in host cells. To
date, three classes of PRRs are involved in virus-specific component detection: Toll-like
receptors (TLRs), retinoic acid-inducible gene | (RIG-I)-like receptors (RLRs), and nucleo-
tide oligomerization domain-like receptors (NLRs) (1, 2). Among them, RLR, the main
PRR of RNA viruses that triggers antiviral responses, can trigger a series of signal cas-
cades by recruiting the key adapter mitochondrial antiviral signaling protein (MAVS),
thereby coordinating the production of type | interferons (IFN) and proinflammatory
cytokines, ultimately suppressing viral replication (3-5). However, the excessive activation

April 2021 Volume 95 Issue 8 e02296-20 Journal of Virology

Citation Su H, Chu Q, Zheng W, Chang R, Gao
W, Zhang L, Xu T. 2021. Circular RNA circPIKfyve
acts as a sponge of miR-21-3p to enhance
antiviral immunity through regulation of MAVS
in teleost fish. J Virol 95:02296-20. https://doi
.0rg/10.1128/JV1.02296-20.

Editor Rozanne M. Sandri-Goldin, University of
California, Irvine

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Tianjun Xu,
tianjunxu@163.com.

Received 2 December 2020
Accepted 21 January 2021

Accepted manuscript posted online
3 February 2021
Published 25 March 2021

jvi.asm.org

1



https://orcid.org/0000-0003-3606-8069
https://doi.org/10.1128/JVI.02296-20
https://doi.org/10.1128/JVI.02296-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:tianjunxu@163.com
https://jvi.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.02296-20&domain=pdf&date_stamp=2021-2-3

Suetal.

of MAVS-mediated antiviral responses will disrupt immune homeostasis. Thus, the signal-
ing pathway should be precisely regulated to ensure that the invading viruses are elimi-
nated while also avoiding excessive immune responses.

MAVS is also known as IFN-B promoter stimulator 1 (IPS-1), virus-induced signaling
adaptor (VISA), and CARD adaptor-inducing IFN-8 (Cardif) (5). The MAVS-mediated
antiviral signaling pathway was initiated after RIG-I and MDA5 sense RNA viruses. This
initiation of signaling drives interactions between the RLRs, MAVS, and corresponding
proteins and organelles that mediate the activation of NF-kB and interferon regulatory
factor 3/7 (IRF3/7), respectively (5, 6). In MAVS-deficient mice, the activation of IRF3
and NF-kB mediated by RIG-1 and MDA5 is impaired due to the absence of MAVS;
therefore, these mice exhibit sensitivity to RNA viruses (6). Additionally, increasing evi-
dence has shown that MAVS is also implicated in some other signaling, such as apo-
ptosis and metabolic functions (7, 8). Similar to that in mammals, MAVS in teleost fish,
which are lower vertebrates, also plays a key role in the host's antiviral immune
response (9). However, the related regulatory networks involved in MAVS-mediated
IFN responses in lower vertebrates remain unknown.

Noncoding RNAs (ncRNAs) represent the majority of transcripts in cells. Circular
RNAs (circRNAs) are a widespread form of ncRNAs in animal cells, which were originally
discovered in the 1990s and were thought to be by-products of pre-mRNA missplicing
(10). However, recent studies have shown that they are back-splicing products regu-
lated by specific cis elements or trans factors (11-13). According to reports, the produc-
tion of approximately one-third of these circRNAs is dynamically regulated by the RNA
binding protein quaking (QKI). QKI binds to the recognition elements in the introns on
both sides of the exons, causing the exons to approach each other and promote the
biogenesis of circRNA (14, 15). Unlike linear RNA, circRNAs produced by the special
splicing method have neither 5'-3" polarity nor a polyadenylation tail, so they are
more resistant to RNase R and could exist stably in the cytoplasm (16). Until now,
circRNAs have been found to participate in various biological processes, including pro-
liferation, invasion, and metastasis (17, 18). Emerging evidence suggests that circRNAs
can act as microRNA (miRNA) sponges to regulate gene transcription and expression
and can also interact or be translated with disease-related RNA binding proteins (RBPs)
(19-21). Therefore, they quickly became a research hot spot in the field of RNA.

miRNAs are a class of short-chain ncRNAs composed of 18 to 25 nucleotides (22).
miRNAs can act as a posttranscriptional regulator of target mRNA and participate in
the regulation of various biological processes by inhibiting mRNA translation or pro-
moting mRNA degradation, including development, apoptosis, proliferation, differen-
tiation, and immune responses (23, 24). However, the upstream regulators of miRNAs
are poorly understood. Recently, long noncoding RNAs (IncRNA), mRNAs, and pseudo-
genes have been hypothesized to have the ability to communicate and regulate each
other through competitive combination of miRNA response elements (MREs) (25-28),
which proves the new mechanism of gene regulation. It has been reported that
circRNAs can also act as competitive endogenous RNA (ceRNA) to isolate miRNAs from
their target genes (29, 30). For example, CIRS-7 was reported as the sponge of miRNA
(31). Increasing evidence has shown that miRNA can bind to circRNAs and participate
in the regulation of multiple physiological processes, such as development, immune
responses, tumorigenesis, apoptosis, and viral infection (29-32). Although circRNAs
function as an miRNA sponge has been studied in mammals, the circRNA-miRNA regu-
latory mechanism remains poorly understood in lower vertebrates, such as teleost fish.

As a representative population of lower vertebrates, fish is an important link in the
evolution of invertebrates to vertebrates. Similar to higher vertebrates, it has a com-
plete immune system. When a pathogen invades a host, it triggers multiple signal cas-
cades in response to pathogen invasion, so it is considered an excellent biological
model for immunological research (33). Growing evidence indicates that rhabdoviruses
are one of the most significant viral pathogens in fish, causing severe hemorrhagic sep-
ticemia in freshwater and marine fish. Siniperca chuatsi rhabdovirus (SCRV), a single-
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stranded negative-sense RNA virus (34), is one of the main rhabdoviruses causing mass
fish deaths, and its infection is characterized by the rapid occurrence of proinflamma-
tory cytokine storms, which cause hemorrhagic sepsis and organ failure, leading to a
large number of fish deaths (35). Recently, we conducted an in-depth study of the nat-
ural antiviral immunity in the teleost fish Miichthys miiuy (miiuy croaker), especially the
function of miRNA in the immune response. It is still important to study the role of
ncRNAs in antiviral immunity, which can help improve the level of diagnosis and treat-
ment of fish diseases under viral infection.

In the present study, we found a novel immune-related circRNA in teleost fish,
termed circPIKfyve, and we found that circPIKfyve could act as the endogenous com-
peting RNA of miR-21-3p to promote the expression of MAVS, thereby modulating
SCRV-induced antiviral immune responses. Meanwhile, we found that QKI is involved
in regulating the production of circRNA in teleost fish for the first time. Our data not
only elucidated the biological mechanism of the circRNA-miRNA-mRNA axis in the anti-
viral immune responses of fish but also provided new insights for the study of immune
regulation in lower vertebrates.

RESULTS

Characterization of circPIKfyve involved in antiviral immunity. Several circRNAs
are involved in the antiviral immune responses of mammals (10), but the role of
circRNAs in the immune responses in lower vertebrates remains unclear. We used tran-
scriptome sequencing (RNA-seq) data to compare the expression levels of circRNA after
the infection of miiuy croaker with SCRV (GenBank accession no. PRINA685924) and
found that the expression of circPIKfyve was significantly upregulated after SCRV infec-
tion. Therefore, we focused on this gene for research. The bioinformatics prediction
results showed that circPIKfyve is located in miiuy croaker chromosome 11 and con-
sists of the head-to-tail splicing of exon 5 and exon 7, and the spliced mature sequence
length is 490 bp (Fig. 1A, left). To determine whether the head-to-tail splicing is the
result of trans-splicing or the genome rearrangement, we used several universal
circRNA detection methods. We first designed divergent primers to amplify circPIKfyve.
The result of Sanger sequencing confirmed the head-to-tail splicing in the reverse tran-
scription-PCR (RT-PCR) product of circPIKfyve (Fig. 1A, right). We then evaluated the
expression levels of circPIKfyve in untreated M. miiuy kidney cells (MKC), miiuy croaker
muscle cells (MMC), miiuy croaker brain cells (MBrC), miiuy croaker intestine cells (MIC),
and miiuy croaker spleen cells (MspC) (Fig. 1B). Among these cell lines, MIC and MKC
showed the highest expression and the lowest expression of circPIKfyve, respectively.
Therefore, we selected both MIC and MKC lines to investigate the function and regula-
tory mechanism of circPIKfyve. We used convergent primers to amplify the PIKfyve
gene and divergent primers to amplify circPIKfyve. cDNA and genomic DNA (gDNA)
were extracted separately from MKC and MIC and subjected to RT-PCR and agarose gel
electrophoresis assays. The results shown in Fig. 1C indicated that circPIKfyve was
amplified from ¢DNA by only divergent primers (an expected 178-bp fragment),
whereas no amplification product was observed from gDNA. As the stability is consid-
ered one of the most crucial characteristics of circRNAs, we employed RNase R to con-
firm the cyclization of circPIKfyve. The results of RT-PCR and agarose gel electrophore-
sis showed that circPIKfyve, rather than linear PIKfyve or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), resisted digestion by RNase R (Fig. 1D). In addition, we
detected the subcellular location of circPIKfyve and found that circPIKfyve was mainly
localized in the cytoplasm (Fig. 1E). These results suggested that circPIKfyve is a stable
circRNA that is expressed and distributed mainly in the cytoplasm.

To further confirm the reliability of RNA-seq data, we treated miiuy croaker with
SCRV and poly(l-C) and sampled spleen tissues at different times to extract RNA. We
then quantitatively analyzed the expression level of miiuy croaker circPIKfyve by quan-
titative real-time PCR (gPCR). Considering that circRNAs were produced by linear RNA
splicing, the expression levels of linear PIKfyve and circPIKfyve were also detected. The
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FIG 1 Expression profiles and characterization of circPIKfyve. (A) We confirmed the head-to-tail splicing of circPIKfyve in the circPIKfyve RT-PCR product by
Sanger sequencing. (B) Relative expression of circPIKfyve in indicated cell lines was determined by qPCR. (C) RT-PCR validated the existence of circPIKfyve
in MIC and MKC cell lines. circPIKfyve was amplified by divergent primers in ¢cDNA but not gDNA. GAPDH was used as a negative control. (D) The
expression of circPIKfyve and linear PIKfyve mRNA in both MIC and MKC lines was detected by RT-PCR assay followed by nucleic acid electrophoresis or
gPCR assay in the presence or absence of RNase R. (E) circPIKfyve was mainly localized in the cytoplasm, and we used GAPDH as the cytoplasmic marker
and U6 snRNA as the nuclear marker. RNA isolated from the nucleus (Nuc) and cytoplasm (Cyto) was used to analyze the expression of circPIKfyve by
nucleic acid electrophoresis (up) and qPCR (down); n=3. (F) gPCR for the abundance of circPIKfyve and linear PIKfyve mRNA in spleen tissues treated with
SCRV (MO, 5) and poly(l-C) at the indicated time points, respectively. (G) gPCR analysis of circPIKfyve and linear PIKfyve mRNA in MKC treated with SCRV
(MO, 5) at the indicated time points. All data represented the means * SE from three independent triplicate experiments. *, P < 0.05; **, P<0.01.

gPCR results confirmed that circPIKfyve was significantly upregulated under SCRV and
poly(I-C) stimulation compared with linear PIKfyve (Fig. 1F). In addition, SCRV-treated
MKC further confirmed the significant expression of circPIKfyve (Fig. 1G). In conclusion,
circPIKfyve is present in the cytoplasm and can participate in innate immune responses

induced by SCRV.

circPIKfyve enhances host antiviral innate immunity. Small interfering RNAs
(siRNAs) were designed against circPIKfyve, and the overexpression plasmid of
circPIKfyve was constructed to detect the biological function of circPIKfyve (Fig. 2A and
B). As expected, two siRNAs (si-circPIKfyve-1 and si-circPIKfyve-2) obviously decreased
the expression level of circPIKfyve but did not affect the expression level of linear
PIKfyve mRNA in MIC. In addition, si-circPIKfyve-1 can induce higher inhibitory effi-
ciency. Thus, we chose si-circPIKfyve-1(si-circ) for the subsequent experiment (Fig. 2C).
Meanwhile, the circPIKfyve overexpression plasmid was also successfully constructed,
as it significantly increased the expression levels of circPIKfyve rather than linear
PIKfyve mRNA in MKC cells (Fig. 2C). Considering that IFN-stimulated genes (ISGs) are
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FIG 2 circPIKfyve promotes antiviral innate immunity. (A and B) Schematic diagrams of siRNAs (A) and oe-circ structure (B). (C, left) gPCR analysis of
circPIKfyve and linear PIKfyve mRNA in MIC treated with siRNAs. (Right) qPCR analysis of circPIKfyve and linear PIKfyve mRNA in MKC stably
overexpressing circPIKfyve. (D and E) gqPCR assays were performed to determine the expression levels of TNF-«, IL-18, and ISG15 or MX1 in MIC
transfected with si-circPIKfyve-1 (si-circ) or negative control (NC) (D) and MKC transfected with circPIKfyve overexpression plasmid (oe-circ) or control
vector (vector) (E). (F and G) Cell proliferation was assessed by EdU assays in MIC transfected with si-circ or NC (F) and MKC transfected with oe-circ or
vector (G). DAPI, 4',6-diamidino-2-phenylindole. (H and I) Effect of circPIKfyve on cell viability after SCRV infection. MIC and MKC were transfected with si-
circ (H) and oe-circ (I) for 48 h and then treated with SCRV for 24 h. Cell viability assays were used. RLU, relative light units. (J and K) circPIKfyve
suppresses SCRV replication. MIC and MKC were transfected with NC or si-circ (J) and vector or oe-circ plasmid (K) for 48 h and then infected with SCRV.
The gPCR analysis was conducted for intracellular and supernatant SCRV RNA expression. (L) EPC seeded in 48-well plates overnight were treated with
cultural supernatants at the dose indicated for 48 h. The cell monolayers then were fixed with 4% paraformaldehyde and stained with 1% crystal violet. si-
NG, si-circ, vector, or oe-circ was used. All data represent the means = SE from three independent triplicate experiments. *, P < 0.05; **, P < 0.01.

April 2021 Volume 95 Issue 8 €02296-20 jviasm.org 5


https://jvi.asm.org

Suetal.

6

-G
=== Anti-Flag

§ . miR-103-5p
g :
s @g miR-143-5p
§ 4 Q& .\\g\ o miR-21-3p
g RS ) miR-214-5p
o iR-
é , 100KD —| m.|R 30c-:
< o mil -3p
é 75KD —| Microlnspector
© 0 Targetscan
pcDNA3-Flag  Ago2-Flag
c D E
s MIC 157 == %e  MKC 15 -
o o hel Z i
kS £ 5
< 5 8 10
2 ‘210 Q
g 3 .. 3
2 5 -
5 5 2 os
e Q05 - %
k&) 5 o
T S 0.0
Q 0.0 miR-21-3p sensor + + + +
W(:’Q fz,’\‘{b bib'@ QG’{bQQ%’{b Qs‘b‘% R \b*’(gg ,\:be&poQG::,Q@:bQ 6'3"69 miR-21-3p B i N N
o @Q_f -?r,\ ‘@‘q,‘ NN @V e o AN vector - - + =
& & &S & FE S @ circPIKfyve - =+

FIG 3 circPIKfyve regulates miR-21-3p expression and activity. (A) The Ago2-RIP assay for the amount of
circPIKfyve in MIC transfected with Ago2-flag or pcDNA3.1-flag. We also detected the experimental group’s
Western blot of Ago2 protein in input, anti-Flag, and IgG. (B) A schematic illustration showing overlapping of
the target miRNAs of circPIKfyve predicted by TargetScan, miRanda, and Microlnspector. (C and D) Relative
expression of candidate miRNAs in MIC and MKC transfected with si-circ (C) and oe-circ (D), respectively. (E)
circPIKfyve reduces miR-21-3p activity. The relative luciferase activity was analyzed in MKC cotransfected with
mimics, circPIKfyve overexpression plasmid, and control vector, together with miR-21-3p sensor. All data
represent the means = SE from three independent triplicate experiments. *, P < 0.05; **, P < 0.01.

important antiviral effectors, we investigated the role of circPIKfyve in regulating the
expression of ISGs and inflammatory cytokines. As shown in Fig. 2D, upon SCRV infec-
tion, knockdown of circPIKfyve could significantly inhibit the expression levels of
inflammatory cytokines and antiviral genes, such as those for tumor necrosis factor
alpha (TNF-a), interleukin-1 (IL-1), ISG15, and Mx1. In contrast, the overexpression
of circPIKfyve (oe-circ) increased the expression levels of these genes under SCRYV treat-
ment (Fig. 2E). We conducted 5-ethynyl-2'-deoxyuridine (EdU) assays to examine the
cell proliferation in MIC and MKC to further explore the function of circPIKfyve in antivi-
ral innate immunity. The results showed the percentages of EdU-positive cells were
considerably decreased with circPIKfyve knockdown (Fig. 2F) but greatly increased
with circPIKfyve overexpression, suggesting circPIKfyve promotes proliferation in miiuy
croaker cell lines (Fig. 2G). At the same time, when we investigated the effect of
circPIKfyve on cell viability, we found that knockdown of circPIKfyve reduced cell viabil-
ity and overexpression of circPIKfyve increased cell viability (Fig. 2H and I). In addition,
we examined the effect of circPIKfyve on SCRV replication to explore the biological sig-
nificance of circPIKfyve in SCRV-induced host cells. We found that circPIKfyve overex-
pression inhibited SCRV replication, whereas circPIKfyve knockdown promoted SCRV
replication by detecting SCRV RNA (Fig. 2J and K). Additionally, SCRV replication was
also monitored by the appearance of cytopathic effect (CPE) in epithelioma papulosum
cyprini cells (EPC). As shown in Fig. 2L, the CPE is stronger when circPIKfyve was
silenced, whereas overexpression of circPIKfyve attenuated the cytopathic effect. These
results demonstrated that circPIKfyve can enhance SCRV replication. In summary, these
data indicate that circPIKfyve, as a positive regulator, plays a crucial role in the regula-
tion of antiviral immunity as well as cell proliferation and viability.

circPIKfyve is able to regulate miR-21-3p expression and activity. We examined
the ability of circPIKfyve to bind to miRNAs in order to determine whether circPIKfyve
can function as an miRNA sponge. To this end, we transfected Ago2-flag or pcDNA3.1-
flag into MIC to conduct RNA immunoprecipitation (RIP) for Argonaute (Ago2). The
results showed that endogenous circPIKfyve could be pulled down by Ago2-flag, and
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transfected Ago2-flag plasmid could increase the expression of Ago2 (Fig. 3A, left).
Then we detected the Ago2 protein enrichment of input, anti-Flag, and IgG groups by
Western blotting (Fig. 3A, right), and all of these results indicated that circPIKfyve has a
binding site with miRNA. To further search for miRNAs combined with circPIKfyve, we
first used miRNA target prediction tools, including TargetScan, miRanda, and
Microlnspector, for prediction, and we selected 6 candidate miRNAs for further verifica-
tion (Fig. 3B). Afterwards, we compared the expression levels of these candidate
miRNAs in MIC transfected with si-circ or negative control and MKC transfected with
circPIKfyve overexpression plasmid (oe-circ) or control vector. Among the six candidate
miRNAs, miR-21-3p expression was significantly enhanced in response to circPIKfyve
inhibition compared with other candidate miRNAs (Fig. 3C), whereas miR-21-3p expres-
sion was significantly reduced when circPIKfyve was overexpressed (Fig. 3D). To further
consolidate the direct binding of miR-21-3p and circPIKfyve, we constructed the miR-
21-3p sensor to detect whether circPIKfyve affects the activity of miR-21-3p. We trans-
fected with the miR-21-3p sensor, along with miR-21-3p, control vector, or circPIKfyve
overexpression plasmid, into EPC. The decreased luciferase activity induced by miR-21-
3p was recovered when cotransfected with circPIKfyve overexpression plasmid, sug-
gesting that circPIKfyve specifically sponged miR-21-3p, thereby preventing it from in-
hibiting luciferase activity (Fig. 3E). Taken together, these results suggested that
circPIKfyve could regulate miR-21-3p expression and circPIKfyve functions as an miR-
21-3p sponge.

cicrPIKfyve functions as an miRNA sponge of miR-21-3p. To investigate whether
circPIKfyve could interact with miR-21-3p, we analyzed the sequences of circPIKfyve
and found that circPIKfyve contained a binding site of miR-21-3p (Fig. 4A). Next, we
constructed a luciferase plasmid of circPIKfyve (Luc-circPIKfyve-wt) and the mutated
type with miR-21-3p binding sites mutated (Luc-circPIKfyve-mut) (Fig. 4A). Luciferase
assays revealed that miR-21-3p can suppress the luciferase activity of the wild-type
circPIKfyve luciferase plasmid, but it had no effect on the mutated type (Fig. 4B).
Subsequently, we confirmed that miR-21-3p mimics inhibited luciferase activity in a
dose- and time-dependent way (Fig. 4C and D). In addition, we inserted the wild or a
mutated type of circPIKfyve into the mVenus-C1 vector and examined whether
cotransfection with miR-21-3p could suppress the levels of green fluorescent protein
(GFP). As shown in Fig. 4E and F, the results revealed that miR-21-3p could significantly
inhibit the levels of GFP, which suggested that a direct interaction exists between
circPIKfyve and miR-21-3p.

Given that miRNAs regulate target gene expression by binding to Ago2, we further
tested the ability of circPIKfyve to bind to miR-21-3p. To this end, RIP assays were per-
formed in MIC by cotransfecting Ago2-flag and miR-21-3p. The results from gqPCR
analysis indicated that circPIKfyve and miR-21-3p were efficiently pulled down by
Ago2-flag (Fig. 4G). To further confirm the direct interaction between circPIKfyve and
miR-21-3p, we conducted RNA pulldown assays with biotin-labeled circPIKfyve probe
or biotin-labeled miR-21-3p, respectively. First, we detected the level of the PIKfyve
mMRNA after transfection with biotin-labeled circPIKfyve and circPIKfyve-mut and found
there was no significant difference in the level of PIKfyve between the two groups (Fig.
4H, left). The results from gPCR analysis revealed that miR-21-3p could be pulled down
by biotin-labeled circPIKfyve but not circPIKfyve-mut (Fig. 4H, right). Additionally, bio-
tin-labeled miR-21-3p captured more circPIKfyve than the negative control (Fig. 4l).
Furthermore, RIP assays were performed to test the direct interaction between
circPIKfyve and miR-21-3p. To construct plasmids that can produce circPIKfyve identi-
fied by the MS2 protein, we cloned an MS2-12X fragment into pcDNA3.1, pcDNA3.1-
circPIKfyve, and pcDNA3.1-circPIKfyve-mut plasmids. We also constructed a GFP and
MS2 gene fusion expression vector to produce a GFP-MS2 fusion protein that can bind
with the MS2-12X fragment and be identified using an anti-GFP antibody. Hence,
miRNAs that interact with circPIKfyve can be pulled down by the GFP-MS2-circPIKfyve
compounds. The results from gPCR assays showed that the pcDNA3.1-circPIKfyve RIP is
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pmirGLO luciferase reporter vectors. (B) The relative luciferase activities were detected in EPC after cotransfection with circPIKfyve-wt or circPIKfyve-mut
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All data represent the means * SE from three independent triplicate experiments. *, P < 0.05; **, P < 0.01.

significantly enriched for miR-21-3p compared with pcDNA3.1-circPIKfyve-mut or
empty vector (Fig. 4J). Collectively, these data demonstrated that circPIKfyve can func-
tion as a sponge to bind to miR-21-3p.

miR-21-3p inhibits antiviral responses by targeting MAVS. It is well known that
miRNAs can posttranscriptionally regulate the expression of target mRNAs by binding
to their 3'untranslated regions (3’-UTR). To this end, we predicted possible target
genes of miR-21-3p through miRNA prediction programs. Among the candidate target
genes, MAVS has been reported to be involved in innate antiviral responses (9).
Therefore, we selected MAVS as the target gene of miR-21-3p for further study. In order
to obtain direct evidence of miRNAs targeting the MAVS gene, we constructed MAVS-
3'UTR wild-type and mutant-type reporter plasmids (Fig. 5A). We observed that miR-
21-3p mimics and pre-miR-21 markedly inhibited the luciferase activity when cotrans-
fected with the wild-type MAVS-3'UTR, whereas the MAVS-3’UTR mutant type led to a
complete abrogation of the negative effect (Fig. 5B). To further confirm this result, we
cloned the MAVS-3'UTR into the mVenus-C1 vector and explored the function of miR-
21-3p on the expression of GFP. As shown in Fig. 5C, miR-21-3p mimics can downregu-
late GFP gene expression, and no change in fluorescence intensity was observed in
EPC transfected with the mutant MAVS-3'UTR. Subsequently, we also investigated
whether miR-21-3p regulates MAVS at the posttranscriptional level. As shown in Fig.
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5D, miR-21-3p mimics reduced the expression level of MAVS in a dose-dependent
manner. On the contrary, miR-21-3p inhibitor significantly increased the expression lev-
els of MAVS in a dose-dependent manner. Meanwhile, further studies have shown that
miR-21-3p affect the stability of MAVS mRNA expression (Fig. 5E). These results indicate
that MAVS is a direct target of miR-21-3p, which regulates MAVS expression at the
posttranscriptional level.

We also detected the expression of miR-21-3p under different SCRV stimulation
times by qPCR and found that miR-21-3p was significantly increased under SCRV stimu-
lation (Fig. 5F). We measured the effects of synthetic miR-21-3p mimics and miR-21-3p
inhibitors on the expression of miR-21-3p to explore the functional role of miR-21-3p in
host antiviral responses. As expected, miR-21-3p mimics enhanced miR-21-3p expression
sharply, whereas miR-21-3p inhibitors decreased miR-21-3p expression (Fig. 5G). The effect
of miR-21-3p and SCRV on the expression patterns of the indicated genes were evaluated.
The results showed that certain inflammatory cytokines and antiviral genes, including TNF-
a, IL-18, Mx1, and ISG15, were significantly decreased by the introduction of miR-21-3p
mimics. On the contrary, the inhibition of endogenous miR-21-3p significantly elevated the
expression of those genes compared with transfection of control inhibitors (Fig. 5H). Next,
considering that miR-21-3p targets MAVS and regulates its expression, we attempted to
investigate whether miR-21-3p affects MAVS-mediated activation of NF-kB and IRF3 signal-
ing. The results showed that miR-21-3p mimics could inhibit the activation of NF-«B, IL-1,
ISRE, and IRF3 luciferases reporters (Fig. 51). Collectively, these results indicate that MAVS is
a direct target of miR-21-3p, and miR-21-3p participates in the regulation of antiviral
responses by posttranscriptionally modulating the expression of MAVS.

circPIKfyve acts as an miR-21-3p sponge to enhance MAVS expression. Given
that circPIKfyve can interact with miR-21-3p and miR-21-3p targets MAVS and regulates
its expression, we determined whether circPIKfyve can regulate MAVS. As shown in Fig.
6A, circPIKfyve knockdown significantly reduced the expression of MAVS protein,
whereas the overexpression of circPIKfyve increased the expression of MAVS protein.
Furthermore, the qPCR results showed that knockdown reduced the expression levels
of MAVS in cells treated with SCRV or poly(l-C). In contrast, circPIKfyve overexpression
increased the expression of MAVS at the mRNA level (Fig. 6B). Furthermore, overex-
pression of circPIKfyve increased the expression levels of MAVS in cells treated with
SCRV, whereas knockdown of circPIKfyve reduced MAVS expression (Fig. 6C). We then
determined whether circPIKfyve regulates MAVS expression through miR-21-3p. To this
end, we cotransfected cells with the MAVS-3'UTR together with miR-21-3p, circPIKfyve
overexpression plasmid, and circPIKfyve mutant plasmid (oe-circ-mut). The results
showed that circPIKfyve could counteract the inhibitory effect of miR-21-3p on the
MAVS-3"UTR (Fig. 6D). Strikingly, circPIKfyve could also counteract that effect of miR-
21-3p on MAVS expression levels (Fig. 6E). These results demonstrated that circPIKfyve
regulates MAVS expression through miR-21-3p. Given that miR-21-3p and MAVS partic-
ipate in the regulation of NF-kB, IL-1, ISRE, and IRF3 luciferase reporters, we examined
the functional role of circPIKfyve in regulating these reporters. The results showed that
circPIKfyve could counteract the negative effect of miR-21-3p on the luciferase activ-
ities of NF-kB, IL-18, ISRE, and IRF3 luciferase reporters (Fig. 6F). Moreover, we
attempted to explore the effect of the circPIKfyve/miR-21-3p regulatory loop on cell
proliferation. The results indicated that circPIKfyve overexpression could counteract
the negative effect of miR-21-3p on cell proliferation upon SCRV infection (Fig. 6G).
Collectively, these data suggested that circPIKfyve is a ceRNA for miR-21-3p to regulate
the expression of MAVS.

FIG 5 Legend (Continued)

SCRV. (F) The expression of miR-21-3p under different SCRV stimulation times by qPCR. (G) The effect of miR-21-3p mimics and inhibitors on endogenous
miR-21-3p expression. MKC were transfected with NC or miR-21-3p (left) and NC-i and miR-21-3p-i (right) for 48 h, and then miR-21-3p expression was
determined by qPCR. (H) MKC were transfected with NC, miR-21-3p, NC-i, or miR-21-3p-i. After 48 h posttransfection, the MIC were treated with SCRV for
24 h. The expression levels of TNF-a, IL-13, Mx1, and ISG15 were analyzed by qPCR. (I) MKC were transfected with NC or miR-21-3p, together with MAVS
expression plasmid, phRL-TK Renilla luciferase plasmid, and luciferase reporter genes. The luciferase activity was measured and normalized to Renilla
luciferase activity. All data represent the means *+ SE from three independent triplicate experiments. *, P < 0.05; **, P<0.01.
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FIG 6 circPIKfyve acts as a sponge of miR-21-3p to enhance MAVS expression. (A and B) Relative mRNA and protein levels of MAVS in MIC or MKC after
cotransfection with NC, si-circ, vector, or oe-circ by Western blotting (A) and qPCR assays (B). (C) Relative mRNA levels of MAVS in MIC or MKC after

cotransfection with NC, si-circ, vector, or oe-circ by qPCR assay. (D) The relative luciferase activities wi
3'UTR luciferase reporter vector, NC, mimics, oe-circ, or oe-circ-mut. (E) Western blot assays were
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performed in MKC after cotransfection with MAVS

overexpression plasmid, NC, miR-21-3p mimics, oe-circ, or oe-circ-mut. (F) oe-circ counteracts the negative effect of miR-21-3p. Relative luciferase activities
were detected in MIC after cotransfection with MAVS expression plasmid, pRL-TK Renilla luciferase plasmid, luciferase reporters, NC, mimics, or oe-circ. (G)
Cell proliferation was assessed by EdU assays in MKC after cotransfection with NC, mimics, or oe-circ. All data represent the means * SE from three

independent triplicate experiments. *, P < 0.05; **, P<0.01.

circPIKfyve is regulated by the RNA-binding protein QKI. We then investigated
which factors regulated circPIKfyve overexpression. According to reports, protein fac-
tors such as QKI, RNA binding motif protein 20 (RBM20), and the RNA editing enzyme
ADAR contribute to the biogenesis of circRNAs in higher vertebrates (14, 36). However,
in fish, the protein factors that affect the biogenesis of circRNA are unknown.
Therefore, we analyzed the PIKfyve mRNA sequence in which the circPIKfyve sequence
was located, as shown in Fig. 7A. We found that the intron upstream of exon 5 of
PIKfyve contains the QKI binding site ACUAAU (14), and it was found that the down-
stream intron of PIKfyve exon 7 also contains the QKI binding site AUUAAC (37). This
suggests that QKl is involved in the biogenesis of circPIKfyve. We focus on QKI and find
that it is upregulated in SCRV-stimulated spleen (Fig. 7B). In addition, the expression
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represent the means = SE from three independent triplicate experiments. *, P < 0.05; **, P < 0.01.

levels of QKI and circPIKfyve in Fig. 7B and 1F decreased at 72 h and increased slightly
at 96 h. We think that this is a dynamic equilibrium relationship. When the expression
of QKI reaches the highest level 48 h after SCRV infection, QKI protein will accumulate
in the cells with the passage of time. With the peak of QKI protein, the level of QKI
mRNA will correspondingly decrease. With the passage of time, after the decrease of
QKI, the expression of QKI protein will decrease. In short, we think that the relationship
between the increase and decrease is a dynamic balance. To further investigate the
function of QKI in circPIKfyve biogenesis, we silenced QKI and then detected the level
of endogenous QKI expression. As shown in Fig. 7C, knockdown of QK1 can signifi-
cantly downregulate the expression of QKI upon SCRV infection. On this basis, the
results show that the expression of circPIKfyve is downregulated, while the expression
level of linear PIKfyve is not affected after silencing of QKI in MIC (Fig. 7D). These results
suggested that QKl is involved in the biosynthesis of circPIKfyve.

The ceRNA network of regulating MAVS is widely found in teleost fish. We per-
formed the sequence alignment of circPIKfyve from different teleost fish to illustrate
the generality of our findings. Interestingly, circPIKfyve displays high conservation in
different fish species. In addition, the binding sites of miR-21-3p in circPIKfyve also
showed high conservation (Fig. 8A). Therefore, we speculate that miR-21-3p interacts
with circPIKfyve in different fish species. To verify this hypothesis, the circPIKfyve
sequences of Larimichthys croceas and Nibea diacanthus were cloned into the pmirGLO
vector and their mutated forms, with miR-21-3p binding sites mutated. Significantly,
the luciferase assays revealed that miR-21-3p can suppress the luciferase activity of
wild-type circPIKfyve luciferase plasmid in both fish species, but it had no effect on the
mutated forms (Fig. 8B). Subsequent experiments were used to detect whether N. diac-
anthus and L. crocea circPIKfyve would affect the activity of miR-21-3p. As shown in
Fig. 8C, the results showed that circPIKfyve in both types of fish could offset the inhibi-
tory effect of miR-21-3p on the miR-21-3p sensor. These results suggested that
circPIKfyve acts as a molecular sponge of miR-21-3p in other species. In addition, we
also analyzed the binding sites of miR-21-3p and MAVS in other species (Fig. 8D). We
also verified the finding that miR-21-3p targets the MAVS-3'UTR across species.
Luciferase constructs were generated by cloning the MAVS-3"UTR of L. crocea and N.
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FIG 8 ceRNA network of regulating MAVS is widely found in teleost fish. (A) Sequence alignment of circPIKfyve from various teleost fish species. (B) The
relative luciferase activities were detected in EPC after cotransfection with LcrcircPIKfyve-wt or LcrcircPIKfyve-mut and mimics or NC (left) and EPC after
cotransfection with NdicircPIKfyve-wt or NdicircPIKfyve-mut and mimics or NC (right). (C) LcrcircPIKfyve and NdicircPIKfyve reduce miR-21-3p activity. EPC
were transfected with LcrcircPIKfyve or NdicircPIKfyve expression plasmid, mimics, and control vector, together with the miR-21-3p sensor. The luciferase
activity was analyzed and normalized to Renilla luciferase activity. (D) Sequence alignment of MAVS containing miR-21-3p binding site among different
teleost species. (E and F) miR-21-3p regulating the luciferase activity of MAVS-3'UTR is examined in N. diacanthus and L. crocea. All data represent the

means * SE from three independent triplicate experiments. **, P <0.01.

diacanthus into the pmirGLO vector in the mutant devoid of the miR-21-3p binding
site as controls. Strikingly, miR-21-3p mimics were sufficient to decrease luciferase
activities when cotransfected with the wild type of the MAVS-3’'UTR of both fish spe-

cies; however, it showed no effect on the luciferase activity of cells transfected with
April 2021

Volume 95 Issue 8 €02296-20

jvi.asm.org

13


https://jvi.asm.org

Suetal. Journal of Virology

Cytoplasm

miR-21-3p

RIG-I ,

\ ceRNA

~ -
RF3 ===
circPIKfyve

Nucleus
PIKfyve spliced mRNA 1
[ Exon1}H Exon2} Exon3}-- > q

+ % B
NExB IRF3 [

PIKfyve pre-mRNA

PTOOSOSOTE
— — —HH—t—HHARH -

circPIKfyve

o
- ® ® o PIKfyve DNA T
Inflammatory Antiviral genes

cytokines

FIG 9 Schematic diagram of the mechanism underlying circPIKfyve as a ceRNA for miR-21-3p to regulate MAVS
expression. miR-21-3p targets MAVS and represses MAVS-mediated antiviral responses, thereby regulating viral
replication. circPIKfyve acts as a molecular sponge regulating miR-21-3p to enhance MAVS expression, thereby
maintaining the stable antiviral responses and ensuring appropriate inflammatory responses.

their mutant types (Fig. 8E and F). Taken together, these results showed that
circPIKfyve could act as an endogenous RNA sponge to interact with miR-21-3p in dif-
ferent teleost fish (Fig. 9), which suggested that circPIKfyve contains strongly con-
served elements among species, which is very important for preserving its function.

DISCUSSION

In recent decades, the high fatality rate of aquatic organisms caused by viral infec-
tion has seriously restricted the development of aquaculture (35). The innate immune
response of teleost plays a fundamental and central defensive role in viral infection
(38). In recent years, with the development of immunology research of higher verte-
brates, a new type of ncRNA-circRNA has been found to have excellent functional
properties in immune responses (39). Similarly, we also found a large number of
circRNAs in muiiy croaker. In this study, we discovered a new circRNA, circPIKfyve, that
can participate in the regulation of innate immune responses. To this end, we con-
structed a circRNA-miRNA-mRNA regulatory network by regulating the expression of
three genes, circPIKfyve, miR-21-3p, and MAVS, and then regulating signal pathways
related to cellular immunity and viral pathogenesis. Our data also confirmed that miR-
21-3p is a negative regulator of innate immune responses, which weakens the
antiviral immune responses by targeting MAVS, thereby promoting virus replica-
tion. Furthermore, miR-21-3p also has been shown to be closely related to the
antiviral immune response. In mammals, miR-21-3p can inhibit the production of
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type | IFN by targeting a variety of immune-related genes, thereby inhibiting the
host's antiviral immune response (40). For example, miR-21-3p can target two im-
portant components, MyD88 and IRAK1 (41), in the TLR signaling pathway that
leads to type | IFN production. However, fish and mammals are not exactly the
same, and fish are specific in many ways, such as the presence of TLR4 not being
found in most fish (42), in addition to TLR22 being unique to fish (43). These cases
all indicate some differences between fish and mammals. We think this may be a
survival strategy for the virus to escape the host's antiviral immune responses.
circPIKfyve upregulates the expression of the immune-related gene MAVS by
adsorbing miR-21-3p and enhances the antiviral signal pathway in order to reply
to the escape mechanism of the virus.

MAVS is considered the key mediator of innate antiviral immune responses. When
the host recognizes viral infection, RLRs, including RIG-I and MDAD5, interact with MAVS
to trigger the innate immune responses (6, 7). Most viruses have developed strategies
to inhibit the activation of the RLR pathway to evade the host's antiviral immune
responses (4). For example, hepatitis C virus (HCV) uses the protease NS3/4A to cleave
the TM region of MAVS, causing MAVS to dissociate from the mitochondrial inner
membrane and inhibiting the production of IFN and antiviral genes to escape the
host's innate immune responses (44). In addition, the antiviral responses can be regu-
lated by targeting antiviral genes with ncRNAs. For example, miR-3570 can inhibit the
production of antiviral genes and promote viral replication by targeting MAVS (38).
The IncRNA MARL enhances the expression of MAVS by adsorbing miR-122 and main-
tains the stability of the viral immune responses (9). N6-methylated circRNA inhibits
the activation of the RIG-1 signaling pathway to resist the innate immune responses
(45). The present study demonstrated that two ncRNAs, including miR-21-3p and
circPIKfyve, play an important regulatory role in the host antiviral responses after RNA
virus infection in teleost. Further research found that miR-21-3p has a negative regula-
tory effect on the viral signaling pathway mediated by MAVS. In contrast, circPIKfyve
has a positive regulatory effect on the viral signaling pathway mediated by MAVS. The
data indicated that the two ncRNAs could coordinately regulate MAVS expression to
modulate the antiviral signaling pathway.

In eukaryotic cells, protein-coding RNA (mRNA) occupies only about 2% of the ge-
nome (46), and the remaining transcripts are classified as ncRNAs. ncRNAs, including
miRNAs, IncRNAs, and circRNAs, have regulatory roles in gene expression (47). In recent
decades, the mechanism and function of miRNAs have been deeply studied. However,
research on the function of circRNAs is just beginning. Thus, understanding the bio-
genesis of circRNAs is important. Increasing evidence indicates that circRNA cyclization
can aid ring formation by the close proximity of circRNA splice sites, which is mediated
by complementary base pairing of inverted repeats in the introns flanking the circRNA-
forming exons (48). The simplest example of this model of biogenesis is the interaction
between QKI and the flanking introns of the forming circRNAs. For example, QKI binds
upstream and downstream of the circRNA-forming exons in SMARCA5 to promote
circRNA formation (14). In this study, it was found that QKI was related to the formation
of circPIKfyve, and knockdown of QKI inhibited the expression of circPIKfyve, which
showed biological effects similar to those of circPIKfyve knockdown.

The ceRNA hypothesis suggests that RNA transcripts, including mRNAs, IncRNAs,
pseudogenes, and circRNAs, can cross talk and regulate the expression of miRNA
through competition to bind miRNA responses elements (MREs), thereby constructing
a new complex posttranscriptional regulatory network and mechanism (25). circRNAs
can act as miRNA sponges to regulate the expression of mRNA target genes.
Accumulating reports indicate that the ceRNA mechanism is the primary approach
through which circRNAs perform their biological functions. For example, the circ-
UBE2D2 sponge mechanism has been proven to promote breast cancer progression by
adsorbing miR-1236 and miR-1287 (49). The overexpression of circHIPK3 can effectively
inhibit the invasion and metastasis of bladder cancer cells by targeting miR-558 (50).
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Additionally, circRNAs_0005075 acts as a sponge for miR-431 and inhibits the progres-
sion of gastric cancer by regulating P53 (51). Genes regulated by differentially
expressed circRNAs are involved in a variety of cellular processes, including apoptosis path-
ways, JAK-STAT, Wnt, TLRs, and RLR signaling pathways, all of which are related to cellular
immunity and viral pathogenesis (52). Therefore, the regulatory mechanism of circRNAs in
innate immune responses should be studied. It was reported that ssc_circ_009380 regulates
transmissible gastroenteritis virus-induced inflammatory responses by targeting interleukin-6
through adsorbing miR-22 (53); circPIKfyve was predicted to contain miR-21-3p MREs.
Therefore, we speculate that circPIKfyve exerts antiviral immune responses by binding miR-
21-3p. Subsequently, a series of experiments, including biotin-labeled probe pulldown
experiments, dual-luciferase reporter gene experiments, and RIP experiments, confirmed
that circPIKfyve can directly interact with miR-21-3p. All experiments proved that circPIKfyve
has a typical ceRNA mechanism and can be used as a sponge to absorb miR-21-3p, which
indirectly enhanced the expression of MAVS and promoted the antiviral immune responses.
Our current results show that circPIKfyve can indirectly target MAVS through miRNA to pro-
mote the production of antiviral genes, thereby resisting viral invasion and replication. This
further proves that circRNAs participate in the regulation of immune responses as a new
immunomodulatory molecule.

In conclusion, we found a new ncRNA, circPIKfyve, that is involved in the regulation
of innate antiviral immune responses in teleost fish. Among them, miR-21-3p plays a
negative regulatory role in MAVS-mediated antiviral responses. On the contrary,
circPIKfyve plays a positive role in MAVS-mediated antiviral responses. We further con-
firmed the mechanism of the two ncRNAs plays a role in regulating the innate antiviral
immune responses. circPIKfyve can be used as the ceRNA of miR-21-3p to reduce its in-
hibitory effect on MAVS expression, thereby inhibiting the replication of the virus. In
addition, we found that QKI can promote the formation of circPIKfyve, which is consist-
ent with studies in mammals that found QKI promotes the formation of circRNAs (14).
In addition, we found that the structure and function of circPIKfyve are highly con-
served in different teleost fish. In summary, our research reveals that circRNAs are
involved in the host-virus interaction mechanism, which provides new insights into the
role of circRNA in host antiviral immunity.

MATERIALS AND METHODS

Sample and challenge. Miiuy croaker (~50 g) was obtained from Zhoushan Fisheries Research Institute,
Zhejiang Province, China. Fish were acclimated in aerated seawater tanks at 25°C for 6 weeks before experi-
ments. SCRV and poly(l-C) challenges were performed as follows. Briefly, fish were challenged with 200 u| SCRV
at a multiplicity of infection (MOI) of 5 and 200 u| poly(l-C) (2.5 mg/ml) through intraperitoneal injection. As a
comparison, 200 ul of physiological saline was used as a control. Afterwards, fish were sacrificed at different
time points, and the spleen tissues were collected for RNA extraction. All animal experimental procedures were
performed in accordance with the National Institutes of Health’s Guide for the Care and Use of Laboratory
Animals (54), and the experimental protocols were approved by the Research Ethics Committee of Shanghai
Ocean University (no. SHOU-DW-2018-047).

Cell culture and treatment. M. miiuy spleen cells (MspC), M. miiuy kidney cells (MKC), M. miiuy mus-
cle cells (MMC), M. miiuy brain cells (MBrC), and M. miiuy intestine cells (MIC) were cultured in L-15 me-
dium (HyClone) supplemented with 15% fetal bovine serum (FBS; Gibco), 100 U/ml penicillin, and
100 wg/ml streptomycin at 26°C. Epithelioma papulosum cyprini cells (EPC) were maintained in medium
199 (Invitrogen) supplemented with 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin at 28°C
in 5% CO,. For stimulation experiments, MKC and MIC were challenged with SCRV at an MOI of 5 and
harvested at different times for RNA extraction.

Plasmid construction. To construct the MAVS-3"UTR reporter vector, the 3’UTR region of the M.
miiuy MAVS gene, as well as L. crocea and N. diacanthus MAVS-3'UTR, were amplified using PCR and
cloned into pmirGLO luciferase reporter vector (Promega). Meanwhile, the sequences of M. miiuy MAVS
3'UTR were inserted into mVenus-C1 vector (Invitrogen), which included the sequence of enhanced
GFP. To construct circPIKfyve overexpression vector, the full-length circPIKfyve cDNA was amplified by
specific primer pairs and cloned into pLC5-ciR vector (Geneseed Biotech), which contained a front and
back circular frame to promote RNA circularization. The circPIKfyve overexpression vectors of L. crocea
and N. diacanthus were constructed by synthesizing the full-length circPIKfyve cDNA of L. crocea and N.
diacanthus, respectively. The empty vector with no circPIKfyve sequence was used as a negative control.
The mutated forms with point mutations in the miR-21-3p binding site were synthesized using Mut
Express Il fast mutagenesis kit V2 with specific primers (Table 1). An miR-21-3p sensor was created by
inserting two consecutive miR-21-3p complementary sequences into psiCHECK vector (Promega). The
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TABLE 1 PCR primer information in this study

Journal of Virology

Primer Sequence (5'-3’)

MAVS-qRT-F AGGCACCAACAATTCCAG
MAVS-qRT-R ACGGAGCAGGCTTCACTT
TNF-a-qRT-F GTTTGCTTGGTACTGGAATGG
TNF-a-qRT-R TGTGGGATGATGATCTGGTTG
IL-1B8-qRT-F TACGATGGCTAATAACTCC
IL-18-gRT-R CATTGACAAAGTGCTCCA
MX1-qRT-F GCTGCTTGTTTACTCCCA
MX1-gRT-R ACCTGCATCATCTCCCTC
ISG15-qRT-F TGAACGGACAGAAGACGC
ISG15-qRT-R TGAGGAATACCTGCATGG
circPIKfyve-divergent-F TACGCCCACTCAGCTGAT
circPIKfyve-divergent-R TTTCCTGCTGCCGTCTCT
circPIKfyve-convergent-F ACAGAACCCAAAATTGCC
circPIKfyve-convergent-R AACATCCCCGTATCATCC
miR-21-3p-qRT-F CGACAACAGTCTGTAGGCT
miR-21-3p-qRT-R GGTCCAGTTTTTTTTTTTTTTITCAATG
miR-214-5p-qRT-F GCCTGTCTACACTTGCTG
miR-214-5p-qRT-R GTCCAGTTTTTTTTTTITTTTGCAC
miR-143-5p-qRT-F TGCAGTGCTGCATCTC
miR-143-5p-qRT-R GTCCAGTTTTTTTTTTTTTITTCCAGA
miR-30c-3p-qRT-F GCTGGGAGAGGGGTGT
miR-30c-3p-qRT-R TCCAGTTTTTTTTTTTTTTTAGCGT
miR-103-5p-qRT-F GAGCCTCTTTACAGTGCTG
miR-103-5p-qRT-R GGTCCAGTTTTTTTTTTTTTITCAAG
5.8S rRNA-qRT-F AACTCTTAGCGGTGGATCA

5.8S rRNA-qRT-R GTTTTTTTTTTTTTTTGCCGAGTG
GAPDH-qRT-F ACCTTCACTCCTCCATCTT
GAPDH-qRT-R AGGTCACAGACACGGTTG
U6-qRT-F TGCGAGTAGCAGACCA
U6-qRT-R CACGAGACCGAAACAC

circPIKfyve-F

circPIKfyve-R
circPIKfyve-pmirGLO-F
circPIKfyve-pmirGLO-R
circPIKfyve-pmirGLO-mut-F
circPIKfyve-pmirGLO-mut-R
circPIKfyve-mVenus-F
circPIKfyve-mVenus-R
circPIKfyve-mVenus-mut-F
circPIKfyve-mVenus-mut-R
miR-21-3p sensor-F
miR-21-3p sensor-R
Ago2-Flag-F

Ago2-Flag-R
circPIKfyve-T7-F
circPIKfyve-T7-R
pcDNA3.1-MS2-circPIKfyve-F
pPcDNA3.1-MS2-circPIKfyve-R
pPcDNA3.1-MS2-circPIKfyve-mut-F
pcDNA3.1-MS2-circPIKfyve-mut-R
MAVS-HindllI-F
MAVS-EcoRI-R
MAVS-3"UTR-F
MAVS-3"UTR-R
MAVS-3'UTR-mut-F
MAVS-3"UTR-mut-R
LcrMAVS-3'UTR-F
LcrMAVS-3'UTR-R
LcrMAVS-3"UTR-mut-F
LcrMAVS-3'UTR-mut-R
NdiMAVS-3'UTR-F
NdiMAVS-3"UTR-R

CGGAATTCTAATACTTTCAGACGGCAGCAGGAAATCAG
CGGGATCCAGTTGTTCTTACCTCTGCCAGGTCAGGTCTTC
CGAGCTCACGGCAGCAGGAAATCAG
TGCTCTAGACTCTGCCAGGTCAGGTCTTC
TGAGCGCCCGTCTTGACTCGCCCTGCTCTGTGT
AGTCAAGACGGGCGCTCAGGTCCTCTCCGATGG
TCAGATCTCGAGCTCAAGCTTACGGCAGCAGGAAATCAGAC
CGGGCCCGCGGTACCGTCGACCTCTGCCAGGTCAGGTCTTCC
TGAGCGCCCGTCTTGACTCGCCCTGCTCTGTGT
AGTCAAGACGGGCGCTCAGGTCCTCTCCGATGG
TCGAGGCTGTTGTCAGACATCCGACAGGCTGTTGTCAGACATCCGACAGGC
GGCCGCCTGTCGGATGTCTGACAACAGCCTGTCGGATGTCTGACAACAGCC
CCCAAGCTTGACAAAATGTATTCCTCTGC
CGCGGATCCTTTCATCAGTGGGGTCTC
TAATACGACTCACTATAGGGGCAGCCGCTGCTGCAACC
AGAAGATCTGGCCGCACAGTC
ACTATAGGGAGACCCAAGCTTGCAGCCGCTGCTGCAACC
GCGGCCGTTACTAGTGGATCCAGAAGATCTGGCCGCACAGTC
TGAGCGCCCGTCTTGACTCGCCCTGCTCTGTGT
AGTCAAGACGGGCGCTCAGGTCCTCTCCGATGG
GACGATGACGACAAGAAGCTTTCGTCTGCCAAAGACAAACTGTA
TGATGGATATCTGCAGAATTCCAGCCTCTGTCCTGTCTACTTCATG
CTAGCTAGCCGTATGGTGCCTTATTG
TGCTCTAGACAGCCTCTGTCCTGTCTACT
CACGAATGAAGATCAGACTGATGACTGTCTGCA
GTCTGATCTTCATTCGTGTACAAACATCTGTTATTATTATCATCATTATTATT
CCGCTCGAGACCCTCCAGACCTTTGAT
GTCGACGTCGACGCTCCTCGTTAATCCTCA
ATCGCATTGAAGATCAGACTGATGACTCGTGC
CTGATCTTCAATGCGATTATAAACACGTCTATTATTATCATCTTTATTATTG
AGAGGAACTTGGTTAGGTACCGGGGCTTTAAAACCTTTAAAGGA
CAGGTCGACTCTAGACTCGAGTCATTTATTTATAATTTCAGGTTTATTGATG
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TABLE 1 (Continued)

Journal of Virology

Primer Sequence (5'-3')

NdiMAVS-3"UTR-mut-F AGACGCTACACGTGAAGATCAGACTGATGACTGTCATG
NdiMAVS-3'UTR-mut-R CTTCACGTGTAGCGTCTATTATTATTATTATCATCATTATTATTAACA
LcrcircPIKfyve-F CGGAATTCTAATACTTTCAGACGGCAGCAGGAAATCAG
LcrcircPIKfyve-R CGGGATCCAGTTGTTCTTACCTCTGCCAGGTCAGGTCTTC
LcrcircPIKfyve-pmirGLO-F CGAGCTCACGGCAGCAGGAAATCAG
LcrcircPIKfyve-pmirGLO-R TGCTCTAGACTCTGCCAGGTCAGGTCTTC
LcrcircPIKfyve-pmirGLO-mut-F TGAGCGCCCGTCTTGACTCGCCCTGCTCTGTGT
LcrcircPIKfyve-pmirGLO-mut-R AGTCAAGACGGGCGCTCAGGTCCTCTCCGATGG
NdicircPIKfyve-F CGGAATTCTAATACTTTCAGACGGCAGCAGGAAATCAG
NdicircPIKfyve-R CGGGATCCAGTTGTTCTTACCTCTGCCAGGTCAGGTCTTC
NdicircPIKfyve-pmirGLO-F CGAGCTCACGGCAGCAGGAAATCAG
NdicircPIKfyve-pmirGLO-R TGCTCTAGACTCTGCCAGGTCAGGTCTTC
NdicircPIKfyve-pmirGLO-mut-F TGAGCGCCCGTCTTGACTCGCCCTGCTCTGTGT
NdicircPIKfyve-pmirGLO-mut-R AGTCAAGACGGGCGCTCAGGTCCTCTCCGATGG

correct construction of the plasmids was verified by Sanger sequencing and extracted through an
EndoFree plasmid DNA miniprep kit (Tiangen Biotech). To build pcDNA3.1-MS2, the MS2-12X fragment
was inserted into the BamHI and EcoRV restriction sites of the pcDNA3.1 vector, and then circPIKfyve
was amplified and cloned into pcDNA3.1-MS2.

RNA oligoribonucleotides. The miR-21-3p mimics are synthetic double-stranded RNAs
(dsRNAs) with stimulating naturally occurring mature miRNAs. The miR-21-3p mimic sequence
was 5'-CGACAACAGUCUGUAGGCUGUC-3'. The negative control mimic sequence was 5'-
UUCUCCGAACGUGUCACGUTT-3". miRNA inhibitors are synthetic single-stranded RNAs (ssRNAs)
that sequester intracellular miRNAs and block their activity in the RNA interfering pathway. The
miR-21-3p inhibitor sequence was 5'-GCCAGCUUACAGACUGCUGUUG-3". The negative-control
inhibitor sequence was 5-CAGUACUUUUGUGUAGUACAA-3'. The RNA interference sequences for
circPIKfyve are the following: si-circPIKfyve-1, 5'-CCUGACCUGGCAGAGACGGTT-3’; si-circPIKfyve-2,
5'-GACCUGGCAGAGACGGCAGTT-3'. The scrambled control RNA sequence was 5’-CCUGACCUGGCAGAGCACUTT-
3'. The si-QKI sequence was 5'-GACUCACAGCCAAACAGUUTT-3'. The negative control mimic sequence was 5'-
UUCUCCGAACGUGUCACGUTT-3".

Cell transfection. Transient transfection of cells with miRNA mimic, miRNA inhibitor, or siRNA was
performed in 24-well plates using Lipofectamine RNAIMAX (Invitrogen), and cells were transfected with
DNA plasmids using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions. For
functional analyses, the overexpression plasmid (500 ng per well) or control vector (500 ng per well) and
miRNA mimic (100 nM), miRNA inhibitor (100 nM), or siRNA (100 nM) were transfected into cells in cul-
ture medium and then harvested for further detection. For luciferase experiments, miRNA mimic
(100 nM) or miRNA inhibitor (100 nM) and pmirGLO (500 ng per well) containing the wild or mutated
MAVS 3'UTR plasmid were transfected into cells.

RNA extract and quantitative real-time PCR. For the isolation and purification of both cytoplasmic
and nuclear RNA from MIC, the Cytoplasmic & Nuclear RNA purification kit was used according to the manufac-
turer’s instructions (Norgen Biotek). Total RNA was isolated with TRIzol reagent (Invitrogen), and the cDNA was
synthesized using the FastQuant RT kit (Tiangen), which includes DNase treatment of RNA to eliminate
genomic contamination. The expression patterns of each gene were performed by using SYBR Premix Ex Taq
(TaKaRa). The small RNA was extracted by using an miRcute miRNA isolation kit (Tiangen), and the miRcute
miRNA FirstStrand cDNA synthesis kit (Tiangen) was applied to the reverse transcription of miRNAs. The expres-
sion analysis of miR-21-3p was executed by using the miRcute miRNA gPCR detection kit (Tiangen). Real-time
PCR was performed in an Applied Biosystems QuantStudio 3 (Thermo Fisher Scientific). GAPDH and 5.8S rRNA
were employed as endogenous controls for mRNA and miRNA, respectively. Primer sequences are displayed in
Table S1 in the supplemental material.

Luciferase reporter assay. Wild-type circPIKfyve and the mutant devoid of the miR-21-3p binding
site were cotransfected with miR-21-3p mimics into EPC. At 48 h posttransfection, reporter luciferase
activities were measured using the dual-luciferase reporter assay system (Promega). To determine the
functional regulation of circPIKfyve, cells were cotransfected with MAVS overexpression plasmid or
circPIKfyve overexpression plasmid, together with NF-kB, IL-18, ISRE, and IRF3 luciferase reporter gene
plasmids, phRL-TK Renilla luciferase plasmid, and either miR-21-3p mimic or negative controls. At 48 h
posttransfection, the cells were lysed for reporter activity using the dual-luciferase reporter assay system
(Promega). miR-21-3p sensor was cotransfected with miR-21-3p mimics or circPIKfyve overexpression
plasmid. At 48 h posttransfection, the cells were lysed for reporter activity. All the luciferase activity val-
ues were achieved against the renilla luciferase control. Transfection of each construct was performed in
triplicate in each assay. Ratios of renilla luciferase readings to firefly luciferase readings were taken for
each experiment, and triplicates were averaged.

Western blotting. Cellular lysates were generated by using 1x SDS-PAGE loading buffer. Proteins
were extracted from cells and measured with the bicinchoninic acid protein assay kit (Vazyme), sub-
jected to SDS-PAGE (10%) gel, and transferred to polyvinylidene difluoride (Millipore) membranes by
semidry blotting (Bio-Rad Trans Blot turbo system). The membranes were blocked with 5% bovine serum
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albumin (BSA). Protein was blotted with different antibodies. The antibody against MAVS was diluted
1:500 (Abcam), anti-Flag and anti-tubulin monoclonal antibody were diluted 1:2,000 (Sigma), and horse-
radish peroxidase (HRP)-conjugated anti-rabbit IgG or anti-mouse IgG (Abbkine) was diluted 1:5,000. The
results were representative of three independent experiments. The immunoreactive proteins were
detected by using WesternBright ECL (Advansta). Digital imaging was performed with a cold charge-
coupled device camera.

RNase R treatment. The RNAs (10 «g) from MIC and MKC were treated with RNase R (3 U/ug;
Epicenter) and incubated for 30 min at 37°C. The treated RNAs then were reverse transcribed with diver-
gent primer or convergent primer and detected by qPCR and RT-PCR assay, followed by nucleic acid
electrophoresis.

Nucleic acid electrophoresis. The cDNA and gDNA PCR products were investigated using 2% aga-
rose gel electrophoresis with Tris-acetate-EDTA (TAE) running buffer. DNA was separated by electropho-
resis at 100 V for 30 min. The DNA marker was Super DNA marker (100 to 10,000 bp) (CWBIO). The bands
were examined by UV irradiation.

RNA pulldown assay. circPIKfyve and circPIKfyve-mut, with miR-21-3p binding sites mutated, were
transcribed in vitro. The two transcripts were biotin labeled with the T7 RNA polymerase and biotin RNA
labeling mix (Roche), treated with RNase-free DNase |, and purified with the RNeasy minikit (Qiagen).
The whole-cell lysates from MIC (~1.0 x 107) were incubated with purified biotinylated transcripts for 1
h at 25°C. The complexes were isolated by streptavidin agarose beads (Invitrogen). RNA was extracted
from the remaining beads, and qPCR was used to evaluate the expression levels of miRNAs.

To conduct pulldown assays with biotinylated miRNA, MIC were harvested at 48 h after transfection and
then incubated on ice for 30 min in lysis buffer (20 mM Tris, pH 7.5, 200 mM NaCl, 2.5 mM MgCl,, 1 mM dithio-
threitol, 60 U/ml Superase-In, 0.05% Igepal, protease inhibitors). The lysates were precleared by centrifugation
for 5min, and 50 ul of the sample was aliquoted for input. The remaining lysates were incubated with M-280
streptavidin magnetic beads (Sigma). To prevent nonspecific binding of RNA and protein complexes, the beads
were coated with RNase-free BSA and yeast tRNA (both from Sigma). The beads were incubated for 4 h at 4°C
and washed twice with ice-cold lysis buffer, three times with the low-salt buffer (0.1% SDS, 1% Triton X-100,
2mM EDTA, 20mM Tris-HCl, pH 8.0, and 150 mM NaCl), and once with the high-salt buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.0, and 500 mM Nacl) (39). RNA was extracted from the remain-
ing beads with TRIzol reagent (Invitrogen) and evaluated by qPCR.

RIP. RIP experiments were performed by using the Magna RIP RNA-binding protein immunoprecipi-
tation kit (Millipore) by following the manufacturer’s protocol. The Ago-RIP assay was conducted in MIC
(~2.0 x 10”)-transfected Ago2-flag or pcDNA3.1-flag and miR-21-3p mimics or control mimics. After 48 h
of transfection, the cell extract was incubated with magnetic beads conjugated with IgG and anti-Flag
antibody (Sigma). RNA was extracted from the remaining beads, and qPCR was used to evaluate the
expression levels of circPIKfyve.

The MS2-RIP assay was also conducted in MIC (~2.0 x 107) transfected with pcDNA3.1-MS2, pcDNA3.1-
MS2-circPIKfyve, pcDNA3.1-MS2-circPIKfyve-mut, or pMS2-GFP (Addgene). To construct plasmids that could
produce circPIKfyve identified by the MS2 protein, an MS2-12X fragment was cloned into pcDNA3.1,
pcDNA3.1-circPIKfyve, and mutated circPIKfyve plasmid. Furthermore, a GFP and MS2 gene fusion expression
plasmid was constructed to produce a GFP-MS2 fusion protein that could bind with the MS2-12X fragment
and be identified using an anti-GFP antibody (Abcam). After 48 h transfection, MIC were used in RIP assays via
the Magna RIP RNA-binding protein immunoprecipitation kit (Millipore) and an anti-GFP antibody by following
the manufacturer’s protocol. RNA was extracted from the remaining beads, and gPCR was used to evaluate the
expression levels of miRNAs (55, 56).

EdU cell proliferation assay. The EdU assay was performed to assess the proliferation of cells
by using BeyoClick EdU cell proliferation kit with Alexa Fluor 555 (Beyotime) by following the
manufacturer’s instructions. The EdU cell lines were photographed and counted under a Leica
DMiL8_fluorescence microscope and evaluated by Thermo Scientific Varioskan LUX. These experi-
ments were repeated three times.

Cell viability. Cell viability was measured at 48 h after transfection in MKC and MIC with CellTiter-
Glo luminescent cell viability assays (Promega) according to the manufacturer’s instructions.

Virus yield quantification. Miiuy croaker MIC and MKC were transfected with oligonucleotides and plas-
mids and then infected with SCRV (MOI, 5). A volume of 0.1 ml of the cultural supernatant was then serially
diluted on the monolayer of EPC, and EPC were seeded into 48-well plates 1 day before measurement. The cell
monolayer was washed with PBS, fixed with 4% paraformaldehyde, and stained with 1% crystal violet.

Statistical analysis. Data are expressed as the means =+ standard errors (SE) from at least three inde-
pendent triplicate experiments. Student's t test was used to evaluate the data. The relative gene expres-
sion data were acquired using the 2724¢" method, and comparisons between groups were analyzed by
one-way analysis of variance (ANOVA) followed by Duncan’s multiple-comparison tests (57). A Pvalue of
<0.05 was considered significant.
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