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Exon�Intron Circular RNA circRNF217 Promotes Innate
Immunity and Antibacterial Activity in Teleost Fish by
Reducing miR-130-3p Function

Weiwei Zheng,*,1 Hui Su,*,1 Xing Lv,* Shiying Xin,* and Tianjun Xu*,†,‡,§

Circular RNA (circRNA) is produced by splicing head to tail and is widely distributed in multicellular organisms, and circRNA
reportedly can participate in various cell biological processes. In this study, we discovered a novel exon�intron circRNA derived
from probable E3 ubiquitin-protein ligase RNF217 (RNF217) gene, namely, circRNF217, which was related to the antibacterial
responses in teleost fish. Results indicated that circRNF217 played essential roles in host antibacterial immunity and inhibited the
Vibrio anguillarum invasion into cells. Our study also found a microRNA miR-130-3p, which could inhibit antibacterial immune
response and promote V. anguillarum invasion into cells by targeting NOD1. Moreover, we also found that the antibacterial effect
inhibited by miR-130-3p could be reversed with circRNF217. In mechanism, our data revealed that circRNF217 was a competing
endogenous RNA of NOD1 by sponging miR-130-3p, leading to activation of the NF-kB pathway and then enhancing the innate
antibacterial responses. In addition, we also found that circRNF217 can promote the antiviral response caused by Siniperca
chuatsi rhabdovirus through targeting NOD1. Our study provides new insights for understanding the impact of circRNA on
host�pathogen interactions and formulating fish disease prevention to resist the severely harmful V. anguillarum infection. The
Journal of Immunology, 2022, 208: 1099�1114.

The innate immune system, as the first barrier system in the
evolution of the interaction between the host and pathogens,
plays an important role in the elimination of foreign patho-

gens. Innate immunity mainly uses pattern recognition receptors
(PRRs) to recognize the various pathogens’ pathogen-associated
molecular patterns (PAMPs) and initiate signal transduction (1, 2).
The types of PAMP reported in existing studies include bacterial fla-
gellin, LPS, viral dsRNA, and viral ssRNA (3). They are specifically
recognized by PRRs to activate downstream signaling pathways and
trigger antibacterial or antiviral responses. Nucleotide oligomer-like
receptors are a kind of cytoplasmic PRR (4); among them, NOD1
was the first nucleotide oligomer-like receptor discovered, and it has
been confirmed that it can recognize Gram-negative bacteria
g-D-glutamyl-meso-diaminopimelic acid and LPS, then recruit RIPK2
to activate the NF-kB signaling pathway to induce inflammation (5,
6). NOD1 is also found in teleost fish, unlike mammals, considering
that most teleost fish lack TLR4, which can recognize LPS, or lack
the MD2 and CD14 costimulatory molecules required for TLR4 rec-
ognition (7, 8). Therefore, the study of NOD1 is of great significance
for determining the host’s antibacterial immune response after bacte-
rial infection in fish. In addition, recent studies have found that fish

NOD1 can recognize viruses that invade host cells. After NOD1 rec-
ognizes the viral nucleic acid, it can recruit MAVS to activate the
downstream NF-kB/IRF3 pathway to play an antiviral effect (9).
In recent years, people have discovered a series of regulatory fac-

tors involved in the regulation of the NOD1 signaling pathway,
such as CENTB1 (10), HSP90 (11), and SGT1 (12), which directly
regulate NOD1 and thus positively regulate the NOD1 signaling
pathway. In addition to protein regulatory factors, RNA molecules
have also been found to play an important regulatory role in the
NOD1 signaling pathway in recent years. As a research hotspot in
recent years, circular RNA (circRNA) was first proposed as a viroid
RNA in 1976 (13). As a covalently closed RNA molecule (14),
circRNA is considered to be a by-product of splicing abnormalities
(15). Due to the lack of the special structure of 59 cap and 39 poly-
adenylic acid tail, circRNA is not easily degraded by RNase R and
is more stable than its homologous linear mRNA, with a half-life
of >48 h (16). Moreover, circRNA also has a certain degree of
conservation in species. In recent years, with the rapid develop-
ment of bioinformatics and high-throughput sequencing technology,
research has mainly identified three types of circRNA (17): circular
exon RNA (EcircRNA), circular intron RNA, and exon�intron
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circRNA (EIcircRNA). Research on its function has found that most
circRNAs can act as miRNA sponges (18); some circRNAs regulate
gene expression at the level of transcription and splicing (19) or inter-
act with RNA binding proteins (20); and a few circRNAs have trans-
lational functions (21). However, this research shows that there are
many studies on EcircRNA, but there are still very few studies on
EIcircRNA, especially in lower vertebrates, such as teleost fish.
MicroRNA (miRNA), as the most frequently studied noncoding

RNA (ncRNA) molecule, uses its “seed region” to bind to the 39
untranslated region (UTR) of mRNA to degrade mRNA, or to block
its translation by base-pairing with target gene transcripts (22).
miRNA also plays an important role in the regulation of the NOD1-
mediated signaling pathway. For example, microRNA-495 inhibits
high-glucose-induced inflammation of cardiac fibroblasts by regulat-
ing NOD1 in humans (23). Moreover, PPARg-regulated miR-125a
could target NOD1 and regulate NOD1-mediated angiogenesis (24).
Because NOD1 is an important intracellular receptor that recognizes
LPS in fish, the elucidation of the regulatory mechanism of the
NOD1 signaling pathway in fish is even more important. Our labo-
ratory had found that miR-144 and miR-217-5p can target and nega-
tively regulate the expression of NOD1 to attenuate the NOD1-
mediated inflammatory response in fish (25). Although there have
been many reports on the regulation of NOD1 by small ncRNAs, it is
particularly unknown whether there are other types of ncRNA that
regulate NOD1-mediated immune response, especially circRNA.
Fish, as an important initial link in vertebrate evolution, has an

innate immune system and adaptive immune system (26). Given
that the molecular composition and functions of fish related to innate
immunity are very similar to those of higher vertebrates when the
host is invaded by a pathogen, a series of signals will be triggered
to resist the invading pathogen (27). Therefore, fish can be used as a
good biological model for immunological research, considering that
the aquaculture industry is rapidly expanding while facing various
pathogenic bacteria, such as Vibrio anguillarum, Aeromonas hydro-
phila, or V. harveyi (28, 29). Among them, V. anguillarum is the
most lethal and widely spread pathogenic bacterium in the aquatic
industry. It will cause huge economic losses to the aquatic industry
every year (29�31). However, at present, there is still very little
research on pathogenic bacteria proliferation regulation in aquacul-
ture, and various relevant infection mechanisms and prevention and
control strategies are not perfect, especially the research and coping
strategies of V. anguillarum, so in-depth research is urgent.
In this study, we identify a competing endogenous RNA (ceRNA)

regulatory network involved in antibacterial responses in teleost fish,
miiuy croaker (Miichthys miiuy). We elaborate that fish NOD1 con-
tributes to antibacterial immunity following the infection of V.
anguillarum, which we found could prevent V. anguillarum from
invading fish cells. Here, we have found that miR-130-3p target
NOD1 and suppress NOD1-mediated antibacterial responses,
thereby promoting V. anguillarum invasion into cells. Furthermore,
our study suggests that an EIcircRNA, namely, circRNA RNF217
(circRNF217), can serve as a ceRNA for miR-130-3p to facilitate
NOD1 expression, thereby modulating NOD1-mediated antibacterial
responses and suppressing V. anguillarum invasion into cells. In
addition, we found that circRNF217 can also weaken the inhibitory
effect of miR-130-3p on NOD1 through the ceRNA mechanism, so
as to promote NOD1 to inhibit the replication of Siniperca chuatsi
rhabdovirus (SCRV) virus and enhance the antiviral immune
response. To our knowledge, our results not only first elucidate the
biological mechanism of the circRNA�miRNA�mRNA axis in anti-
bacterial immune responses of fish but also provide newinsights for
understanding the impact of circRNA on host�pathogen interactions
and formulating fish disease prevention to resist the severely harmful
V. anguillarum infection.

Materials and Methods
Ethics statement

All animal experimental procedures were performed in accordance with the
National Institutes of Health’s Guide for the Care and Use of Laboratory
Animals, and the experimental protocols were approved by the Research
Ethics Committee of Shanghai Ocean University (no. SHOU-DW-2018-047).

Sample and challenge

Miiuy croaker (∼50 g) were obtained from Zhoushan Fisheries Research
Institute, Zhejiang Province, China. Fish were acclimated in aerated seawater
tanks at 25◦C for 6 weeks before experiments. Experimental procedures and
V. anguillarum infection or LPS treatment were performed as described pre-
viously (28, 32).

Sequencing analysis and circRNA identification

The spleen tissues from three healthy fish and three LPS-challenged fish
were separated, and total RNAs were extracted for the construction of the
cDNA library. Afterward, the cDNA libraries were sequenced using the Illu-
mina HiSeq 2500 platform. The sequencing data have been deposited in the
Sequence Read Archive (SRA) at the National Center for Biotechnology Infor-
mation (NCBI) under accession number PRJNA691457 (https://www.ncbi.
nlm.nih.gov/bioproject/PRJNA691457). Clean reads were aligned against the
miiuy croaker reference genome using the mapping program TopHat2 (33).
The unmapped reads were extracted and further aligned with miiuy croaker
reference sequence by TopHat-fusion software (34). The junction reads with
noncolinear ordering alignment on the same chromosome were regarded as
candidate back-spliced junction reads. The back-spliced junction reads were
used for the identification of circRNAs by CIRI software (35).

Cell culture and treatment

M. miiuy spinal marrow cells, M. miiuy kidney cells (MKCs), M. miiuy mus-
cle cells, M. miiuy intestine cells (MICs), M. miiuy liver cells, M. miiuy brain
cells, and MKCs were cultured in L-15 medium (HyClone) supplemented
with 15% FBS (Life Technologies), 100 U/ml penicillin, and 100 mg/ml
streptomycin at 26◦C. Epithelioma papulosum cyprini cells (EPCs) were
maintained in medium 199 (Invitrogen) supplemented with 10% FBS, 100
U/ml penicillin, and 100 mg/ml streptomycin at 28◦C in 5% CO2. For stimu-
lation experiments, MKCs were challenged with V. anguillarum at a multi-
plicity of infection (MOI) of 10 and harvested at different times for RNA
extraction. For stimulation experiments, MKCs and MICs were challenged
with SCRV at a MOI of 5 and harvested at different times for RNA extrac-
tion. SCRV virus was isolated as described previously (36), and the replica-
tion of SCRV was detected by quantitative PCR (qPCR).

Plasmids construction

To construct the NOD1-39 UTR reporter vector, we amplified the 39 UTR of
M. miiuy NOD1 gene, as well as Sciaenops ocellatus and N. diacanthus
NOD1-39 UTR, using PCR and cloned into pmirGLO luciferase reporter
vector (Promega). Meanwhile, the sequences of M. miiuy NOD1-39 UTR
were inserted into the mVenus-C1 vector (Invitrogen), which included the
sequence of enhanced GFP. To construct the circRNF217 overexpression
vector, we amplified the full-length circRNF217 cDNA by specific primer
pairs and cloned into pLC5-circ vector (Geneseed Biotech), which contained
a front and back circular frame to promote RNA circularization. Also, the
circRNF217 overexpression vectors of S. ocellatus and N. diacanthus were
constructed by synthesizing the full-length circRNF217 cDNA of S. ocellatus
and N. diacanthus, respectively. The empty vector with no circRNF217
sequence was used as a negative control. The mutated forms with point
mutations in the miR-130-3p binding site were synthesized using Mut
Express II Fast Mutagenesis Kit V2 with specific primers. The miR-130-3p
sensor was created by inserting two consecutive miR-130-3p complementary
sequences into psiCHECK vector (Promega). The correct construction of
the plasmids was verified by Sanger sequencing and extracted through Endo-
Free Plasmid DNA Miniprep Kit (Tiangen Biotech). To build pLC5-MS2,
we inserted the MS2 fragment into the pLC5-circ vector and then inserted
the MS2 sequence into any position in the circRNF217 sequence in the
pLC5-circRNF217 vector, except for the binding site of miR-130-3p. The
sequences of all primers are listed in Supplemental Table I.

RNA oligoribonucleotides

The miR-130-3p mimics are synthetic dsRNAs with stimulating naturally
occurring mature miRNAs. The miR-130-3p mimics sequence was 59-
CAGUGCAAUAUUAAAAGGGCAU-39. The miR-130-3p mimics mutant
sequence was 59-CGUGUAGGUAUUAAAAGGGCAU-39. The negative
control mimics sequence was 59-UUCUCCGAACGUGUCACGUTT-39.
miRNA inhibitors are synthetic ssRNAs that sequester intracellular miRNAs
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and block their activity in the RNA interfering pathway. The miR-130-3p
inhibitors sequence was 59-AUGCCCUUUUAAUAUUGCACUG-39. The
negative control inhibitors sequence was 59-CAGUACUUUUGUGUAGUA-
CAA-39. The RNA interference sequences for circRNF217 are as follows:
si-circRNF217-1 sequence, 59-GGCUACUCGCACCCGCAGATT-39; and
si-circRNF217-2 sequence, 59-UACUCGCACCCGCAGACAGTT-3. The
scrambled control RNA sequence was 59- GGCUACUCGCACGACU-
CAGTT-39.

Cell transfection

Transient transfection of cells with miRNA mimic, miRNA inhibitor, or
small interfering RNA (siRNA) was performed in 24-well plates using Lipo-
fectamine RNAiMAX (Invitrogen), and transfection of cells with DNA plas-
mids was performed using Lipofectamine 3000 (Invitrogen) according to the
manufacturer’s instructions. For functional analyses, the overexpression plas-
mid (500 ng/well) or control vector (500 ng/well) and miRNA mimics
(100 nM), miRNA inhibitor (100 nM), or siRNA (100 nM) were trans-
fected into cells in culture medium and then harvested for further detec-
tion. For luciferase experiments, miRNA mimics (100 nM) or miRNA
inhibitor (100 nM) and pmirGLO (500 ng/well) containing the wild or
mutated plasmid of NOD1-39 UTR were transfected into cells.

Bacteria invasion

V. anguillarum was washed with fresh medium three times, centrifuged, and
diluted with fresh medium containing 100 mM FITC-D-Lys (Xiamen Biolu-
minor Bio-Technology). After 30 min of incubation at 37◦C, the cells were
centrifuged, washed with fresh medium three times, and then resuspended in
PBS. MKCs or MICs (1 × 105 cells/well) were distributed in a 96-well plate
and cultured in L-15 medium (HyClone) supplemented with 15% FBS (Life
Technologies), 100 U/ml penicillin, and 100 mg/ml streptomycin at 26◦C.
Cells were grown to 60�70% confluence and then synchronized by serum
starvation overnight. Then the cells were washed three times with PBS.
FITC-labeled V. anguillarum (1 × 106 cells/ml) was added to the dishes in
200 ml of serum-free L-15 medium, which was allowed to infect MKCs or
MICs at different times for invasion. The infected cells were washed three
times with PBS, and 200 ml of L-15 medium supplemented with 15% FBS
(Life Technologies), 100 U/ml penicillin, and 100 mg/ml streptomycin was
added at 26◦C for 1 h. Then the infected cells were washed three times with
PBS and immobilized by incubating with 0.2% Triton X-100 in 4% parafor-
maldehyde for 30 min at room temperature. After DAPI staining (Beyotime),
the cells were photographed and counted under a Leica DMiL8 fluorescence
microscope and evaluated by using a Thermo Scientific Varioskan LUX.
These experiments were repeated three times (J. Shu et al., manuscript
posted on Research Square, DOI: https://doi.org/10.21203/rs.3.rs-221122/v2).

MKCs or MICs (1 × 105 cells/well) were distributed in a 96-well plate
and cultured in L-15 medium (HyClone) supplemented with 15% FBS (Life
Technologies), 100 U/ml penicillin, and 100 mg/ml streptomycin at 26◦C.
Cells were grown to 60�70% confluence and then synchronized by serum
starvation overnight. Then the cells were washed three times with PBS. V.
anguillarum (1 × 106 cells/ml) was added to the dishes in 200 ml serum-free
L-15 medium, which was allowed to infect MKCs or MICs at different times
for invasion. The infected cells were washed three times with PBS, and
200 ml of L-15 medium supplemented with 15% FBS (Life Technologies),
100 U/ml penicillin, and 100 mg/ml streptomycin was added at 26◦C for
1 h. Then the infected cells were washed three times with PBS, 1 ml sterile
ddH2O was added, and the cells were lysed at 4◦C for 30 min. Then the
above cell lysate was diluted 1000 times and coated on the agar plates.
The plates were incubated at 37◦C for 12 h, and the colonies that emerged
on the plates were counted.

Bacterial growth curve

The V. anguillarum suspension and the supernatant of MICs transfected with
pcDNA3.1 and NOD1 or pLC5-circ and circRNF217 expression plasmids
for 48 h were mixed in the ratio of 4:1. Then the V. anguillarum suspension
was inoculated in Luria�Bertani medium to 1 × 105 CFUs/ml in 96-well
plates (100 ml/well). The plates were incubated at 37◦C, and bacterial growth
was determined by measuring OD600 at every hour.

RNA extract and quantitative real-time PCR

For the isolation and purification of both cytoplasmic and nuclear RNA from
MKCs, the Cytoplasmic & Nuclear RNA Purification Kit has been used
according to the manufacturer’s instructions (Norgen Biotek). Total RNA
was isolated with TRIzol Reagent (Invitrogen), and the cDNA was synthe-
sized using the FastQuant RT Kit (Tiangen), which includes DNase treat-
ment 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 miRcute miRNA Isolation Kit (Tiangen),

and miRcute miRNA First Strand cDNA Synthesis Kit (Tiangen) was
applied to reverse transcription of miRNAs. The expression analysis of miR-
130-3p was executed by using the miRcute miRNA qPCR Detection Kit
(Tiangen). Real-time PCR was performed in an Applied Biosystems Quant-
Studio 3 (Thermo Fisher Scientific). GAPDH and 5.8S rRNA were
employed as endogenous controls for mRNA and miRNA, respectively.
Primer sequences are displayed in Supplemental Table I.

Luciferase reporter assay

The wild-type of circRNF217 and the mutant devoid of the miR-130-3p
binding site were cotransfected with miR-130-3p mimics into EPCs. At 48 h
posttransfection, reporter luciferase activities were measured using the dual-
luciferase reporter assay system (Promega). To determine the functional reg-
ulation of circRNF217, we cotransfected cells NOD1 overexpression plasmid
or circRNF217 overexpression plasmid, together with NF-kB, IL-1b, IRSE,
and IRF3 luciferase reporter gene plasmids, phRL-TK Renilla luciferase
plasmid, and either miR-130-3p mimics or negative controls. At 48 h post-
transfection, the cells were lysed for reporter activity using the dual-lucifer-
ase reporter assay system (Promega). The miR-130-3p sensor was
cotransfected with miR-130-3p mimics or circRNF217 overexpression plas-
mid. At 48 h posttransfection, the cells were lysed for reporter activity. All
the luciferase activity values 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 1× SDS-PAGE loading buffer. Pro-
teins were extracted from cells and measured with the BCA Protein Assay
kit (Vazyme), then subjected to SDS-PAGE (8%) gel and transferred to pol-
yvinylidene difluoride (Millipore) membranes by semidry blotting (Bio-Rad
Trans Blot Turbo System). The membranes were blocked with 5% BSA.
Protein was blotted with different Abs. The Ab against NOD1 was diluted at
1:500 (Abcam), anti-Flag and anti-Tubulin mAbs were diluted at 1:2000
(Sigma), and the HRP-conjugated anti-rabbit IgG or anti-mouse IgG (Abb-
kine) was diluted at 1:5000. The results were representative of three indepen-
dent experiments. The immunoreactive proteins were detected by using
WesternBright ECL (Advansta). The digital imaging was performed with a
cold charge-coupled device camera.

RNase R treatment

The RNAs (10 mg) from MKCs were treated with RNase R (3 U/mg; Epi-
center) and incubated for 30 min at 37◦C. Then the treated RNAs were
reverse transcribed with divergent primer or convergent primer and detected
by qPCR and RT-PCR assay followed by nucleic acid electrophoresis.

Nucleic acid electrophoresis

The cDNA and genomic DNA (gDNA) PCR products were investigated
using 2% agarose gel electrophoresis with Tris-acetate-EDTA running
buffer. DNA was separated by electrophoresis at 100 V for 30 min. The
DNA marker was Super DNA Marker (100�10,000 bp) (CWBIO). The
bands were examined by UV irradiation.

RNA pull-down assay

circRNF217 and circRNF217-mut with mutated miR-130-3p binding sites
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 I, and purified with the RNeasy Mini Kit (Qiagen). The
whole-cell lysates from MKCs (∼1.0 × 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 remain-
ing beads, and qPCR was used to evaluate the expression levels of miRNAs.

To conduct pull-down assay with biotinylated miRNA, we harvested
MKCs at 48 h after transfection, then incubated them on ice for 30 min in
lysis buffer (20 mM Tris [pH 7.5], 200 mM NaCl, 2.5 mM MgCl2, 1 mM
DTT, 60 U/ml Superbase-In, 0.05% Igepal, protease inhibitors). The lysates
were precleared by centrifugation for 5 min, and 50 ml of the sample was
aliquoted for input. The remaining lysates were incubated with M-280 strep-
tavidin magnetic beads (Sigma). To prevent the nonspecific binding of RNA
and protein complexes, we coated the beads with RNase-free BSA and yeast
tRNA (both from Sigma). The beads were incubated for 4 h at 4◦C, washed
twice with ice-cold lysis buffer, three times with the low-salt buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM 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). RNA
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was extracted from the remaining beads with TRIzol Reagent (Invitrogen)
and evaluated by qPCR.

RNA immunoprecipitation assay

RNA immunoprecipitation assay (RIP) experiments were performed by using
the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore)
following the manufacturer’s protocol. The Ago-RIP assay was conducted in
MKCs (∼2.0 × 107) transfected with Argonaute (Ago2)-flag or pcDNA3.1-
flag and miR-130-3p mimics or control mimics. After 48-h transfection, the
cells were extracted and incubated with magnetic beads conjugated with IgG
and anti-Flag Ab (Sigma). RNA was extracted from the remaining beads,
and qPCR was used to evaluate the expression levels of circRNF217. The
MS2-RIP assay was also conducted in MKCs (∼2.0 × 107) transfected with
pLC5-MS2, pLC5-MS2-circRNF217, pLC5-MS2-circRNF217-mut, or pLC5-
MS2-GFP (Addgene). PLC5-MS2-GFP plasmid can express GFP protein and
can be detected by anti-GFP Ab (Abcam). After 48-h transfection, the MKCs
were used in RIP assays via the Magna RIP RNA-Binding Protein Immuno-
precipitation Kit (Millipore) and an anti-GFP Ab following the manufacturer’s
protocol. RNA was extracted from the remaining beads, and qPCR was used
to evaluate the expression levels of miRNAs.

Cell viability and EdU cell proliferation assay

Cell viability was measured at 48 h after transfection in MKCs with Cell-
Titer-Glo Luminescent Cell Viability assays (Promega) according to the
manufacturer’s instructions. The EdU assay was performed to assess the pro-
liferation of cells by using the BeyoClick EdU cell Proliferation Kit with
Alexa Fluor 555 (Beyotime) following the manufacturer’s instructions. The
EdU cell lines were photographed and counted under a Leica DMiL8 fluo-
rescence microscope and evaluated by Thermo Scientific Varioskan LUX.
These experiments were repeated three times.

Statistical analysis

Data are expressed as the mean ± SE from at least three independent tripli-
cate experiments. The Student t test was used to evaluate the data. The rela-
tive gene expression data were acquired using the 2−DDCT method, and
comparisons between groups were analyzed by one-way ANOVA followed
by Duncan multiple comparison tests (37). A p value <0.05 was considered
significant.

Results
Characterization of circRNF217 involved in antibacterial immunity

Increasing pieces of studies have shown that circRNA can play a
regulatory role as a spongy body adsorbing miRNA and interfere
with the host’s immune signaling pathways through the sponge
mechanism. We treated miiuy croaker with LPS to identify where
circRNAs are potentially involved in the regulation of infection,
and then the expression of circRNAs in the spleen tissues of the
treated group and the untreated group was analyzed by RNA
sequencing data. We found that a highly expressed circRNA
(named circRNF217) is copresent in the differentially expressed
genes obtained after LPS treatment (Fig. 1A). To confirm the reli-
ability of this result, we conducted in vivo and in vitro experiments
to detect the changes in the expression level of RNF217 and
circRNF217 under V. anguillarum stimulation. The results of
qPCR experiments showed that circRNF217 was significantly upre-
gulated in miiuy croaker spleen tissue treated with V. anguillarum or
LPS at different time points, but not RNF217 (Fig. 1B, 1C). In addi-
tion, V. anguillarum�treated miiuy croaker kidney cells (MKCs) fur-
ther confirmed the significant expression of circRNF217 and did not
influence the expression of RNF217 (Fig. 1D). We then evaluated
the expression levels of circRNF217 in M. miiuy spinal marrow cells,
M. miiuy muscle cells, MICs, M. miiuy liver cells, M. miiuy brain
cells, and MKCs (Fig. 1E). Among the aforementioned cell lines,
MKCs and MICs showed the highest and the lowest expression of
circRNF217, respectively. Therefore, we selected MKCs and MICs
to investigate the function and regulatory mechanism of circRNF217.
The transcriptome sequencing revealed that circRNF217 was

1626 bp in length (right panel of Fig. 1F). Using the miiuy croaker
whole-genome library to perform blast analysis on the RNF217

gene, we found that the RNF217 gene was located on chromosome
19, which was composed of 12 exons, and circRNF217 was self-
cyclized from exon2-exon5 and intron2-intron4. To confirm the
objective existence of circRNF217, first, we designed circRNF217
divergent primers for RT-PCR amplification, and the amplified
products were subjected to Sanger sequencing to confirm that
circRNF217 was spliced from the head to the tail (left panel of
Fig. 1F). Then we used convergent primers to amplify the RNF217
gene (GenBank accession number MZ695829; https://www.ncbi.nlm.
nih.gov/nuccore/MZ695829.1/) and divergent primers to amplify
circRNF217. cDNA and gDNA were extracted separately from
MKCs and MICs and subjected to RT-PCR and agarose gel electro-
phoresis assays. The results shown in Fig. 1G indicated that
circRNF217 was amplified from cDNA by using only divergent pri-
mers, whereas no amplification product was observed from gDNA.
Considering that stability was a crucial characteristic of circRNA, we
thus used RNase R to confirm the stability of circRNF217. The
results from the analysis of RT-PCR and agarose gel electrophoresis
assay showed that circRNF217, rather than linear RNF217 or
GAPDH, resisted digestion by RNase R (Fig. 1H). In addition, we
detected the distribution of circRNF217 by cytoplasmic nuclear frac-
tionation experiments and found that circRNF217 was primarily local-
ized in the cytoplasm (Fig. 1I). Accordingly, these results suggested
that circRNF217 was a stable circRNA expressed and primarily dis-
tributed in the cytoplasm.

circRNF217 enhances host antibacterial innate immunity

We designed two siRNAs against circRNF217, and the overexpres-
sion plasmid of circRNF217 was constructed to explore the biologi-
cal function of circRNF217 (Fig. 2A, 2B). Consequently, two
siRNAs (si-circRNF217-1 and si-circRNF217-2) evidently decreased
the circRNF217 expression level, but such siRNAs did not affect
the expression level of linear RNF217 mRNA in MKCs. Because
si-circRNF217-1 could induce higher inhibitory efficiency, we
selected si-circRNF217-1 (si-circ) for the subsequent experiment
(left panel of Fig. 2C). Moreover, the circRNF217 overexpression
plasmid was successfully constructed, because it significantly inc-
reased the circRNF217 expression levels rather than linear RNF217
mRNA in MKCs (right panel of Fig. 2C). Considering the important
role of inflammatory cytokines in the clearance of invading bacteria,
we focused on investigating the role of circRNF217 in regulating
the expression of inflammatory cytokines. As shown in Fig. 2D,
knockdown of circRNF217 (si-circ) could significantly inhibit the
expression levels of TNF-a, IL-1b, and IL-8 after LPS treatment. In
contrast, overexpression of circRNF217 (oe-circ) increased the
expression levels of these genes under LPS treatment. We also
found that knockdown of circRNF217 (si-circ) could significantly
inhibit the expression levels of TNF-a, IL-1b, and IL-8 after V.
anguillarum treatment (Fig. 2E), and oe-circ increased the expres-
sion levels of these genes under V. anguillarum treatment (Fig. 2F).
Then, by labeling V. anguillarum with FITC-D-Lys, we found that
V. anguillarum could invade MICs and MKCs (Supplemental Fig. 1,
Fig. 2G). The results showed that knockdown of circRNF217 could
significantly increase the V. anguillarum invading MKCs, and oe-circ
decreased the V. anguillarum invading MICs (Fig. 2G). To further
confirm the effect of circRNF217 on V. anguillarum invading cells, a
plate counting method was used to confirm the number of V. anguil-
larum invading cells. The results showed that knockdown of
circRNF217 could significantly increase the V. anguillarum invading
MKCs (Fig. 2H), and oe-circ decreased the V. anguillarum invading
MICs (Fig. 2I). We conducted EdU assays to examine the cell prolif-
eration in MKCs and MICs and to explore the function of
circRNF217 in antibacterial innate immunity. The results showed that
knockdown of circRNF217 considerably decreased the percentages of
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FIGURE 1. Expression profiles and characterization of circRNF217. (A) A cluster heatmap presented the significantly dysregulated circRNAs in V. anguil-
larum�treated spleen tissues compared with untreated tissues. The red and blue strips represented high and low expression, respectively. (B) The expression
levels of RNF217 and circRNF217 in spleen samples were measured by qRT-PCR at the indicated time after V. anguillarum infection. (C) The expression
levels of RNF217 and circRNF217 in spleen samples were measured by qRT-PCR at the indicated time after LPS treatment. (D) The expression levels of
RNF217 and circRNF217 in MKCs were measured by qRT-PCR at the indicated time after V. anguillarum infection. (E) Relative expression of circRNF217
in indicated cell lines was determined by qRT-PCR. (F) We confirmed the head-to-tail splicing of circRNF217 in the circRNF217 RT-PCR product by Sanger
sequencing. (G) RT-PCR validated the existence of circRNF217 in MKC and MIC lines. circRNF217 was amplified by divergent primers in cDNA, but not
gDNA. GAPDH was used as a negative control. (H) The expression of circRNF217 and linear RNF217 mRNA in both MIC and MKC lines was detected by
RT-PCR assay followed by nucleic acid electrophoresis or qPCR assay in the presence or absence of RNase R. (I) circRNF217 was mainly localized in the
cytoplasm. RNA isolated from nuclear and cytoplasm was used to analyze the expression of circRNF217 by RT-PCR. Representative results are from three
independent experiments, and statistical data are expressed as the mean ± SE. (A) n 5 3 biological replicates; (B�I) n 5 3 biological replicates × 3 technical
replicates. *p < 0.05, **p < 0.01.
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FIGURE 2. circRNF217 promotes antibacterial innate immunity. (A and B) The schematic of siRNAs (A) and oe-circ structure (B) qPCR analysis
of circRNF217 and linear RNF217 mRNA in MKCs treated with siRNAs. (C) qPCR analysis of circRNF217 and linear RNF217 mRNA in MICs sta-
bly overexpressing circRNF217. (D) qPCR assays were performed to determine the expression levels of TNF-a, IL-1b, and IL-8 in MKCs transfected
with overexpression plasmid (oe-circ) or control vector (pLC5-ciR) and transfected with (si-circRNF217-1) si-circ or NC after LPS treatment. (E and
F) qPCR assays were performed to determine the expression levels of TNF-a, IL-1b, and IL-8 in MKCs transfected with si-circ or NC (E) and in
MICs transfected with oe-circ or control vector (F) after V. anguillarum infection. (G) MICs were transfected with oe-circ or control vector and
MKCs were transfected with si-circ or NC, then infected with FITC-labeled V. anguillarum, and then examined by using a fluorescence microscope.
Scale bars, 20 mm; original magnification ×400. (H and I) MKCs were transfected with si-circ or NC (H) and MICs were transfected with oe-circ or
control vector (I) and then infected with V. anguillarum. The intracellular bacterial number was determined at different hours postinfection and shown
as CFUs. (J and K) Cell proliferation was assessed by EdU assays in MKCs transfected with si-circ or NC after LPS treatment for 12 h or V. anguilla-
rum infection for 6 h (J) and in MICs transfected with oe-circ or vector after LPS treatment for 12 h or V. anguillarum infection for 6 h (K). Scale
bars, 20 mm; original magnification ×200. (L) Effect of circRNF217 on cell viability after V. anguillarum infection. MKCs were transfected with si-
circ or NC for 24 h, and MICs were transfected with pLC5-ciR vector or oe-circ for 24 h, then treated with V. anguillarum for different times. Cell
viability assays were measured. (M) The V. anguillarum suspension and the supernatant of MICs transfected with vector and oe-circ expression plas-
mids for 48 h were mixed. Then the above V. anguillarum suspension in Luria�Bertani medium in 96-well plates was inoculated, the plates were
incubated at 37◦C, and bacterial growth was determined by measuring OD600 at different times. Representative results are from three independent
experiments, and statistical data are expressed as mean ± SE. (C�F) n 5 3 biological replicates × 3 technical replicates, (G) n 5 4 biological repli-
cates, (H and I) n 5 3 biological replicates × 3 technical replicates, (J and K) n 5 3 biological replicates, (L and M) n 5 3 biological replicates × 3
technical replicates. *p < 0.05; **p < 0.01.
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EdU-positive cells (Fig. 2J) but greatly increased with the oe-circ,
suggesting that circRNF217 promoted the proliferation of miiuy
croaker cell lines (Fig. 2K). When we investigated the effect of
circRNF217 on cell viability of MKCs, we found that knockdown of
circRNF217 significantly decreased cell viability compared with the
control group after 1 and 5 h of V. anguillarum infection (left panel
of Fig. 2L). Furthermore, we found that oe-circ significantly increased
cell viability compared with the control group after 1 and 5 h of V.
anguillarum infection (right panel of Fig. 2L). By measuring the
growth curve of V. anguillarum, we found that the cell culture
medium of MICs transfected with circRNF217 could inhibit the
growth of V. anguillarum. In summary, these data indicate that
circRNF217, as a positive regulator, is involved in the regulation of
antibacterial immunity, and the date of the cell proliferation and via-
bility suggest that circRNF217 can positively regulate the antibacterial
responses and upregulate the expression of inflammatory cytokines,
thus reducing V. anguillarum invading cells, promoting cell prolifera-
tion, and increasing cell viability.

circRNF217 is able to regulate miR-130-3p expression and activity

We examined the ability of circRNF217 to bind to miRNAs to
explore whether circRNF217 can function as a miRNA sponge.
To this end, we transfected Ago2-flag or pcDNA3.1-flag into MKCs
to conduct RNA immunoprecipitation (RIP) for Ago2. The results
showed that endogenous circRNF217 could be pulled down by
Ago2-flag (Fig. 3A), indicating that circRNF217 might have a bind-
ing site with miRNA. After we found miRNAs combined with
circRNF217, we used miRNA target prediction tools, including

TargetScan, miRanda, and RNAhybrid for prediction, and selected
six candidate miRNAs for further verification (Fig. 3B, 3C). After-
ward, we compared the expression levels of these candidate miR-
NAs in MKCs transfected with si-circ or negative control and
MICs transfected with overexpression plasmid (oe-circ) or con-
trol vector (vector). Among the six candidate miRNAs, miR-130-
3p expression was significantly reduced when circRNF217 was
overexpressed (Fig. 3D), whereas miR-130-3p expression was
significantly enhanced in response to circRNF217 inhibition com-
pared with other candidate miRNAs (Fig. 3E); we think it may
be because miR-130-3p are adsorbed by circRNF217. We con-
structed the miR-130-3p sensor to detect whether circRNF217
affects the activity of miR-130-3p and to consolidate the direct
binding of miR-130-3p and circRNF217. Then we transfected
the miR-130-3p sensor with miR-130-3p, pLC5-ciR vector, or
circRNF217 overexpression plasmid. The decreased luciferase
activity induced by miR-130-3p was recovered when cotrans-
fected with circRNF217 overexpression plasmid, suggesting that
circRNF217 specifically sponged miR-130-3p, thereby preventing
it from inhibiting luciferase activity (Fig. 3F). Collectively,
circRNF217 could regulate miR-130-3p expression and activity,
and circRNF217 might function as a sponge of miR-130-3p.

circRNF217 functions as a miRNA sponge of miR-130-3p

To investigate whether circRNF217 could directly bind miR-130-3p,
we analyzed the sequences of circRNF217 and noted that circRNF217
possessed a complementary sequence to the miR-130-3p seed region
(Fig. 4A). Next, Luciferase reporters were constructed by inserting

FIGURE 3. circRNF217 regulates miR-130-3p expression and activity. (A) The Ago2-RIP assay for the amount of circRNF217 in MICs transfected with
Ago2-flag or pcDNA3.1-flag. (B) A schematic illustration showing overlapping of the target miRNAs of circRNF217 predicted by TargetScan, miRanda, and
RNAhybrid. (C) Schematic drawing showing the putative binding sites of the miRNAs associated with circRNF217. (D and E) Relative expression of candi-
date miRNAs in MICs and MKCs transfected with oe-circ (D) and si-circ (E), respectively. (F) circRNF217 reduces miR-130-3p activity. The relative lucifer-
ase activity was analyzed in MKCs cotransfected with mimics, circRNF217 overexpression plasmid, and control vector, together with the miR-130-3p
sensor. Representative results are from three independent experiments, and statistical data are expressed as mean ± SE. (A) n 5 3 biological replicates × 3
technical replicates; (D�F) n 5 3 biological replicates × 2 technical replicates. *p < 0.05, **p < 0.01.
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either the wild-type circRNF217 sequence (wt) or the sequence
mutated in the miR-130-3p binding site (mut) into the pmirGLO
vector. Luciferase assays showed that upregulation of miR-130-3p
could remarkably decrease the luciferase activities of the wild-type of
circRNF217 reporter plasmid, but not the mutant (Fig. 4B). It was sub-
sequently confirmed that miR-130-3p mimics inhibited luciferase activ-
ity in time-dependent ways (Fig. 4C). In addition, wild-type or a
mutant type of circRNF217 sequence was inserted into mVenus-C1
vector and detected whether cotransfecting with miR-130-3p could sup-
press the levels of yellow fluorescent protein (YFP). The results
revealed that miR-130-3p could significantly inhibit the levels of GFP
(Fig. 4D, 4E), which suggested that a direct interaction might exist
between circRNF217 and miR-130-3p.
Given that miRNAs inhibit translation and degrade mRNAs in an

Ago2-depedent manner by binding to their targets, we further tested
the ability of circRNF217 to bind to miR-130-3p. To this end, we
conducted RIP assays in MKCs by cotransfecting Ago2-flag, miR-
130-3p, and miR-130-3p-mut. The qPCR analysis results indicated

that circRNF217 pulled down with Ago2-flag was markedly
enriched when transfected with miR-130-3p mimics, but not miR-
130-3p-mut (Fig. 4F). To further confirm the direct interaction
between circRNF217 and miR-130-3p, we conducted RNA pull-
down detected with biotin-labeled circRNF217 probe or biotin-
labeled miR-130-3p. The qPCR analysis results revealed that miR-
130-3p could be pulled down by biotin-labeled circRNF217, but not
circRNF217-mut (Fig. 4G). In addition, biotin-labeled miR-130-3p
captured more circRNF217 than the negative control, whereas the
biotin-labeled mutant type of miR-130-3p did not (Fig. 4H). Further-
more, we cloned an MS2 fragment into pLC5 vector, pLC5-
circRNF217, and pLC5-circRNF217-mut plasmids to construct
plasmids capable of producing MS2 protein. In addition, we cotrans-
fected pLC5-MS2-GFP plasmid, which can produce GFP-MS2
fusion protein that could bind with the MS2 fragment and be identi-
fied by anti-GFP Ab. Hence miRNAs interacting with circRNF217
could be pulled down by the GFP-MS2-circRNF217 compounds.
The results from qPCR assays showed that miR-130-3p was

FIGURE 4. circRNF217 functions as a miRNA sponge of miR-130-3p. (A) Schematic illustration of circRNF217-wt and circRNF217-mut luciferase
reporter vectors. (B) The relative luciferase activities were detected in EPCs after cotransfection with circRNF217-wt or circRNF217-mut and mimics or NC.
(C) The time gradient experiment of miR-130-3p mimics was conducted. (D and E) circRNF217 downregulated YFP expression. EPCs were cotransfected
with circRNF217-wt or circRNF217-mut and mimics or NC. The fluorescence intensity and the YFP expression were evaluated by enzyme-labeled instru-
ments and Western blotting, respectively. Scale bars, 20 mm; original magnification ×200. (F) The Ago2-RIP assay was executed in MKCs after transfection
with miR-130-3p, miR-130-3p-mut, and NC, followed by qPCR to detect cirRNF217 expression levels. (G and H) RNA pull-down assay was executed in
MICs, followed by qPCR to detect the enrichment of circRNF217 and miR-130-3p. (I) The MS2-RIP assay was executed in MICs after transfection with
pLC5-circ-MS2, pLC5-MS2-circRNF217, and pLC5-MS2-circRNF217-mut, followed by qPCR to detect the enrichment of miR-130-3p. Representative
results are from three independent experiments, and statistical data are expressed as mean ± SE. (B and C) n 5 3 biological replicates × 2 technical replicates,
(D and E) n 5 3 biological replicates, and (F�I) n 5 3 biological replicates × 3 technical replicates. **p < 0.01.
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significantly enriched for pLC5-circRNF217 compared with
pLC5-circRNF217-mut or empty vector (Fig. 4I). Collectively,
these data suggest that circRNF217 can directly bind to miR-
130-3p, and circRNF217 acts as a sponge of miR-130-3p.

Fish NOD1 enhances antibacterial responses on V. anguillarum
infection

Bacterial infection triggers host innate immune responses by activat-
ing transcription factors, namely, NF-kB, which coordinately induce
the production of inflammatory cytokines. In investigating the fish
NOD1-mediated signaling pathway in response to bacterial infec-
tion, we first examined the expression patterns of fish NOD1 on
V. anguillarum. To this end, we treated MICs with V. anguillarum
infection. During V. anguillarum infection, the expression levels of
NOD1 were significantly increased (Fig. 5A). We silenced NOD1
and examined the expression patterns of indicated genes to confirm
whether fish NOD1 is required for the induction of inflammatory
cytokines on V. anguillarum infection. Knockdown of NOD1
effectively inhibited NOD1 expression at protein and mRNA levels
(Fig. 5B).
Considering the important role of inflammatory cytokines in the

clearance of invading bacteria, we focused on investigating the role
of NOD1 in regulating the expression of inflammatory cytokines.
As shown in Fig. 5C, knockdown of NOD1 could significantly
inhibit the expression levels of TNF-a, IL-1b, and IL-8 after
V. anguillarum treatment. The results indicated that overexpression
of NOD1 could decrease V. anguillarum invading cells, whereas
NOD1-specific siRNA could increase the invasion of V. anguillarum
into cells by silencing the expression of endogenous NOD1
(Fig. 5D). To further confirm the effect of NOD1 on V. anguillarum
invading cells, we used the plate counting method to confirm the
number of V. anguillarum invading cells. The results showed that
knockdown of NOD1 could significantly increase the V. anguillarum
invading MKCs (Fig. 5E), whereas overexpression of NOD1
decreased them (Fig. 5F). This result indicated the contribution of
NOD1 to fish antibacterial responses in response to bacterial infection.
We used NOD1-specific siRNA for further experiments to determine
whether NOD1 can affect cell proliferation and viability on V. anguil-
larum infection. As shown in Fig. 5G and 5H, knockdown of NOD1
led to decreased cell viability in MKCs, as indicated by luminescent
cell viability assay (Fig. 5G). The overexpression of NOD1 led to an
increase in cell viability in MICs (Fig. 5H). By measuring the growth
curve of V. anguillarum, we found that the cell culture medium of
MICs transfected with NOD1 could inhibit the growth of V. anguilla-
rum. Collectively, these data showed that fish NOD1 could mediate
the activation of NF-kB. In addition, suppression of fish NOD1
expression could block inflammatory cytokines, reduce V. anguilla-
rum invasion, and inhibit cell proliferation.

miR-130-3p suppresses antibacterial responses by targeting NOD1

We predicted the potential target genes of miR-130-3p by miRNA
prediction programs, including TargetScan, miRanda, and MicroIns-
pector (Fig. 6A) (38, 39). Among all possible target genes, we
selected NOD1, a gene related to antibacterial immune responses,
which is the PRR found to recognize LPS in teleost fish (8, 9).
Therefore, we investigated whether NOD1 is the direct target gene
of miR-130-3p. Prediction analysis showed that NOD1 contained
the standard target sequence of miR-130-3p at the nucleotide of its
39 UTR (Fig. 6B). To obtain evidence that NOD1-39 UTR is the tar-
get of miR-130-3p, we integrated the NOD1-39 UTR containing the
target sequence or target site mutation fragment into the luciferase
reporter vector (Fig. 6B). We cotransfected luciferase reporter plas-
mid with miR-130-3p mimics into EPCs. As shown in Fig. 6C,
miR-130-3p mimics the significantly reduced luciferase activity of

transfected wild-type NOD1-39 UTR cells, but the luciferase activity
of transfected mutant NOD1-39 UTR cells had no effect. For further
verification, wild-type or mutant NOD1-39 UTR was inserted into
the mVenus-C1 vector to investigate whether miR-130-3p mimics
can inhibit the expression of YFP. As shown in Fig. 6D, compared
with the transfection control mimic, miR-130-3p can significantly
suppress YFP expression, while the fluorescence intensity of the
cells transfected with the mutant NOD1-39 UTR is unchanged. We
transfected miR-130-3p mimics and inhibitors into MICs to test
whether miR-130-3p participates in the regulation of NOD1 expres-
sion. The results from Western blotting and qRT-PCR assays results
indicated that transfection of miR-130-3p mimics suppressed the
expression levels of NOD1, whereas miR-130-3p inhibitors mark-
edly enhanced the expression levels of NOD1 (Fig. 6E, 6F). Consid-
ering that miR-130-3p targets NOD1 and regulates its expression,
we wanted to test whether NOD1-mediated activation of NF-kB
and IRF3 signaling pathways is regulated by miR-130-3p. The
results showed that the activation of NF-kB, IL-1b, ISRE, and
IRF3 luciferase reporter genes was impeded by miR-130-3p
mimics (Fig. 6G).
The results of qPCR experiments showed that miR-130-3p was

significantly upregulated in miiuy croaker spleen tissue treated with
LPS or V. anguillarum at different time points (Fig. 6H). In addi-
tion, LPS or V. anguillarum�treated miiuy croaker kidney cells
(MKCs) further confirmed the significant expression of miR-130-3p
(Fig. 6I). Then, we investigated the role of miR-130-3p in regulating
TNF-a, IL-1b, and IL-8 to explore the biological function of miR-
130-3p. To this end, we measured the effects of synthetic miR-130-
3p mimics and inhibitors on the expression of miR-130-3p, and the
results indicated that miR-130-3p mimics enhanced miR-130-3p
expression sharply, whereas miR-130-3p inhibitors decreased miR-
130-3p expression (Fig. 6J). Moreover, the results showed that
TNF-a, IL-1b, and IL-8 were significantly decreased by the intro-
duction of miR-130-3p mimics on LPS infection. In contrast, the
inhibition of endogenous miR-130-3p significantly increased this
elevated gene expression compared with transfection of control
inhibitors (Fig. 6K). Meanwhile, the results also showed that TNF-
a, IL-1b, and IL-8 were significantly decreased by the introduction
of miR-130-3p mimics on V. anguillarum infection (Fig. 6L). On
the contrary, the inhibition of endogenous miR-130-3p significantly
increased the elevation of these gene expressions compared with
transfection of control inhibitors (Fig. 6M). The results indicated
that overexpression of miR-130-3p could increase V. anguillarum
invading cells, whereas miR-130-3p inhibitor could decrease the
invasion of V. anguillarum into cells (Fig. 6N). To further confirm
the effect of miR-130-3p on V. anguillarum invading cells, we used
a plate counting method to confirm the number of V. anguillarum
invading cells. The results showed that miR-130-3p could signifi-
cantly increase the V. anguillarum invading MKCs, and inhibition
of miR-130-3p expression decreased the V. anguillarum invading
MICs (Fig. 6O). We conducted EdU assays to examine the cell pro-
liferation in MKCs and MICs and to explore the function of miR-
130-3p in antibacterial innate immunity. The results showed that
miR-130-3p considerably decreased the percentages of EdU-positive
cells (Fig. 6P), but these percentages greatly increased with the inhi-
bition of miR-130-3p expression, suggesting that miR-130-3p pro-
moted the proliferation of miiuy croaker cell lines (Fig. 6Q). When
we investigated the effect of miR-130-3p on cell viability of MKCs,
we found that miR-130-3p significantly decreased cell viability com-
pared with the control group after 1 and 5 h of V. anguillarum
infection (left panel of Fig. 6R). Furthermore, we found that inhibi-
tion of miR-130-3p expression significantly increased cell viability
compared with the control group after 1 and 5 h of V. anguillarum
infection (right panel of Fig. 6R). Next, we constructed the NOD1-
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mut overexpression plasmid by cloning the mut into the pcDNA3.1
vector. In addition, a mutant type of the 39 UTR and of the coding
domain sequence region of the M. miiuy NOD1 gene were inserted
into the pcDNA3.1 vector and detected whether miR-130-3p can
influence the activity of NOD1-mut plasmid. Then the NOD1-wt or
NOD1-mut, miR-130-3p, and various reporter gene plasmids were

cotransfected into MKCs. The results showed that miR-130-3p
could not influence the NOD1-mut on the luciferase activities of
NF-kB, IL-1b, IL-8, and ISRE reporter genes (Fig. 6S). Taken
together, these results suggest that NOD1 may be a direct target of
miR-130-3p, which is involved in the regulation of antibacterial
responses by posttranscriptional regulation of NOD1 expression.

FIGURE 5. Fish NOD1 suppresses antiviral responses on V. anguillarum infection. (A) V. anguillarum induces an increase of NOD1 expression. The
expression levels of NOD1 in MICs were measured by qPCR at the indicated time after V. anguillarum infection. (B) Knockdown of NOD1 attenuates the
expression of endogenous NOD1. MICs were transfected with control siRNA (si-Ctrl) or si-NOD1 for 48 h; then the expression levels of NOD1 were deter-
mined by Western blotting and qPCR assays, respectively. (C) Knockdown of NOD1 attenuates the expression of inflammatory factors. MICs were trans-
fected with si-Ctrl or si-NOD1. At 24 h posttransfection, cells were then treated with V. anguillarum for 24 h. The expressions of TNF-a, IL-1b, and
IL-8 were determined by qPCR. (D) Fish NOD1 suppresses V. anguillarum invasion cells. MICs were transfected with si-Ctrl or NOD1-specific siRNA
(si-NOD1) and pcDNA3.1 vector or NOD1 expression plasmid for 24 h, then infected with FITC-labeled V. anguillarum for 6 h; then it was examined by
fluorescence microscope. Scale bars, 20 mm; original magnification ×400. (E and F) MKCs were transfected with si-circ or NC (E) and MICs were trans-
fected with oe-circ or control vector (F) and then infected with V. anguillarum. Intracellular bacterial number was determined at different hours postinfection
and shown as CFUs. (G and H) Effect of NOD1 knockdown on cell viability after V. anguillarum infection. MKCs were transfected with si-circ or NC (G)
and MICs were transfected with oe-circ or control vector (H). At 24 h posttransfection, the cells were infected with V. anguillarum for different times; then
cell viability assays were measured. Representative results are from three independent experiments, and statistical data are expressed as mean ± SE. (A�C) n 5 3
biological replicates × 3 technical replicates, (D) n5 3 biological replicates, (E�I) n5 3 biological replicates × 2 technical replicates. *p < 0.05, **p < 0.01.
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circRNF217 acts as a sponge of miR-130-3p to enhance NOD1
expression

Given that circRNF217 could interact with miR-130-3p, miR-130-
3p targets NOD1 and regulates its expression. Thus, we then tested
whether circRNF217 is able to regulate NOD1. The NOD1 protein
expression was significantly decreased in MKCs through knock-
down of circRNF217 (Fig. 7A), although NOD1 protein expression
is significantly increased when circRNF217 is overexpressed in
MICs (Fig. 7B). circRNF217 expression plasmid or si-circRNF217
is transfected into MKCs, and NOD1 expression levels were
detected by qRT-PCR. The results show that silencing circRNF217
would significantly reduce NOD1 expression, while circRNF217

can indeed promote NOD1 expression (Fig. 7C). To this end, we
cotransfected with NOD1-39 UTR plasmid, together with miR-130-
3p, circRNF217 expression plasmid, or mutant circRNF217 expres-
sion plasmid in EPCs. Luciferase assays showed that circRNF217
could counteract the negative effect of miR-130-3p on NOD1-39
UTR (Fig. 7D). Then the MKCs were cotransfected with miR-130-
3p and circRNF217, and the Western blotting assay showed that
circRNF217 could indeed reverse the inhibitory effect of miR-130-
3p on NOD1 protein expression (Fig. 7E). Then the NOD1 plasmid
with full-length 39 UTR, miR-130-3p, circRNF217 plasmid, and
various reporter gene plasmids was cotransfected into MKCs. The
results showed that circRNF217 could reverse the negative effect of

FIGURE 6. miR-130-3p suppresses antibacterial responses by targeting NOD1. (A) A schematic illustration showing overlapping of the targets of miR-
130-3p predicted by TargetScan, miRanda, and RNAhybrid. (B) Schematic illustration of NOD1-wt and NOD1-mut luciferase reporter vectors. (C) The rela-
tive luciferase activities were detected in EPCs after cotransfection with NOD1-wt or NOD1-mut and mimics or NC. (D) miR-130-3p downregulated YFP
expression. EPCs were cotransfected with NOD1-39 UTR-wt or NOD1-39 UTR-mut and mimics or NC. The fluorescence intensity and the YFP expression
were evaluated by enzyme-labeled instrument. Scale bars, 20 mm; original magnification ×200. (E and F) Relative protein and mRNA levels of NOD1 were
evaluated by Western blot (E) and qRT-PCR (F) in MICs after cotransfection with the miR-130-3p mimics or inhibitors. (G) The relative luciferase activities
were detected in MICs after cotransfection with NOD1 expression plasmid, pRL-TK Renilla luciferase plasmid, luciferase reporter genes, NC, or mimics.
(H and I) V. anguillarum induces an increase in miR-130-3p expression. The expression levels of miR-130-3p in intestine samples (H) and MICs (I) were
measured by qPCR at an indicated time after LPS treatment or V. anguillarum infection. (J) The miR-130-3p expression levels were detected in MICs after
cotransfection with NC or mimics (left panel) and NC-i or inhibitors (right panel). (K) qRT-PCR assays were performed to determine the expression levels of
TNF-a, IL-1b, and IL-8 in cells after cotransfection with NC or mimics and cells after cotransfection with NC-i or inhibitors. (L and M) qPCR assays were
performed to determine the expression levels of TNF-a, IL-1b, and IL-8 in MICs transfected with NC or mimics (L) and in MKCs transfected with NC-i or
inhibitors (M) after V. anguillarum infection. Scale bars, 20 mm; original magnification ×400. (N) miR-130-3p promote V. anguillarum invasion cells. MKCs
were transfected with NC or mimics and MICs were transfected with NC-i or inhibitors for 24 h, then infected with FITC-labeled V. anguillarum for 6 h, and
then examined by using a fluorescence microscope. Scale bars, 20 mm; original magnification ×400. (O) MKCs were transfected with NC or mimics and
MICs were transfected with NC-i or inhibitors and then infected with V. anguillarum. The intracellular bacterial number was determined at different hours
postinfection and shown as CFUs. (P and Q) Cell proliferation was assessed by EdU assays in MKCs transfected with NC or mimics after LPS treated for
12 h or V. anguillarum infected for 6 h (P) and in MICs transfected with NC-i or inhibitors after LPS treated for 12 h or V. anguillarum infected for 6 h (Q).
Scale bars, 20 mm; original magnification ×200. (R) Effect of miR-130-3p on cell viability after V. anguillarum infection. MKCs were transfected with NC
or mimics for 24 h and MICs were transfected with NC-i or inhibitors for 24 h, then treated with V. anguillarum for different times. Cell viability assays
were measured. (S) miR-130-3p could not influence the NOD1-mut on the luciferase activities of NF-kB, IL-1b, IL-8, and ISRE reporter genes. Then the
NOD1-wt or NOD1-mut, miR-130-3p, and various reporter gene plasmids were cotransfected into MKCs. Representative results were from three independent
experiments, and statistical data were expressed as the mean ± SE. (C) n 5 3 biological replicates × 3 technical replicates, (D) n 5 3 biological replicates,
(E�M) n 5 3 biological replicates × 3 technical replicates, (N) n 5 3 biological replicates, (O) n 5 3 biological replicates × 2 technical replicates, (P and Q)
n 5 3 biological replicates, (R and S) n 5 3 biological replicates × 3 technical replicates. *p < 0.05, **p < 0.01.

The Journal of Immunology 1109
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/208/5/1099/1494181/ji2100890.pdf by guest on 27 Septem
ber 2023



miR-130-3p on the luciferase activities of NF-kB, IL-1b, IL-8, and
ISRE reporter genes (Fig. 7F). In addition, we also confirmed that
circRNF217 could significantly reduce the ability of miR-130-3p to
promote the invasion of V. anguillarum by FITC labeling (Fig. 7G)
and plate counting (Fig. 7H). Meanwhile, we attempted to explore
the effect of the circRNF217/miR-130-3p regulatory loop on cell
viability. The results showed that oe-circ could counteract the nega-
tive effect of miR-130-3p on cell viability on V. anguillarum infec-
tion (Fig. 7I). Moreover, we attempted to explore the effect of the
circRNF217/miR-130-3p regulatory loop on cell proliferation. The
results indicated that oe-circ could counteract the negative effect of
miR-130-3p on cell proliferation on LPS or V. anguillarum

stimulation (Fig. 7J). Collectively, these data demonstrated that
circRNF217 serves as a ceRNA for miR-130-3p to regulate NOD1
expression.

circRNF217 promotes antiviral responses by targeting NOD1

To verify whether circRNF217 can play an antiviral role by target-
ing NOD1, we first treated MKCs with SCRV infection. During
SCRV infection, the expression levels of circRNF217 were signifi-
cantly increased (Fig. 8A). Then we treated MICs with SCRV infec-
tion. During SCRV infection, the expression levels of NOD1 were
significantly increased (Fig. 8B). Considering that IFN-stimulating
genes (ISGs) are important antiviral effectors, we focused on inves-
tigating the role of circRNF217 and NOD1 in regulating the

FIGURE 7. circRNF217 acts as a sponge of miR-130-3p to enhance NOD1 expression. (A and B) Relative protein levels of NOD1 in MKCs after cotrans-
fection with si-NC or si-circ and in MICs with pcDNA3.1 vector or oe-circ expression plasmid by Western blot assays. (C) Relative mRNA levels of NOD1
in MKCs after cotransfection with si-NC or si-circ and in MICs with pcDNA3.1 vector or oe-circ expression plasmid by qPCR. (D) The relative luciferase
activities were detected in EPCs after cotransfection with NOD1-39 UTR luciferase reporter vector, NC, miR-130-3p, vector, oe-circ, or oe-circ-mut in
MKCs. (E) Western blot assays were performed in MKCs after cotransfection with NOD1 overexpression plasmid, NC, miR-130-3p, oe-circ, or oe-circ-mut
in MKCs. (F) oe-circ counteracts the negative effect of miR-130-3p. Relative luciferase activities were detected in MKCs after cotransfection with NOD1
expression plasmid, pRL-TK Renilla luciferase plasmid, luciferase reporters, NC, mimics, or oe-circ. (G) MKCs were cotransfected with NC, mimics, or oe-
circ for 24 h, then infected with FITC-labeled V. anguillarum for 6 h, and then examined by fluorescence microscope. Scale bars, 20 mm; original magnifica-
tion ×400. (H) MKCs were cotransfected with NC, mimics, or oe-circ for 24 h and then infected with V. anguillarum. The intracellular bacterial number was
determined at different hours postinfection and shown as CFUs. (I) MKCs were cotransfected with NC, mimics, or oe-circ for 24 h, then treated with V.
anguillarum for 6 h. Cell viability assays were measured. (J) Cell proliferation was assessed by EdU assays in MKCs after cotransfection with NC, mimics,
or oe-circ. Scale bars, 20 mm; original magnification ×200. Representative results are from three independent experiments, and statistical data are expressed
as the mean ± SE. (A�F) n 5 3 biological replicates × 3 technical replicates, (G) n 5 3 biological replicates, (H and I) n 5 3 biological replicates × 3 techni-
cal replicates, (J) n 5 4 biological replicates. *p < 0.05, **p < 0.01.
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expression of ISGs and inflammatory cytokines. As shown in Fig. 8C
and 8D, the oe-circ (Fig. 8C) and NOD1 (Fig. 8D) also could signifi-
cantly inhibit the expression levels of inflammatory cytokines
(TNF-a) and antiviral genes such as myxovirus resistance protein
1 and ISG15 after SCRV infection. By contrast, knockdown of
circRNF217 (Fig. 8C) and NOD1 (Fig. 8D) also increased the
expression levels of these genes under SCRV treatment. In addi-
tion, we found that circRNF217 could counteract the promoting
effect of miR-130-3p on SCRV replication (Fig. 8E), and the result
showed that oe-circ could counteract the negative effect of miR-
130-3p on cell viability on SCRV infection (Fig. 8F). By measur-
ing the SCRV median tissue culture-infective dose levels in the
supernatant from the infected MKCs, we found that knockdown of
circRNF217 significantly inhibited SCRV replication after 48 and
72 h of SCRV infection (Fig. 8G).

The ceRNA network of regulating NOD1 is widely found in teleost
fish

To address the generality of our findings, we tested whether this reg-
ulatory network exists in other fish. As shown in Fig. 9A, we first
tested whether miR-130-3p can target the NOD1 39 UTR. Lucifer-
ase reporter plasmids were generated by cloning the NOD1-39 UTR
of S. ocellatus and N. diacanthus into the pmirGLO vector, within
the mutant devoid of a miR-130-3p binding site as a control. Strik-
ingly, miR-130-3p mimics were sufficient to decrease luciferase
activities when respectively cotransfected with the wild-types of S.
ocellatus and N. diacanthus NOD1-39 UTR, whereas they show no
effect on the luciferase activity of cells transfected with their mutant
types (Fig. 9B). These results indicate that miR-130-3p can target
the NOD1 gene in other fish species. In addition, we also verified
the findings that miR-130-3p regulating circRNF217 also exists in
other species. To this end, we first examined the sequence alignment
of circRNF217 among different species. Interestingly, the sequence
of circRNF217 is highly conserved among different fish species.
Particularly, circRNF217 in these different species presents highly
conserved in the binding sites of miR-130-3p (Fig. 9C). Then, we
produced luciferase constructs of S. ocellatus and N. diacanthus and
thus circRNF217 and their mutated forms with miR-130-3p binding

sites mutated to investigate whether circRNF217 in other fish spe-
cies could also interact with miR-130-3p. Luciferase assays revealed
that miR-130-3p can suppress the luciferase activity of the wild-type
of circRNF217 luciferase plasmid in both species, but it has no
effect on mutated forms (Fig. 9D). Furthermore, to test whether S.
ocellatus and N. diacanthus circRNF217 can affect miR-130-3p
activity, we conducted luciferase assays and found that both S. ocel-
latus and N. diacanthus circRNF217 could counteract the inhibitory
effect of miR-130-3p on NOD1 (Fig. 9E, 9F). These results indicate
that circRNF217 may act as endogenous sponge RNA to interact
with miR-130-3p among different fish. All of these data suggest that
circRNF217 contains relatively conserved elements among different
fish species, which is very important for preserving their functions
(Fig. 9G).

Discussion
According to reports, NOD1 can be used as an immune-related
intracellular receptor, playing an important role in sensing and resist-
ing the invasion of pathogens, such as viruses or bacteria (40, 41). It
can detect different pathogenic components of Gram-negative bacte-
ria and activate related signal transduction processes to promote
inflammation (42). Recent studies have confirmed that in bony fish,
NOD1 can be used as a receptor for the bacterial pathogenic compo-
nent LPS and can also be used as a receptor for RNA viruses to
activate the immune response process. For example, miiuy croaker
NOD1 can recognize LPS and g-D-glutamyl-meso-diaminopimelic
acid, thereby activating the NF-kB signaling pathway, promoting
the production of inflammatory factors, and resisting bacterial inva-
sion (5, 6). NOD1 can recognize and bind to SVCV (ssRNA virus),
induce the production of IFN and ISGs, and enhance the antiviral
immune response (9). Moreover, in our previous studies, we have
verified that the SCRV (dsRNA virus) can induce NOD1-dependent
signaling pathways (43). Of course, the innate immune response ini-
tiated by the NOD1 receptor often requires the participation of a
series of regulatory factors, including some coding genes and non-
coding genes. In this study, we found that two noncoding genes,

FIGURE 8. circRNF217 suppresses antiviral responses by targeting NOD1. (A) The expression levels of circRNF217 in MKCs were measured by qRT-
PCR at the indicated time after SCRV infection. (B) The expression levels of NOD1 in MICs were measured by qRT-PCR at the indicated time after SCRV
infection. (C) qPCR assays were performed to determine the expression levels of TNF-a, IL-1b, and IL-8 in MICs transfected with overexpression plasmid
(oe-circ) or control vector (pLC5-ciR) and in MKCs transfected with (si-circRNF217-1) si-circ or NC after SCRV treatment. (D) qPCR assays were per-
formed to determine the expression levels of TNF-a, IL-1b, and IL-8 in MICs transfected with NOD1 overexpression plasmid or control vector and in
MKCs transfected with si-NOD1 or NC after SCRV treatment. (E) SCRV RNA expression was assessed by qPCR in MICs after cotransfection with NC,
mimics, or oe-circ. (F) Cell viability was assessed by ATP viability assays in MICs after cotransfection with NC, mimics, or oe-circ. (G) MKCs were trans-
fected with NC or si-circRNF217 and infected with SCRV at MOI 5 for 1 h, washed, and then added with fresh medium. After 48 and 72 h, SCRV tissue
culture-infective dose in cultural supernatants was measured with MKCs. Representative results are from three independent experiments, and statistical data
are expressed as mean ± SE. (A and B) n 5 3 biological replicates × 3 technical replicates, (C�G) n 5 3 biological replicates × 2 technical replicates. *p <

0.05, **p < 0.01.
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miR-130-3p and circRNF217, negatively regulate and positively reg-
ulate NOD1, respectively, and maintain the body’s immune balance.
As a kind of important regulatory factor, ncRNA has been widely

studied. A large number of studies have shown that ncRNA can par-
ticipate in a variety of cell biological processes, such as prolifera-
tion, differentiation, development, and cell proliferation (44�49). At
present, ncRNA has been studied extensively in mammals, and
the research system has been very successful, but there is not much
research in lower vertebrates. However, in recent decades, ncRNA
research in lower vertebrates, especially in bony fish, has also made
some progress. For example, miiuy croaker small ncRNA miR-3570
can inhibit the expression of MyD88 and MAVS, thereby regulating
excessive inflammation and inherent antiviral response (50�52).
Moreover, it has been reported that the regulatory mechanisms of
long ncRNA NARL, IRL, MARL, and AANCR all can regulate the
innate immune response of miiuy croaker through the ceRNA mech-
anism (43, 51�55). In addition to the small ncRNA and long
ncRNA mentioned earlier, there is a new type of ncRNA that has
attracted great attention, namely, circRNA. Current studies have
shown that the majority of circRNA originates from protein coding
host genes. Therefore, it is very necessary to study the relationship
between circRNA and its host gene, because there may be a strong
connection between them, or the expression of circRNA may be
independently regulated and has no strong correlation with its host
gene. The relationship between circRNA and its host gene can be
classified according to the expression of circRNA relative to its host
gene. For example, the expression level of circRNA may be coupled
with the expression level of the host gene; that is, if the expression
of the host gene increases, the expression of circRNA will follow
this trend. Of course, the opposite may also occur, so studying the
relationship between circRNA and its host gene is undoubtedly a
very important premise for the study of circRNA function. A large

number of studies show that circRNA has the same function as
lncRNA and can form a ceRNA regulatory network with miRNA. It
regulates mRNA expression through competition and sharing
miRNA (miRNA response element) and regulates gene expression
after transcriptional regulation (56). In addition, circRNA has
another feature that has attracted great attention. circRNA has high
stability in vitro because of its special shear formation mode, and its
plate decay period in vitro is much longer than most ncRNAs,
which means that these circRNAs with important regulatory effects
will have great potential to be developed into drugs with excellent
regulatory effects (56, 57). Current studies show that a large number
of EcircRNAs have been found to function through the ceRNA
mechanism (57), and only a few studies show that EIcircRNAs can
also function through the ceRNA mechanism. At present, a large
number of circRNAs mainly focus on cancer and antiviral effects
(58). It is still very unclear whether circRNAs have antibacterial
functions. Among lower vertebrates, especially teleost fish, the
greatest risk often comes from bacteria, especially those with high
mortality and widespread distribution. The most typical is V. anguil-
larum. The economic losses of the aquatic industry caused by V.
anguillarum every year are very large. Therefore, it is urgent to
deeply study the infection mechanism related to V. anguillarum. In
this study, we identified a new EIcircRNA, called circRNF217,
which could promote antibacterial immune response caused by V.
anguillarum through a ceRNA mechanism in miiuy croaker. We
found that EIcircRNA-circRNF217 can be located in the cytoplasm,
which is the basis for its biological function. Also, the results
showed that circRNF217 was significantly upregulated by treatment
with V. anguillarum or LPS at different time points, but not
RNF217. Therefore, we speculate that the increase of circRNF217
expression after V. anguillarum or LPS stimulation may not be
caused by the change of RNF217 expression. Moreover, we

FIGURE 9. The ceRNA network of regulating NOD1 is widely found in teleost fish. (A) A putative miR-130-3p-binding site of NOD1-39 UTR in Soc
(up) and Ndi (down). (B) The relative luciferase activities were detected in EPCs after cotransfection with Soc-NOD1-wt or Soc-NOD1-mut and miR-130-3p
or NC (left) and cells after cotransfection with Ndi-NOD1L-wt or Ndi-NOD1-mut and miR-130-3p or NC (right). (C) A putative miR-130-3p binding site of
Luc-Soc-circRNF217 (up) and Luc-Ndi-circRNF217 (down). (D) The relative luciferase activities were detected in EPCs after cotransfection with Soc-
circRNF217-wt or Soc-circRNF217-mut and miR-130-3p or NC (left) and in cells after cotransfection with Ndi-circRNF217-wt or Ndi-circRNF217-mut and
miR-130-3p or NC (right). (E and F) The relative luciferase activities were detected in EPCs after cotransfection with Soc-NOD1-39 UTR luciferase reporter
vector, NC, miR-130-3p, or Soc-circRNF217 (E) and in EPCs after cotransfection with Ndi-NOD1-39 UTR luciferase reporter vector, NC, miR-130-3p, or
Ndi-circRNF217 (F). (G) Schematic diagram of the mechanism underlying circRNF217 as a ceRNA for miR-130-3p to regulate NOD1 expression. NOD1
recognizes the PAMPs of bacteria in the cytoplasm. After activation, NOD1 recruits RIPK2 and activates NF-kB, which eventually leads to NF-kB entry
into the nucleus and activates the transcription of inflammatory factors. In addition, NOD1 can also be activated by single-stranded or double-stranded viral
RNA and further promote the activation of MAVS, leading to the activation and nuclear entry of IRF3, and finally leading to the transcription of antiviral
genes, such as ISGs. miR-130-3p targets NOD1 and represses NOD1-mediated innate responses, thereby regulating bacterial invasion and virus replication.
circRNF217 acts as a molecular sponge regulating miR-130-3p to enhance NOD1 expression, thereby maintaining the stable antibacterial and antiviral
responses. Representative results are from three independent experiments, and statistical data are expressed as the mean ± SE. (B) n 5 3 biological replicates × 3
technical replicates, and (D�F) n 5 3 biological replicates × 3 technical replicates. *p < 0.05, **p < 0.01.
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identified a new small ncRNA called miR-130-3p in miiuy croaker.
miR-130-3p could negatively regulate the expression of NOD1 and
inhibit the production of inflammatory factors mediated by NOD1,
thereby avoiding excessive inflammation and promoting bacterial
invasion into cells. This negative regulatory mechanism may be ben-
eficial to the host’s self-protection after bacterial infection to escape
the host’s antibacterial immune response and survive. However,
circRNF217 promoted the antibacterial effect of NOD1 and weak-
ened the infection of V. anguillarum by competitively adsorbing
miR-130-3p. The earlier results indicate that circRNF217 can be
used as a new immunomodulatory molecule to participate in the reg-
ulation of teleost antibacterial response.
Because the study reported that NOD1 not only has the function

of recognizing LPS but also recognizes viral RNA, we further veri-
fied whether circRNF217 can also enhance the antiviral immune
response by competitive inhibition of miR-130-3p. The results were
very exciting; we found that the expression of circRNF217
increased significantly under the stimulation of SCRV virus, and the
results showed that miR-130-3p could promote the replication of
SCRV virus, while circRNF217 could inhibit the replication of virus
by inhibiting miR-130-3p, thereby enhancing the antiviral immune
response. Therefore, circRNA is a very important regulatory factor,
which can regulate not only the antibacterial immune response but
also the antiviral immune response. As such an important target
molecule, circRNA is of great significance in the process of disease
resistance in lower vertebrates.
In this study, we discovered a new EIcircRNA, circRNF217,

which plays an active role in the inflammation and antibacterial
response of teleost fish. We found that miR-130-3p played a nega-
tive role in inflammation and antibacterial response, and promote
bacterial invasion of cells in miiuy croaker. On the contrary,
circRNF217 played a positive role in NOD1-mediated antibacterial
responses. We confirmed that the mechanism of the two ncRNAs
played a role in regulating the innate antibacterial immune
responses. circRNF217 could be used as the ceRNA of miR-130-3p
to reduce its inhibitory effect on NOD1 expression, thereby inhibit-
ing the bacterial invasion of cells. In addition, we also found that
circRNF217 can also weaken the inhibitory effect of miR-130-3p on
NOD1 through a ceRNA mechanism, so as to promote NOD1 to
inhibit the replication of SCRV virus and enhance the antiviral
immune response. In addition, we also found that the structure and
function of circRNF217 were highly conserved in different teleost
fish. In summary, our results not only elucidate the biological
mechanism of the circRNA�miRNA�mRNA axis in antibacterial
immune responses of fish but also provide new insights for under-
standing the impact of circRNA on host�pathogen interactions and
formulating fish disease prevention of resistance.
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