Wang et al. Veterinary Research (2022) 53:82
https://doi.org/10.1186/513567-022-01098-x

m VETERINARY RESEARCH

RESEARCH ARTICLE Open Access
)]

Check for
updates

Chicken miR-126-5p negatively regulates
antiviral innate immunity by targeting TRAF3

JieWang'", Yugiang Cheng'", Longlong Wang', Aixi Sun?, Zhenyu Lin', Wenxian Zhu', Zhaofei Wang',
Jingjiao Ma', Henan Wang', Yaxian Yan' and Jianhe Sun'

Abstract

Innate immunity plays an essential role in preventing the invasion of pathogenic microorganisms. However, innate
immunity is a double-edged sword, whose excessive activation is detrimental to immune homeostasis and even
leads to a “cytokine storm” of the infected host. The host develops a series of negative regulatory mechanisms to bal-
ance the immune response. Here, we report a negative regulatory mechanism of chicken innate immunity mediated
by miRNA. In the GEO database, we found that miR-126-5p was markedly up-regulated in chickens infected by RNA
viruses. Upregulation of miR-126-5p by RNA virus was then further shown via both a cell model and in vivo tests.
Overexpression of miR-126-5p significantly inhibited the expression of interferon and inflammatory cytokine-related
genes induced by RNA viruses. The opposite result was achieved after the knockdown of miR-126-5p expression.
Bioinformatics analysis identified TRAF3 as candidate target gene of miR-126-5p. Experimentally, miR-126-5p can
target TRAF3, as shown by the effects of miR-126-5p on the endogenous expression of TRAF3, and by the TRAF3 3'UTR
driven luciferase reporter assay. Furthermore, we demonstrated that miR-126-5p negatively regulated innate immu-
nity by blocking the MAVS-TRAF3-TBK1 axis, with a co-expression assay. Overall, our results suggest that miR-126-5p
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is involved in the negative regulation of chicken innate immunity, which might contribute to maintaining immune
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Introduction

The innate immunity system is the first line of host
defense against pathogenic microorganisms. During
viral or bacterial infections, the innate immune sys-
tem through a series of pattern-recognition receptors
(PRR), including Toll-like receptors (TLR), retinoic
acid-inducible gene I (RIG-I)-Like receptors (RLR), and
the nucleotide-binding oligomerization domain (NOD)-
like receptor family proteins (NLR), recognize specific
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pathogen-associated molecular patterns (PAMP) and
cause the release of type I interferon (IFN) and inflam-
matory cytokines, triggering antiviral innate immune
responses [1, 2].

RNA viruses such as influenza A virus (IAV), avian
influenza virus (AIV), and Newcastle disease virus
(NDV) cause serious diseases in humans and animals,
especially chickens, which have a high mortality rate
after infection [3]. TRL, RLR, and NLR are the three
important influenza viruses host PRR. They are distrib-
uted on the surface and in the cytoplasm of cells. RLR
include RIG-I, melanoma differentiation-associated gene
5 (MDADS), and laboratory of genetics and physiology 2
(LGP2) [4]. However, chickens lack RIG-I, and MAD5
plays a more important role in recognizing RNA viruses
than mammalian MDAS5 [5, 6]. In mammals, during virus
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infection, RIG-I and MADS interact with virus RNA and
recruit tumor necrosis factor receptor-associated factor 3
(TRAEF3) through the adaptor protein MAVS. TRAF3 is
also an adaptor protein that phosphorylates TANK-bind-
ing kinase 1 (TBK1) and an inhibitor of nuclear factor-xB
(IxB) kinase (IKK) to dephosphorylate the transcription
factor IRF3 into the nucleus to activate the production of
type I interferon [7, 8]. In birds, IRF3 is also missing, but
they have IRF7, and the structure of avian IRF7 is similar
to mammalian IRF3, and it also activates the secretion of
type IIEN [9, 10].

Viral invasion causes the release of a series of pro-
inflammatory cytokines including IL-6, IL-8, IL-1p, TNE-
a, and IFN. Among them, IL-1p activates the release of
IL-6, IL-8, and other pro-inflammatory cytokines, and
plays an important role in host immunity and epidemic
prevention [11, 12]. However, the sudden and sharp
increase in circulating levels of various cytokines, leads
to a “cytokine storm’, which is utilized to control early
acute infections and induce antigen-specific immune
responses to viral infections, but it may cause tissue dam-
age and even death in patients [13, 14].

MiRNA are small non-coding RNA that regulate gene
expression by directly binding to the mRNA 3’'UTR and
inhibiting the translation of mRNA [15]. Studies have
demonstrated that miRNA have unique expression pro-
files in innate immune and adaptive immune cells, such
as monocytes, macrophages, dendritic cells (DC), T cells,
and B cells. Moreover, miRNA also play a key role in the
regulation of host immunity and “cytokine storms” [16—
18]. MicroRNA have been identified as key players in
virus-host interaction, and evidence shows that miRNA
can also affect the replication and pathogenesis of RNA
viruses by directly binding to the RNA virus genome or
through virus-mediated changes in the host transcrip-
tome [19-21]. Generally, during viral infection, viral pro-
teins inhibit pattern recognition receptor recognition or
downstream signal cascades to prevent the production of
ISG. However, it has recently been proposed that viruses
mediate the regulation of IFN signaling cascades by alter-
ing host miRNA levels.

In this study, we analyzed the transcriptome data
(GSE111868) of chickens infected with NDV and AIV
and found that miR-126-5p is a differentially expressed
miRNA AIV and NDV infection of chicken DF1 cells
significantly increases gga-miR-126-5p expression,
and miR-126-5p in chicken DF1 cells inhibits innate
immune and inflammatory cytokine related gene expres-
sion, and promotes RNA virus replication by targeting
TRAF3. In addition, overexpression of chTRAF3 sig-
nificantly activates the innate immunity of chickens. In
conclusion, we found that miR-126-5p, by blocking the
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MAVS-TRAF3-TBK1 axis, negatively regulates chicken
innate immunity and promotes RNA virus replication.

Materials and methods

Cell culture and virus

The chicken embryonic fibroblast cell line DF1 and
human 293 T cells were obtained from ATCC and cul-
tured in DMEM supplemented with 10% FBS; the cells
were incubated at 37 ‘C in a 5% CO, incubator. The low
virulent strain LaSota green fluorescent protein (GFP)
tagged NDV was isolated from chickens on a farm in the
Shandong province, China. The GFP tagged vesicular sto-
matitis virus (VSV) VSV-GFP was stored in our labora-
tory [22]. AVI virus was a A/Chicken/Shanghai/010/2008
(H9N2) (SHO010) isolate from chicken in Shanghai, China,
in 2008 and identified as the HON2 avian influenza A
virus. The viruses were purified, propagated, and stored
as described in our previous study [23].

Animals and treatment

Eighteen 3-week-old SPF chickens were purchased from
the Shanghai Academy of Agricultural Sciences. All
chickens were kept in negative-pressure-filtered air isola-
tors and fed as recommended. After one week of adap-
tation, eighteen SPF chickens were randomly divided
into three groups: the control group (control); the NDV-
infected group and the AIV-infected group. The virus
was diluted with phosphate buffer solution (PBS) and
inoculated with eye and nose drops. The AIV group was
inoculated with 10* EID;, AIV viruses, the NDV group
was inoculated with 10° EID;, NDV viruses, and the con-
trol group was inoculated with 200 puL PBS. Three days
after the inoculation, the chickens in each group were
stunned with ether and killed. The spleens, livers, kid-
neys, tracheas, and bursa of Fabricius of these animals
were collected, then immediately frozen in liquid nitro-
gen and stored at —80 °C for later use.

Construction of plasmid

Based on the chicken TRAF3 sequence (NC_006092.5)
obtained from the National Center for Biotechnology
Information (NCBI), TRAF3-F and TRAF3-R prim-
ers were designed and used to amplify TRAF3 from
DF1 cells cDNA. The PCR product was ligated into
a pTOPO-Blunt vector (Aidlab, Beijing, China) and
the positive colonies were sent to the Beijing Genom-
ics Institute (Beijing, China) for sequencing. Then
the pcDNA3.1-TRAF3 plasmids were constructed by
inserting full-length TRAF3 into the Hind III and EcoR
I sites of the pcDNA3.1 expression vector using a Hieff
Clone® Plus One Step Cloning Kit (Yeasen, Shanghai,
China). The TRAF3 3” UTR sequences were cloned
from the DF1 gDNA, which includes the binding sites



Wang et al. Veterinary Research (2022) 53:82

of miR-126-5p predicted by TargetScan. In addition,
the TRAF3 3’ UTR binding site mutant sequences were
cloned based on the TRAF3 3’ UTR sequences, then
TRAF3 3" UTR wild type or mutant sequences were
inserted into the pmiR-GLO plasmid, respectively.
The DH5a chemically competent cell (Tsingke Biol-
ogy Technology, Beijing, China) was used for plasmid
transformation.

The primer sequence is as follows:

TRAF3

Forward primer: TAGTCCAGTGTGGTGGAATTC
ATGGACACCAGTAAGAAGACA.

Reverse primer: AACGGGCCCTCTAGACTCGAG
TCAGGGGTCTGGTAGATCCGA.

TRAF3-3UTR

Forward primer: GAGCTCGCTAGCCTCGAGAGG
ATTTTTGTTTTGTTCTGTT.

Reverse primer: CTGCAGGTCGACTCTAGATTT
CTAAAGAGAAATAACAGAA.

TRAF3-3'UTR- mutant.

Forward primer: GTTTCGTGTTCTGCTTTGTAA
GAAGATCTTGGA.

Reverse primer: AGCAGAACACGAAACAGAGAC
CAGATGAGGCCTTA.

Cell transfection
DF1 cells were seeded in 12-well or 6-well plates (NEST
Biotechnology, Wuxi, China) at 5x 10°/mL or 1 x 10%/
mL and transfected with miR-126-5p mimics or mimics
control (NC) at 100 nmol/mL. miR-126-5p inhibitor or
inhibitor control (NA) at 200 nmol/mL (GenePharma,
Shanghai, China) was performed with Nulen PlusTrans"
Transfection Reagent (Yeasen, Shanghai, China) accord-
ing to the manufacturer’s protocol. The pcDNA3.1 vec-
tor or TRAF3 plasmid were transfected at 500 ng/well
in 12-well plates or at 1000 ng/well in 6-well plates with
transfection Reagent. Forty-eight hours after transfec-
tion, the cells were used for the subsequent experiments.
The sequences of miR-126-5p mimics and inhibitors were
the following:

NC sense (5'- 3"): UUCUCCGAACGUCUCACG.

NC antisense (5’- 3’): ACGUGACACGUUCGGAGA
ATT.

Gga-miR-126-5p mimics (5'- 3):

AUUAUUACUUUUGGUACGCGCGUACCAAAA
GUAAUAAUGUU

Inhibitor NC (5’- 3’): CAGUACUUUUGUGUAGUA
CAA.

Gga-miR-126-5p inhibitor (5’- 3"): CGCGUACCAAAA
GUAAUAAUG.
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Bioinformatics Screening and miR-126-5p Target Gene
Prediction

The RNA virus infection chicken RNA-seq dataset
GSE111868 was initially downloaded from the NCBI
GEO portal. We systematically analyzed differentially
expressed miRNA (DEG) of NDV F48E9, and LaSota
infected chicken embryos using the R package limma.
|Log fold change (FC)|>2 and a p value<0.05 were set
as thresholds to screen out the DEG as described in our
previous study [24]. The Ven Maps, Heat Maps, and Vol-
cano Maps analyses were performed using the Sangerbox
tools, a free online platform for data analysis. The target
genes of miR-126-5p were predicted using the online
website TargetScan, miR-126-5p (miRNA name), and
Gallus gallus (organism) were chosen [25]. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) analysis of the target gene of miR-126-5p
were used on the online website KOBAS 3.0 [26].

Protein—protein interaction network analysis

The protein—protein interaction (PPI) network was per-
formed using STRING. TRAF3 (protein name) and Gal-
lus gallus (organism) were chosen, as described in [27].

RNA extraction and qPCR

Total RNA was extracted from the cells with AG RNAex
Pro Reagent (Accurate Biology, Hunan, China). mRNA
was reverse-transcribed with reverse transcription kits
(Accurate Biology, Hunan, China), and the cDNA using
the SYBR green PCR mix (Tsingke Biology Technology,
Beijing, China) with the Applied Biosystems machine
(ABI 7500; Thermo Fisher Scientific). Relative gene
expression was analyzed using the 272" method. The
B-actin and U6 small RNA were the internal references
when examining the levels of genes and miR-126-5p. The
primer sequences for the genes are shown in Additional
file 1.

Dual-luciferase reporter assays

293 T cells were seeded in 24-well plates at 2.5 x 10°/mL.
The pmiR-TRAF3-WT-GLO or mutant pmiR-TRAF3-
mutant-GLO plasmid (250 ng/well) were co-transfected
with miR-126-5p mimics or NC (100 nmol/mL) into
293T cells. At 48 h post-transfection, luciferase activities
were measured using the dual-luciferase reporter assay
system (Promega, USA) according to the manufacturer’s
protocol.

Statistical analysis
The results are expressed as the mean+SD. GraphPad
Prism 8.0 was utilized to graph the results. Data were
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analyzed by the Student’s ¢ test. p<0.05 was considered  chickens and found that the expression of miR-126-5p
statistically significant, and p <0.01 was considered highly = was the highest in the spleen of chickens and the low-

statistically significant (*p <0.05; **p <0.01). est in the bursa of Fabricius (Figure 1A). The spleen is

an immune organ of the body, and miR-126-5p has a
Results high expression level, indicating that miR-126-5p may
The expression of miR-126-5p is upregulated by RNA virus be related to the regulation of the immune responses
in chickens of chickens. Next, we tested the expression of miR-

miRNA are a kind of small non-coding RNA that regu-  126-5p in different tissues after chickens were infected
late many biological processes in cells. A large num- with NDV and AIV. It was noted that both NDV and
ber of studies have demonstrated that miRNA also AIV infection significantly increased the expression
influence virus replication. To explore the miRNA of miR-126-5p (Figure 1B). To further explore the
that affect virus replication, we analyzed the GEO changes of miR-126-5p in the process of RNA virus
(GSE111868) RNA-seq dataset and previous research invasion, we used AIV, NDV, and the double-stranded
results [28] on chickens infected with NDV AIV and RNA (dsRNA) analogue poly (I: C) which is a simula-
found that miR-126-5p was significantly up-regulated tive stimulus of virus RNA, to infect chicken DF1 cells.
(Additional file 2). The expression level of the miRNA  Cells at different time points of infection were col-
is closely related to its function. To explore the role of lected to detect the expression of miR-126-5p, it was
miR-126-5p in the process of virus invasion, we tested found that NDV and poly (I: C) significantly increased
the expression of miR-126-5p in different tissues of the expression of miR-126-5p after 6 h of infection,
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Figure 1 RNA viruses upregulate the expression of miR-126-5p in chickens. A gPCR analysis of miR-126-5p expression in the bursa of
Fabricius, lungs, spleens, tracheas, livers, and kidneys of healthy chickens. B The changes of miR-126-5p expression in the bursa of Fabricius, lungs,
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while AIV, NDV, and poly (I: C) significantly increased
the expression of miR-126-5p after 24 h of infection
(Figures 1B—D). These results suggest that miR-126-5p
may be involved in the regulation of host responses to
RNA virus infection or RNA virus PAMP.

Bioinformatics analyses indicate that miR-126-5p

is involved in the regulation of innate immunity

To investigate the function of miR-126-5p in chicken
innate immunity, we thoroughly analyzed the mature
seed sequence of miR-126-5p. It was found that miR-
126-5p was widely present in different species such
as humans, pigs, cattle, chickens, etc. (Figure 2A). In
addition, KEGG pathways and GO analyses of the tar-
get genes of miR-126-5p revealed that it was involved
in the regulation of multiple innate immune-related
signaling pathways, such as the TLR and RIG-I-like
receptor signaling pathways (Figure 2B). GO analy-
sis unveiled that the majority of genes participated in
regulating immune cell differentiation and inflamma-
tory factor secretion (Figure 2C). These results imply
that miR-126-5p has notable effects on chicken innate
immunity.
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Overexpression of miR-126-5p inhibits chicken antiviral
innate immunity during NDV infection

To verify whether miR-126-5p participates in the regu-
lation of chicken innate immunity, we transfected DF1
cells with miR-126-5p mimics or NC and analyzed the
expression of innate immune-related IFNP genes,
eukaryotic translation initiation factor 2 alpha kinase
2 (PKR), MX1-myxovirus (influenza virus) resistance
1 (MX1), inflammatory cytokine related genes inter-
leukin 1B (IL-1p), interleukin 6 (IL-6) and Interleukin-8
(IL-8). Overexpression of miR-126-5p was confirmed
by qPCR (Figure 3A). We found that overexpression of
miR-126-5p inhibited the expression of the above genes,
but only significantly reduced IFN, and IL-6 expression
(Figures 3B, C) while transfecting DF1 cells with miR-
126-5p mimics or NC, followed by infection with NDV
for 12 h (Figure 3D), showed that overexpression of miR-
126-5p markedly inhibited innate immunity and inflam-
matory cytokine related genes expression (Figures 3E
and F). These results indicate that the RNA virus used
miR-126-5p to evade the host’s antiviral innate immune
response.

>gga-miR-126-5p CAUUAUUACUUUUGGUACGCG
>hsa-miR-126-5p CAUUAUUACUUUUGGUACGCG
>pbv-miR-126-5p CAUUAUUACUUUUGGUACGCG
>ssc-miR-126-5p CAUUAUUACUUUUGGUACGCG
>bta-miR-126-5p CAUUAUUACUUUUGGUACGCG
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Figure 3 Overexpression of miR-126-5p inhibits chicken antiviral innate immunity during NDV infection. A gPCR analysis of miR-126-5p
overexpression efficiency, after miR-126-5p mimics or NC (Negative control) transfection of DF1 cells at 24 h. B gPCR was used to detect the RNA
levels of innate immune-related genes, including IFNB, PKR, and MX1, after overexpression of miR-126-5p. C gPCR detection of inflammatory
cytokine-related gene RNA levels, such as IL-IB, IL-6, and IL-8 expression after overexpression of miR-126-5p. D, E Transfection of DF1 cells with
miR-126-5p mimics or NC, followed by infection with by NDV for 12 h. D gPCR analysis of miR-126-5p overexpression efficiency. E gPCR detection
of IFNB, PKR and MX1 expression levels. F gPCR detection of inflammatory cytokine-related gene IL-IB, IL-6 and IL-8 levels. The data are expressed as
the mean+SD; n=3.*p<0.05, **p<0.01.

Inhibition of miR-126-5p promotes chicken antiviral innate
immunity during NDV infection

Overexpression of miR-126-5p inhibits the expression
of chicken antiviral innate immunity-related genes. To
further study the role of miR-126-5p in chicken anti-
viral innate immunity, we transfected DF1 cells with
miR-126-5p inhibitor or NA. It was found that miR-
126-5p inhibitor significantly inhibited the expression
of miR-126-5p (Figure 4A). Inhibition of miR-126-5p
increased the expression of IFNP, MX1, and PKR (Fig-
ure 4B), and obviously increased the expression of
inflammatory cytokine related genes IL-1B, IL-6, and
IL-8 (Figure 4C). Similarly, inhibiting the expression
of miR-126-5p infection with NDV significantly pro-
moted the expression of IFNP, PKR, MX1, IL-14, IL-6,
and IL-8 (Figures 4D—F). These show that inhibition of
miR-126-5p promotes chicken antiviral innate immu-
nity after RNA virus invasion. These results also point

out that miR-126-5p participates in regulating chicken
antiviral innate immunity.

The interferon signaling pathway has no role in regulating
miR-126-5p expression

After the virus infects the host, it activates the interferon
signaling pathway and promotes ISG in response to virus
invasion. In this study, we found that virus invasion signifi-
cantly increased the expression of miR-126-5p, and KEGG
pathway analysis also found that miR-126-5p participates
in the regulation of the type I interferon signaling path-
way (Figure 2B). These indicate that miR-126-5p may be
an interferon-stimulated gene. To demonstrate this, we
overexpressed chicken IFNp in DF1 cells (Figure 5A), and
found that overexpression of IFNp significantly increased
the expression of ISG, such as PKR and MX1 (Figure 5B),
but did not affect the expression of miR-126-5p (Figure 5C).
This means that the interferon signaling pathway could not
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Figure 4 Inhibition of miR-126-5p promoted chicken antiviral innate immunity during NDV infection. A gPCR analysis of miR-126-5p
inhibition efficiency, after miR-126-5p inhibitor or NA (Negative control) transfection of DF1 cells at 24 h. B gPCR detection of the RNA levels of
innate immune-related genes, including IFNB, PKR, and MX1 after inhibition of miR-126-5p. C gPCR detection of inflammatory cytokine-related
gene mMRNA expression, such as IL-IB, IL-6, and IL-8 after the inhibition of miR-126-5p. D, E Transfected DF1 cells with miR-126-5p inhibitor or NA,
followed by infection NDV for 12 h. D gPCR analysis of miR-126-5p inhibition efficiency. E gPCR detection of IFN, PKR and MX1 expression levels.
F gPCR detection of the expression levels of the inflammatory cytokine-related genes IL-IB, IL-6 and IL-8. The data are expressed as the mean £ SD;
n=3.*p<0.05 *p<0.01.
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regulate the expression of miR-126-5p, and miR-126-5p was
not an ISG.

MiR-126-5p promotes RNA virus replication

Immune-related genes are essential for regulating virus
replication. In this study, we found that miR-126-5p
regulates the expression of immune-related genes.
To investigate the regulatory role of miR-126-5p in
NDV replication, we transfected miR-126-5p mimics
or inhibitors into DF1 cells, before infecting the cells
with NDV at a multiplicity of infection 0.01 MOI Then
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the copy number of the virus in the cells and culture
medium were determined by detecting the expression
of the NDV NP gene. The expression of NDV NP RNA
as a sign of virus replication was significantly increased
in the intracellular and supernatant after overexpres-
sion of miR-126-5p (Figures 6A and B), while inhibit-
ing the expression of miR-126-5p obviously decreased
the NDV NP RNA expression (Figures 6C and D). At
the same time, we used the above supernatant to trans-
fect DF1 cells with the miR-126-5p mimics or inhibi-
tor, followed by infection with NDV for measurement
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Figure 6 miR126-5p promotes RNA virus replication. A, B DF1 cells were transfected with miR-126-5p mimics or NC, followed by infection
with NDV at MOI=0.01 after 6 h, and intracellular and supernatant relative levels of NP RNA were measured by absolute quantitative real-time PCR
detection. C, D DF1 cells were transfected with miR-126-5p inhibitor or NA, followed by infection with NDV at an MOI of 0.01. After 6 h, intracellular
and supernatant relative levels of NP RNA were measured by absolute quantitative real-time PCR detection. E, F The effect of miR-126-5p on NDV
replication by TCIDs,. G NDV-GFP or VSV-GFP infected DF 1 cells were visualized 48 h post-transfection and post-infection using fluorescence
microscopy and representative images are shown for NC, miR-126-5p mimics or inhibitor transfected cells. Scale bar=100 um. The data are
expressed as the mean £ SD; n=3.*p<0.05, **p<0.01.
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of viral load by standard assays, such as 50% tissue
culture infective dose (TCIDjg)). Overexpression of
miR-126-5p markedly increased the NDV viral titer
and inhibition of miR-126-5p reduced the viral titer
as determined using the TCID;, assay (Figures 6E, F).
This result shows that overexpression of miR-126-5p
promotes NDV replication, while inhibition of miR-
125-5p inhibits NDV replication. To further confirm
these results, we infected DF1 cells with NDV-GFP and
VSV-GEP after overexpression or inhibition of miR-
126-5p and found that overexpression of miR-126-5p
increased the fluorescence intensity while inhibiting
miR-126-5p decreased the fluorescence intensity (Fig-
ure 6@G). This suggests that miR-126-5p promotes RNA
virus replication.

MiR-126-5p inhibits chicken antiviral innate immunity

by targeting TRAF3

MiRNA exert a regulatory function by binding target
gene mRNA 3’'UTRs to inhibit the translation of tar-
get genes. To understand the molecular mechanism
of miR-126-5p in the regulation of chicken antiviral
immune responses during RNA virus infection, we used
the online target gene prediction software TargetScan
and found that TRAF3 was a candidate target gene
for miR-126-5p (Figure 7A). Overexpression of miR-
126-5p significantly inhibited the expression of TRAF3
(Figure 7B), while inhibition of miR-126-5p radically
increased the expression of TRAF3 (Figure 7C), indi-
cating that miR-126-5p has a regulatory relationship
with TRAF3. MiRNA bind to target genes to inhibit
their translation, thereby accelerating the degrada-
tion of target genes. To verify whether miR-126-5p
accelerates TRAF3 degradation, we overexpressed or
inhibited the expression of miR-126-5p; the cells were
treated with actinomycin D, an inhibitor of transcrip-
tion, and the cells were collected after being treated
for 0, 2, and 8 h. It was found that overexpression of
miR-126-5p significantly accelerated the degradation of
TRAFS3 (Figure 7D), while inhibition of miR-126-5p was
observed to slow down the degradation of TRAF3 (Fig-
ure 7E). These results show that miR-126-5p may target
TRAF3. To further verify whether miR-126-5p targeted
TRAF3 regulation of antiviral immune responses, we
used the pmiR-GLO plasmid to construct a TRAF3
3UTR containing miR-126-5p binding sequence pmiR-
TRAF3-WT-GLO and mutant pmiR-TRAF3-mutant-
GLO plasmids (Figure 7F). pmiR-TRAF3-WT-GLO or
pmiR-TRAF3-mutant-GLO were co-transfected with
miR-126-5p mimics or NC. We found that miR-126-5p
mimics significantly inhibited the fluorescent activity of
the pmiR-TRAF3-WT-GLO plasmid, but did not affect
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the pmiR-TRAF3-mutant-GLO (Figure 7G). These
results indicate that miR-126-5p inhibits chicken anti-
viral immune responses by targeting TRAF3.

TRAF3 regulation of chicken innate immunity

In order to explore the role of TRAF3 in chicken innate
immunity, we detected the expression level of TRAF3 in
different chicken tissues and found that TRAF3 levels in
the chicken tracheas, spleens, and bursa of Fabricius were
higher than those in the kidneys (Figure 8A). Chickens
infected with NDV or AIV had significantly increased
expression levels of TRAF3 in the above organs (Fig-
ure 8B). This shows that TRAF3 relates to chicken innate
immunity. To further explore the effect of TRAF3 on
chicken innate immunity, we transfected DF1 cells with
pcDNA-TRAF3 or pcDNA3.1 to detect the expression
levels of genes related to innate immunity (Figure 8C).
TRAF3 overexpression significantly increased the expres-
sion of IFNB and ISG genes, such as PKR and MX1
(Figure 8D), as well as the expression of inflammatory
cytokine-related gene IL-1p (Figure 8E). These results
suggest that TRAF3 is essential for regulating chicken
antiviral innate immunity.

MiR-126-5p negatively regulates chicken innate immunity

by blocking the MAVS-TRAF3-TBK1 axis

To better understand the underlying molecular mecha-
nism of TRAF3-mediated chicken innate immunity, we
used the online prediction software STRING to predict
TRAFS3 interaction proteins and found that TRAF3 inter-
acts with many immune-related proteins such as TBK1,
MAVS, and IRF7 (Figure 9A). Studies have found that
TRAF3 interacts with MAVS in mammals. MAVS and
IRF7 are located upstream and downstream of TRAF3,
respectively. To verify whether miR-126-5p regulates
chicken innate immunity by targeting TRAF3, miR-
126-5p mimics were co-transfected with chMAVS or
chIRF7 in the DF1 cells. We found that overexpression
of miR-126-5p with MAVS or IRF7 significantly inhib-
ited the expression of IFNP (Figures 9C and D). These
results indicate that miR-126-5p regulates chicken innate
immunity by targeting TRAF3 and blocking the MAVS-
TRAF3-TBK1 axis.

Discussion

Upon virus infection, host innate immunity serves as
the first line of defense against viruses. When viral RNA
is released into host cells, it is recognized by host PRR
and secretes type I IFNs, pro-inflammatory factors, and
chemokines [29]. Type [ interferon stimulates the expres-
sion of hundreds of ISG in neighboring cells and induces
antiviral status [30]. In this study, we found that RNA
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viruses such as NDV and AIV significantly up-regulated
the expression of chicken miR-126-5p. After bioinfor-
matics analysis of the target genes of miR-126-5p, we
found that miR-126-5p participates in the regulation of
multiple immune-related signaling pathways. This find-
ing indicates that miR-126-5p may be involved in chicken

innate antiviral immunity. A large number of studies have
concluded that miR-126-5p promotes the proliferation
and migration of cancer cells such as human rectal can-
cer, ovarian cancer, and mouse aortic aneurysm [31-34].
Cancer is due to immune escape [35, 36], which shows
that miR-126-5p is not only involved in the immunity
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of chickens but also participates in the immunity of
mammals.

The above results indicate that miR-126-5p may be reg-
ulated by type I IEN. However, we found that chIFN} sig-
nificantly up-regulates the expression of two typical ISG,
MX1 and PKR, but does not affect the expression of miR-
126-5p, these show that miR-126-5p is not regulated by
IENB. More importantly, miR-126-5p inhibits the expres-
sion of innate immunity and inflammatory cytokine-
related genes following NDV infection. Similarly, EV71
infection up-regulates the expression of miR-141, result-
ing in down-regulation of the eukaryotic translation
initiation factor 4E protein, thereby promoting EV71
replication and release [37]. These data indicate that miR-
126-5p regulates host antiviral immunity. However, how
the host regulates the expression of miR-126-5p after
virus invasion still needs further study.

Excessive immune response after virus invasion can
cause a “cytokine storm’, which severely damages host
organs and even causes death [14]. A large number of
studies have shown that miRNA participate in the regu-
lation of host cytokine storms after virus invasion. For
example, after influenza virus invasion, miR-302a can
induce a cytokine storm, and miR-133a also has the same
effect [38—40]. Interestingly, we found that miR-126-5p
significantly inhibited the expression of inflammatory
cytokine-related genes after NDV infection. At the same
time, miR-126-5p notably promoted the replication of
NDV. This indicates that miR-126-5p regulates the host’s
immune response by suppressing the host “cytokine

storm”. This negative regulation effectively avoids damage
to the host by a strong immune response.

MiRNA regulate the protein abundance of target genes
by binding and inhibiting the translation of gene mRNA
[15]. To study the mechanism of miR-126-5p inhibiting
chicken antiviral innate immunity, we analyzed the target
genes of miR-126-5p. We found that miR-126-5p targets
and inhibits the expression of TRAF3. A large number of
studies have shown that TRAF3 plays a significant role in
the process of antiviral innate immunity [41-43]. It is a
MAVS adaptor protein that undergoes k63-linked ubiq-
uitination in mitochondria during RNA virus infection.
This post-translational modification induces two kinds of
Ix-B kinase (IKK) related kinases, TANK binding kinase
1 (TBK1) and IKKi activation. These two kinases phos-
phorylate interferon regulatory factor 3 (IRF3) or IRF7,
resulting in a type I interferon (IFN) [44, 45]. In this
study, we also found that RNA virus infection in chick-
ens significantly increases the expression of TRAF3, and
overexpression of TRAF3 enhances the antiviral innate
immune responses of chickens. Our previous study
found that MAVS acts as a scaffold protein to recruit
and phosphorylate TBK1 and IRF7 to activate IFN [10,
46]. Coupled with this study, we think that MAVS may
first recruit TRAF3 and then recruit TBK1 and IRF7. To
further demonstrate that miR-126-5p inhibits the type I
interferon signaling pathway through TRAF3, we sepa-
rately co-overexpressed the TRAF3 upstream and down-
stream proteins MAVS and IRF7 with miR-126-5p to
detect the related gene expression of the type I interferon
signaling pathway. It was found that the simultaneous
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overexpression of MAVS or IRF7 with miR-126-5p signif-
icantly inhibited the expression of IFNf, MX1, and PKR.
This shows that TRAF3 is required for the activation of
type I interferon pathways.

However, in this study, we also found that miR-126-5p
regulated virus replication. Existing research findings
show a dual regulatory role of miRNA for virus repli-
cation [40]. First, miRNA exert an antiviral effect and
inhibit virus replication by directly binding to the virus
FNTR. In addition, miRNA directly bind to the 5’NTR
of the virus to stabilize the virus structure and promote
virus replication. Of course, viruses can also promote
their replication by changing the abundance of host
miRNA [19, 47]. Here, we found that overexpression of
miR-126-5p significantly promotes virus replication,
while inhibition of miR-126-5p reduces virus replication.
We believe that miR-126-5p regulation of viral replica-
tion may be related to miR-126-5p negative regulation of
innate immunity.

In conclusion, our research determined that miR-
126-5p negatively regulates chicken antiviral innate
immunity. After RNA virus infection, the expression of
miR-126-5p is upregulated, and miR-126-5p inhibits the
type I interferon signaling pathway and inflammatory fac-
tors by targeting TRAF3. We also found that miR-126-5p
is widely present in different species, and influenza virus
infection with A549 cells also changes the expression of
miR-126-5p [48]. Therefore, it may also participate in the
mammalian antiviral immune response. However, the
specific role of miR-126-5p in mammalian innate immu-
nity remains unclear. Therefore, our research will provide
potential targets for the treatment of cytokine storms
caused by viral infections (Figure 10).

Abbreviations

AlV: avian influenza virus; NDV: Newcastle disease virus; TRAF3: TNF receptor-
associated factor 3; IFNR: interferon-beta; PKR: eukaryotic translation initiation
factor 2 alpha kinase 2; MX1: MX1-myxovirus (influenza virus) resistance 1;
IL-18: inflammatory cytokine related genes interleukin 16; IL-6: interleukin 6;
IL-8: interleukin-8.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513567-022-01098-x.

Additional file 1. Primers used to detect relative gene mRNA expres-
sion levels with quantitative RT-PCR.

Additional file 2. Analysis of differential miRNA in chickens infected
with Newcastle disease virus (NDV) or avian influenza virus (AlIV).
(A) The Vene Map different miRNAs of chicken infection NDV or AIV. (B)
The Heat Map differential miRNAs of chicken infection with NDV. (C) The
Volcano Map different miRNAs of chicken infection with AIV. The miRNA
microarray using the R package ‘limma”. |logFC|>2 and a p-value < 0.05
were set as the threshold to screen out the different miRNAs.

Page 13 of 14

Acknowledgements

The authors would like to thank our laboratory members who helped us to
improve the manuscript with their skillful technical assistance, invaluable
comments and suggestions.

Authors’ contributions

JW, YQC, and JHS designed the research and analyzed the data. JW, LLW, YQC,
ZYL, WXZ, AXS, ZFW, JJM, HAW, YXY and JHS conducted the experiments

and collected the data. JW and YQC wrote the paper. All authors read and
approved the final manuscript.

Funding

This study was supported by the National Natural Science Foundation
(31872456, 31802175, 32072864, and 32072865) and the Agriculture Research
System of Shanghai, China (Grant No. 202212).

Availability of data and materials
The data analyzed during the current study are available from the correspond-
ing author upon reasonable request.

Declarations

Ethics approval and consent to participate

The animal experiments were approved by the Animal Ethics Committee
of Shanghai Veterinary Research Institute (registration number: SHVRI-
SZ-20191101-01) (Shanghai, China) and all procedures were done in full
compliance with all relevant legislation.

Competing interests
The authors declare that they have no competing interests.

Author details

'Shanghai Key Laboratory of Veterinary Biotechnology, Key Laboratory

of Urban Agriculture (South), Ministry of Agriculture, School of Agriculture
and Biology, Shanghai Jiao Tong University, Shanghai, China. ?Shanghai Yuan
Song Biotechnology Co,, LTD,, Shanghai, China.

Received: 31 August 2021 Accepted: 27 July 2022
Published online: 12 October 2022

References

1. LeeS, Channappanavar R, Kanneganti T (2020) Coronaviruses: innate
immunity, inflammasome activation, inflammatory cell death, and
cytokines. Trends Immunol 41:1083-1099

2. Akira’S, Uematsu S, Takeuchi O (2006) Pathogen recognition and innate
immunity. Cell 124:783-801
Campbell L, Magor K (2020) Pattern recognition receptor signaling and
innate responses to influenza A viruses in the mallard duck, compared to
humans and chickens. Front Cell Infect Microbiol 10:209

4. Yoneyama M, Fujita T (2010) Recognition of viral nucleic acids in innate
immunity. Rev Med Virol 20:4-22

5. XuL,YuD, FanY, LiuY,YaoY (2019) Evolutionary selection on MDAS5 and
LGP2 in the chicken preserves antiviral competence in the absence of
RIG-I. J Genet Genomics 46:499-503

6. ChengY, SunY,WangH,YanY, Ding C, Sun J (2015) Chicken STING
mediates activation of the IFN gene independently of the RIG- gene. J
Immunol 195:3922-3936

7. Honda K, Taniguchi T (2006) IRFs: master regulators of signalling by
Toll-like receptors and cytosolic pattern-recognition receptors. Nat Rev
Immunol 6:644-658

8. LiuS,CaiX,WuJ,Cong Q Chen X, LiT, DuF, Ren J, WuY, Grishin N, Chen Z
(2015) Phosphorylation of innate immune adaptor proteins MAVS, STING,
and TRIF induces IRF3 activation. Science 347:aaa2630

9. Huang B, Qi ZT, Xu Z, Nie P (2010) Global characterization of interferon
regulatory factor (IRF) genes in vertebrates: glimpse of the diversification
in evolution. BMC Immunol 11:22


https://doi.org/10.1186/s13567-022-01098-x
https://doi.org/10.1186/s13567-022-01098-x

Wang et al. Veterinary Research

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

(2022) 53:82

ChengY, Zhu W, Ding C, Niu Q, Wang H, Yan Y, Sun J (2019) irf7 is involved
in both STING and MAVS mediating IFN-beta signaling in IRF3-lacking
chickens. J Immunol 203:1930-1942

. Dinarello C (2009) Immunological and inflammatory functions of the

interleukin-1 family. Annu Rev Immunol 27:519-550

Farag N, Breitinger U, Breitinger H, El Azizi M (2020) Viroporins and inflam-
masomes: a key to understand virus-induced inflammation. Int J Biochem
Cell Biol 122:105738

GuY, Hsu A, Pang Z, Pan H, Zuo X, Zheng WG, J, Wang F, (2019) Role of the
innate cytokine storm induced by the influenza A virus. Viral Immunol
32:244-251

Fajgenbaum D, June C (2020) Cytokine storm. N Engl J Med
383:2255-2273

Mehta A, Baltimore D (2016) MicroRNAs as regulatory elements in
immune system logic. Nat Rev Immunol 16:279-294

Baumjohann D, Kageyama R, Clingan J, Morar M, Patel S, de Kouchkovsky
D, Bannard O, Bluestone J, Matloubian M, Ansel K, Jeker L (2013) The
microRNA cluster miR-17 approximately 92 promotes TFH cell differentia-
tion and represses subset-inappropriate gene expression. Nat Immunol
14:840-848

Danger R, Braza F, Giral M, Soulillou J, Brouard S (2014) MicroRNAs, major
players in B cells homeostasis and function. Front Immunol 5:98
Gasparello J, Finotti A, Gambari R (2021) Tackling the COVID-19 “cytokine
storm”with microRNA mimics directly targeting the 3'UTR of pro-inflam-
matory mRNAs. Med Hypotheses 146:110415

Trobaugh D, Klimstra W (2017) MicroRNA regulation of RNA virus replica-
tion and pathogenesis. Trends Mol Med 23:80-93

Duan X, Wang L, Sun G, Yan W, Yang Y (2020) Understanding the cross-talk
between host and virus in poultry from the perspectives of microRNA.
Poult Sci 99:1838-1846

O'Dowd K, Emam M, El Khili M, Emad A, Ibeagha-Awemu E, Gagnon C,
Barjesteh N (2020) Distinct miRNA profile of cellular and extracellular
vesicles released from chicken tracheal cells following avian influenza
virus infection. Vaccines 8:438

Lin Z,Wang J, Zhu W, Yu X, Wang Z, Ma J, Wang H, Yan Y, Sun J, Cheng

Y (2021) Chicken DDX1 acts as an RNA sensor to mediate IFN-beta
signaling pathway activation in antiviral innate immunity. Front Immunol
12:742074

Cheng Y, Huang Q, JiW, Du B, Fu Q, An H, Li J,Wang H, Yan Y, Ding C, Sun J
(2015) Muscovy duck retinoic acid-induced gene | (MdRIG-I) functions in
innate immunity against HON2 avian influenza viruses (AIV) infections. Vet
Immunol Immunopathol 163:183-193

Wang J, Ge J, Cao H, Zhang X, GuoY, Li X, Xia B, Yang G, Shi X (2019) Lep-
tin promotes white adipocyte browning by inhibiting the Hh signaling
pathway. Cells 8:372

Agarwal V, Bell G, Nam J, Bartel D (2015) Predicting effective microRNA
target sites in mammalian mRNAs. Elife 4:e05005

Bu D, Luo H, Huo P, Wang Z, Zhang S, He Z, Wu Y, Zhao L, Liu J, Guo J, Fang
S,CaoW,YiL, ZhaoY, Kong L (2021) KOBAS-i: intelligent prioritization and
exploratory visualization of biological functions for gene enrichment
analysis. Nucleic Acids Res 49:W317-W325

Szklarczyk D, Gable A, Nastou K, Lyon D, Kirsch R, Pyysalo S, Doncheva

N, Legeay M, Fang T, Bork P, Jensen L, von Mering C (2021) The STRING
database in 2021: customizable protein-protein networks, and functional
characterization of user-uploaded gene/measurement sets. Nucleic Acids
Res 49:D605-D612

LiZ, Zhang J, Su J, LiuY, Guo J, Zhang Y, Lu C, Xing S, Guan Y, Li Y, Sun B,
Zhao Z (2015) MicroRNAs in the immune organs of chickens and ducks
indicate divergence of immunity against HSN1 avian influenza. FEBS Lett
589:419-425

Iwasaki A, Pillai P (2014) Innate immunity to influenza virus infection. Nat
Rev Immunol 14:315-328

Hogner K, Wolff T, Pleschka S, Plog S, Gruber A, Kalinke U, Walmrath H,
Bodner J, Gattenlohner S, Lewe-Schlosser P, Matrosovich M, Seeger W,
Lohmeyer J, Herold S (2013) Macrophage-expressed IFN-beta contributes
to apoptotic alveolar epithelial cell injury in severe influenza virus pneu-
monia. PLoS Pathog 9:21003188

LiL, MaW, Pan S, Li Y, Wang H, Wang B, Khalil RA (2020) MiR-126a-5p
limits the formation of abdominal aortic aneurysm in mice and decreases
ADAMTS-4 expression. J Cell Mol Med 24:7896-7906

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 14 of 14

Schober A, Nazari-Jahantigh M, Wei Y, Bidzhekov K, Gremse F, Grommes
J,Megens R, Heyll K, Noels H, Hristov M, Wang S, Kiessling F, Olson EN,
Weber C (2014) MicroRNA-126-5p promotes endothelial proliferation and
limits atherosclerosis by suppressing DIk1. Nat Med 20:368-376

Sun Z,0u G, Liu J, Chen C, Zhou Q, Yang S, Li G, Wang G, Song J, Li Z,
Zhang Z,Yuan W, Li X (2019) YAP1-induced MALAT1 promotes epithelial-
mesenchymal transition and angiogenesis by sponging miR-126-5p in
colorectal cancer. Oncogene 38:2627-2644

Wu G, Cao L, Zhu J,Tan Z, Tang M, Li Z, Hu Y, Yu R, Zhang S, Song L, Li J
(2019) Loss of RBMS3 confers platinum resistance in epithelial ovarian
cancer via activation of miR-126-5p/beta-catenin/CBP signaling. Clin
Cancer Res 25:1022-1035

Demaria O, Cornen S, Daeron M, Morel Y, Medzhitov R, Vivier E (2019)
Harnessing innate immunity in cancer therapy. Nature 574:45-56

Vesely M, Kershaw M, Schreiber R, Smyth M (2011) Natural innate and
adaptive immunity to cancer. Annu Rev Immunol 29:235-271

Ho B, Yu'S, Chen J, Chang S, Yan B, Hong Q, Singh S, Kao C, Chen H, Su K,
Li K, Cheng C, Cheng H, Lee J, Lee C, Yang P (2011) Enterovirus-induced
miR-141 contributes to shutoff of host protein translation by targeting
the translation initiation factor elF4E. Cell Host Microbe 9:58-69

Chen L, Xie W,Wang L, Zhang X, Liu E, Kou Q (2020) MiRNA-133a aggra-
vates inflammatory responses in sepsis by targeting SIRT1. Int Immunop-
harmacol 88:106848

Chen X, Zhou L, Peng N, Yu H, Li M, Cao Z, Lin Y, Wang X, Li Q Wang J, She
Y, Zhu C, Lu M, ZhuY, Liu S (2017) MicroRNA-302a suppresses influenza A
virus-stimulated interferon regulatory factor-5 expression and cytokine
storm induction. J Biol Chem 292:21291-21303

Hong Y, Truong A, Lee J,VuT, Lee S, Song K, Lillehoj H, Hong Y (2021) Exo-
somal miRNA profiling from H5N1 avian influenza virus-infected chickens.
Vet Res 52:36

Zhu Q,YuT, Gan S,Wang Y, Pei Y, Zhao Q, Pei S, Hao S, Yuan J, Xu J, Hou
F,Wu X, Peng C, Wu P, Qin J, Xiao Y (2020) TRIM24 facilitates antiviral
immunity through mediating K63-linked TRAF3 ubiquitination. J Exp Med
217:20192083

WeiY, Zeng Y, Zhang X, Xu S, Wang Z, Du Y, Zhang B, Lei C, Zhu Q (2020)
The nucleoprotein of H7N9 influenza virus positively regulates TRAF3-
mediated innate signaling and attenuates viral virulence in mice. J Virol
94:201640-e1720

Sun N, Jiang L, Ye M, Wang Y, Wang G, Wan X, Zhao Y, Wen X, Liang L, Ma
S, Liu'L, Bu Z, Chen H, Li C (2020) TRIM35 mediates protection against
influenza infection by activating TRAF3 and degrading viral PB2. Protein
Cell 11:894-914

Xu L, Wang Y, Han K, Li L, Zhai Z, Shu H (2005) VISA is an adapter protein
required for virus-triggered IFN-beta signaling. Mol Cell 19:727-740
Kawai T, Takahashi K, Sato S, Coban C, Kumar H, Kato H, Ishii K, Takeuchi
O, Akira S (2005) IPS-1, an adaptor triggering RIG-I- and Mda5-mediated
type I interferon induction. Nat Immunol 6:981-988

Cheng Y, Ma J, LiuY, Gao Q, Yan Y, Wang H, Ding C, Sun J (2017) Chicken
TBK1 interacts with STING and is involved in IFN-beta signaling regula-
tion. Dev Comp Immunol 77:200-209

Wong R, Abd-Aziz N, Affendi S, Poh C (2020) Role of microRNAs in antivi-
ral responses to dengue infection. J Biomed Sci 27:4

Xia B, Lu J,Wang R, Yang Z, Zhou X, Huang P (2018) miR-21-3p regulates
influenza A virus replication by targeting histone deacetylase-8. Front Cell
Infect Microbiol 8:175

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Chicken miR-126-5p negatively regulates antiviral innate immunity by targeting TRAF3
	Abstract 
	Introduction
	Materials and methods
	Cell culture and virus
	Animals and treatment
	Construction of plasmid
	Cell transfection
	Bioinformatics Screening and miR-126-5p Target Gene Prediction
	Protein–protein interaction network analysis
	RNA extraction and qPCR
	Dual-luciferase reporter assays
	Statistical analysis

	Results
	The expression of miR-126-5p is upregulated by RNA virus in chickens
	Bioinformatics analyses indicate that miR-126-5p is involved in the regulation of innate immunity
	Overexpression of miR-126-5p inhibits chicken antiviral innate immunity during NDV infection
	Inhibition of miR-126-5p promotes chicken antiviral innate immunity during NDV infection
	The interferon signaling pathway has no role in regulating miR-126-5p expression
	MiR-126-5p promotes RNA virus replication
	MiR-126-5p inhibits chicken antiviral innate immunity by targeting TRAF3
	TRAF3 regulation of chicken innate immunity
	MiR-126-5p negatively regulates chicken innate immunity by blocking the MAVS-TRAF3-TBK1 axis

	Discussion
	Acknowledgements
	References




