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Mediator of IRF3 activation (MITA) is a significant signal adaptor in the retinoic acid-
inducible gene-I like receptor (RLR) signaling pathway and plays an important role in the
innate immune system. As a transcription factor, nuclear factor kappa B (NF-kB) can be
available in many signaling pathways including the RLR signaling pathway and relative to
biological processes like immune responses. In this study, it is determined that IRF4b and
IRF8 can have a negative effect on NF-kB signaling pathway mediated by MITA in fish.
Firstly, it is found that IRF4b and IRF8 have an inhibitory function on MITA-mediated NF-
kB signaling pathway. It is interesting that IRF4b and IRF8 have similar functions to
achieve precise downregulated and the degradation of MITA through the ubiquitin-
proteasome pathway. IRF is taken as the core domain of IRF4b or IRF8 for the
downregulation to MITA. This study provides data on MITA-mediated NF-xB signaling
pathway in teleost fish and provides new insights into the regulatory mechanism in fish
immune system.

Keywords: MITA, IRF4b, IRF8, NF-xB, ubiquitination

INTRODUCTION

Pathogens produce a series of conserved components, which are called pathogen-associated
molecular patterns (PAMPs) in the process of invading the host cells. As pattern recognition
receptors (PRRs) in the host cells can recognize PAMPs, a series of signaling cascades are induced
(1). Downstream signaling pathways are activated, and the productions of type I interferon,
proinflammatory cytokines, and chemokines are induced to defend against invading pathogens (2).
These PRRs mainly consist of four types, which include Toll-like receptors (TLRs), retinoic acid-
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inducible gene-I-like receptors (RLRs), C-type lectin receptors
(CLRs), and nucleotide oligomerization domain (NOD)-like
receptors (NLRs) (3-5). Among the four types of PPRs, TLRs
and RLRs are relatively typical as they are highly conserved in
vertebrates and play an important role in the innate immune
system. After being recognized by corresponding ligands, TLRs
can cause the activation of two downstream signaling pathways.
One is MyD88-dependent pathway, and the other is MyD88-
independent pathway, which is also called the TRIF-dependent
pathway (6, 7). All the members of TLRs contain a TIR domain,
and MyD88 also has a TIR domain. As an important molecule of
TLR signaling pathway, MyD88 first binds to TLRs through the
TIR domain. The complex then combines with interleukin-1
receptor-associated kinase 4 (IRAK-4), which results in the
activation of interleukin-1 receptor-associated kinase 1 (IRAK-
1) and tumor necrosis factor receptor-associated factor 6
(TRAF6). Nuclear factor kB (NF-xB) is eventually activated,
which can promote the expression of some inflammatory factors
by a range of reactions (8-10).

Most studies focus on TLR signaling pathway while RLR
signaling pathway has received more and more attention. TLRs
can recognize the external stimuli from bacteria, viruses, fungi,
and protozoa, while RLRs can only recognize the stimulus from
viruses. So far, three members of RLRs have been identified, and
they are retinoic acid-induced gene I (RIG-I), melanoma
differentiation-associated gene 5 (MDAS5), and laboratory of
genetics and physiology 2 (LGP2) (11). RIG-I and MDAS5 can
interact with mitochondrial antiviral signaling protein (MAVS),
a CARD-containing adaptor protein, through their CARD
domain (12-14). Through the activation of MAVS, the signal
is transmitted to the downstream TRAF3, TBK1, and inducible
IxB kinase (IKK-i), and finally IRF3 and IRF7 are
phosphorylated. The phosphorylated IRF3 and IRF7 are
transformed into nucleus, which can induce the production of
type I interferon (IFN) (15). Mediator of IRF3 activation (MITA,
also called STING) has been identified in many vertebrates, and
it plays a role of a junction molecule in RLR signaling pathway,
or rather, MITA is a signal adaptor that connects MAVS to the
downstream molecules in RLR signaling pathway (16). MITA
locates in the mitochondrial outer membrane and endoplasmic
reticulum and is taken as an IFN-stimulating factor that is widely
expressed in a variety of tissues and cells. As a result, MITA may
play an extremely important role in immune regulation (17).

In the antiviral immune response, the host cells recognize the
invading viruses through RLRs and trigger the downstream signal
pathway, which eventually cause the host cells to produce IEN or
other cytokines to defend against the viruses. While the host cells
resist the invasion of the viruses, it is necessary to maintain the
immune balance, in which the regulation of RLR signaling
pathway is particularly critical. The genes that can participate in
the regulation of RLR signaling pathway are mainly divided into
two types: noncoding genes and coding genes. Studies have found
that microRNAs are typical noncoding genes. MiR-4661 and miR-
378 can negatively regulate the expression of IFN-a. directly, thus
inhibiting the antiviral innate immune response. It is reported that
MITA has an effect on the production of IFN-B (18, 19).

Interestingly, it is found that miR-24 can regulate the expression
of MITA after transcription (20). Although there are a few studies
on the regulation of target molecules by noncoding genes, more
and more attentions are put into the studies on the mechanism of
regulating signaling pathways through the interactions between
junction molecules and target proteins, especially in mammals. A
previous study shows that NLRX1 plays a negative regulatory role
in MAVS-mediated antiviral response which is mediated by
inhibiting the interactions between virus-induced RIG-like
helicase (RLH) and MAVS (21). As a physiological inhibitor of
MDAS5, DAK can specifically inhibit the innate antiviral signal
transduction which was mediated by MDA5 (22). In addition,
antiviral signals related to RLRs can be activated when MAVS
recruits TRAF6 (23). In a word, regulating the junction molecules
and the target signal proteins in RLR signaling pathway is an
important part of the immunomodulatory mechanism.

Many studies that focus on the functions of MITA in
mammals are available, but there are only a few when it comes
to fish. In this study, we focus on the research regarding the
influence of IRF4b and IRF8 on MITA in teleost fish. The
existence of either IRF4b or IRF8 can inhibit the activation
level of MITA-mediated NF-xB signaling pathway. When IRF4b
or IRF8 is overexpressed, the protein level of MITA drops in an
obvious way while the knockdown of IRF4b or IRFS8 presents the
opposite results. In addition, it is confirmed that both IRF4b and
IRF8 promote the degradations of MITA through ubiquitin-
proteasome pathway. This study not only provided evidence for
the mechanism of IRFs regulating MITA in fish but also
enriched the content of RLR signaling pathway in fish. What is
more, it provides a new sight for the regulatory mechanism
in vertebrates.

MATERIALS AND METHODS

Sample and Challenge

The healthy juvenile fish of miiuy croaker (Miichthys Miiuy)
with a body weight of 25~30 g were reared in 25°C inflatable
seawater tanks for at least 1 week, and pathogen infection
experiments were then carried out. Healthy fish were randomly
divided into the control group and the injection group. In the
injection group, fish were further divided into several groups and
kept in different tanks according to the different stimulus. The
stimulus were the suspension of poly(I:C) (5 mg/ml, In vivoGen)
and Siniperca chuatsi rhabdovirus (SCRV), and the fish were
injected with them in a dose of 0.1 ml, respectively. The fish in
the control group were injected with 0.1 ml normal saline as a
control. The fish in the three groups were all killed for liver at
different time points (0, 6, 12, 24, 36, 48, and 72 h) after injection,
and at least three samples in each group were collected at each
time point. All animal experiments were conducted in
accordance with the guidelines for the Care and Use of
Experimental Animals issued by the National Institutes of
Health, and the experiments were approved by the Research
Ethics Committee of Shanghai Ocean University (No. SHOU-
DW-2018-047).
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Plasmid Construction

The open reading frame (ORF) of miiuy croaker MITA gene was
cloned from the cDNA of miiuy croaker into the Hind III and
EcoR 1 sites of pcDNA3.1 with a Myc tag. The ORF of MITA was
cloned into the same restriction enzyme sites as pcDNA3.1 with
a Myc tag in pEGFP-N1 with a green fluorescent protein (GFP)
tag. The ORF of IRF4b gene was cloned in ¢cDNA of miiuy
croaker into the Hind III and EcoR I sites of pcDNA3.1 with a
Flag tag. The ORF of IRF8 gene was cloned from the cDNA of
miiuy croaker into BamH I and Xba I sites of pcDNA3.1 with a
Flag tag. Based on the recombinant plasmid of IRF4b, the relative
mutations of IRF4b, including IRF4bAIRF and IRF4bAIRF3,
were generated by specific primers through PCR. The
mutations of IRF8, which included IRFS8AIRF and IRFSAIRF3,
were generated in the similar way as the mutations of IRF4b. The
IRF4b-shRNA was designed and ligated into BamH I and EcoR 1
of pSIREN-RetroQZsGreen1 vector and so was the IRF8-shRNA.
The pRK5-HA-ubiquitin-WT (ubiquitin-HA) plasmid was
purchased from Addgene (Watertown, MA, USA). All
recombinant plasmids were affirmed by Sanger sequencing. All
of the plasmids were then extracted using Endotoxin Free
Plasmid DNA Miniprep Kit (Tiangen, Beijing, China). Primer
sequences are listed in Supplemental Table 1.

Cell Culture and Transient Transfections
Epithelioma papulosum cyprini (EPC) cells were cultured in
medium 199 (Hyclone, Logan, UT, USA), which contains 10%
fetal bovine serum (FBS, Gibco, Waltham, MA, USA), 2 mM L-
glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin, in
a 26°C incubator with 5% CO,. The cell line of miiuy croaker
kidney (MKC) was cultured in L-15 medium supplemented with
20% FBS at 26°C (24). HEK293 cells were cultured in DMEM
medium in a humid environment containing 5% CO, at 37°C,
and 10% FBS, 2 mM tr-glutamine, 100 U/ml penicillin, and
100 mg/ml streptomycin were contained in the DMEM
medium. The plasmids were transfected in cells by
Lipofectamine 2000™ (Invitrogen, Waltham, MA, USA).
Furthermore, the proteasome inhibitor (MG132, CAS number:
1211877-36-9, Sigma, St. Louis, MO, USA) or cycloheximide
(CHX, CAS number: 66-81-9, Beyotime) was added into
medium at 24 h after transfection, and the final concentrations
were 30 uUM/ml and 100 pg/ml, respectively (25).

Luciferase Reporter Assays

The expression plasmids and reporter gene plasmids like NF-xB,
IL-1B, and IL-8 were transfected in EPC cells, and Renilla
luciferase reporter plasmid (pRL-TK) was regarded as the
internal control. The ratio between pRL-TK and reporter gene
plasmids was 1:10. The control group was added with the same
amount of empty vector as the experimental group to keep the
same amount of total transfection in the whole group of
experiments. The luciferase activity was measured using Dual-
Luciferase Reporter Assay System (Promega, Madison, WI,
USA). In order to obtain results, each experiment was carried
out at least three times independently (26).

Immunoblot Assays

The cells were washed for three times by sterile and cold PBS,
then the cells were lysed by Western and IP cell lysis buffer
(Beyotime, 20 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-
100). The concentrations of the proteins were measured
through BCA assay (Pierce). The same amount of protein
samples were mixed with 2x SDS loading buffer, and they
were loaded into SDS-PAGE. Through Bio-Rad Trans Blot
Turbo System, the proteins were transferred to PVDF
membrane (Millipore, Burlington, MA, USA) by the semidry
process. The membranes were blocked in 5% skimmed milk
solution at room temperature for 90 min and incubated with
suitable primary antibodies at 4°C overnight. The primary
antibodies used in this study were against Myc, Flag, HA,
GFP Tag (Santa Cruz, Santa Cruz, CA, USA), GAPDH, and
tubulin. Using the TBST buffer, the membranes were washed
for three times, and they were then incubated with the
secondary antibody at room temperature on the rocker
platform for 60 min. Finally, proteins were detected by
WesternBrightTM ECL (Advansta, San Jose, CA, USA), and
cold CCD camera was used for digital imaging.

Immunoprecipitation Assays

For immunoprecipitation (IP) experiments, HEK293 cells were
seeded into 10 cm” plate overnight and transfected with a total
5 pg plasmids. After 36 h transfection, the cells were washed for
three times with ice-cold PBS, and the cells were lysed with 500 pl
Western and IP lysis buffer, which contain protease inhibitor
cocktail (Bitake), at 4°C for 30 min on a rocker platform. The cell
samples were centrifuged at 14,000xg for 15 min at 4°C. After
centrifugation, the supernatants were transferred to new
centrifuge tubes and gently shaken overnight at 4°C with 50 pl
protein A+G (Sigma) and 1 pg anti-Myc monoclonal antibody
(Sigma). In the next day, the beads were collected after
centrifuging at 2,500xg for 5 min at 4°C. After being washed
with Western and IP lysis buffer for 5 times, the beads were
finally mixed with 60 pl 2x SDS loading buffer. The
immunoprecipitates and the whole cell lysates were analyzed
by immunoblotting.

Fluorescent Microscopy

HEK293 cells were cultivated onto 24-well plates and transfected
using Lipofectamine 2000™ (Invitrogen) with corresponding
plasmids for 48 h, and the images were obtained by a
fluorescence microscope (Leica, Wetzlar, Germany).

Statistical Analysis

All the experiments were performed independently at least
three times (n > 3). The relative data of the expression of
genes were obtained by 27**“T method, and the comparisons
between groups were analyzed by one-way analysis of variance
(ANOVA) followed by Duncan’s multiple comparison tests.
Results were expressed as mean * SE (standard error), and the
p values <0.05 was considered to be statistically significant (27).
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RESULTS

IRF4b and IRF8 Are Upregulated After
Induced by Poly(l:C) and SCRV

To know whether the expressions of IRF4b, IRF8, and MITA
could be affected by pathogen stimulation, miiuy croaker were
stimulated with poly(I:C) and SCRV, and the expressions in liver
was detected by qRT-PCR (Figures 1A, B). When stimulated
with poly(I:C), compared with the expressions of the three genes
at 0 h as the control, the expressions of the three genes all
increased. With the extension of stimulation time, the
expressions of these three genes also showed different changes,
and the maximum expression of three different genes appeared at
different times. So did when stimulated with SCRV. It was vividly
shown that no matter what kind of stimulation was used, the
maximum expression of MITA always appeared later than that
of IRF4b and IRF8. Therefore, it could be inferred that IRF4b and
IRF8 may have an effect on the MITA under the stimulation of
poly(I:C) or SCRV.

IRF4b and IRF8 Negatively Influence the
MITA-Mediated NF-xB Signaling Pathway
It was known that MITA could mediate NF-xB signaling
pathway in previous study. In order to confirm the conjecture
above, the influences of IRF4b and IRF8 on MITA-mediated NF-
KB signaling pathway were studied. As shown in Figure 2A,
MITA did activate the promoter activity of NF-xB, and the

promoter activity of NF-kB decreased with the presence of IRF4b
or IRF8 when compared with the results that only MITA existed.
Similar results are received when they are related to the promoter
of IL-1B or IL-8. To confirm the influence of IRF4b or IRF8 on
MITA, concentration gradient experiments of IRF4b and IRF8
were conducted, as shown in Figure 2B. With the gradual
increased doses of IRF4b and IRF8, the activation level of NF-
KB also decreased gradually. IRF4b or IRF8 was then transfected
with MITA into EPC cells, as designed in Figure 2C, and
luciferase activity was checked at 12, 18, and 24 h, respectively.
The results demonstrated that both the existence of IRF4b and
IRF8 could have an inhibitory effect on the activation of NF-xB
which was mediated by MITA. In other words, the effects of
IRF4b or IRF8 on MITA-mediated signaling pathway may be
caused by some interaction between IRF4b or IRF8 and MITA.

IRF4b and IRF8 Promote

MITA Degradation

In order to find out the relationship between IRF4b or IRF8 and
MITA, we mainly studied the changes of the expressions of
MITA. Expression plasmids for MITA were transfected with
IRF4b or IRF8 into EPC cells for immunoblot assays
(Figure 3A). The protein level of MITA decreased obviously
with the participation of IRF4b or IRF8. To explore the influence
of IRF4b or IRF8 on the expression of endogenous MITA, the
expression plasmids of IRF4b and IRF8 were transfected into
MKGC, respectively, and the expression of endogenous MITA was
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FIGURE 1 | IRF4b and IRF8 are upregulated after poly(l:C) and SCRV induction. The expression patterns of IRF4b, IRF8, and MITA were analyzed using the liver
samples of fish obtained at 0, 6, 12, 24, 36, 48, and 72 h after being injected with poly(l:C) (A) and SCRV (B) by gRT-PCR, respectively. *p < 0.05; *p < 0.01. All
the experiments were performed independently at least three times.
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examined by immunoblot assays (Figure 3B). Similar results
were obtained as in Figure 3A. To further confirm the inhibitory
effects of IRF4b or IRF8 on the expression of MITA,
concentration gradient experiments and different time points
experiments were conducted, as shown in Figures 3C, D. The
results demonstrated that both IRF4b and IRF8 could inhibit the
expression of MITA. MITA-GFP was transfected with IRF4b or
IRF8 into HEK293 cells (Figure 3E). As shown in the pictures,
the green signals of MITA were weaker with the presence of
IRF4b or IRF8 when compared with the control, and the results
of immunoblot assays also presented the similar trends. As a
result, IRF4b and IRF8 could promote the degradation of MITA.

Effects of the Knockdown of IRF4b
or IRF8 on MITA

To confirm the conclusion above, IRF4b and IRF8 were knocked
down for further study. After the knockdown plasmids of IRF4b

NF-kB-Luc

400+

300

2004

IL8-Luc

mm MITA+pcDNA3.1
™= MITA+IRF4b
MITA+IRF8

60

(=]

4004

2004

12h 18h

24h

FIGURE 2 | IRF4b and IRF8 negatively influence the MITA-mediated NF-kB signaling pathway. (A) EPC cells were seeded onto 24-well plates overnight and
cotransfected with MITA, pcDNAS.1, IRF4b, IRF8, and the reporter genes such as NF-kB (left), IL-1B (middle), and IL-8 (right), respectively. The dose of each
plasmid was 0.2 ug (0.25 ug for every kind of reporter gene). Luciferase activity was measured at 24 h after transfection. (B) The concentration gradient experiments
of IRF4b and IRF8 were performed in the following doses: 0.05, 0.1, or 0.2 ug, and MITA and NF-«kB were also transfected into EPC cells. The cells were lysed at
24 h for luciferase reporter assays. (C) MITA, IRF4b, IRF8, and the reporter gene of NF-kB were transfected into EPC cells, and the cells were randomly divided into
three groups according to the different time points. After being lysed at 12, 18, and 24 h, luciferase reporter assays were performed. *p < 0.01. All the experiments

and IRF8 were successfully constructed, the validity of the two
plasmids was verified (Figure 4A). The results declared that the
protein level of IRF4b decreased gradually with the increasing
doses of IRF4b, and the expression of IRF8 presented to be an
opposite trend to the increasing doses of IRF8. IRF4b-shRNA,
IRF4b, and MITA were then transfected into EPC cells, and EPC
cells were also transfected with IRF8-shRNA, IRF8, and MITA to
check the protein level of MITA by immunoblot assays
(Figure 4B). The results illustrated that not only IRF4b
-shRNA but also IRF8-shRNA could inhibit the expression of
corresponding genes by knocking down, thus affecting the
degrees of degradation of MITA. CHX was considered to be a
typical inhibitor of protein synthesis. In this study, CHX was
used to shorten the half-life time to know the effects of IRF4b or
IRF8 on MITA well. Plasmids were transfected into EPC cells as
designed in Figure 4C. At 24 h after transfection, the cells were
treated with CHX and lysed immediately, which was taken as the
samples of 0 h, and other samples from the cells were lysed every
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3 h. Through interacting with IRF4b, IRF4b-shRNA reduced the
protein level of IRF4b, resulting in a decrease in the inhibitory
function of IRF4b on the expression of MITA, and it indirectly
caused the results that the protein level of MITA was always
higher than that in the control group regardless of time changed.
Similar results could be obtained when it came to IRF8-shRNA.

IRF Is the Core Domain of IRF4b and IRF8
in the Regulation of MITA

IRF4b and IRF8 common contain interferon regulatory factor
(IRF) and interferon regulatory factor 3 (IRF3) domain, so two
mutants of the two genes were constructed, respectively
(Figure 5A). In order to understand the domain through
which IRF4b and IRF8 inhibited the expression of MITA,
MITA, IRF4b and its mutants, and IRF8 and its mutants were
transfected into EPC cells for immunoblot assays, as shown in
Figure 5B. In terms of the protein levels of MITA, the presence

of IRF4b could promote the degradation of MITA, but when it
came to IRF4bAIRF, the degradation of MITA slowed down.
Likewise, it was illustrated again that IRF8 could facilitate the
degradation of MITA, and the protein level of MITA in the
presence of IRFSAIRF was significantly higher than that of MITA
in the presence of IRF8. Put another way, it was extremely
possible that both IRF4b and IRF8 could accelerate the
degradation of MITA through the core domain of IRF. To
verify whether IRF was the key domain of these regulatory
functions, CHX was added into the cells at 24 h after the
plasmids were transfected into EPC cells, and the cells were
lysed every 3 h to examine the protein level of MITA
(Figure 5C). It could be seen in Figure 5C that the protein
level of MITA continuously decreases as time flew, and the
protein level of MITA in the presence of IRF4bAIRF or
IRF8AIRF was always higher than that in the presence of
IRF4b or IRF8. That was to say, what mattered in the
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FIGURE 4 | Effects of the knockdown of IRF4b or IRF8 on MITA. (A) The validity of IRF4b-shRNA or IRF8-shRNA was checked after transfecting IRF4b and IRF4b-
shRNA or IRF8 and IRF8-shRNA into EPC cells, and the expression of IRF4b or IRF8 was examined by immunoblot assays at 24 h after transfection. (B) MITA and
IRF4b were cotransfected with IRF4b-shRNA (0.2 and 0.4 pg) into EPC cells, and MITA, IRF8, and IRF8-shRNA were transfected in the same way as MITA, IRF4b,
and IRF4b-shRNA. The expression of MITA was then measured by immunoblot assays. (C) EPC cells were transfected with MITA, IRF4b and IRF4b-shRNA, or IRF8
and IRF8-shRNA, and the cells were treated with CHX (100 ug/ml) at 24 h after transfection and lysed every 3 h. The protein level of MITA was examined by
immunoblot assays. All the experiments were performed independently at least three times.

regulatory functions on MITA was the IRF domain of IRF4b
or IRF8.

IRF4b and IRF8 Promote MITA
Degradation Through

Proteasome Pathway

It was known to all that the degradation of protein was mainly in
three ways. After a large amount of pre-experiments, it was
roughly confirmed that the degradation of MITA under the
control of IRF4b or IRF8 was through the proteasome pathway.
To verify whether the degradation of MITA which was
influenced by IRF4b or IRF8 was through the proteasome
pathway, MG132, a proteasome inhibitor, was used for more
detailed studies. IRF4b or IRF8 was transfected with MITA, and
the cells were treated with MG132 in the experimental group
while the cells in the control group were treated with the same
dose of DMSO to make the balance (Figure 6A). When IRF4b or
IRF8 existed, the degradation of MITA could be blocked with the
participation of MG132, and it was more obvious when the
concentration gradient of MG132 was put in use (Figure 6B).
The results above illustrated that it was through the proteasome
pathway that IRF4b and IRF8 promoted the degradation of

MITA. To further confirm this, the cells were treated with
CHX together with MGI132 for immunoblot assays
(Figure 6C). Not only was the protein level of MITA in the
presence of IRF4b gradually decreased by the time but the
protein level of MITA in the presence of IRF8 was also going
down as time passed by. Moreover, with the addition of MG132,
the degradation of MITA was prevented whether in the presence
of IRF4b or IRF8.

IRF4 and IRF8 Lead to the Elevation of
MITA Polyubiquitination and Shorten

Its Half-Life

It could be concluded in Figure 6 that the protein degradation of
MITA induced by IRF4b or IRF8 was possible in the ubiquitin-
proteasome pathway. To know whether IRF4b or IRF8 could
promote the polyubiquitination of MITA, the plasmids of
ubiquitin, MITA, IRF4b, or IRF8 were transfected into the cells,
and the cells were then lysed for IP with an antibody against Myc-
MITA (Figure 7A). The results obtained from immunoblot assays
with anti-HA antibody showed that the ubiquitinated MITA in the
whole cell lysis with IRF4b or IRF8 was always more than that with
empty vector, and similar results were obtained in the cells. The
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FIGURE 5 | IRF is the core domain of IRF4b and IRF8 in the regulation of MITA. (A) Schematic diagrams of the wild type (WT) and mutants of IRF4b or IRF8.

(B) IRF4b and the mutants of IRF4b were transfected with MITA into EPC cells, and the dose of each plasmid was 0.4 ug (above). MITA was checked by
immunoblot assays after 24 h posttransfection, and similar experiments were performed with IRF8, the mutants of IRF8 and MITA (below). (C) The IRF-related
mutant of IRF4b or IRF8 and IRF4b or IRF8 was transfected with MITA into EPC cells, and CHX was added at 24 h posttransfection. The cells were lysed at different
time points and immunoblot assays were conducted. All the experiments were performed independently at least three times.

aforesaid results illustrated that IRF4b or IRF8 could accelerate the
polyubiquitination of MITA, and the degradation of MITA caused
by IRF4b or IRF8 was due to the polyubiquitination. EPC cells
were treated with CHX 24 h after transfection and lysed at
different time points. Immunoblot analyses were then
performed, and the results showed that compared with empty
vector transfected cells, the level of MITA was significantly
reduced in the presence of IRF4b or IRF8 (Figure 7B). These
results also manifested that the expression of IRF4b or IRF8 could
lead to the increase of MITA polyubiquitination.

DISCUSSION

NF-xB was a fast-response transcription factor that existed in
almost all cells to regulate the transcription of a great deal of
genes. What is more, NF-kB could participate in biological
processes such as inflammatory response, immune response,
apoptosis, and so on through the cytokines that are regulated
by NF-kB. As a result, it could participate in many signaling

pathways and play an important role in the normal physiological
process and the occurrence of diseases (24, 28, 29). Many
diseases caused by inflammation were related to overactivation
of NF-xB, and studies had found that noncoding genes had an
impact on NF-kB signaling pathway. MiR-3570 could directly
target the 3'UTR region of MyD88 and affect NF-kB signaling
pathway through posttranscriptional regulation, and miR-214
was also found to have a similar function as miR-3570 (30, 31)
with the exception that some miRNAs made direct functions on
NF-xB pathway by inhibiting the expression of the subunit of
NF-xB called p65 (32). In addition, coding genes still work. For
example, NLRX1 has a negative reaction on TRAF6-induced NF-
KB signaling pathway (5). The overexpression of USP2a leads to
a form of deubiquitinated TRAF6, and it could inhibit the
activation of NF-xB and the transcription of inflammatory
cytokines (33). The activation of NF-xB induced by TLRs was
indirectly inhibited by WWP2 and TRIM38 via targeting
different genes for ubiquitination and degradation (34, 35). In
this study, IRF4b and IRF8 were found to have inhibitory
function on MITA-mediated NF-xB signaling pathway, which
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FIGURE 6 | IRF4b and IRF8 promote MITA degradation through proteasome pathway. (A) EPC cells were seeded on 12-well plates and transfected with 0.4 pg of
MITA and IRF4b or IRF8 for 24 h, and then the cells were treated with DMSO or 30 pM MG 132 for 10 h. The expression of MITA was determined by immunoblot
assays. (B) EPC cells were transfected with 0.4 pg of MITA, IRF4b, or IRF8 again, and increasing doses of MG132 (15 and 30 uM) were added to the cells for 12 h.
The expression of MITA was checked by immunoblot assays and normalized to tubulin. (C) EPC cells were transfected with 0.4 ug of MITA and IRF4b or IRF8 as
designed in (C). At 24 h after transfection, MG132 (30 uM) and CHX (100 pg/ml) were added into cells, and cells were lysed at different time points. The protein level
of MITA was examined by immunoblot assays. All the experiments were performed independently at least three times.

provides evidence on the impacts of NF-kB signaling pathway
caused by coding genes.

In the innate immune responses, evidence shows that the
members of interferon regulatory factors (IRFs) could participate
in the regulations of the signaling pathways related to immunity
and the expression of IFN (36). As known to all, MyD88 played a
crucial role in TLR-mediated NF-kB signaling pathway. MyD88
could interact with IRF3 and IRF7 and regulate the IRF-induced
type I IFN response in Atlantic salmon (37). Also, IRF4 (38) and
IRF5 (39) affected the downstream of TLR signaling pathway,
and IRF4 could compete with IRF5 for MyD88 interaction. In
addition, IRF5 was involved in the regulation of RLR signaling
pathway; it was found that the expression level of type I IFNs
significantly decreased due to the absence of IRF5. Based on these
studies, there was no difficulty to find that the interaction
between IRFs and immune molecules was considered an
important regulatory mechanism in immune responses. In this
study, we found that IRF4b and IRF8 could promote the
degradation of MITA and have an inhibitory function on
MITA-mediated NF-xB signaling pathway, and the stability of

MITA-mediated NF-kB signaling pathway was maintained by
IRF4b and IRF8 through the degradation of MITA in the
ubiquitin-proteasome pathway.

Except for making functions on the immune-related signaling
pathways, IRFs also played a significant role in regulating the
expression of IFN genes in immunity (40, 41). IRFs consisted of
11 members in fish and were divided into positive and negative
regulators. IRF3 could trigger the expression of IFN while IRF2
and IRF10 could inhibit that (42, 43). In this study, IRF4b and
IRF8 were considered negative regulators to have an impact on
the degradation of MITA and shared the same mechanism in the
regulation of MITA. Both IRF4b and IRF8 could increase the
ubiquitination of MITA and promote the degradation of MITA.
However, the underlying molecular mechanisms of whether
IRF4b and IRF8 have E3 ubiquitin ligase activity or whether
they could directly catalyze ubiquitination have not been
determined. IRF4b and IRF8 belonging to the same family had
the same domains: one was the IRF domain and the other was the
IRF3 domain. The IRF domain of IRF4b or IRF8 was found to be
crucial to the negative regulation of MITA, which corresponds to
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independently at least three times.

the IRF being able to interact with a DNA region which regulated
the transcription. Therefore, IRF4b and IRF8 had inhibitory
function on MITA-mediated NF-xB signaling pathway.

Generally speaking, the study has identified IRF4b and IRF8
as negative regulators to promote the degradation of MITA
through the ubiquitin-proteasome pathway and influence the
MITA-mediated signaling pathway. These datums enrich the
contents of the RLR signaling pathway and provide new insights
into the regulatory mechanism in teleost fish.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

All animal experiments were conducted in accordance with the
guidelines for the Care and Use of Experimental Animals issued
by the National Institutes of Health, and the experiments were

CHX(hr) 0
Myc ‘ —

Tubulin I S R ———
Ratio 1

CHX(hr)
Myc

GAPDH | e e
Ratio 1

pcDNA3.1  + - pcDNA3.1  + -

IRF8-Flag - + IRF8-Flag - +

MITA-Myc  + + MITA-Myc  + +

Ubiquitin-HA ~ + + Ubiquitin-HA ~ + +
- q

WCL IP:Myc

IB:HA IB:HA

MITA-MyG | e MITA-Myc |

MITA-Myc+IRF4b
3 6 9

- 48KDa

- 63KDa

0.51 072 031

MITA-Myc+IRF8
0 3 6 9

— — —

‘ - 48KDa

35KDa

0.93 0.8 0.2

FIGURE 7 | IRF4 and IRF8 lead to the elevation of MITA polyubiquitination and shorten its half-life. (A) HEK293 cells were seeded on 10 cm? dishes and
cotransfected with MITA, ubiquitin-HA, and IRF4b or IRF8, and the plasmids were all used in 2 ug doses except for ubiquitin-HA which was in 1 png. At 24 h
posttransfection, the cells were treated with MG132 for 10 h, and the cells were lysed to conduct IP assays with Myc antibody and immunoblot assays with antibody
against HA. The samples from the immunoprecipitates and whole cell lysates (WCL) were analyzed by immunoblot assays, taking the results from WCL as controls.
(B) MITA and IRF4b or IRF8 were transfected into EPC cells which were treated with CHX (100 pg/ml) at 24 h after transfection. The dose was always 0.4 pg per
plasmid. After cells were lying at different time points, immunoblot assays were performed to examine the expression of MITA. All the experiments were performed

approved by the Research Ethics Committee of Shanghai Ocean
University (No. SHOU-DW-2018-047).

AUTHOR CONTRIBUTIONS

Conceived and designed the experiments: YS and TX. Performed
the experiments: XY, XZ, and MZ. Analyzed the data: TX and
XY. Contributed reagents/materials/analysis tools: XY, XZ, and
MZ. Wrote the paper: TX and XY. All authors listed have made a
substantial, direct, and intellectual contribution to the work and
approved it for publication.

FUNDING

This study was supported by the National Natural Science
Foundation of China (31822057).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
858179/full#supplementary-material

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 858179


https://www.frontiersin.org/articles/10.3389/fimmu.2022.858179/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.858179/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Yan et al.

IRF4b and IRF8 Regulate NF-kB Signaling

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Takeuchi O, Akira S. Pattern Recognition Receptors and Inflammation. Cell
(2010) 140:805-20. doi: 10.1016/j.cell.2010.01.022

Xia X, Cui J, Wang HY, Zhu L, Matsueda S, Wang Q, et al. NLRX1 Negatively
Regulates TLR-Induced NF-xb Signaling by Targeting TRAF6 and IKK.
Immunity (2011) 34:843-53. doi: 10.1016/j.immuni.2011.02.022

. Rehwinkel J, e Sousa CR. RIGorous Detection: Exposing Virus Through RNA

Sensing. Science (2010) 327:284-6. doi: 10.1126/science.1185068

. Ting JP, Duncan JA, Lei Y. How the Noninflammasome NLRs Function in the

Innate Immune System. Science (2010) 327:286-90. doi: 10.1126/
science.1184004

. Kingeter LM, Lin X. C-Type Lectin Receptor-Induced NF-kb Activation in

Innate Immune and Inflammatory Responses. Cell Mol Immunol (2012)
9:105-12. doi: 10.1038/cmi.2011.58

. O'Neill LA, Bowie AG. The Family of Five: TIR-Domain-Containing

Adaptors in Toll-Like Receptor Signalling. Nat Rev Immunol (2007) 7:353.
doi: 10.1038/nri2079

. Kondo T, Kawai T, Akira S. Dissecting Negative Regulation of Toll-Like

Receptor Signaling. Trends Immunol (2012) 39:449-58. doi: 10.1016/
j.it.2012.05.002

. Medzhitov R. Toll-Like Receptors and Innate Immunity. Nat Rev Immunol

(2001) 1:135-45. doi: 10.1038/35100529

. Beutler B, Jiang Z, Georgel P, Crozat K, Croker B, Rutschmann S, et al.

Genetic Analysis of Host Resistance: Toll-Like Receptor Signaling and
Immunity at Large. Annu Rev Immunol (2006) 24:353-89. doi: 10.1146/
annurev.immunol.24.021605.090552

Kawai T, Akira S. The Role of Pattern-Recognition Receptors in Innate
Immunity: Update on Toll-Like Receptors. Nat Immunol (2010) 11:373-84.
doi: 10.1038/ni.1863

Loo YM, Gale J. Immune Signaling by RIG-I-Like Receptors. Immunity (2011)
34:680-92. doi: 10.1016/j.immuni.2011.05.003

Kawai T, Takahashi K, Sato S, Coban C, Kumar H, Kato H, et al. IPS-1, an
Adaptor Triggering RIG-I-And Mda5-Mediated Type I Interferon Induction.
Nat Immunol (2005) 6:981-8. doi: 10.1038/ni1243

Seth RB, Sun L, Ea CK, Chen ZJ. Identification and Characterization of
MAVS, a Mitochondrial Antiviral Signaling Protein That Activates NF-xb
and IRF3. Cell (2005) 122:669-82. doi: 10.1016/j.cell.2005.08.012

Xu LG, Wang YY, Han KJ, Li LY, Zhai Z, Shu HB. VISA is an Adapter Protein
Required for Virus-Triggered IFN- Signaling. Mol Cell (2005) 19:727-40.
doi: 10.1016/j.molcel.2005.08.014

Castanier C, Garcin D, Vazquez A, Arnoult D. Mitochondrial Dynamics
Regulate the RIG-I-Like Receptor Antiviral Pathway. EMBO Rep (2010)
11:133-8. doi: 10.1038/embor.2009.258

Zhong B, Yang Y, Li S, Wang YY, Li Y, Diao F, et al. The Adaptor Protein
MITA Links Virus-Sensing Receptors to IRF3 Transcription Factor
Activation. Immunity (2008) 29:538-50. doi: 10.1016/j.immuni.2008.09.003
Zhong B, Zhang L, Lei C, Li Y, Mao AP, Yang Y, et al. The Ubiquitin Ligase
RNF5 Regulates Antiviral Responses by Mediating Degradation of the
Adaptor Protein MITA. Immunity (2009) 30:397-407. doi: 10.1016/
j.immuni.2009.01.008

Li Y, Fan X, He X, Sun H, Zou Z, Yuan H, et al. MicroRNA-466] Inhibits
Antiviral Innate Immune Response by Targeting Interferon-Alpha. Cell Mol
Immunol (2012) 9:497-502. doi: 10.1038/cmi.2012.35

Wang P, Gu Y, Zhang Q, Han Y, Hou J, Lin L, et al. Identification of Resting
and Type I IFN-Activated Human NK Cell Mirnomes Reveals microRNA-378
and microRNA-30e as Negative Regulators of NK Cell Cytotoxicity.
J Immunol (2012) 189:211-21. doi: 10.4049/jimmunol.1200609

Huang Z, Chen X, Yu B, Chen D. Cloning and Functional Characterization of
Rat Stimulator of Interferon Genes (STING) Regulated by miR-24. Dev Comp
Immunol (2012) 37:414-20. doi: 10.1016/j.dci.2012.02.010

Moore CB, Bergstralh DT, Duncan JA, Lei Y, Morrison TE, Zimmermann AG,
et al. NLRXI1 is a Regulator of Mitochondrial Antiviral Immunity. Nature
(2008) 451:573-7. doi: 10.1038/nature06501

Diao F, Li S, Tian Y, Zhang M, Xu LG, Zhang Y, et al. Negative Regulation of
MDA5-But Not RIG-I-Mediated Innate Antiviral Signaling by the
Dihydroxyacetone Kinase. Proc Natl Acad Sci USA (2007) 104:11706-11.
doi: 10.1073/pnas.0700544104

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Shi Z, Zhang Z, Zhang Z, Wang Y, Li C, Wang X, et al. Structural Insights Into
Mitochondrial Antiviral Signaling Protein (MAVS)-Tumor Necrosis Factor
Receptor-Associated Factor 6 (TRAF6) Signaling. J Biol Chem (2015)
290:26811-20. doi: 10.1074/jbc.M115.666578

Ghosh S, May M]J, Kopp EB. NF-xkb and Rel Proteins: Evolutionarily
Conserved Mediators of Immune Responses. Annu Rev Immunol (1998)
16:225-60. doi: 10.1146/annurev.immunol.16.1.225

Zhao X, Huo R, Yan X, Xu T. IRF3 Negatively Regulates Toll-Like Receptor-
Mediated NF-xb Signaling by Targeting TRIF for Degradation in Teleost Fish.
Front Immunol (2018) 9:867. doi: 10.3389/fimmu.2018.00867

Xu T, Chu Q, Cui J. Rhabdovirus-Inducible MicroRNA-210 Modulates
Antiviral Innate Immune Response via Targeting STING/MITA in Fish. J
Immunol (2018) 201:982-94. doi: 10.4049/jimmunol.1800377

Livak KJ, Schmittgen TD. Analysis of Relative Gene Expression Data Using
Real-Time Quantitative PCR and the 2- AACT Method. methods (2001)
25:402-8. doi: 10.1006/meth.2001.1262

Karin M. Nuclear Factor-xb in Cancer Development and Progression. Nature
(2006) 441:431-6. doi: 10.1038/nature04870

Hayden MS, Ghosh S. NF-kb, the First Quarter-Century: Remarkable
Progress and Outstanding Questions. Genes Dev (2012) 26:203-34. doi:
10.1101/gad.183434.111

Chu Q, Sun'Y, CuiJ, Xu T. MicroRNA-3570 Modulates the NF-xb Pathway in
Teleost Fish by Targeting Myd88. J Immunol (2017) 198:3274-82. doi:
10.4049/jimmunol.1602064

Chu Q, Sun Y, Cui J, Xu T. Inducible microRNA-214 Contributes to the
Suppression of NF-kb-Mediated Inflammatory Response via Targeting
Myd88 Gene in Fish. J Biol Chem (2017) 292:5282-90. doi: 10.1074/
jbe.M117.777078

Xu T, Chu Q, Cui J, Huo R. MicroRNA-216a Inhibits NF-kb-Mediated
Inflammatory Cytokine Production in Teleost Fish by Modulating P65.
Infect Immun (2018) 86:¢00256-18. doi: 10.1128/IAL.00256-18

He X, Li Y, Li C, Liu L], Zhang XD, Liu Y, et al. USP2a Negatively Regulates
IL-1B-and Virus-Induced NF-kb Activation by Deubiquitinating TRAF6. J
Mol Cell Biol (2013) 5:39-47. doi: 10.1093/jmcb/mjs024

Yang Y, Liao B, Wang S, Yan B, Jin Y, Shu HB, et al. E3 Ligase WWP2
Negatively Regulates TLR3-Mediated Innate Immune Response by Targeting
TRIF for Ubiquitination and Degradation. Proc Natl Acad Sci USA (2013)
110:5115-20. doi: 10.1073/pnas.1220271110

Zhao W, Wang L, Zhang M, Yuan C, Gao C. E3 Ubiquitin Ligase Tripartite
Motif 38 Negatively Regulates TLR-Mediated Immune Responses by
Proteasomal Degradation of TNF Receptor-Associated Factor 6 in
Macrophages. J Immunol (2012) 188:2567-74. doi: 10.4049/
jimmunol.1103255

Paun A, Pitha PM. The IRF Family, Revisited. Biochimie (2007) 89:744-53.
doi: 10.1016/j.biochi.2007.01.014

Iliev DB, Sobhkhez M, Fremmerlid K, Jorgensen JB. MyD88 Interacts With
Interferon Regulatory Factor (IRF) 3 and IRF7 in Atlantic Salmon (Salmo
Salar) Transgenic SsMyD88 Modulates the IRF-Induced Type I Interferon
Response and Accumulates in Aggresomes. ] Biol Chem (2011) 286:42715-24.
doi: 10.1074/jbc.M111.293969

Negishi H, Ohba Y, Yanai H, Takaoka A, Honma K, Yui K, et al. Negative
Regulation of Toll-Like-Receptor Signaling by IRF-4. Proc. Natl Acad Sci USA
(2005) 102:15989-94. doi: 10.1073/pnas.0508327102

Takaoka A, Yanai H, Kondo S, Duncan G, Negishi H, Mizutani T, et al.
Integral Role of IRF-5 in the Gene Induction Programme Activated by Toll-
Like Receptors. Nature (2005) 434:243-9. doi: 10.1038/nature03308

Stark GR. How Cells Respond to Interferons Revisited: From Early History to
Current Complexity. Cytokine Growth Factor Rev (2007) 18:419-23. doi:
10.1016/j.cytogfr.2007.06.013

Huang B, Qi ZT, Xu Z, Nie P. Global Characterization of Interferon
Regulatory Factor (IRF) Genes in Vertebrates: Glimpse of the
Diversification in Evolution. BMC Immunol (2010) 11:22. doi: 10.1186/
1471-2172-11-22

Li S, Lu LF, Feng H, Wu N, Chen DD, Zhang YB, et al. IFN Regulatory Factor
10 is a Negative Regulator of the IFN Responses in Fish. J Immunol (2014)
193:1100-9. doi: 10.4049/jimmunol.1400253

Gu M, Lin G, Lai Q, Zhong B, Liu Y, Mi Y, et al. Ctenopharyngodon Idella
IRF2 Plays an Antagonistic Role to IRF1 in Transcriptional Regulation of IFN

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 858179


https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1016/j.immuni.2011.02.022
https://doi.org/10.1126/science.1185068
https://doi.org/10.1126/science.1184004
https://doi.org/10.1126/science.1184004
https://doi.org/10.1038/cmi.2011.58
https://doi.org/10.1038/nri2079
https://doi.org/10.1016/j.it.2012.05.002
https://doi.org/10.1016/j.it.2012.05.002
https://doi.org/10.1038/35100529
https://doi.org/10.1146/annurev.immunol.24.021605.090552
https://doi.org/10.1146/annurev.immunol.24.021605.090552
https://doi.org/10.1038/ni.1863
https://doi.org/10.1016/j.immuni.2011.05.003
https://doi.org/10.1038/ni1243
https://doi.org/10.1016/j.cell.2005.08.012
https://doi.org/10.1016/j.molcel.2005.08.014
https://doi.org/10.1038/embor.2009.258
https://doi.org/10.1016/j.immuni.2008.09.003
https://doi.org/10.1016/j.immuni.2009.01.008
https://doi.org/10.1016/j.immuni.2009.01.008
https://doi.org/10.1038/cmi.2012.35
https://doi.org/10.4049/jimmunol.1200609
https://doi.org/10.1016/j.dci.2012.02.010
https://doi.org/10.1038/nature06501
https://doi.org/10.1073/pnas.0700544104
https://doi.org/10.1074/jbc.M115.666578
https://doi.org/10.1146/annurev.immunol.16.1.225
https://doi.org/10.3389/fimmu.2018.00867
https://doi.org/10.4049/jimmunol.1800377
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1038/nature04870
https://doi.org/10.1101/gad.183434.111
https://doi.org/10.4049/jimmunol.1602064
https://doi.org/10.1074/jbc.M117.777078
https://doi.org/10.1074/jbc.M117.777078
https://doi.org/10.1128/IAI.00256-18
https://doi.org/10.1093/jmcb/mjs024
https://doi.org/10.1073/pnas.1220271110
https://doi.org/10.4049/jimmunol.1103255
https://doi.org/10.4049/jimmunol.1103255
https://doi.org/10.1016/j.biochi.2007.01.014
https://doi.org/10.1074/jbc.M111.293969
https://doi.org/10.1073/pnas.0508327102
https://doi.org/10.1038/nature03308
https://doi.org/10.1016/j.cytogfr.2007.06.013
https://doi.org/10.1186/1471-2172-11-22
https://doi.org/10.1186/1471-2172-11-22
https://doi.org/10.4049/jimmunol.1400253
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Yan et al.

IRF4b and IRF8 Regulate NF-kB Signaling

and ISG Genes. Dev Comp Immunol (2015) 49:103-12. doi: 10.1016/
j.dci2014.11.014

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Yan, Zhao, Zhou, Sun and Xu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 858179


https://doi.org/10.1016/j.dci.2014.11.014
https://doi.org/10.1016/j.dci.2014.11.014
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	IRF4b and IRF8 Negatively Regulate RLR-Mediated NF-κB Signaling by Targeting MITA for Degradation in Teleost Fish
	Introduction
	Materials and Methods
	Sample and Challenge
	Plasmid Construction
	Cell Culture and Transient Transfections
	Luciferase Reporter Assays
	Immunoblot Assays
	Immunoprecipitation Assays
	Fluorescent Microscopy
	Statistical Analysis

	Results
	IRF4b and IRF8 Are Upregulated After Induced by Poly(I:C) and SCRV
	IRF4b and IRF8 Negatively Influence the MITA-Mediated NF-κB Signaling Pathway
	IRF4b and IRF8 Promote MITA Degradation
	Effects of the Knockdown of IRF4b or IRF8 on MITA
	IRF Is the Core Domain of IRF4b and IRF8 in the Regulation of MITA
	IRF4b and IRF8 Promote MITA Degradation Through Proteasome Pathway
	IRF4 and IRF8 Lead to the Elevation of MITA Polyubiquitination and Shorten Its Half-Life

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


