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Swine acute diarrhea syndrome coronavirus (SADS-CoV), first discovered in 2017, is a
porcine enteric coronavirus that can cause acute diarrhea syndrome (SADS) in piglets.
Here, we studied the role of SADS-CoV nucleocapsid (N) protein in innate immunity. Our
results showed that SADS-CoV N protein could inhibit type | interferon (IFN) production
mediated by Sendai virus (Sev) and could block the phosphorylation and nuclear
translocation of interferon regulatory factor 3 (IRF3). Simultaneously, the IFN-f promoter
activity mediated by TANK binding kinase 1 (TBK1) or its upstream molecules in the RLRs
signal pathway was inhibited by SADS-CoV N protein. Further investigations revealed that
SADS-CoV N protein could counteract interaction between TNF receptor-associated
factor 3 (TRAF3) and TBK1, which led to reduced TBK1 activation and IFN- production.
Our study is the first report of the interaction between SADS-CoV N protein and the host
antiviral innate immune responses, and the mechanism utilized by SADS-CoV N protein
provides a new insight of coronaviruses evading host antiviral innate immunity.
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INTRODUCTION

Swine acute diarrhea syndrome coronavirus (SADS-CoV) is a newly discovered porcine enteric
coronavirus, causing acute diarrhea and vomiting, with a nearly 90% fatal mortality in piglets
resulted in large economic losses for the pig-breeding industry in China (1-5). As a single-stranded
positive-sense RNA virus, SADS-CoV belongs to the genus Alphacoronavirus of the family
Coronaviridae (1-3). The genome of SADS-CoV is approximately 27 kb with the typical gene
order of coronaviruses, which contains open reading frame (ORF) la located from the 5" end,
followed by ORF1b, spike (S), one accessory gene NS3a, envelope (E), membrane (M), nucleocapsid
(N) and two accessory genes NS7a and NS7b (1).

Antiviral innate immunity is the host first-line defense to fight viral infections. During
coronavirus infection, the replicative intermediate such as nucleic acid produced by viruses in
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infected cells that act as pathogen-associated molecular patterns
(PAMPs) could be recognized by host pattern recognition
receptors (PRRs) (6). Retinoic acid-inducible gene I (RIG-I)
and Melanoma differentiation-associated gene 5 (MDA5) are
critical PRRs in the cytoplasm of host cells for recognizing viral
dsRNA (7, 8). After recognizing the cytoplasmic dsRNA, RIG-I
and/or MDAS5 is activated and interacts with the CARD region
of interferon-beta (IFN-f) promoter stimulator through their
caspase activation and recruitment domain region, stimulating
the downstream TANK binding kinase 1 (TBK1) and inhibitor of
kB kinase-¢ (IKKe) (9, 10). Generally, the activation of TBK1 by
IPS-1 is a complex process, which requires recruiting the pre-
association complex TBK1-TRAFs (TRA2/3/6) to approach IPS-
1 for TBK1 autophosphorylation (9, 10). Activated TBK1 leads
phosphorylation and nuclear translocation of IRF3 and NF-xB,
which can induce type I interferon (IFN-I) production (11-14).

Accordingly, coronaviruses have evolved various strategies to
antagonize the host innate immunity. In particular, multiple
proteins encoded by coronaviruses play important roles in IFN
evasion by targeting IFN itself or IFN-associated signal
molecules. The N protein encoded by coronavirus has the
highest abundance in infected cells and is essential for viral
transcription and assembly (15-17). In addition to viral function,
the N protein is considered an important IFN antagonist, for
example, porcine epidemic diarrhea virus (PEDV), porcine delta
coronavirus (PDCoV), severe acute respiratory syndrome
coronavirus (SARS-CoV), and mouse hepatitis virus (MHV) N
protein suppressing IFN-f production through different
mechanisms (18-20). Besides the N protein, other structural or
non-structural proteins of coronaviruses, including middle east
respiratory syndrome coronavirus (MERS-CoV) M, ORF4a,
ORF4b, and ORF5 (21-23), PEDV 3C-like protease (24), and
PDCoV NS6 (25) also have functions in antagonizing IFN-f
expression. Although our previous study has shown that SADS-
CoV could inhibit IFN- 8 production by targeting IPS-1 (26), the
evasion roles of proteins encoded by SADS-CoV in antiviral
innate immunity have not been reported, as well as the molecular
mechanisms through which SADS-CoV proteins modulate IFN-
B expression are yet to be elucidated.

In the present study, we investigated the role of SADS-CoV N
protein in regulating the host innate immune response. We
found that SADS-CoV N protein was an IFN-f antagonist.
Mechanistically, SADS-CoV N protein inhibited IFN-f
production by targeting TBK1 to disturb the interaction
between TRAF3 and TBK1. Compared with other coronavirus
N protein, the strategy of SADS-CoV N protein to counteract
antiviral innate immunity is a novel mechanism.

MATERIALS AND METHODS

Viruses, Cells, and Reagents

The Human embryonic kidney cells (HEK-293T) and swine
testicular (ST) cells were preserved in the Key Laboratory of
Animal Health Aquaculture and Environmental Control, South
China Agricultural University, and were supplemented in

Dulbecco’s modified Eagle’s medium (DMEM) with 10 % fetal
bovine serum (FBS) at 37 °C in a humidified 5% CO, incubator.
Sendai virus (Sev) was kindly provided by the Wuhan Institute of
Virology, Chinese Academy of Sciences. The Dual-Luciferase®
Reporter Assay System was purchased from Promega Corporation
(Madison, WI, USA). Anti-IRF3, anti-phosphorylated IRF-3 (p-
IRF-3), anti-TBKI, anti-phosphorylated TBK1 (p-TBK1), and
anti-f-actin antibodies were purchased from Abcam (UK).
Monoclonal antibodies against IRF3, IPS-1, TRAF3, TBK1,
FLAG, HA, and MYC were obtained from Proteintech (Wuhan,
China). Goat anti-rabbit IgG H&L (HRP), goat anti-mouse
IgG H&L (HRP), goat anti-mouse IgG H&L (Alexa Fluor®
488), and goat anti-rabbit IgG H&L (Alexa Fluor® 594) were
purchased from Absin Bioscience, Inc. (Shanghai, China).
IPKine HRP, Mouse Anti-Rabbit IgG LCS, and IPKine HRP,
Goat Anti-Mouse IgG LCS (avoid IgG heavy chain interference)
were purchased from FangYuan biotechnology company
(Guangzhou, China).

Plasmids

The plasmids IFN--Luc for IFN-f3, IRF3-Luc for IRF3, NF-«B-
Luc for NF-«B and internal control plasmid pRL-TK were kindly
donated by Dr. Shaobo Xiao (Huazhong Agricultural University,
Wuhan, Hubei Province, China). SADS-CoV N protein
expression plasmids pCMV-FLAG-N and MYC-N were
previously constructed by our laboratory. The expression
plasmids human FLAG-RIG-I and FLAG-MDAS5 were kindly
donated by Harbin Veterinary Research Institute. The
recombinant expression plasmid human HA-IPS-1, HA-IKKe,
HA-TBKI1, MYC-TBK1, HA-TRAF3, HA-IRF3, and porcine
HA-TRAF3, MYC-TBK1 were constructed by the Miaoling
biotechnology company (Wuhan, China).

Luciferase Reporter Gene Assay

HEK-293T cells and ST cells reaching approximately 80%
confluence in 24-well plates were co-transfected with
increasing amounts of pCMV-FLAG-N expression plasmids
and the reporter plasmid (IFN-f-Luc, IRF3-Luc, and NF-«B-
Luc) of 0.1 ug/well together with internal control plasmid pRL-
TK of 0.01 pg/well. After 24 h transfection, cells were treated
with Sev as a positive control for an additional 12 h. Or HEK-
293T cells were co-transfected with luciferase reporter plasmids
IFN-fB-Luc and internal control plasmid pRL-TK together
with the expression plasmids (0.5 pug) of the molecules in the
RLRs’ signaling pathway (RIG, MDA-5, IPS-1, TRAF3, IKKe,
TBKI, and IRF3) for 28 h. Harvested cells were lysed by Passive
Lysis Buffer (PLB), and activities of the firefly luciferase
and Renilla luciferase were determined by Bio-Tek Synergy
Neo2 according to the Dual-Luciferase reporter assay system
(Promega). Data were expressed as the relative firefly luciferase
activities normalized to Renilla luciferase activities from three
independently conducted experiments.

RNA Extraction and Quantitative Real-
Time RT-gPCR

HEK-293T cells grown in 6-well plates were transfected with
pCMV-FLAG-N of 2 pg/well for 24 h, then cells were infected
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with Sev as a positive control for an additional 12 h. Total
RNA was extracted from the transfected cells using TRIzol
reagent (Invitrogen, USA) and was reverse-transcribed into
complementary DNA (cDNA) by using the PrimeScript " RT
reagent Kit with gDNA Eraser (Takara, Biotechnology, Dalian,
China). The cDNA was then used as the template in an SYBR
green PCR assay (Genstar, Biotechnology, Beijing, China) with
specific primer pairs targeting IFN-f or Sev HN and GAPDH
(Table 1). The abundance of the individual mRNA transcript in
each sample was assayed three times and normalized to GAPDH
mRNA (the internal control).

ELISA Assay for IFN-S Protein

HEK-293T cells were transfected with pCMV-FLAG-N for 24 h,
then stimulated with Sev for another 12 h. The supernatants were
harvested to measure the secretion of IFN-f using the Human
IFN-f ELISA kit according to the manufacturer’s instructions
(Cusabio, Wuhan, China).

Indirect Immunofluorescence Assay

When the confluency of HEK-293T cells reached approximately
80% in laser confocal dishes, cells were transfected with
pCMV-FLAG-N and jetPRIME® transfection reagent for 24 h,
then infected with Sev as a positive control for an additional 10 h.
Treated cells were fixed with 4% paraformaldehyde for 15 min
and then permeated with 0.1% Triton X-100 for 10 min. After
three times of washing by phosphate-buffered saline (PBS), cells
were sealed with PBS containing 5% bovine serum albumin (BSA)
for 1 h and then incubated separately with rabbit polyclonal
antibody against IRF3 or TBK1 and mouse polyclonal antibody
against the FLAG for 1 h at room temperature. Then cells were
processed with goat anti-mouse IgG H&L (Alexa Fluor® 488) and
goat anti-rabbit IgG H&L (Alexa Fluor® 594) for 1 h followed by
4’,6-diamidino-2-phenylindole-dihydrochloride (DAPI) for
15 min at room temperature. After washing with PBS, cells
were added with an anti-fluorescence quenching agent and
examined with the confocal laser scanning microscope (Leica
SPE; Leica, Germany) to collect fluorescent images.

Western Blot Analysis

HEK-293T cells and ST cells cultured in 6-well plates were
treated accordingly to indicative times, lysed in RIPA Lysis
Buffer supplemented with a protease inhibitor cocktail, and
boiled for 10 min, or samples being first processed by
immunoprecipitation were added with the appropriate amount

TABLE 1 | Primers used for real-time RT-PCR.

Primers Sequence (5'-3') References

IFN-B F:TCTTTCCATGAGCTACAACTTGCT (18)
R:GCAGTATTCAAGCCTCCCATTC

GAPDH F:-TCATGACCACAGTCCATGCC (18)
R:GGATGACCTTGCCCACAGCC

SEV-HN F:AAAATTACATGGCTAGGAGGGAAAC (25)

R:GTGATTGGAATGGTTGTGACTCTTA

of 5*SDS-PAGE Sample Loading Buffer to make 1*SDS loading
buffer and boiled for 10 min. The lysates were separated by
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto Immobilon-P membrane
(EMD Millipore, Billerica, MA, USA). After being blocked with
QuickBlockTM Blocking Buffer for Western Blot (Boytime), the
membrane was incubated with rabbit monoclonal antibodies
against TBK1, p-TBK1, IRF-3, p-IRF-3, IPS-1, FLAG, and HA at
room temperature for 1 h, followed by incubation with
horseradish peroxidase (HRP)-conjugated anti-rabbit IgG
(1:10,000) for 30 min at room temperature. The expression of
B-actin was detected with an anti--actin mouse monoclonal
antibody to confirm the loading of equal protein amounts.
Protein blots were detected using enhanced chemiluminescence
(ECL) detection system and an Azure c600 visible fluorescent
western blot imaging system (Azure Biosystems, America).

Co-Immunoprecipitation Analysis

HEK-293T cells and ST cells grown in 60-mm dishes were
transfected with expression plasmids, and the whole-cell lysates
were collected by Cell lysis buffer (Boytime) for Western blot and
immunoprecipitation; that is, samples were immunoprecipitated
with the protein A/G magnetic beads and incubated with the
antibody for 4 h at 4°C, or immunoprecipitated with Anti-Flag
Affinity Gel overnight at 4°C. After three times of washing by
phosphate-buffered saline and Tween 20 (PBST), the anti-
Flag affinity gel or protein A/G magnetic beads were added
with 50 ul 1*SDS-PAGE Sample Loading Buffer and boiled
for 5 min at 100°C. The levels of protein expression after
immunoprecipitation were then analyzed by Western blot.

Statistical Analysis

Unless otherwise specified, all data were presented as mean + SEM of
independent experiments in triplicate. The software SPSS statistics 22
(International Business Machines Corporation, America) was
employed for statistical analyses. Comparisons between groups
were considered statistically significant at p < 0.05. Student’s t-test
was used for determining statistical significance, and P-values of
<0.05 were considered statistically significant.

RESULTS

SADS-CoV N Protein Inhibits Sev-
mediated IFN-J Expression

According to previous studies, Sev is considered to be a strong
inducer of the RIG-I-like receptor (RLR)-mediated IFN signaling
pathway (27, 28). To investigate whether SADS-CoV N protein
could inhibit the expression of IFN-f, HEK-293T cells were
transfected with SADS-CoV-N protein-expressing plasmid
(pCMV-FLAG-N) or empty plasmid for 24 h and infected
with Sendai virus (Sev) for another 12 h. Then the production
of IFN-f was analyzed. Results showed that the mRNA
expression, the promoter activity, and the protein production
of IFN-f3 induced by Sev in HEK-293T cells were significantly

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 12 | Article 573078


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Zhou et al. SADS-CoV N Protein Antagonizes Interferon-f

A B Cc
1000 Sev Sev
S = 250 —_— £ 1%0 Sev
2 500 2 2 L]
x S 200 £ —
E 2 e 100
2 600 <50 3
K| K 5
9 400 ) ]
e 5 100 S 50
= S s
-
E 200 2 50 @
: 2
0 £ o £ 0
vector N vector N vector N
FLAG -‘ FLAG | - U -‘

R J— —‘ Bractin ee— — —‘ B-aCHN |up— — -’

D HEK-293T E ST F
Sev Infection
__ 300 Sev Infection 200 Sev Infection ns y
= =
5 g o z 150 —
g g z
2 3 150 — is
1
£ 00 £ 5 © 100
= z o
° S 100 gLe
w I Zc
S 100 ° ES
S E £ 50
- o 9
3 s £
> ]

r z 5

0 = 0 4 0

Vector N Vector N Vector N

FLAG — = e FLAG % e g_‘} FLAG e e
B-actin  —— — — — a— B-actin - Sl SE— — — B-actin w— — e S— —

FIGURE 1 | SADS-CoV N protein inhibits Sev-mediated IFN-J expression. (A) HEK-293T cells cultured in 6-well plates were transfected with pCMV-FLAG-N
expression plasmids of 2 ug/well. After 24 h, cells were stimulated with Sev for an additional 12 h. And then, total RNA, lysed products, and supernatants were
collected separately. The mRNA levels of IFN-S were evaluated by quantitative real-time RT-gPCR. (B) Promoter activities of IFN-S-Luc were analyzed by Dual-
Luciferase reporter assay. The relative firefly luciferase activity was normalized to the Renilla luciferase activity, and the value of untreated empty vector was set as 1.
(C) The IFN-p protein levels were analyzed by IFN beta Human ELISA Kit. HEK-293T cells (D) or ST cells (E) were co-transfected with the reporter plasmid (IFN-3-
Luc) of 0.1 pg/well and internal control plasmid pRL-TK of 0.01 ug/well together with increasing quantities (0.25, 0.5, or 1 pg) of pPCMV-FLAG-N expression plasmids
for 24 h, and then cells were infected with Sev. The relative activity of the IFN- promoter was determined by Dual-luciferase assay. (F) HEK-293T cells cultured in 6-
well plates were transfected with increasing quantities of pPCMV-FLAG-N expression plasmids. After 24 h, cells were stimulated with Sev for an additional 12 h. The
total RNA was extracted, and the mRNA expression of the Sev HN gene was evaluated by quantitative real-time RT-gPCR. The expression of SADS-CoV N protein

differences in data.

with anti-FLAG antibody was detected by Western blot, and anti-f-actin antibody expression was used as the loading control. **P < 0.01; ns, nonsignificant

inhibited by SADS-CoV N protein (Figures 1A-C). To further
confirm these results, ST cells, pig-derived cell line, were also
subjected to SADS-CoV infection. ST and HEK-293T cells
were co-transfected with increasing quantities of plasmids
pCMV-FLAG-N or empty vector and luciferase reporter
system (IFN-B-Luc and pRL-TK), then stimulated with Sev
for an additional 12 h. As expected, the N protein of SADS-
CoV had a dose-dependent inhibitory effect on IFN-f promoter
activation induced by Sev in HEK-293T and ST cells (Figures
1D, E). To verify whether the N protein could affect Sev’s
proliferation, we used RT-qPCR to detect the gene expression
of Sev HN in HEK-293T cells transfected with pCMV-FLAG-N.
The results showed no significant difference in mRNA
expression of the Sev HN gene in transfected cells and in
mock-transfected cells (Figure 1F), which indicated that the
proliferation of Sev was not blocked by SADS-CoV N protein
and further demonstrated the inhibition of N protein on IFN-f3
expression. In a word, these results revealed that N protein
encoded by SADS-CoV was an antagonist of IFN-f.

SADS-CoV N Protein Impedes Sev-
Induced Phosphorylation and Nuclear
Translocation of IRF-3 and NF-xB

The activations of transcription factors IRF3 and NF-xB are
essential for IFN-f3 production. To explore the effect of SADS-
CoV N protein on the activation of IRF3 and NF-xB, HEK-293T
cells were co-transfected with increasing quantities of plasmids
pCMV-FLAG-N and the luciferase reporter system (pRL-TK and
IRF3-Luc or NF-xB-Luc luciferase reporter plasmids). At 24 h
post-transfection, cells were subjected to Sev infection for
12 h. As shown in Figure 2, the promoter activities of IRF3
(Figure 2A) or NF-xB (Figure 2B) induced by Sev were
significantly inhibited by overexpression of SADS-CoV N
protein in a dose-dependent manner.

IRF3 is a critical interferon regulatory factor, and its activation
can drive IEN-f3 transcription. The activation hallmarks of IRF3
are phosphorylation and nuclear translocation (12). To further
explore how SADS-CoV N protein block IRF3 promoter activity,
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FIGURE 2 | SADS-CoV N protein inhibits Sev-induced phosphorylation and nuclear translocation of IRF-3. HEK-293T cells were co-transfected with pCMV-FLAG-N
expression plasmids and the luciferase reporter IRF3-Luc (A) or NF-xB-Luc (B) together with pRL-TK for 24 h and then stimulated with Sev for 12 h. Cell lysates
were collected, and the promoter activity of IRF3 or NF-xB was analyzed by Dual-luciferase assay. (C) pCMV-FLAG-N expression plasmids were transfected with

h. Cell lysates were collected for Western blot analysis with anti-phosphorylated
were transfected with pPCMV-FLAG-N expression plasmids. After 24 h

transfection, cells were treated with Sev for another 8 h. After cell fixation and permeation, an indirect immunofluorescence assay was analyzed with rabbit anti-IRF3
and mouse anti-FLAG antibodies. The confocal laser scanning microscope (Leica SPE; Leica, Germany) was used to detect signals of nuclear translocation of IRF3

the phosphorylation and nuclear translocation of IRF3 in HEK-
293T cells treated with pCMV-FLAG-N together with Sev were
analyzed by Western blot and confocal microscopy assay,
respectively. As shown in Figure 2C, compared with that in
uninfected cells, the phosphorylation of IRF3 was significantly
promoted by Sev infection. However, the phosphorylation of
IRF3 induced by Sev was inhibited by SADS-CoV N protein.
Similar to the result of Western blot, the confocal microscopy
assay showed that the nuclear translocation of IRF3 induced by Sev
was also impeded by N protein encoded by SADS-CoV (Figure
2D). Altogether, these results clearly showed that SADS-CoV N
protein could inhibit the activation of IRF-3 by blocking its
phosphorylation and nuclear translocation.

SADS-CoV N Protein Suppresses the
RLRs’ Signaling Pathway

Coronaviruses are considered to interrupt IFN-f expression
mainly through blocking the RLRs-mediated signaling pathway

(26, 29, 30). Our data showed that SADS-CoV N protein was an
antagonist of IFN- 3 (Figure 1) and could inhibit the Sev-mediated
activation of IRF3 (Figure 2), which suggested that the N protein
may also act on the RLR-mediated signaling pathway. To confirm
this speculation, a series of expression plasmids encoding the
molecules of the RLRs’ signaling pathway, including RIG-I, MDA-
5, IPS-1, TRAF3, IKKe, TBK1, IRF3, and expression plasmids of
pCMV-FLAG-N, together with the luciferase reporter system
(pRL-TK and IFN-B-Luc) were co-transfected to HEK-293T
cells. After 24 h, cell lysates were harvested to analyze the
activity of the IFN-f promoter. The results showed that the
overexpression of molecules in the RLRs’ signaling pathway
mentioned above all led to the significant increase of the activity
of IFN-f promoter, but in cells co-transfected with the plasmid of
PCMV-FLAG-N, the activity of IFN-f promoter induced by RIG-
I, MDAS, IPS-1, TRAF3, IKKe, and TBK1 was inhibited by SASD-
CoV N protein (Figures 3A-E). While the overexpressing of
pCMV-FLAG-N failed to block the IRF3-mediated production
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FIGURE 3 | SADS-CoV N protein suppresses the RLRs signaling pathway. (A-F) pCMV-FLAG-N and a series of expression plasmids encoding the RLRs’ signaling
pathway adaptors (RIG-I, MDA5, IPS-1, TRAF3, IKKe, TBK1, and IRF3), together with a luciferase reporter plasmid IFN-S-Luc and the internal control plasmid pRL-
TK were co-transfected to HEK-293T cells. After 24 h, cell lysates were collected using a passive lysis buffer, and the relative activity of the IFN-f promoter was
measured with the Dual-luciferase assay. Or cell protein lysates were collected using RIPA lysis buffer, and the expression of SADS-CoV N protein and f-actin (as
the loading control) was detected by Western blot. **P < 0.01; ns, nonsignificant differences in data.

of IFN-f3 (Figure 3F). These results indicated that SADS-CoV N on these findings, we speculated that SADS-CoV N protein could
protein interacted with host adaptor molecules to inhibit IFN-  block signal transmission from TBK1/IKKe to IRF3 to impair the
production, and TBK1/IKKe could be the target molecules. Based ~ expression of IFN-f3.
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FIGURE 4 | SADS-CoV N protein interacts with TBK1. (A) HEK-293T cells were transfected with p)cDNA-MYC-N along with Flag-RIG-I or Flag-MDA5. Then protein
expression levels were analyzed by Western blot. (B) Or HEK-293T cells were transfected with pPCMV-FLAG-N and a series of expression plasmids encoding the
molecules of the RLRs’ signaling pathway (HA-IPS-1, HA-TRAF3, HA-IKKe, HA-TBK1, and HA-IRF3). The whole-cell lysates were collected and immunoprecipitated
with the anti-Flag affinity gel or anti-MYC beads at 28 h post-transfection. Then protein expression levels were analyzed by Western blot. (C) HEK-293T cells were
co-transfected with plasmids HA-TBK1 and plasmids pCMV-FLAG-N. After 28 h post cotransfection, the whole cell lysates and immunoprecipitated with the protein
A/G magnetic beads containing anti-HA antibody. Then protein expression levels were analyzed by Western blot. (D) HEK-293T cells were co-transfected with
plasmids HA-TBK1 and plasmids pCMV-FLAG-N. After 28 h cotransfection, IFA was used to analyze TBK1 protein and N protein’s subcellular localization in HEK-
293T cells by confocal laser scanning microscope (Leica SPE; Leica, Germany). Anti-HA antibody for detecting TBK1 (red), anti-FLAG antibody for detecting SADS-
CoV N protein (green). The location of the nucleus was stained with DAPI (blue).

HA-TRAF3, HA-IKKe, HA-TBK1, and HA-IRF3). At 28 h
post-transfection, the whole-cell lysates were collected for
immunoprecipitation assay with the anti-Flag affinity gel or anti-
MYC protein A/G magnetic beads. The results showed that only
HA-TBK1 and HA-IKKe proteins were detected in Flag-N
precipitant (Figures 4A, B), indicating an interaction between
SADS-CoV N protein and TBK1/IKKe.

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 12 | Article 573078


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Zhou et al.

SADS-CoV N Protein Antagonizes Interferon-f

Because the activity of IFN-f promoter induced by TBK1 was
higher than that induced by IKK-e in this study, and the blocking
effect of SADS-CoV N protein on the activation of IFN-f3
promoter induced by TBK1 was more significant than that
induced by IKK-¢ (Figure 3E), TBK1 was chosen to be the
focus of our following investigations. To confirm the interaction
between SADS-CoV N protein and TBK1, HEK-293T cells were
co-transfected with plasmids HA-TBK1 and pCMV-FLAG-N,
and 28 h later, the lysates were immunoprecipitated with the
protein A/G magnetic beads containing anti-HA antibody. As
shown in Figure 4C, HA-TBK1 could pull down SADS-CoV N
protein, which further verified the interaction between TBK1 and
SADS-CoV N protein. Next, the localization of SADS-CoV N
protein and TBKI1 in cells were analyzed to investigate whether
there was a foundation for their interaction. HEK-293T cells
were co-transfected with plasmids HA-TBK1 and plasmids
pCMV-FLAG-N. After 28 h cotransfection, IFA was applied to
analyze TBK1 and N protein’s subcellular localization. As shown
in Figure 4D, both SADS-CoV N protein and TBK1 protein
located in the cytoplasm provided a further basis for the
interaction between N protein and TBK1.

SADS-CoV N Protein Disrupts the
Interaction Between IPS-1 and TBK1

It has been reported that IPS-1 could activate the transcription
factor IRF3 through TBK1/IKKe after RNA virus infection (31,
32). Therefore, the interaction between IPS-1 and TBK1 or IRF3

and TBKI1 is crucial for signal transduction. To determine whether
SADS-CoV N protein inhibits the association between IPS-1 and
TBKI or IRF3 and TBK1, HEK-293T cells were transfected with
increasing quantities of plasmids pCMV-FLAG-N or mock-
transfected. Then the cells were treated with Sev. The whole-cell
lysates were collected and immunoprecipitated with the protein A/
G magnetic beads containing anti-TBK1 or normal rabbit IgG. The
protein expression levels were analyzed by Western blot with anti-
FLAG, anti-IPS-1, anti-TBK1, and anti-IRF3 monoclonal antibodies
(MADbs), respectively. As shown in Figure 5A, IPS-1 protein was
detected in TBKI1 precipitates.

Simultaneously, the interaction between IPS-1 and TBK1 was
significantly enhanced by Sev infection but was inhibited by the N
protein. With the increased dose of the N protein transfection, the
IPS-1 protein level detected by immunoprecipitation decreased
gradually. Notably, IRF3 was also effectively pulled down by
TBKI, but the coprecipitated IRF3 protein was not affected by
overexpressed N protein. These results suggested that the N protein
disturbed TBK1 and IPS-1, not interactions between TBK1 and
IRF3. To further confirm this result, HEK-293T cells were co-
transfected with expression plasmids MYC-TBK1 and HA-IPS-1
and pCMV-FLAG-N or an empty vector. The lysates were collected
and immunoprecipitated with the protein A/G magnetic beads
containing anti-IPS-1 antibody. Consistent with the results
mentioned above, TBK1 was effectively precipitated with IPS-1,
and the interaction between IPS-1 and TBK1 was inhibited by the N
protein, too (Figure 5B). In short, these results indicated that
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FIGURE 5 | SADS-CoV N protein disrupts the interaction between IPS-1 and TBK1. (A) HEK-293T cells were transfected with increasing quantities of plasmids
pCMV-FLAG-N or mock-transfected for 24 h, and the cells were treated with Sev for an additional 12 h. The whole-cell lysates were collected and
immunoprecipitated with the protein A/G magnetic beads containing the anti-TBK1 antibody or normal rabbit IgG. (B) HEK-293T cells were co-transfected with
expression plasmids MYC-TBK1 and HA-IPS-1 and pCMV-FLAG-N or empty vector for 28 h. The whole-cell lysates were collected and immunoprecipitated with the
protein A/G magnetic beads containing anti-IPS-1 antibody. Then protein expression levels were analyzed by Western blot with anti-FLAG, anti-MYC, anti-HA, anti-
IPS-1, anti-TBK1, anti-IRF3, and anti-$-actin monoclonal antibodies (MAbs), respectively. Levels of IPS-1 or TBK1 after immunoprecipitation were quantitated
densitometrically and corrected with TBK1 or IPS-1 levels in immunoprecipitation, and the ratio between the immunoprecipitated and co-immunoprecipitated
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SADS-CoV N protein blocked the IPS-1-TBK1 interaction, and its
inhibitory effect was a dose-dependent manner.

SADS-CoV N Protein Impairs Interaction
Between TBK1 and TRAF3

Previous studies indicate that IPS-1 recruits and activates TBK1
via pre-associated TRAFs-TBK1 complex after RNA virus
infection, and the phosphorylation is the sign of TBK1
activation (9, 10). Based on our data mentioned above, we
speculated that SASD-CoV N protein could disrupt the
phosphorylation of TBKI1 induced by itself. To test our
hypothesis, the expression plasmid pCMV-FLAG-N and HA-
TBK1 were co-transfected into HEK-293T cells for 28 h. The
phosphorylation level of TBK1 was detected by Western blot
with anti-phosphorylation TBK1 (p-TBK1) antibody. As shown
in Figure 6A, the overexpression of TBK1 significantly increased
the protein level of p-TBK1, which was also inhibited by the
overexpressing of the N protein. This result indicated that the N
protein impaired the level of p-TBK1 induced by TBK1, so we
further supposed that SADS-CoV N protein may disrupt the
activation of TBK1 through affecting the formation of the
TRAFs-TBK1 complex.

To investigate the hypothesis, HEK-293T cells were transfected
with the plasmid pCMV-FLAG-N with increasing quantities or
mock-transfected. Then cells were treated or untreated with Sev.
The whole-cell lysates were collected and immunoprecipitated
with the protein A/G magnetic beads containing the anti-TBK1
antibody or normal rabbit IgG. Then protein expression levels
were analyzed by Western blot with anti-FLAG, anti-TRAF3, and
anti-TBK1 monoclonal antibodies (MAbs). The results showed
that TRAF3 was effectively precipitated by TBKI, but was
inhibited by the N protein in a dose-dependent manner,
indicating that the N protein disturbed the interaction between
TBK1 and TRAF3 (Figure 6B). To further determine the N
protein effect on the interaction between TBK1 and TRAF3, we
also tested whether N protein could prevent TRAF3 from
pulling down TBK1. As shown in Figure 6C, TBK1 was initially
effectively pulled down by TRAF3, but the degree of pulldown
was also weakened by the N protein, which further proved
inhibitory of the N protein on the interaction between TBK1
and TRAF3. As SADS-CoV was a porcine virus, to verify the
results obtained from HEK-293T cells, we chose ST cells in the
subsequent study using the TRAF3 antibody and TBK1 antibody,
respectively, for co-immunoprecipitation assay. Following
findings in HEK-293T cells, SADS-CoV N protein blocked the
pulldown between TRAF3 and TBK1 (Figures 6D, E), indicating
that the N protein also inhibits interactions between TBK1 and
TRAF3 in ST cells. Altogether, these results determined that
SADS-CoV N protein disturbed interactions between TRAF3
and TBK1 in a dose-dependent manner.

DISCUSSION

In recent years, the N protein of coronavirus has attracted
increasing attention, especially the N protein strategy to

counteract the host innate immunity (33, 34). For the first
time, we investigated the role of SADS-CoV N protein in the
host antiviral immune response. Our results showed that the N
protein of SADS-CoV could antagonize the production of IFN-f3
in the way of blocking the activation of TBK1 through disrupting
the interaction between TRAF3 and TBKI1, which is a novel
mechanism utilized by the N protein to help the virus escape the
host innate immunity to the best of our knowledge.

Previous studies about interactions between coronaviruses
and host innate immune responses have indicated that
coronaviruses, such as PEDV (29), SARS-CoV (35), MERS-
CoV (22), and PDCoV (36) mainly focus on the RLRs
signaling pathway to interrupt IFN-f3 expression. The results in
our study showed that SADS-CoV N protein could inhibit not
only Sev-mediated activation of IRF3 but also block IFN-f
production induced by RIG-I, MDA-5, IPS-1, TRAF3, IKKe,
and TBKI1, which suggested that SADS-CoV N protein also
disrupted IFN-f expression by acting on the RLRs signaling
pathway. And in this pathway, after RIG-I/MDA5 recognizing
the pathogen-associated molecular patterns, signals would be
transmitted to the downstream through the IPS-1-TBK1-IRF3
signal axis (9, 27, 31). Accordingly, coronaviruses have developed
strategies to target this signal axis to inhibit IFN-J production
(18, 37, 38). Our analysis revealed that the N protein of SADS-
CoV inhibited the interaction between IPS-1 and TBK1 from
counteracting the IPS-1-TBKI signal axis transmission.

It has been reported that TBK1/IKKe is activated by
recruitment to IPS-1 through a pre-association with TRAFs
(TRA2/3/6) (9, 10), indicating that the pre-associated TRAFs-
TBK1/IKKe complex is very important for IPS-1-TBK1 signal
axis signal transmission. Our further investigation clearly showed
that SADS-CoV N protein could disrupt the interaction between
TRAF3 and TBK1, but not between TRAF6/TRAF2 and TBK1
(data not shown), which demonstrated that SADS-CoV N protein
antagonized IFN-f production via disturbing the formation of
TRAF3-TBK1 complex to counteract the interaction between
IPS-1 and TBK1. Although this is a new mechanism utilized by
the N protein of the coronavirus, a similar strategy has been
found in the M protein of coronavirus. It was reported that
MERS-CoV M could antagonize the production of IFN-f by
obstructing the interaction between TBK1 and TRAF3 (38). It
should be noted that the interference effect of MERS-CoV M
protein is based on the interaction between the protein and
TRAF3 rather than TBKI, which is different from that of
SADS-CoV N protein. The M protein of SARS-CoV was also
reported to ably interact with TBK1/IKKe and TRAF3, which
blocked the formation of a functional TRAF3. TANK.TBK1/IKKe
complex and lead to the failure of IRF3 phosphorylation (39).

The N protein is important for coronavirus replication and
proliferation by influencing host cellular responses, especially the
antiviral immune response (40-42). The molecule mechanisms
adopted by the N protein of some coronaviruses, including
MERS-CoV, SARS-CoV, PEDV, PDCoV, MHV, and SADS-
CoV in this study, were summarized in Figure 7. Although
SADS-CoV and PEDV belong to the same genus of
Alphacoronavirus and N proteins encoded by them, both can
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(E). The protein expression levels were analyzed by Western blot with anti-FLAG, anti-TRAF3, anti-TBK1, anti-MYC, anti-HA, and anti-3-actin monoclonal antibodies
(MADbs), respectively. Levels of TRAF3 or TBK1 after immunoprecipitation were quantitated densitometrically and corrected with TBK1 or TRAF3 in
immunoprecipitation, and the ratio between the immunoprecipitated and co-immunoprecipitated proteins in untreated cells was set as 1.0.
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interact with TBK1, but their mechanisms of inhibiting IFN-f3
production are different. PEDV N protein targeted the
downstream of the IPS-1-TBKI1-IRF3 signal axis and
disrupted the interaction between IRF3 and TBKI1 to
antagonize IFN-f production (18). Previous research reported
that the N proteins encoded by two beta coronavirus MHV and
SARS-CoV, and one delta coronavirus PDCoV all block the
interaction between PKR activating protein (PACT) and RIG-I
to depress RIG-I binding with dsRNA (20, 36).

It has also been reported that the SARS-CoV N protein
antagonizes IFN-f production by inhibiting TRIM25-
mediated RIG-I ubiquitination (43). And PDCoV N protein
could also directly target RIG-I and suppress its early
activation by interfering with dsRNA and Riplet-mediated
K63-linked polyubiquitination (19). It seems that there are
two primary ways for the coronavirus N protein to inhibit
IEN-f production. One is that non-alphacoronavirus N
protein could affect the RLRs’ signaling pathway upstream,
blocking RIG-I recognition or activation. The other is that the
N protein of alphacoronavirus, including SADS-CoV and
PEDV, inhibits IFN-f expression by targeting TBKI, a

downstream molecule of the RLRs’ signaling pathway. More
studies are needed to fully elucidate molecular mechanisms
employed by the coronavirus N protein to antagonize the host
innate immune response.

We also found that SADS-CoV N protein interacted not only
with TBK1 but also with IKKe. TBK1 and IKKe are two key
kinases with similar structure and function. The difference
between them is that TBK1 is widely expressed in various
types of cells, while IKK-¢ is chiefly expressed in lymphoid
cells and inducible in other cell types (44, 45). Furthermore,
TBK1 is mainly involved in the phosphorylation of IRF3 and
IRF7 and the subsequent antiviral reactions, whereas IKK-¢ is
assisted, which suggests that TBK1 plays a more important role
than IKK-¢ (44, 46, 47). Congruent with these findings, our
luciferase reporter gene assay revealed that the activity of IFN-f3
promoter induced by TBK1 was more significant than that
induced by IKK-¢, as well as that the inhibitory effect of
SADS-CoV N protein on the activation of IFN-S promoter
induced by TBK1 was more obvious, indicating that the
interaction between SADS-CoV N protein and TBK1 acted a
vital part in the virus escaping from innate immunity. However,

TRAF3

molecules downstream of the RLRs signaling pathway (TBK1).

FIGURE 7 | Mechanisms of coronavirus N protein inhibiting IFN- production. SARS-CoV, MHV, and PDCoV inhibit interferon production by targeting molecules
upstream of the RLR signaling pathway (RIG-I), while PEDV and SADS-CoV, which belong to the genus Alphacoronavirus, inhibit interferon production by targeting
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attention on the interaction between SADS-CoV N protein and
IKK-¢ is still needed, because N protein’s simultaneous effect on
TBK1 and IKK-¢ may be more beneficial for SADS-CoV to infect
different cells.

In summary, this study investigated the role of SADS-CoV N
protein in the host innate immunity. And the results showed that
SADS-CoV N protein obstructed interactions between TRAF3
and TBK1 to make TBK1 activation fail, which in turn led to
reduced IFN-fB production. Our results have enriched
mechanisms utilized by the coronavirus N protein. Future
research of functions for other SADS-CoV proteins is
warranted to understand better the evasion strategies through
which SADS-CoV antagonizes the antiviral immune response.

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 authors.

REFERENCES

1. Zhou P, Fan H, Lan T, Yang XL, Shi WF, Zhang W, et al. Fatal swine acute
diarrhoea syndrome caused by an HKU2-related coronavirus of bat origin.
Nature (2018) 556:255-8. doi: 10.1038/s41586-018-0010-9

2. Pan 'Y, Tian X, Qin P, Wang B, Zhao P, Yang YL, et al. Discovery of a novel
swine enteric alphacoronavirus (SeACoV) in southern China. Vet Microbiol
(2017) 211:15-21. doi: 10.1016/j.vetmic.2017.09.020

3. Gong L, LiJ, Zhou Q, Xu Z, Chen L, Zhang Y, et al. A New Bat-HKU2-like
Coronavirus in Swine, China, 2017. Emerg Infect Dis (2017) 23:1607-9. doi:
10.3201/eid2309.170915

4. Zhou L, Sun Y, Wu JL, Mai KJ, Chen GH, Wu ZX, et al. Development of a
TagMan-based real-time RT-qPCR assay for the detection of SADS-CoV
associated with severe diarrhea disease in pigs. J Virol Methods (2018) 255:66—
70. doi: 10.1016/j.jviromet.2018.02.002

5. Xu Z, Zhang Y, Gong L, Huang L, Lin Y, Qin J, et al. Isolation and
characterization of a highly pathogenic strain of Porcine enteric
alphacoronavirus causing watery diarrhoea and high mortality in newborn
piglets. Transbound Emerg Dis (2019) 66:119-30. doi: 10.1111/tbed.12992

6. Koyama S, Ishii KJ, Coban C, Akira S. Innate immune response to viral
infection. Cytokine (2008) 43:336-41. doi: 10.1016/j.cyt0.2008.07.009

7. Yoneyama M, Kikuchi M, Matsumoto K, Imaizumi T, Miyagishi M, Taira K,
et al. Shared and unique functions of the DExD/H-box helicases RIG-I,
MDADS, and LGP2 in antiviral innate immunity. J Immunol (2005) 175:2851—
8. doi: 10.4049/jimmunol.175.5.2851

8. Yoneyama M, Fujita T. Recognition of viral nucleic acids in innate immunity.
Rev Med Virol (2010) 20:4-22. doi: 10.1002/rmv.633

9. FangR, Jiang Q, Zhou X, Wang C, Guan Y, Tao J, et al. MAVS activates TBK1
and IKKepsilon through TRAFs in NEMO dependent and independent
manner. PLoS Pathog (2017) 13:e1006720. doi: 10.1371/journal.ppat.1006720

10. Liu S, Cai X, Wu J, Cong Q, Chen X, Li T, et al. Phosphorylation of innate
immune adaptor proteins MAVS, STING, and TRIF induces IRF3 activation.
Science (2015) 347:a2630. doi: 10.1126/science.aaa2630

11. Honda K, Takaoka A, Taniguchi T. Type I interferon [corrected] gene
induction by the interferon regulatory factor family of transcription factors.
Immunity (2006) 25:349-60. doi: 10.1016/j.immuni.2006.08.009

12. Ramos HJ, Gale MJ. RIG-I like receptors and their signaling crosstalk in the
regulation of antiviral immunity. Curr Opin Virol (2011) 1:167-76. doi:
10.1016/j.coviro.2011.04.004

13. Rathinam VA, Fitzgerald KA. Cytosolic surveillance and antiviral immunity.
Curr Opin Virol (2011) 1:455-62. doi: 10.1016/j.coviro.2011.11.004

AUTHOR CONTRIBUTIONS

JM conceived and designed the study and critically revised the
manuscript. ZZ and YS wrote the manuscript. ZZ performed the
experiments and conducted data analysis. JX, XT, LZ, QL, and
TL helped in experimental implementation. All authors
contributed to the article and approved the submitted version.

ACKNOWLEDGMENTS

The authors would like to acknowledge Professor Shaobo Xiao from
Huazhong Agricultural University to provide experimental materials.
This work was supported by the Research and Extension of Major
Animal Epidemic Prevention and Control Technologies in the
Strategic Project of Rural Revitalization of Guangdong Agricultural
Department of China (Building Modern Agricultural System) (2018-
2020), the Science and Technology Program of Guangzhou City of
China (201904010433), and Natural Science Foundation of
Guangdong Province (2020A1515010220).

14. Bruns AM, Horvath CM. LGP2 synergy with MDA5 in RLR-mediated RNA
recognition and antiviral signaling. Cytokine (2015) 74:198-206. doi: 10.1016/
j.cyt0.2015.02.010

15. Chen CJ, Sugiyama K, Kubo H, Huang C, Makino S. Murine coronavirus
nonstructural protein p28 arrests cell cycle in GO/G1 phase. ] Virol (2004)
78:10410-9. doi: 10.1128/JV1.78.19.10410-10419.2004

16. Siu YL, Teoh KT, Lo J, Chan CM, Kien F, Escriou N, et al. The M, E, and N
structural proteins of the severe acute respiratory syndrome coronavirus are
required for efficient assembly, trafficking, and release of virus-like particles.
] Virol (2008) 82:11318-30. doi: 10.1128/JV1.01052-08

17. Hurst KR, Ye R, Goebel SJ, Jayaraman P, Masters PS. An interaction between
the nucleocapsid protein and a component of the replicase-transcriptase
complex is crucial for the infectivity of coronavirus genomic RNA. ] Virol
(2010) 84:10276-88. doi: 10.1128/JV1.01287-10

18. Ding Z, Fang L, Jing H, Zeng S, Wang D, Liu L, et al. Porcine epidemic
diarrhea virus nucleocapsid protein antagonizes beta interferon production by
sequestering the interaction between IRF3 and TBKI. ] Virol (2014) 88:8936—
45. doi: 10.1128/JV1.00700-14

19. Likai ], Shasha L, Wenxian Z, Jingjiao M, Jianhe S, Hengan W, et al. Porcine
Deltacoronavirus Nucleocapsid Protein Suppressed IFN-beta Production by
Interfering Porcine RIG-I dsRNA-Binding and K63-Linked Polyubiquitination.
Front Immunol (2019) 10:1024. doi: 10.3389/fimmu.2019.01024

20. Ding Z, Fang L, Yuan S, Zhao L, Wang X, Long S, et al. The nucleocapsid
proteins of mouse hepatitis virus and severe acute respiratory syndrome
coronavirus share the same IFN-beta antagonizing mechanism: attenuation of
PACT-mediated RIG-I/ MDAS5 activation. Oncotarget (2017) 8:49655-70. doi:
10.18632/oncotarget.17912

21. Yang Y, Zhang L, Geng H, Deng Y, Huang B, Guo Y, et al. The structural and
accessory proteins M, ORF 4a, ORF 4b, and ORF 5 of Middle East respiratory
syndrome coronavirus (MERS-CoV) are potent interferon antagonists.
Protein Cell (2013) 4:951-61. doi: 10.1007/s13238-013-3096-8

22. Niemeyer D, Zillinger T, Muth D, Zielecki F, Horvath G, Suliman T, et al.
Middle East respiratory syndrome coronavirus accessory protein 4a is a type I
interferon antagonist. J Virol (2013) 87:12489-95. doi: 10.1128/JV1.01845-13

23. Comar CE, Goldstein SA, Li Y, Yount B, Baric RS, Weiss SR. Antagonism of
dsRNA-Induced Innate Immune Pathways by NS4a and NS4b Accessory
Proteins during MERS Coronavirus Infection. Mbio (2019) 10(2):26. doi:
10.1128/mBi0.00319-19

24. Wang D, Fang L, Shi Y, Zhang H, Gao L, Peng G, et al. Porcine Epidemic
Diarrhea Virus 3C-Like Protease Regulates Its Interferon Antagonism by
Cleaving NEMO. ] Virol (2016) 90:2090-101. doi: 10.1128/JV1.02514-15

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 12 | Article 573078


https://doi.org/10.1038/s41586-018-0010-9
https://doi.org/10.1016/j.vetmic.2017.09.020
https://doi.org/10.3201/eid2309.170915
https://doi.org/10.1016/j.jviromet.2018.02.002
https://doi.org/10.1111/tbed.12992
https://doi.org/10.1016/j.cyto.2008.07.009
https://doi.org/10.4049/jimmunol.175.5.2851
https://doi.org/10.1002/rmv.633
https://doi.org/10.1371/journal.ppat.1006720
https://doi.org/10.1126/science.aaa2630
https://doi.org/10.1016/j.immuni.2006.08.009
https://doi.org/10.1016/j.coviro.2011.04.004
https://doi.org/10.1016/j.coviro.2011.11.004
https://doi.org/10.1016/j.cyto.2015.02.010
https://doi.org/10.1016/j.cyto.2015.02.010
https://doi.org/10.1128/JVI.78.19.10410-10419.2004
https://doi.org/10.1128/JVI.01052-08
https://doi.org/10.1128/JVI.01287-10
https://doi.org/10.1128/JVI.00700-14
https://doi.org/10.3389/fimmu.2019.01024
https://doi.org/10.18632/oncotarget.17912
https://doi.org/10.1007/s13238-013-3096-8
https://doi.org/10.1128/JVI.01845-13
https://doi.org/10.1128/mBio.00319-19
https://doi.org/10.1128/JVI.02514-15
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Zhou et al.

SADS-CoV N Protein Antagonizes Interferon-

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Fang P, Fang L, Ren J, Hong Y, Liu X, Zhao Y, et al. Porcine Deltacoronavirus
Accessory Protein NS6 Antagonizes Interferon Beta Production by Interfering
with the Binding of RIG-I/MDAS5 to Double-Stranded RNA. ] Virol (2018) 92
(15):e00712-18. doi: 10.1128/JV1.00712-18

Zhou Z, Sun Y, Yan X, Tang X, Li Q, Tan Y, et al. Swine acute diarrhea
syndrome coronavirus (SADS-CoV) antagonizes interferon-beta production
via blocking IPS-1 and RIG-I. Virus Res (2019) 278:197843. doi: 10.1016/
j.virusres.2019.197843

Meylan E, Curran J, Hofmann K, Moradpour D, Binder M, Bartenschlager R,
et al. Cardif is an adaptor protein in the RIG-I antiviral pathway and is
targeted by hepatitis C virus. Nature (2005) 437:1167-72. doi: 10.1038/
nature04193

Pythoud C, Rodrigo WW, Pasqual G, Rothenberger S, Martinez-Sobrido L, de
la Torre JC, et al. Arenavirus nucleoprotein targets interferon regulatory
factor-activating kinase IKKepsilon. J Virol (2012) 86:7728-38. doi: 10.1128/
JVI1.00187-12

Cao L, Ge X, Gao Y, Herrler G, Ren Y, Ren X, et al. Porcine epidemic diarrhea
virus inhibits dsSRNA-induced interferon-beta production in porcine intestinal
epithelial cells by blockade of the RIG-I-mediated pathway. Virol J (2015)
12:127. doi: 10.1186/s12985-015-0345-x

Luo J, Fang L, Dong N, Fang P, Ding Z, Wang D, et al. Porcine
deltacoronavirus (PDCoV) infection suppresses RIG-I-mediated interferon-
beta production. Virology (2016) 495:10-7. doi: 10.1016/j.virol.2016.04.025
Fitzgerald KA, McWhirter SM, Faia KL, Rowe DC, Latz E, Golenbock DT,
et al. IKKepsilon and TBK1 are essential components of the IRF3 signaling
pathway. Nat Immunol (2003) 4:491-6. doi: 10.1038/ni921

Hemmi H, Takeuchi O, Sato S, Yamamoto M, Kaisho T, Sanjo H, et al. The
roles of two IkappaB kinase-related kinases in lipopolysaccharide and double
stranded RNA signaling and viral infection. J Exp Med (2004) 199:1641-50.
doi: 10.1084/jem.20040520

McBride R, van Zyl M, Fielding BC. The coronavirus nucleocapsid is a
multifunctional protein. Viruses (2014) 6:2991-3018. doi: 10.3390/v6082991
Lu X, Pan J, Tao J, Guo D. SARS-CoV nucleocapsid protein antagonizes IFN-
beta response by targeting initial step of IFN-beta induction pathway, and its
C-terminal region is critical for the antagonism. Virus Genes (2011) 42:37-45.
doi: 10.1007/s11262-010-0544-x

Chen X, Yang X, Zheng Y, Yang Y, Xing Y, Chen Z. SARS coronavirus papain-
like protease inhibits the type I interferon signaling pathway through
interaction with the STING-TRAF3-TBK1 complex. Protein Cell (2014)
5:369-81. doi: 10.1007/s13238-014-0026-3

Chen J, Fang P, Wang M, Peng Q, Ren ], Wang D, et al. Porcine
deltacoronavirus nucleocapsid protein antagonizes IFN-beta production by
impairing dsRNA and PACT binding to RIG-I. Virus Genes (2019) 55:520-31.
doi: 10.1007/s11262-019-01673-z

Wang G, Chen G, Zheng D, Cheng G, Tang H. PLP2 of mouse hepatitis
virus A59 (MHV-A59) targets TBKI to negatively regulate cellular type I
interferon signaling pathway. PLoS One (2011) 6:e17192. doi: 10.1371/
journal.pone.0017192

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Lui PY, Wong LY, Fung CL, Siu KL, Yeung ML, Yuen KS, et al. Middle East
respiratory syndrome coronavirus M protein suppresses type I interferon
expression through the inhibition of TBK1-dependent phosphorylation of
IRF3. Emerg Microbes Infect (2016) 5:¢39. doi: 10.1038/emi.2016.33

Siu KL, Kok KH, Ng MH, Poon VK, Yuen KY, Zheng BJ, et al. Severe acute
respiratory syndrome coronavirus M protein inhibits type I interferon
production by impeding the formation of TRAF3. TANK.TBK1/IKKepsilon
complex. ] Biol Chem (2009) 284:16202-9. doi: 10.1074/jbc.M109.008227
Surjit M, Kumar R, Mishra RN, Reddy MK, Chow VT, Lal SK. The severe acute
respiratory syndrome coronavirus nucleocapsid protein is phosphorylated and
localizes in the cytoplasm by 14-3-3-mediated translocation. J Virol (2005)
79:11476-86. doi: 10.1128/JV1.79.17.11476-11486.2005

Zhou B, Liu J, Wang Q, Liu X, Li X, Li P, et al. The nucleocapsid protein of
severe acute respiratory syndrome coronavirus inhibits cell cytokinesis and
proliferation by interacting with translation elongation factor lalpha. J Virol
(2008) 82:6962-71. doi: 10.1128/JV1.00133-08

Luo H, Chen Q, Chen ], Chen K, Shen X, Jiang H. The nucleocapsid protein of
SARS coronavirus has a high binding affinity to the human cellular
heterogeneous nuclear ribonucleoprotein Al. FEBS Lett (2005) 579:2623-8.
doi: 10.1016/j.febslet.2005.03.080

HuY,Li W, Gao T, Cui Y, Jin Y, Li P, et al. The Severe Acute Respiratory
Syndrome Coronavirus Nucleocapsid Inhibits Type I Interferon Production
by Interfering with TRIM25-Mediated RIG-I Ubiquitination. J Virol (2017) 91
(8):02143-16. doi: 10.1128/JV1.02143-16

Clark K, Peggie M, Plater L, Sorcek RJ, Young ER, Madwed JB, et al. Novel
cross-talk within the IKK family controls innate immunity. Biochem ] (2011)
434:93-104. doi: 10.1042/BJ20101701

Hiscott J, Lin R, Nakhaei P, Paz S. MasterCARD: a priceless link to
innate immunity. Trends Mol Med (2006) 12:53-6. doi: 10.1016/j.molmed.
2005.12.003

Hiscott J, Nguyen TL, Arguello M, Nakhaei P, Paz S. Manipulation of the
nuclear factor-kappaB pathway and the innate immune response by viruses.
Oncogene (2006) 25:6844-67. doi: 10.1038/sj.onc.1209941

McWhirter SM, Fitzgerald KA, Rosains J, Rowe DC, Golenbock DT, Maniatis
T. IFN-regulatory factor 3-dependent gene expression is defective in Tbk1-
deficient mouse embryonic fibroblasts. Proc Natl Acad Sci USA (2004)
101:233-8. doi: 10.1073/pnas.2237236100

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.

Copyright © 2021 Zhou, Sun, Xu, Tang, Zhou, Li, Lan and Ma. 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

February 2021 | Volume 12 | Article 573078


https://doi.org/10.1128/JVI.00712-18
https://doi.org/10.1016/j.virusres.2019.197843
https://doi.org/10.1016/j.virusres.2019.197843
https://doi.org/10.1038/nature04193
https://doi.org/10.1038/nature04193
https://doi.org/10.1128/JVI.00187-12
https://doi.org/10.1128/JVI.00187-12
https://doi.org/10.1186/s12985-015-0345-x
https://doi.org/10.1016/j.virol.2016.04.025
https://doi.org/10.1038/ni921
https://doi.org/10.1084/jem.20040520
https://doi.org/10.3390/v6082991
https://doi.org/10.1007/s11262-010-0544-x
https://doi.org/10.1007/s13238-014-0026-3
https://doi.org/10.1007/s11262-019-01673-z
https://doi.org/10.1371/journal.pone.0017192
https://doi.org/10.1371/journal.pone.0017192
https://doi.org/10.1038/emi.2016.33
https://doi.org/10.1074/jbc.M109.008227
https://doi.org/10.1128/JVI.79.17.11476-11486.2005
https://doi.org/10.1128/JVI.00133-08
https://doi.org/10.1016/j.febslet.2005.03.080
https://doi.org/10.1128/JVI.02143-16
https://doi.org/10.1042/BJ20101701
https://doi.org/10.1016/j.molmed.2005.12.003
https://doi.org/10.1016/j.molmed.2005.12.003
https://doi.org/10.1038/sj.onc.1209941
https://doi.org/10.1073/pnas.2237236100
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Swine Acute Diarrhea Syndrome Coronavirus Nucleocapsid Protein Antagonizes Interferon-β Production via Blocking the Interaction Between TRAF3 and TBK1
	Introduction
	Materials and Methods
	Viruses, Cells, and Reagents
	Plasmids
	Luciferase Reporter Gene Assay
	RNA Extraction and Quantitative Real-Time RT-qPCR
	ELISA Assay for IFN-β Protein
	Indirect Immunofluorescence Assay

	Western Blot Analysis
	Co-Immunoprecipitation&nbsp;Analysis
	Statistical Analysis

	Results
	SADS-CoV N Protein Inhibits Sev-mediated IFN-β Expression
	SADS-CoV N Protein Impedes Sev-Induced Phosphorylation and Nuclear Translocation of IRF-3 and NF-κB
	SADS-CoV N Protein Suppresses the RLRs’ Signaling Pathway
	SADS-CoV N Protein Interacts With TBK1 and IKK&epsi;
	SADS-CoV N Protein Disrupts the Interaction Between IPS-1 and TBK1
	SADS-CoV N Protein Impairs Interaction Between TBK1 and TRAF3

	Discussion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	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 true
  /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 true
  /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 true
  /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


