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Swine acute diarrhea syndrome coronavirus
Nsp1 suppresses IFN-A1 production

by degrading IRF1 via ubiquitin—proteasome
pathway
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Zhiging Zhao', Zhichao Xu', Hao Zhang', Yongchang Cao' and Chunyi Xue'”

Abstract

Swine acute diarrhea syndrome coronavirus (SADS-CoV) is a novel porcine enteric coronavirus that causes acute
watery diarrhea, vomiting, and dehydration in newborn piglets. The type Ill interferon (IFN-A) response serves

as the primary defense against viruses that replicate in intestinal epithelial cells. However, there is currently no infor-
mation available on how SADS-CoV modulates the production of IFN-A. In this study, we utilized IPI-FX cells (a cell line
of porcine ileum epithelium) as an in vitro model to investigate the potential immune evasion strategies employed
by SADS-CoV against the IFN-A response. Our results showed that SADS-CoV infection suppressed the production
of IFN-AT induced by poly(l:C). Through screening SADS-CoV-encoded proteins, nsp1, nsp5, nsp10, nsp12, nsp16,

E, S1,and S2 were identified as antagonists of IFN-A1 production. Specifically, SADS-CoV nsp1 impeded the activa-
tion of the IFN-A1 promoter mediated by MAVS, TBK1, IKKe, and IRF1. Both SADS-CoV and nsp1 obstructed poly(l:C)-
induced nuclear translocation of IRF1. Moreover, SADS-CoV nsp1 degraded IRF1 via the ubiquitin-mediated protea-
some pathway without interacting with it. Overall, our study provides the first evidence that SADS-CoV inhibits

the type IIl IFN response, shedding light on the molecular mechanisms employed by SADS-CoV to evade the host
immune response.
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Introduction a novel bat-HKU2-like porcine a-CoV, known as swine

Coronaviruses (CoVs) are classified into four genera: a-,
B-, Y-, and §-CoVs, in which the first two predominantly
originate in bats and infect other mammals [1]. In 2017,
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acute diarrhea syndrome coronavirus (SADS-CoV), was
first identified in Guangdong province, China. It mainly
affects the intestine and causes severe watery diarrhea
in newborn piglets, resulting in a fatal mortality rate of
nearly 90% [2-6].

SADS-CoV possesses a large single-stranded positive-
sense RNA genome, approximately 27 000 nucleotides in
length, with a 5" cap and a 3 polyadenylated tail [3, 5,
7]. The 5° two-thirds of the genome, containing ORFla
and ORF1b, encodes the functionally conserved repli-
case-transcriptase, which is composed of 16 nonstruc-
tural proteins (nspl-16). The remaining 3’ one-third
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of the genome encodes three accessory proteins (NS3a,
NS7a, and NS7b), as well as four structural proteins:
spike (S), envelope (E), membrane (M), and nucleocap-
sid (N) proteins [3, 5, 7]. Among these proteins, nspl is
encoded only in a- and $-CoVs and represents the first
mature viral protein expressed in the host cell cytoplasm
[8]. Structural analyses have revealed a high degree of
similarity in the core structure of nspl among CoVs [9,
10]. It is considered as an essential virulence determi-
nant, employing various strategies to inhibit host gene
expression and facilitate the evasion of host immunity
by suppressing IFN induction, signaling, and production
[11-13].

Mammalian innate immunity serves as a crucial
defense against viral infection, and the IFN system plays
a pivotal role in the host innate immune response [14].
During viral replication, double-stranded RNAs, known
as pathogen-associated molecular patterns (PAMPs),
can be recognized by host pattern-recognition receptors
(PRRs), such as retinoic acid-induced gene I (RIG-I) or
melanoma differentiation gene 5 (MDAS5). Upon binding
viral ligands that act as PAMPs, RIG-1/MDAJ5 recruit the
mitochondrial antiviral-signaling (MAVS) protein, which
activates transcriptional factors including interferon
regulatory factors (IRFs) and NF-«B. These factors sub-
sequently translocate to the nucleus and induce the pro-
duction of type I and III IFNs [15]. While the induction
processes and mechanisms of type I and III IFNs are simi-
lar, type I IEN receptors are expressed ubiquitously, while
type III IEN (IFN-M) receptors are primarily expressed on
epithelial cells. This suggests that IFN-A plays a critical
role in protecting epithelial surfaces against viral infec-
tions [16—21]. In the case of intestinal viruses, the IFN-\
response acts as the first line of defense [22, 23]. Several
CoVs have been reported to interfere with innate immu-
nity and delay IFN responses during infection [24—28].

IRF1, a member of the transcriptional regulator family,
was the first recognized member of the IRF family [29].
It is expressed at low basal levels in cells and exhibits a
high responsiveness to viral stimuli. Upon viral infection,
IRF1 translocates to the nucleus, leading to the rapid
activation of IFN response [30, 31]. Recent researches
have highlighted the unique role of IRF1 in IFN-A pro-
duction [32-34]. As an IFN-stimulated gene (ISG), both
the mRNA transcript and protein of IRF1 are short-lived,
allowing the host to exert rapid and dynamic regulation
in response to viral infection [35]. It has been observed
that IRF1 undergoes rapid degradation through the ubiq-
uitin—proteasome pathway and the rate of degradation
can be modulated in response to cellular conditions and
specific stresses [36, 37].

Previous studies have indicated that SADS-CoV infec-
tion can inhibit the type I IFN response as a strategy to
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evade the host innate immunity [10, 24, 38, 39]. However,
it remains unclear whether SADS-CoV also suppresses
the type III IEN response, which is the primary defense
mechanism against intestinal viruses. In this study, we
conducted experiments to demonstrate that SADS-CoV
infection significantly suppressed the production of IFN-
A1 induced by poly(I:C), and nspl was identified as a
potent antagonist of IFN-A1. Moreover, SADS-CoV nspl
obstructed the nuclear translocation of IRF1 and targeted
IRF1 for degradation through the ubiquitin-mediated
proteasome pathway. These findings offer new insights
into the mechanisms employed by SADS-CoV to evade
the host innate immune response.

Materials and methods

Virus and cells

SADS-CoV strain GDS04 (GenBank accession number:
MF167434.1) was isolated and propagated by our labora-
tory [2, 6, 40]. The IPI-FX cell line was derived from por-
cine ileum epithelium. HEK-293T cells were preserved
in our laboratory. Both cell lines were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% heat-inactivated fetal bovine serum (Thermo
Fisher), 100 U/mL penicillin, and 10 pg/mL streptomycin
sulfate at 37 °C with 5% CO, in a humidified incubator.

Reagents and antibodies

Polyinosinic-polycytidylic acid [poly(I:C)] used as the
positive control was purchased from InvivoGen (San
Diego, CA). The Dual-Luciferase® Reporter Assay Sys-
tem was purchased from Promega (Madison, WI). Mouse
anti-SADS-CoV N polyclonal antibody (pAb) [1:1000
for indirect-immunofluorescence assay (IFA), 1:1000 for
Western blot (WB), and 1:200 for Confocal] was pre-
pared by our laboratory. Mouse anti-GFP monoclonal
antibody (mAb) (1:1000 for WB, and 1:200 for confocal),
and rabbit anti-IRF1 pAb (1:1000 for WB, and 1:500 for
confocal) were purchased from Santa Cruz Biotechnol-
ogy (Dallas, TX). Mouse anti-HA mAb (1:3000 for WB,
and 1:50 for Co-IP) was purchased from Abmart (Berke-
ley Heights, NJ). Mouse anti-GAPDH mAb (1:1000
for WB), rabbit anti-HA pAb (4 ug for IP), fluorescein
(FITC)-conjugated goat anti-mouse IgG, and horserad-
ish peroxidase (HRP)-conjugated goat anti-mouse/rab-
bit IgG were purchased from Proteintech (Rosemont, IL,
USA). Mouse anti-FLAG mAb, Alexa Fluor 594-conju-
gated (goat anti-rabbit), Alexa Fluor 488/647-conjugated
(goat anti-mouse) secondary antibodies, and MG132
were purchased from Sigma (St. Louis, MO, USA). Chlo-
roquine (CQ) was purchased from MedChemExpress
(MCE, Monmouth Junction, NJ, USA). Cycloheximide
(CHX) was purchased from Cayman Chemical (Ann
Arbor, MI, USA).
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Plasmids

The individual genes of SADS-CoV were cloned into
pEGFP-N1 with an EGFP-tag at the C-terminus. SADS-
CoV nspl was cloned into pcDNA3.1 vector with a
FLAG-tag at the C-terminus. The porcine reporter plas-
mid IFN-A1-luc was constructed using pGL3-basic vec-
tor. The porcine MAVS and IRF1 genes were cloned into
pcDNA3.1 vector with a HA-tag at the N-terminus. The
internal control plasmid pRL-TK was preserved by our
laboratory.

Indirect-immunofluorescence assay and confocal
microscopy

Cells were fixed with 4% paraformaldehyde for 15 min
at room temperature (RT) and permeabilized with 0.1%
Triton X-100 for 15 min at RT. After three washes with
phosphate-buffered saline (PBS), the cells were incubated
with 1% bovine serum albumin (BSA) for 1 h at 37 °C, fol-
lowed by incubation with the primary antibody for 1 h
at 37 °C, and then a fluorochrome-conjugated secondary
antibody in the dark for 1 h at 37 °C. The cell nuclei were
stained with 4, 6-diamidino-2-phenylindole (DAPI) for
8 min. After three washes, the coverslips containing the
stained cells were mounted onto the microscope slides
using Fluoromount-G mounting medium (Beyotime,
Shanghai, China). The fluorescence was visualized using
a Nikon Ti microscope and a Leica TCS-SP5 confocal flu-
orescence microscope.

Western blot analysis

Cells were washed twice with precooled PBS and lysed
with a cell lysis buffer for Western and IP (Beyotime)
with a protease inhibitor cocktail (MCE). The cell lysates
were separated by 12.5% SDS-PAGE and electro-trans-
ferred to a PVDF membrane (Millipore). The membranes
were blocked with 5% nonfat dry milk in TBST for 1 h
and incubated with the primary antibody at 4 °C over-
night. After three washes, the membranes were incu-
bated with HRP-conjugated secondary antibody for 1 h at
RT. After three washes, the protein blots were visualized
using an enhanced chemiluminescence (ECL) detection
system (NMC Biotech) and the chemiluminescent signals
emitted from the protein blots were captured using the
GelView 6000 Pro imaging system according to the man-
ufacturer’s instructions (BLT, Guangdong, China).

RNA isolation and RT-qPCR

Cells were washed once with PBS and lysed with lysis
buffer. Total cellular RNA was extracted using a RNA
isolation kit according to the manufacturer’s instructions
(EZBioscience, Roseville, MN) and reverse transcribed to
cDNA using ReverTra Ace® qPCR RT master mix with
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gDNA remover (Toyobo, Osaka, Japan). The synthesized
c¢DNA was subjected to real-time quantitative PCR using
PerfectStart" Green qPCR SuperMix (TransGen, Beijing,
China) at least triplicate with a Light Cycler 480 real-
time PCR system (Roche, Mannheim, Germany). The
RT-qPCR primers are listed in the Additional file 1. The
GAPDH gene was used as an internal control for each
experiment. The relative transcription levels of the target
genes are presented as fold changes relative to the respec-
tive controls using the 2724¢T method.

Dual-reporter assay

To investigate the effect of SADS-CoV infection on
poly(I:C)-induced IFN-A1 promoter activity, IPI-FX cells
were cultured in 24-well plates until they reached 80%
confluency. Cells were then transfected with the indi-
cated luciferase reporter plasmid and pRL-TK at a ratio
of 1:0.01 using the jetPRIME® transfection reagent, fol-
lowing the manufacturer’s instructions (Polyplus-trans-
fection, Illkirch, France). 12 h post-transfection, the cells
were infected with SADS-CoV at a MOI of 1 for 12 h,
followed by stimulation with poly(I:C) for an additional
12 h.

To identify the viral antagonists of IFN-A1 production,
cells were transfected with a plasmid expressing individ-
ual viral proteins, along with the luciferase reporter plas-
mid and pRL-TK at a ratio of 1:1:0.01 for 24 h, followed
by stimulation with poly(I:C) for 12 h.

To determine the stage at which nspl exerts its inhibi-
tory activity in the RLR pathway, cells were transfected
with the expression plasmids of nspl and MAVS/TBK1/
IKKe/IRF1, along with the luciferase reporter plasmid
and pRL-TK at a ratio of 1:1:0.1:0.01 for 24 h.

After the respective treatments, the cells were lysed
using 1X passive lysis buffer for 15 min at RT, and the
firefly and renilla luciferase activities were measured
using a GloMax-20/2 luminometer with a Dual-Lucif-
erase® reporter assay system (Promega). Data are pre-
sented as the relative firefly luciferase activity normalized
to the renilla luciferase activity from three independent
experiments.

Co-immunoprecipitation analysis

Cells were washed twice with precooled PBS and lysed
using cell lysis buffer for WB and IP (Beyotime) with a
protease inhibitor cocktail. The cell lysates were sub-
jected to immunoprecipitation using protein A/G mag-
netic beads (Beyotime) overnight at 4 °C. The beads
were then incubated with the indicated antibody for
4 h at 4 °C. After five washes with lysis buffer, the pro-
tein A/G magnetic beads were mixed with 40 pL of 1 x
SADS-PAGE sample loading buffer (FUDE Science and
Technology, Shandong, China) and boiled for 10 min at
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100 °C. The immunoprecipitates were then analyzed by
WB.

Statistical analysis

All data are shown as the meanzstandard deviation
(SD) of three independent experiments. Statistical analy-
ses were conducted by using GraphPad Prism 8 for the
T-test. Asterisks in figures indicate statistical significance
as follows: *, p<0.05, **, p<0.01, ***, p<0.001.

Results

SADS-CoV efficiently infects IPI-FX cells

SADS-CoV isolated from clinical samples has poor
adaptability to cells in vitro. In this study, the SADS-CoV
GDS04 P15 strain, which has been shown to cause cyto-
pathic effects in Vero cells and has a high mortality rate
of 87.5% in newborn piglets [40], was used for in vitro
research. The primary target cells of SADS-CoV in vivo
are porcine intestinal epithelial cells [2, 3, 5, 6], so we
investigated the replication and proliferation of SADS-
CoV in IPI-FX cells, which are derived from porcine
ileum epithelial cells. To assess the efficiency of SADS-
CoV infection in IPI-FX cells, cells were mock-infected
or infected with SADS-CoV at a MOI of 0.5, 1, and 2. At
24 and 36 h post-infection (hpi), the expression of SADS-
CoV N protein was detected using IFA. As shown in
Figure 1A, specific fluorescence was observed in SADS-
CoV-infected IPI-FX cells at 24 hpi. As the infection titer
or time increased, the cytopathic effect became more
pronounced, with more detached cells, indicating effi-
cient replication of SADS-CoV in IPI-FX cells. To exam-
ine the expression of SADS-CoV N mRNA, IPI-FX cells
were infected with SADS-CoV at a MOI of 1, and the
mRNA level of the N gene at different time points was
measured by RT-qPCR. The replication curve of the N
gene demonstrated productive replication of SADS-CoV
(Figure 1B). WB analysis further confirmed the efficient
infection of IPI-FX cells by SADS-CoV (Figure 1C).

To investigate whether IPI-FX cells are capable of pro-
ducing IFN-), the transcription levels of different types
of IFN-A were measured using RT-qPCR. As shown in
Figure 1D, after stimulation with poly(I:C), the transcrip-
tion levels of IFN-A1, IFN-A3, and IFN-A4 in IPI-FX cells
increased significantly by approximately 3000-fold, 7000-
fold, and 500-fold, respectively. This indicates that IPI-FX
cells are capable of efficiently producing IFN-A. Based
on these findings, we can conclude that IPI-FX cells are
susceptible to SADS-CoV infection and can express IFN-
\. This makes IPI-FX cells a suitable model for studying
the type III IEN response, which may be regulated by
SADS-CoV.
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SADS-CoV suppresses poly(l:C)-induced IFN-A1 production
To investigate whether SADS-CoV infection can induce
IEN-A production in IPI-FX cells, cells were infected with
SADS-CoV at a MOI of 1, and cell lysates were collected
at different time points post-infection for RT-qPCR
analysis. As shown in Figure 2A, SADS-CoV infection
only slightly induced the expression of IFN-A1 mRNA
at 36 hpi, which was then downregulated. In contrast,
transfection with poly(I:C) as a positive control resulted
in a remarkable induction of IFN-A\1 mRNA expression.
However, the mRNA expression of IFN-A3 and IFN-A4
was not detected at any of the examined time points in
SADS-CoV-infected cells (data not shown). To deter-
mine whether SADS-CoV infection suppressed poly(I:C)-
induced IFN-)\ expression, cells were transfected with
IFN-A1-luc/pRL-TK, infected with SADS-CoV, and then
stimulated with poly(I:C). The relative activity of the
IEN-A1 promoter was assessed using a luciferase reporter
assay. As shown in Figure 2B, the luciferase activity was
barely detectable in SADS-CoV-infected cells, and the
activation of the IFN-A1 promoter induced by poly(I1:C)
was significantly inhibited compared to mock-infected
cells.

Furthermore, RT-qPCR was conducted to detect
IFN-A1 transcription in SADS-CoV-infected, poly(I:C)-
stimulated cells. As shown in Figure 2C, the expression
of IFN-A1 mRNA induced by poly(I:C) was significantly
inhibited in SADS-CoV-infected cells compared to mock-
infected cells. Similarly, the mRNA expression of IFN-A3
and IFN-M induced by poly(I:C) were also noticeably
blocked in SADS-CoV-infected cells compared to mock-
infected cells (Figures 2D and E). These results suggest
that SADS-CoV inhibits poly(I:C)-induced IFN-A pro-
duction in IPI-FX cells.

Identification of viral antagonists of IFN-A1 production

The infection study demonstrated that IFN-A1 inhib-
ited the replication of SADS-CoV in IPI-FX cells (Addi-
tional file 2), highlighting the importance of IFN-A1 in
SADS-CoV infection. To identify which viral proteins
are responsible for antagonizing IFN-A1 production, the
expression of 22 individual SADS-CoV proteins were
confirmed using IFA (Figure 3A), and SADS-CoV pro-
teins were screened for their ability to suppress the activ-
ity of the IFN-A1 promoter using a reporter assay. IPI-FX
cells were co-transfected with plasmids expressing indi-
vidual viral proteins along with luciferase reporter plas-
mids. Cells were then stimulated with poly(l:C), and a
luciferase reporter assay was performed. As shown in
Figure 3B, several viral nonstructural proteins (nspl,
nsp5, nspl0, nspl2, and nspl6) were found to down-
regulate IFN-A1 promoter activity. Among the structural
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Figure 1 SADS-CoV efficiently infects IPI-FX cells. A\ Expression of SADS-CoV N protein in infected-cells detected by immunofluorescence
assay. IPI-FX cells were either mock-infected or infected with SADS-CoV at different multiplicities of infection (MOI=0.5, 1, 2). At 24 and 36 hpi,
cells were fixed and incubated with a polyclonal antibody against SADS-CoV N protein (green). Scale bar=100 um. B Expression of SADS-CoV
N mRNA in infected-cells detected by RT-gPCR. IPI-FX cells were either mock-infected or infected with SADS-CoV at a MOI of 1. The mRNA level
of the SADS-CoV N gene was measured at the indicated hours post-infection using RT-gPCR. C Expression of SADS-CoV N protein in infected
cells detected by Western blot. IPI-FX cells were either mock-infected or infected with SADS-CoV at a MOI of 1. Cell extracts were prepared

at 12, 24, and 36 hpi and subjected to Western blot analysis. D Induction of IFN-A in IPI-FX cells after poly(l:C) stimulation. Cells were transfected
with or without 1 pg/mL poly(l:C). At 12 hpi, the mRNA levels of the IFN-AT, IFN-A3, and IFN-AM genes were measured using RT-gPCR. The mRNA
levels of IFN-A after poly(l:C) stimulation were normalized to those of individual IFN-A without treatment. Data are represented as the mean +SD

of three replicates. **P < 0.01; ***P < 0.001.

proteins, E, S1, and S2 were identified as suppressors of
IEN-A1 induction.

Of these viral antagonists of IFN-A1 production, nspl
exhibited a significant inhibitory effect (?<0.001, Fig-
ure 3B). Nsp1 is known as a major virulence factor and a
multifunctional viral antagonist for the innate immune
response in coronavirus [11-13, 41]. Therefore, nspl
was selected for further investigation. To confirm the
screening results, increasing doses (0.25/0.5/0.75 pg)
of a plasmid encoding nspl, along with IFN-A1-luc
and pRL-TK plasmids, were co-transfected into IPI-FX

cells. Cells were then stimulated with poly(I:C), and a
luciferase reporter assay was conducted. As shown
in Figure 3C, the luciferase activity decreased as the
amount of nspl increased, indicating a dose-dependent
inhibitory effect of nspl on IFN-A1 promoter activation
induced by poly(I:C). To further confirm the inhibition
of IEN-A1 by nspl, the nspl gene was inserted into the
pcDNA3.1 vector, and a luciferase reporter assay and
RT-qPCR were performed. As shown in Figures 3D and
E, nspl inhibited poly(I:C)-induced IFN-A1 promotor
activity and mRNA expression. Taken together, these
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Figure 2 SADS-CoV suppresses poly(l:C)-induced IFN-A1 production. A I[FN-AT mRNA expression in SADS-CoV-infected cells. IPI-FX cells

were either mock-infected or infected with SADS-CoV at a MOI of 1. The mRNA level of the IFN-AT gene was measured at the indicated hours
post-infection using RT-qPCR. Mock-infected cells stimulated with 1 pg/mL poly(l:C) for 12 h were used as the positive control. B SADS-CoV
suppresses poly(l:C)-induced IFN-A1 promoter activity. IPI-FX cells were co-transfected with IFN-A1-luc and pRL-TK at a ratio of 1:0.1 for 12 h. Then,
cells were either mock-infected or infected with SADS-CoV at a MOl of 1 for 12 h. Subsequently, cells were transfected with or without poly(l:C)

for an additional 12 h, and the relative activity of the IFN-A1 promoter was determined using a luciferase reporter assay. C—E SADS-CoV suppresses
poly(l:C)-induced IFN-AT (C), IFN-A3 (D), and IFN-A (E) mRNA levels. IPI-FX cells were infected or mock-infected with SADS-CoV at a MOl of 1 for 12 h
and then transfected with or without 1 pg/mL poly(l:C) for an additional 12 h. Total RNA was extracted, and the relative mRNA expression of IFN-AT,
IFN-A3, and IFN-M was determined using RT-qPCR. Data are represented as the mean +SD of three replicates. ***P<0.001.

findings suggest that SADS-CoV encodes multiple = SADS-CoV nsp1 inhibits the RLR signaling pathway

antagonists to suppress IFN-A1 induction, and nspl is  To further investigate the specific target of SADS-CoV
identified as a potent viral antagonist that inhibits IFN-  nspl in antagonizing IFN-A1 production, several key
Al production in a dose-dependent manner. molecules in the RLR signaling pathway, including
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stimulation was normalized to that without stimulation. C Dose-dependent inhibition of poly(l:C)-induced IFN-A1 promoter activity by SADS-CoV
nsp1. IPI-FX cells were transfected with different amounts (0.25/0.5/0.75 ug) of pEGFP-nsp1 or control plasmid pEGFP-NT1, along with IFN-A1-luc
and pRL-TK at a ratio of 1:0.1:0.01 for 24 h. Subsequently, cells were transfected with or without 1 ug/mL poly(l:C) for 12 h. Cell lysates were prepared,
and luciferase activity was measured. The IFN-AT promoter activity induced by poly(l:C) stimulation was normalized to that without stimulation. D
Suppression of poly(l:C)-induced IFN-AT promoter activity by SADS-CoV nsp1. IPI-FX cells were transfected with pcDNA3.1-nsp1 or control plasmid
pcDNA3.1, along with IFN-AT-luc and pRL-TK at a ratio of 1:0.1:0.01 for 24 h. Subsequently, cells were transfected with or without 1 ug/mL poly(l:C)
for 12 h. Cell lysates were prepared, and luciferase activity was measured. E Suppression of poly(l:C)-induced IFN-A1 mRNA expression by SADS-CoV
nsp1. IPI-FX cells were transfected with pcDNA3.1-nsp1 or the control plasmid pcDNA3.1 for 24 h, followed by transfection with or without 1 pg/
mL poly(l:C) for 12 h. Total cellular RNA was extracted, and the expression of IFN-AT mRNA was determined using RT-gPCR. *P < 0.05; **P<0.01;
***P<0.001.
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MAVS, TBK1, IKKe, and IRF1, were assessed using a
reporter assay. Cells were co-transfected with plasmids
expressing these crucial molecules, the nspl expres-
sion plasmid, and the luciferase reporter plasmid. The
reporter activity was then measured. As shown in Fig-
ure 4, nspl reduced the activation of IFN-A1 promoter
activity mediated by MAVS, TBK1, IKKg, and IRF1. This
indicates that nsp1 inhibits the IFN-A1 production path-
way by targeting IRF1 or its associated molecules.

SADS-CoV and nsp1 block IRF1 nuclear translocation
stimulated by poly(l:C)

Based on previous studies, it is known that IRF1 is an
interferon regulator that plays an important role in
inducing IFN-A production [23, 27, 32, 42, 43]. When
activated, IRF1 translocates to the nucleus, leading to
the expression of IFN-A [44]. Based on these findings,
we speculated that SADS-CoV nspl might target IRF1
to reduce IFN-A production. To investigate whether
SADS-CoV infection affects the nuclear translocation of
IRF1, cells were infected with SADS-CoV and stimulated
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with poly(I:C), followed by antibody staining for IRF1.
The confocal images of the different groups are shown
in Figure 5A, and the fluorescence intensity is shown in
Figure 5B. In the presence of poly(I:C) stimulation, IRF1
translocated to the nucleus (second panel, yellow arrow).
However, in SADS-CoV-infected cells, IRF1 remained
in the cytoplasm (bottom panel, white arrow) even after
poly(I:C) stimulation. This indicates that SADS-CoV
infection blocked the poly(I:C)-induced nuclear translo-
cation of IRF1.

To further examine whether nspl is responsible for
blocking IRF1 nuclear translocation, cells were trans-
fected with either a vector or the nspl expression plas-
mid, followed by poly(I:C) stimulation. The confocal
images of the different groups are shown in Figure 5C,
and the fluorescence intensity is shown in Figure 5D. In
cells expressing the vector, IRF1 was predominantly dis-
tributed in the cytoplasm, but poly(I:C) stimulation led
to its translocation to the nucleus (second panel, yel-
low arrow). However, in cells expressing nspl, IRF1 dif-
fused throughout the cells (bottom panel, white arrow)

A B C
HA-MAVS + 2 IFN-A-luc (MAVS) z 2.07)EN-M-luc (TBK1)
- s s
f R g = 2.5 .g =
HA-MAVS -~ 5 52151
: 5% 151 83
B3 T2 10 L
GAPDH | s s El 3%
2% 2%
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HA-TBKA ‘ | oA et s
D E
2 207IEN-M-luc (IKK 2 257FN-M-
HA-IKKe - + £ uc (IKKe) £ IFN-A-luc (IRF1)
HA-IKKe — 8 15 8 g 207 —
g 1S
&% 1 &5 157
] g5 1.09
§ 0.5 é 0.5
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GAPDH |4 S

Figure 4 Inhibition of the RLR signaling pathway by SADS-CoV nsp1. A Expression of MAVS, TBK1, IKKe, and IRF1 in IPI-FX cells detected

by Western blot. B-E SADS-CoV nsp1 inhibits the RLR signaling pathway. IPI-FX cells were co-transfected with nsp1, along with expression plasmids
for MAVS (B), TBK1 (C), IKKe (D), or IRF1 (E), as well as IFN-A1-luc and pRL-TK at a ratio of 1:1:0.1:0.01 for 24 h. Cell lysates were prepared, and luciferase
activity was measured. Data are represented as the mean+SD of three replicates. ***P<0.001.
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Figure 5 SADS-CoV and nsp1 inhibit the nuclear translocation of IRF1 induced by poly(l:C) stimulation. A SADS-CoV blocks IRF1 nuclear
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and anti-IRF1 antibody. In the images, yellow arrows indicate IRF1 in the nucleus, while white arrows indicate IRF1 in the cytoplasm. Bar=10 um. B
Intensity profiles of SADS-CoV (red), IRF1 (green), and DAPI (blue) calculated from a white box in the image. C SADS-CoV nsp1 blocks IRF1 nuclear
translocation stimulated by poly(l:C). IPI-FX cells were transfected with either pEGFP-nsp1 or control plasmid pEGFP-N1 for 24 h. Then, cells were
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even after poly(I:C) stimulation. This indicates that nspl
blocked the poly(I:C)-induced nuclear translocation of
IRF1.

SADS-CoV nsp1 degrades IRF1 through the ubiquitin-
proteasome pathway

To investigate whether nspl interacts with IRF1 to inhibit
IRF1 nuclear translocation, cells were co-transfected with
nspl-FLAG and HA-IRF1 expression plasmids, and a
Co-IP assay was performed. As shown in Figure 6A, nspl
and IRF1 bands were detected in the whole-cell lysates,
but the nspl band could not be detected when IRF1 was
used as the bait protein. Similarly, the IRF1 band could
not be detected when nspl was used as the bait protein

(data not shown). This suggests that there is no direct
interaction between nspl and IRF1.

Previous studies have shown that the nspl protein
of porcine epidemic diarrhea virus (PEDV) reduces
the abundance of host proteins to evade the host IFN
response [45, 46]. To investigate whether SADS-CoV
nspl reduces IRF1 protein abundance, cells were trans-
fected with increasing amounts of the nspl expression
plasmid, and WB analysis was performed. As shown in
Figure 6B, as the amount of nspl increased, the level of
endogenous IRF1 protein gradually decreased. Similarly,
as shown in Figure 6B, when cells were infected with
increasing MOIs of SADS-CoV, the abundance of endog-
enous IRF1 protein decreased gradually. These findings
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suggest that nsp1 reduces the abundance of the IRF1 pro-
tein without directly interacting with it.

To determine how SADS-CoV nspl reduces the
abundance of IRF1 protein, the effect of nspl on IRF1
transcription was examined. As shown in Figure 6D,
co-transfection of nspl-FLAG and HA-IRF1 expression
plasmids followed by poly(I:C) stimulation did not show
any variation in IRF1 mRNA levels, indicating that nspl
may not regulate the expression of IRF1 at the transcrip-
tional level. To investigate whether nsp1 affects IRF1 pro-
tein stability, cells were co-transfected with nspl-FLAG
and HA-IRF1 expression plasmids and treated with the
protein synthesis inhibitor CHX. As shown in Figure 6E,
the densitometric quantification of WB results showed
that in the presence of nsp1 expression, the decay of IRF1
was significantly accelerated, and the half-life of IRF1 was
reduced from approximately 50 min to approximately 20
min.

Protein degradation in eukaryotes is primarily medi-
ated by the ubiquitin—proteasome system (UPS) and
the autophagy-lysosome pathway (ALP). To determine
the mechanism by which nspl degrades IRF1, cells were
co-transfected with nspl-FLAG and HA-IRF1 expres-
sion plasmids and treated with the proteasome inhibi-
tor MG132 or the lysosome inhibitor CQ. As shown in
Figures 6F and G, MG132 treatment blocked IRF1 degra-
dation caused by nspl, while CQ treatment did not influ-
ence IRF1 degradation. This suggests that SADS-CoV
nspl degrades IRF1 through the ubiquitin—proteasome
pathway.

Discussion

As a newly emerging virus, SADS-CoV caused the death
of approximately 25 000 piglets when it first broke out in
Guangdong province, resulting in economic losses for the
pig industry [5]. The main target of the virus is the intes-
tinal mucosal immune system of pigs, causing diarrhea,
dehydration, and death in newborn piglets [2—6]. Due to
the specific expression of receptors, type III IEN plays a
crucial role in innate mucosal immunity [47]. Previous
studies on the innate immune interaction of SADS-CoV
with hosts have shown that SADS-CoV employs strat-
egies to evade the type I IEN response [10, 24, 39], but
whether it can evade the type III IFN response remains
unclear. Our report demonstrates that SADS-CoV antag-
onizes the production of IFN-A1, and the nspl protein
functions by suppressing IFN-A1 production through
the targeting of IRF1 via ubiquitin-mediated proteasome
degradation.

To study the effect of SADS-CoV on IFN-\ production,
it is necessary to obtain a cell-adapted SADS-CoV strain
and a cell line that is both susceptible to the virus and
capable of producing IFN-A. The SADS-CoV strain used
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in this study was the GDS04 P15 strain, obtained from a
wild-type SADS-CoV strain after 15 consecutive passages
in Vero cells. It was adapted to cell growth while retaining
high pathogenicity in newborn piglets [40]. The cells used
in this study were IPI-FX cells, derived from subcloning
porcine ileum epithelial cells (IPI-2I) through limited
serial dilutions, and were highly susceptible to various
porcine CoVs [48]. We first confirmed that IPI-FX cells
were highly susceptible to SADS-CoV. Upon stimulation
of IPI-FX cells with poly(I:C), the transcription of three
different subtypes of IFN-A was effectively induced, and
the transcription levels ranking as IFN-A3 > IFN-A1>IFN-
M, consistent with the results from porcine intestinal
epithelial cells IPEC) by Zhang et al. [43]. This indicated
that IPI-FX cells were suitable for studying the interac-
tion between SADS-CoV and the type III IEN response.
Subsequently, we explored the changes of IFN-\ in
SADS-CoV-infected IPI-FX cells. The results showed
that, similar to PEDYV, classical swine fever virus (CSFV)
and porcine deltacoronavirus (PDCoV) [27, 42, 43],
SADS-CoV failed to effectively induce IFN-A1 produc-
tion in IPI-FX cells and could inhibit poly(I:C)-induced
IEN-A1 production, suggesting a critical role of IFN-A1 in
the pathogenesis of these viruses.

To evade the host immune response, CoVs have been
reported to primarily counteract the IFN response
through viral proteins. In PEDV, Zhang et al. identi-
fied nspl, nsp3, nsp7, nspl4, nspl5, nspl6, E, M, N, and
OREFS3 as IFN-f antagonists, and nspl, nsp3, nsp5, nsp8,
nspl4, nspl5, nspl6, E, M, N, and ORF3 as IFN-A1 antag-
onists [43, 46]. In this study, we found that nspl, nsp5,
nspl0, nspl2, nspl6, E, S1, and S2 could antagonize the
production of IFN-A1. Among them, nspl, nspl6, and
E overlapped with the interferon antagonist proteins of
PEDYV, indicating that these proteins may play similar and
conserved roles in evading host innate immunity across
different CoVs. As the largest known RNA viruses, CoVs
including SARS-CoV, SARS-CoV-2, MERS-CoV, and oth-
ers employ multiple viral proteins to antagonize various
steps in the production and signaling pathways of IFNs
[49]. Further studies are needed to elucidate the sophis-
ticated immune evasion strategies of CoVs compared to
other viruses.

The nspl protein of CoVs employs various strategies
to inhibit IFN induction, signaling, and production,
thereby evading host immunity [11-13]. For example,
MERS-CoV nspl suppresses IFN-f expression through
mRNA degradation and translation inhibition [50].
SARS-CoV-2 nspl inhibits IFN-B production by target-
ing multiple components upstream and downstream of
IRF3 [49]. PEDV nspl utilizes multiple mechanisms to
suppress IFN production, including interrupting the
enhanceosome assembly of IRF3 and CREB-binding
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protein [46], interfering with IkBa phosphorylation
and degradation [45], reducing the number of peroxi-
somes and blocking IRF1 nuclear translocation [43]. In
this study, we aimed to investigate the mechanism by
which SADS-CoV nspl antagonizes IFN-A1 production.
We co-transfected nspl and signaling molecules in the
RLR pathway into cells to identify the possible target
of nspl. Most studies have reported that viruses tar-
get MAVS or its downstream molecules to antagonize
IEN-) production. For instance, rotavirus VP3 colocal-
izes with MAVS, leading to its degradation [51]. Zika
virus NS5 targets IKK to inhibit IFN-A1 promoter acti-
vation [52]. SARS-CoV-2 M inhibits IFN-A1 production
either at the step or upstream of TBK1 [53]. Foot-and-
mouth disease virus (FMDV) leader proteinase sup-
presses the activation of the IFN-A1 promoter by RIG-I,
MDAS5, IPS-1, IRF3, or IRF7 [54]. PDCoV inhibits the
type III IEN response by targeting MAVS [27]. CSFV N
protein inhibits IRF1 expression and its nuclear trans-
location [42]. Therefore, we investigated the potential
target of nspl and found that SADS-CoV infection sig-
nificantly reduced the activation of IFN-A1 promoter
mediated by MAVS, TBK1, IKKe, and IRF1, suggesting
that nspl might target IRF1 to inhibit the type III IFN
response.

Indeed, IRF1 is a critical component of the host anti-
viral defense system and plays a crucial role in induc-
ing IFN-\ production [32]. Viruses, on the other hand,
inhibit the nuclear translocation of IRF1 as a means to
antagonize IFN-\ production [27, 43]. In this study, we
discovered that SADS-CoV nspl blocked the nuclear
translocation of IRF1 without directly interacting with it.
Interestingly, viruses employ diverse mechanisms to reg-
ulate IRF1 activity at both the mRNA transcript and pro-
tein levels [35]. For example, the core structural protein
of hepatitis C virus represses IRF1 synthesis at the tran-
scription level [55]. Human immunodeficiency virus tar-
gets IRF1 for ubiquitination and proteasomal degradation
to evade the IRF1-mediated host immune response [56].
PEDV nspl inhibits the nuclear translocation of IRF1 and
reduces the number of peroxisomes to suppress IRF1-
mediated induction of type III IFNs [43]. In our study,
we observed that the increasing amount of SADS-CoV or
nspl led to a gradual decrease in the level of endogenous
IRF1 protein. We examined the effect of nspl on IRF1
transcription and found no significant variation in IRF1
mRNA levels in the presence of nspl. Therefore, we spec-
ulated that nsp1l might regulate IRF1 at the protein level.
This was confirmed by our experiments, which showed
that nsp1l accelerated the degradation of IRF1 after treat-
ment with CHX. Furthermore, treatment with MG132 or
CQ demonstrated that nspl might degrade IRF1 via the
proteasomal pathway.
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In summary, our study reveals that SADS-CoV sup-
presses IFN-A1 production, and nspl acts as a potent
antagonist of IFN-Al. SADS-CoV nspl blocks the
nuclear translocation of IRF1 and targets IRF1 for ubiq-
uitin-mediated proteasome degradation. These findings
enhance our understanding of the immune evasion strat-
egies employed by SADS-CoV and may provide insights
for the development of future therapeutic approaches to
combat SADS.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513567-024-01299-6.

Additional file 1. Primers used for RT-qPCR.

Additional file 2. The inhibitory effect of porcine IFN-A1 on SADS-CoV
in IPI-FX cells detected by IFA (A), RT-qPCR (B), and Western Blot (C).

Acknowledgements

We thank Prof. Shaobo Xiao (Huazhong Agricultural University, Hubei, China)
for the IPI-FX cell line, Prof. Shijun Zheng (China Agricultural University,
Beijing, China) for the pEGFP-N1 plasmid, and Prof. Jingyun Ma (South China
Agricultural University, Guangdong, China) for the porcine IKKe and TBK1
recombinant plasmids.

Authors’ contributions

CZ and CX conceived and designed the experiments; CZ, GS, and YZ per-
formed the experiments; YL, JL, XW, ZC, KZ, ZZ, ZX, and HZ helped in experi-
mental implementation. CZ and CX analyzed the data; YC and CX contributed
reagents, materials, and analysis tools; CZ wrote the paper; CX revised and
finalized the manuscript. All authors read and approved the final manuscript.

Funding

This research was supported by the National Natural Science Founda-
tion of China (32273020) and the Guangdong Natural Science Foundation
(2018B030314003).

Availability of data and materials
The datasets generated during the current study are available from the cor-
responding author upon reasonable request.

Declarations

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

Received: 26 November 2023 Accepted: 29 February 2024
Published online: 08 April 2024

References

1. Woo PC, Lau SK, Lam CS, Lau CC, Tsang AK, Lau JH, Bai R, Teng JL, Tsang
CC,Wang M, Zheng BJ, Chan KH, Yuen KY (2012) Discovery of seven
novel mammalian and avian coronaviruses in the genus deltacoronavirus
supports bat coronaviruses as the gene source of alphacoronavirus and
betacoronavirus and avian coronaviruses as the gene source of gammac-
oronavirus and deltacoronavirus. J Virol 86:3995-4008

2. Gongl, LiJ,ZhouQ Xu Z Chen L, Zhang Y, Xue C,Wen Z, Cao Y (2017)
A new bat-HKU2-like coronavirus in swine, China, 2017. Emerg Infect Dis
23:1607-1609


https://doi.org/10.1186/s13567-024-01299-6
https://doi.org/10.1186/s13567-024-01299-6

Zhong et al. Veterinary Research

20.

21

22.

23.

(2024) 55:45

Pan Y, Tian X, Qin P, Wang B, Zhao P, Yang YL, Wang L, Wang D, Song Y,
Zhang X, Huang YW (2017) Discovery of a novel swine enteric alphacoro-
navirus (SeACoV) in southern China. Vet Microbiol 211:15-21

Fu X, Fang B, LiuY, Cai M, Jun J, Ma J, Bu D, Wang L, Zhou P, Wang H,
Zhang G (2018) Newly emerged porcine enteric alphacoronavirus in
southern China: identification, origin and evolutionary history analysis.
Infect Genet Evol 62:179-187

Zhou P, Fan H, Lan T, Yang XL, Shi WF, Zhang W, Zhu Y, Zhang YW, Xie QM,
Mani S, Zheng XS, Li B, Li JM, Guo H, Pei GQ, An XP, Chen JW, Zhou L, Mai
KJ, Wu ZX, Li D, Anderson DE, Zhang LB, Li SY, Mi ZQ, He TT, Cong F, Guo
PJ,Huang R, LuoY, Liu XL, Chen J, Huang Y, Sun Q, Zhang XL, Wang YY,
Xing SZ, ChenYS, SunY, Li J, Daszak P, Wang LF, Shi ZL, Tong YG, Ma JY
(2018) Fatal swine acute diarrhoea syndrome caused by an HKU2-related
coronavirus of bat origin. Nature 556:255-258

Xu Z,Zhang Y, Gong L, Huang L, Lin Y, Qin J, Du Y, Zhou Q, Xue C, Cao

Y (2019) Isolation and characterization of a highly pathogenic strain of
Porcine enteric alphacoronavirus causing watery diarrhoea and high
mortality in newborn piglets. Transbound Emerg Dis 66:119-130

Yang YL, Yu JQ, Huang YW (2020) Swine enteric alphacoronavirus (swine
acute diarrhea syndrome coronavirus): an update three years after its
discovery. Virus Res 285:198024

Ziebuhr J (2005) The coronavirus replicase. Curr Top Microbiol Immunol
287:57-94

Shen Z,Ye G, Deng F,Wang G, Cui M, Fang L, Xiao S, Fu ZF, Peng G (2018)
Structural basis for the inhibition of host gene expression by porcine
epidemic diarrhea virus nsp1. J Virol 92:e01896-17

Shen Z,YangY,Yang S, Zhang G, Xiao S, Fu ZF, Peng G (2020) Structural
and biological basis of alphacoronavirus nsp1 associated with host prolif-
eration and immune evasion. Viruses 12:812

. Nakagawa K, Makino S (2021) Mechanisms of coronavirus nsp1-mediated

control of host and viral gene expression. Cells 10:300

Shen Z,Wang G, Yang Y, Shi J, Fang L, Li F, Xiao S, Fu ZF, Peng G (2019) A
conserved region of nonstructural protein 1 from alphacoronaviruses
inhibits host gene expression and is critical for viral virulence. J Biol Chem
294:13606-13618

ZUst R, Cervantes-Barragéan L, Kuri T, Blakgori G, Weber F, Ludewig B, Thiel
V/(2007) Coronavirus non-structural protein 1is a major pathogenicity
factor: implications for the rational design of coronavirus vaccines. PLoS
Pathog 3:109

Rojas JM, Alejo A, Martin V, Sevilla N (2021) Viral pathogen-induced mech-
anisms to antagonize mammalian interferon (IFN) signaling pathway. Cell
Mol Life Sci 78:1423-1444

Wu J, Chen ZJ (2014) Innate immune sensing and signaling of cytosolic
nucleic acids. Annu Rev Immunol 32:461-488

Onoguchi K, Yoneyama M, Takemura A, Akira S, Taniguchi T, Namiki H,
Fujita T (2007) Viral infections activate types | and Il interferon genes
through a common mechanism. J Biol Chem 282:7576-7581

Kotenko SV, Gallagher G, Baurin VWV, Lewis-Antes A, Shen M, Shah NK,
Langer JA, Sheikh F, Dickensheets H, Donnelly RP (2003) IFN-lambdas
mediate antiviral protection through a distinct class Il cytokine receptor
complex. Nat Immunol 4:69-77

Sommereyns C, Paul S, Staeheli P, Michiels T (2008) IFN-lambda (IFN-
lambda) is expressed in a tissue-dependent fashion and primarily acts on
epithelial cells in vivo. PLoS Pathog 4:¢1000017

Kotenko SV, Durbin JE (2017) Contribution of type Il interferons to antivi-
ral immunity: location, location, location. J Biol Chem 292:7295-7303

Lin JD, Feng N, Sen A, Balan M, Tseng HC, McElrath C, Smirnov SV, Peng

J, Yasukawa LL, Durbin RK, Durbin JE, Greenberg HB, Kotenko SV (2016)
Distinct roles of Type | and Type lll interferons in intestinal immunity

to homologous and heterologous rotavirus infections. PLoS Pathog
12:¢1005600

Pervolaraki K, Stanifer ML, Munchau S, Renn LA, Albrecht D, Kurzhals S,
Senis E, Grimm D, Schroder-Braunstein J, Rabin RL, Boulant S (2017) Type
I'and Type lll interferons display different dependency on mitogen-acti-
vated protein kinases to mount an antiviral state in the human gut. Front
Immunol 8:459

Wack A, Terczynska-Dyla E, Hartmann R (2015) Guarding the frontiers: the
biology of type lll interferons. Nat Immunol 16:802-809

Lee S, Baldridge MT (2017) Interferon-lambda: a potent regulator of
intestinal viral infections. Front Immunol 8:749

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 13 of 14

Zhou Z,SunY,Yan X, Tang X, LiQ Tan Y, Lan T, Ma J (2020) Swine acute
diarrhea syndrome coronavirus (SADS-CoV) antagonizes interferon-beta
production via blocking IPS-1 and RIG-. Virus Res 278:197843

Cao L, Ge X, GaoY, Herrler G, Ren Y, Ren X, Li G (2015) Porcine epidemic
diarrhea virus inhibits dsRNA-induced interferon-beta production in por-
cine intestinal epithelial cells by blockade of the RIG-I-mediated pathway.
Virol J 12:127

Lei X, Dong X, Ma R, Wang W, Xiao X, Tian Z, Wang C, Wang Y, Li L, Ren L,
Guo F, Zhao Z, Zhou Z, Xiang Z, Wang J (2020) Activation and evasion of
type I interferon responses by SARS-CoV-2. Nat Commun 11:3810

Liu S, Fang P Ke W, Wang J, Wang X, Xiao S, Fang L (2020) Porcine deltac-
oronavirus (PDCoV) infection antagonizes interferon-A1 production. Vet
Microbiol 247:108785

MaY, Wang C, Xue M, Fu F, Zhang X, Li L, Yin L, Xu W, Feng L, Liu P (2018)
The coronavirus transmissible gastroenteritis virus evades the type |
interferon response through IRE1alpha-mediated manipulation of the
microRNA miR-30a-5p/SOCS1/3 axis. J Virol 92:e00728-18

Fujita T, Sakakibara J, Sudo Y, Miyamoto M, Kimura Y, Taniguchi T (1988)
Evidence for a nuclear factor(s), IRF-1, mediating induction and silenc-
ing properties to human IFN-beta gene regulatory elements. Embo j
7:3397-3405

Lau JF, Parisien J-P, Horvath CM (2000) Interferon regulatory factor subcel-
lular localization is determined by a bipartite nuclear localization signal
in the DNA-binding domain and interaction with cytoplasmic retention
factors. Proc Natl Acad Sci USA 97:7278-7283

Taniguchi T, Ogasawara K, Takaoka A, Tanaka N (2001) IRF family of
transcription factors as regulators of host defense. Annu Rev Immunol
19:623-655

Odendall C, Dixit E, Stavru F, Bierne H, Franz KM, Durbin AF, Boulant S,
Gehrke L, Cossart P, Kagan JC (2014) Diverse intracellular pathogens
activate type lll interferon expression from peroxisomes. Nat Immunol
15:717-726

Siegel R, Eskdale J, Gallagher G (2011) Regulation of IFN-AT promoter
activity (IFN-A1/1L-29) in human airway epithelial cells. J Immunol
187:5636-5644

Ueki IF, Min-Oo G, Kalinowski A, Ballon-Landa E, Lanier LL, Nadel JA, Koff
JL (2013) Respiratory virus-induced EGFR activation suppresses IRF1-
dependent interferon A and antiviral defense in airway epithelium. J Exp
Med 210:1929-1936

Feng H, Zhang YB, Gui JF, Lemon SM, Yamane D (2021) Interferon regula-
tory factor 1 (IRF1) and anti-pathogen innate immune responses. PLoS
Pathog 17:1009220

Nakagawa K, Yokosawa H (2000) Degradation of transcription factor IRF-1
by the ubiquitin-proteasome pathway. The C-terminal region governs the
protein stability. Eur J Biochem 267:1680-1686

Narayan V, Pion E, Landré V, Muller P, Ball KL (2011) Docking-dependent
ubiquitination of the interferon regulatory factor-1 tumor suppressor
protein by the ubiquitin ligase CHIP. J Biol Chem 286:607-619

LiuY, Liang QZ, Lu W, Yang YL, Chen R, Huang YW, Wang B (2021) A
comparative analysis of coronavirus nucleocapsid (N) proteins reveals
the SADS-CoV N protein antagonizes IFN-beta production by inducing
ubiquitination of RIG-I. Front Immunol 12:688758

Zhou Z,SunY, Xu J, Tang X, Zhou L, Li Q, Lan T, Ma J (2021) Swine acute
diarrhea syndrome coronavirus nucleocapsid protein antagonizes
interferon-beta production via blocking the interaction between TRAF3
and TBK1. Front Immunol 12:573078

Xu Z, LinY, Zou C, Peng P, Wu Y, Wei Y, Liu Y, Gong L, Cao Y, Xue C (2019)
Attenuation and characterization of porcine enteric alphacoronavirus
strain GDS04 via serial cell passage. Vet Microbiol 239:108489
Jimenez-Guardefo JM, Regla-Nava JA, Nieto-Torres JL, DeDiego ML,
Castafio-Rodriguez C, Fernandez-Delgado R, Perlman S, Enjuanes L (2015)
Identification of the mechanisms causing reversion to virulence in an
attenuated SARS-CoV for the design of a genetically stable vaccine. PLoS
Pathog 11:21005215

CaoT, Li X, XuY, Zhang S, Wang Z, Shan Y, Sun J, Fang W, Li X (2019) Npro
of classical swine fever virus suppresses type Il interferon production by
inhibiting IRF1 expression and its nuclear translocation. Viruses 11:998
Zhang Q, Ke H, Blikslager A, Fujita T, Yoo D (2018) Type Ill interferon restric-
tion by porcine epidemic diarrhea virus and the role of viral protein nsp1
in IRF1 signaling. J Virol 92:e01677-17



Zhong et al. Veterinary Research (2024) 55:45

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Schaper F, Kirchhoff S, Posern G, Koster M, Oumard A, Sharf R, Levi BZ,
Hauser H (1998) Functional domains of interferon regulatory factor | (IRF-
1). Biochem J 335:147-157

Zhang Q, Ma J, Yoo D (2017) Inhibition of NF-kB activity by the porcine
epidemic diarrhea virus nonstructural protein 1 for innate immune eva-
sion. Virology 510:111-126

Zhang Q, Shi K, Yoo D (2016) Suppression of type | interferon production
by porcine epidemic diarrhea virus and degradation of CREB-binding
protein by nsp1. Virology 489:252-268

Ye L, Schnepf D, Staeheli P (2019) Interferon-A orchestrates innate and
adaptive mucosal immune responses. Nat Rev Immunol 19:614-625
Wang X, Fang L, Liu S, Ke W, Wang D, Peng G, Xiao S (2019) Susceptibility
of porcine IPI-2l intestinal epithelial cells to infection with swine enteric
coronaviruses. Vet Microbiol 233:21-27

Xia H, Cao Z, Xie X, Zhang X, Chen JY, Wang H, Menachery VD, Rajsbaum
R, Shi PY (2020) Evasion of type | interferon by SARS-CoV-2. Cell Rep
33:108234

Narayanan K, Huang C, Lokugamage K, Kamitani W, lkegami T, Tseng CT,
Makino S (2008) Severe acute respiratory syndrome coronavirus nsp1
suppresses host gene expression, including that of type | interferon, in
infected cells. J Virol 82:4471-4479

Ding S, Zhu S, Ren L, Feng N, Song Y, Ge X, Li B, Flavell RA, Greenberg

HB (2018) Rotavirus VP3 targets MAVS for degradation to inhibit type Il
interferon expression in intestinal epithelial cells. Elife 7:e39494
Lundberg R, Melen K, Westenius V, Jiang M, Osterlund P, Khan H, Vapalahti
O, Julkunen I, Kakkola L (2019) Zika virus non-structural protein NS5
inhibits the RIG-I pathway and interferon lambda 1 promoter activation
by targeting IKK epsilon. Viruses 11:1024

ZhengY, Zhuang MW, Han L, Zhang J, Nan ML, Zhan P, Kang D, Liu X,
Gao C, Wang PH (2020) Severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) membrane (M) protein inhibits type | and Il interferon
production by targeting RIG-I/MDA-5 signaling. Signal Transduct Target
Ther 5:2299

Wang D, Fang L, Liu L, Zhong H, Chen Q, Luo R, Liu X, Zhang Z, Chen H,
Xiao S (2011) Foot-and-mouth disease virus (FMDV) leader proteinase
negatively regulates the porcine interferon-lambdal pathway. Mol
Immunol 49:407-412

Ciccaglione AR, Stellacci E, Marcantonio C, Muto V, Equestre M, Marsili G,
Rapicetta M, Battistini A (2007) Repression of interferon regulatory factor
1 by hepatitis C virus core protein results in inhibition of antiviral and
immunomodulatory genes. J Virol 81:202-214

Remoli AL, Marsili G, Perrotti E, Acchioni C, Sgarbanti M, Borsetti A, Hiscott
J, Battistini A (2016) HIV-1 Tat recruits HDM2 E3 ligase to target IRF-1 for
ubiquitination and proteasomal degradation. MBio 7:e01528-16

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

Page 14 of 14



	Swine acute diarrhea syndrome coronavirus Nsp1 suppresses IFN-λ1 production by degrading IRF1 via ubiquitin–proteasome pathway
	Abstract 
	Introduction
	Materials and methods
	Virus and cells
	Reagents and antibodies
	Plasmids
	Indirect-immunofluorescence assay and confocal microscopy
	Western blot analysis
	RNA isolation and RT-qPCR
	Dual-reporter assay
	Co-immunoprecipitation analysis
	Statistical analysis

	Results
	SADS-CoV efficiently infects IPI-FX cells
	SADS-CoV suppresses poly(I:C)-induced IFN-λ1 production
	Identification of viral antagonists of IFN-λ1 production
	SADS-CoV nsp1 inhibits the RLR signaling pathway
	SADS-CoV and nsp1 block IRF1 nuclear translocation stimulated by poly(I:C)
	SADS-CoV nsp1 degrades IRF1 through the ubiquitin–proteasome pathway

	Discussion
	Acknowledgements
	References


