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ARTICLE INFO ABSTRACT

Keywords: Swine acute diarrhea syndrome coronavirus (SADS-CoV) is a newly discovered enteric coronavirus. We have
Swine acute diarrhea syndrome coronavirus previously shown that the caspase-dependent FASL-mediated and mitochondrion-mediated apoptotic pathways
(SADS-CoV)

play a central role in SADS-CoV-induced apoptosis, which facilitates viral replication. However, the roles of
intracellular signaling pathways in SADS-CoV-mediated cell apoptosis and the relative advantages that such
pathways confer on the host or virus remain largely unknown. In this study, we show that SADS-CoV induces the
activation of ERK during infection, irrespective of viral biosynthesis. The knockdown or chemical inhibition of
ERK1/2 significantly suppressed viral protein expression and viral progeny production. The inhibition of ERK
activation also circumvented SADS-CoV-induced apoptosis. Taken together, these data suggest that ERK acti-
vation is important for SADS-CoV replication, and contributes to the virus-mediated changes in host cells. Our
findings demonstrate the takeover of a particular host signaling mechanism by SADS-CoV and identify a potential

ERK pathway
Viral replication
Apoptosis

approach to inhibiting viral spread.

1. Introduction

Coronaviruses, categorized in the order Nidovirales, family Corona-
viridae, and subfamily Coronavirinae, are a large group of viral pathogens
with a wide host range (Cui et al., 2019). Their infection of humans,
other mammals, and birds can cause enteric, respiratory, neurological,
and hepatic diseases with varying severity (Fehr and Perlman, 2015). In
the past two decades, coronaviruses have become a serious threat to
humans, causing major epidemics and pandemics, including SARS in
2003, Middle East respiratory syndrome (MERS) in 2012, and COVID-19
in 2020.

In addition to the threat they pose to humans, coronaviruses such as
swine acute diarrhea syndrome coronavirus (SADS-CoV) infect domestic
animals and impose substantial economic losses. SADS-CoV (also known
as SeACoV or PEAV) is a newly identified coronavirus that causes severe

acute diarrhea and rapid weight loss in piglets less than 6 days old.
SADS-CoV is most closely related to bat coronavirus HKU2, although it is
also distantly related to other coronaviruses, including HCoV 229E,
HCoV NL63, and the swine coronavirus PEDV (Gong et al., 2017). Rhi-
nolophus bat species carrying the bat virus HKU2, which shares high
sequence similarity with SADS-CoV strains, have been observed in the
vicinity of local outbreaks, suggesting that SADS-CoV probably origi-
nated in bats (Zhou et al., 2018). SADS-CoV induces apoptosis both in
cultured cells and in target tissues in vivo, and cell apoptosis has been
shown to play a major role in the pathophysiology of SADS-CoV infec-
tion (Zhang et al., 2020).

Among the first host responses induced by viral infection are the cell
autonomous immune responses. These functions are ubiquitous to every
cell type and are normally triggered by pattern recognition receptors,
which detect various components of the incoming pathogen (Bieniasz,
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2004; Everett and Chelbi-Alix, 2007; Randow et al., 2013).
Mitogen-activated protein kinases (MAPKs) are a family of serine—-
threonine protein kinases that, as well as being important mediators of
signal transduction from the cell surface to the nucleus, are thought to
play important roles in the initiation and progression of cell death
(Cohen, 1997). MAPKs constitute a superfamily of highly related ser-
ine-threonine kinases. At least seven members of the MAPK family have
been identified in mammals: the extracellular signal-regulated kinases
ERK1 and ERK 2 (ERK1/2) (Blenis, 1993; Lange-Carter et al., 1993),
c-Jun NHy-terminal kinase (JNK)/stress-activated protein kinase (Ble-
nis, 1993; Lange-Carter et al., 1993), p38 MAPK (Blenis, 1993) (Lan-
ge-Carter et al., 1993), big MAPK1 (BMK1) (Lee et al., 1995), ERK6
(Lechner et al., 1996), and ERK7 (Abe et al., 1999). Each MAPK pathway
generally consists of three kinase modules: a MAPK, a MAPK kinase
(MAPKK), and a MAPKK kinase (MAPKKK). These kinase modules are
differentially activated by a variety of cellular stimuli and contribute to
distinct cellular functions. It is assumed that the commitment of a cell to
apoptosis involves a balance between the activities of ERK, JNK, and p38
MAPK. The ERK signaling pathway includes RAF, MEK 1 and MEK2
(MEK1/2), and ERK1/2, and plays important roles in the regulation of
cell survival, proliferation, and differentiation (Roux and Blenis, 2004).

Because viruses are obligate intracellular parasites, they have
developed the ability to manipulate a variety of host-cell signal trans-
duction pathways, including the ERK pathway, to benefit their own
multiplication. Many viruses have been shown to exploit the ERK
pathway for maximal viral replication and gene expression (Jeon et al.,
2020; Kim and Lee, 2015; Lee and Lee, 2010). However, the intracellular
signaling mechanisms involved in SADS-CoV replication were unknown.
Therefore, in this study, we investigated the role of the ERK pathway in
SADS-CoV infection. We found that SADS-CoV induces the early, strong
and transient activation of ERK, independently of maximal viral gene
expression. Furthermore, the ultraviolet (UV)-inactivated virus was
sufficient to trigger ERK activation, indicating a critical role for the viral
entry process in ERK phosphorylation. The treatment of cells with the
ERK1/2 inhibitor U0126 or PD98059 significantly inhibited SADS-CoV
infection. Our experimental results showed that the inhibition of ERK
activation significantly reduced viral protein expression and the release
of viral progeny. Further experiments revealed that the inhibition of ERK
activities correlated with a reduction in the apoptosis of
SADS-CoV-infected cells. Together, these data indicate a pivotal role for
the ERK signaling pathway in the SADS-CoV life cycle.

2. Material and methods
2.1. Cells, viruses, reagents, and antibodies

Vero E6 and IPI-2I cells (porcine intestinal epithelial cells) were
cultured in Dulbecco’s minimal essential medium (DMEM; Sigma-
Aldrich, St Louis, USA) with 10% fetal bovine serum (FBS; Invitrogen,
USA) and antibiotic—antimycotic solution (100 x ; Invitrogen). The cells
were maintained at 37 °C in a humidified incubator under 5% CO».
SADS-CoV (GenBank accession No. MF094681) was isolated from the
intestinal-tract contents of SADS-CoV-infected piglets in Guangdong
Province, China, and identified with physicochemical and neutralization
testing and reverse transcription (RT)-PCR and DNA sequencing ana-
lyses (Zhou et al., 2018). The viral and mock inoculum stocks were
prepared by freezing/thawing virus-infected or mock-infected Vero E6
cells, respectively. SADS-CoV was inactivated with UV irradiation (1000
mJ/cm?) of a viral suspension with a UV crosslinker (Stratagene). Virus
inactivation was confirmed by the inoculation of Vero E6 cells with the
UV-treated virus, followed by N-protein-specific staining, as described
below, and the inactivated virus was stored at —80 °C. U0126 and
PD98059 were obtained from Cell Signaling Technology (Danvers,
USA). SADS-CoV N-protein-specific monoclonal antibody was prepared
in our laboratory (Han et al., 2019). Antibodies specific for phosphor-
ylated ERK1/2 (p-ERK1/2), ERK1/2, p-ELK1, poly (ADP-ribose)
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polymerase (PARP), proliferating cell nuclear antigen (PCNA), and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were all obtained
from Abcam.

2.2. Western blotting analyses

Target cells grown to confluence in six-well tissue culture plates were
serum starved for 24 h before infected with SADS-CoV or UV-SADS-CoV
at 37 °C. At the indicated times, cells were harvested in 200 pL of RIPA
buffer (Sigma-Aldrich, St Louis, USA) and sonicated on ice 5 times for 1 s
each. Homogenates were lysed for 30 min on ice, and clarified by
centrifugation at 15,000 g for 20 min at 4 °C. To examine the effect of
ERK inhibition on SADS-CoV replication, cells were pretreated inde-
pendently with each MEK inhibitor for 1 h and then infected with SADS-
CoV at an MOI of 0.1. The virus-inoculated cells were further propagated
in the presence of U0126, PD98059, or DMSO and cell lysates were
prepared with RIPA buffer at 36 h. Proteins separated with 12.5% so-
dium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
were electroblotted onto 0.45 pm reinforced nitrocellulose membranes
in transfer buffer (0.5 mM Tris-HCl, 0.2 M glycine, 20% methanol) at
300 mA for 180 min with a Mini Trans-Blot Electrophoretic Transfer Cell
(Bio-Rad). The membranes were blocked with 5% (w/v) skim milk in
phosphate-buffered saline (PBS) overnight at 4 °C and then hybridized
with the primary antibody in TBST (20 mM Tris-HCI [pH 7.5], 150 mM
NaCl, 0.05% Tween 20) for 2 h. After the membranes were rinsed five
times with TBST, they were transferred to TBST containing IRDye-
800CW-conjugated goat anti-mouse 1gG (H + L) antibody (LiCor Bio-
Sciences) or IRDye-680RD-conjugated goat anti-rabbit 1gG (H + L)
antibody (LiCor BioSciences), and the blots were then visualized with
the Odyssey Infrared Imaging System (LiCor BioSciences). The band
intensities were quantified with densitometry using the ImageJ software
(NIH, Maryland, USA).

2.3. Immunofluorescence assay

Vero E6 cells were cultured in glass-bottomed dishes (MatTek) or in
six-well tissue culture plates. The cells were fixed with 4% para-
formaldehyde for 30 min and permeabilized with 1% Triton X-100 for
15 min at room temperature for intracellular labeling. They were then
incubated with the primary antibody for 2 h at room temperature. When
a secondary antibody was required, the cells were incubated with the
corresponding Alexa-Fluor-conjugated secondary antibody (Invitrogen)
for 1 h at room temperature, and then counterstained with 4',6-dia-
midino-2-phenylindole (DAPI; Sigma, USA) at room temperature for 15
min. Images were captured with an inverted fluorescent microscope
(Zeiss, Munich, Germany) or LSM 800 confocal microscope (Zeiss) using
oil immersion objective. The red-fluorescence-positive cells were
quantified by averaging at least six fields of view.

2.4. Nuclear and cytoplasmic protein extraction

Nuclear and cytoplasmic cell fractions were prepared with an NE-
PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific,
USA) according to the manufacturer’s instructions. Briefly, the treated
Vero E6 cells were scraped into ice-cold PBS and centrifuged at 500xg
for 3 min. The cell pellet was suspended in 300 pL of ice-cold CER I with
vortexing. The suspension was incubated on ice for 10 min, and 16.5 pL
of ice-cold CER Il was added. The sample was vortexed for 5 s, incubated
on ice for 1 min, and centrifuged for 5 min at maximum speed. The
supernatant fraction (cytoplasmic extract) was transferred to a pre-
chilled tube and used as the cytoplasmic fraction. The insoluble pellet
fraction, which contained crude nuclei, was resuspended in 150 pL of
ice-cold NER with vortexing for 15 s, incubated on ice for 10 min, and
then centrifuged for 10 min at maximum speed. The resulting super-
natant, constituting the nuclear extract, was used in subsequent exper-
iments. To ensure that the subcellular fractions were properly separated,
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the subcellular lysates were verified with antibodies directed against the
corresponding fractions: anti-glyceraldehyde 3-phosphate dehydroge-
nase (anti-GAPDH) antibody for the cytoplasmic fraction and anti-
proliferating cell nuclear antigen (anti-PCNA) antibody for the nuclear
fraction.

2.5. Knockdown of ERK expression with siRNA

Two siRNAs targeting ERK1/2 were designed by Shanghai Gene-
Pharma (Shanghai, China). The siRNA sequences used in the experi-
ments were as follows: siERK-1 (sense, 5/-
TGGCTTCTTGACGGAATATGTGG-3'), siERK-2(sense,5'-ACCTGAATTG-
TATCATCAACATG-3'). SiRNAs targeting ERK1/2 were used at a final
concentration of 100 nM. Vero E6 cells and IPI-2I cells were transfected
with the siRNAs or control siRNA using X-tremeGENE™ siRNA Trans-
fection Reagent (Roche), according to the manufacturer’s protocol. After
transfection for 48 h, the cells were infected with SADS-CoV at a mul-
tiplicity of infection (MOI) of 0.1 for 36 h. The ERK1/2 proteins were
detected with western blotting and the band intensities were quantified
with densitometry using the ImageJ software. At 36 h postinfection
(hpi), the infected cells were analyzed with western blotting, as
described above. The culture supernatants were harvested and the virus
within them titrated, as described below.

2.6. Virus titration

Vero E6 or IPI-2] cells were treated with each inhibitor or siRNA in
duplicate, as described above. The culture supernatants were collected
from the wells at different time points and stored at —80 °C. The SADS-
CoV titer was measured in duplicate with limiting dilution on Vero E6
cells, as described previously (Zhang et al., 2020). Briefly, Vero E6 cells
were cultured in 96-well plates to 90% confluence and infected with
10-fold serial dilutions of each supernatant. At 4-6 days postinfection,
when the cytopathic effect had stabilized to a constant rate, the cells
were analyzed with light microscopy. The median tissue culture infec-
tive dose (TCIDsp)/mL was calculated with the Spearman-Karber
method.

2.7. Apoptosis assays

Vero E6 cells were pretreated with U0126 or dimethyl sulfoxide
(DMSO) for 1 h and then mock infected or infected with SADS-CoV at an
MOI of 0.1. The virus-inoculated cells were further propagated in the
presence of U0126 or DMSO. Apoptosis was evaluated with an Annexin
V-FITC/Propidium Iodide (PI) assay (BD Biosciences Pharmingen, CA,
USA), according to the manufacturer’s protocol. In brief, cells were
harvested, washed with cold PBS, and resuspended in 1 x binding
buffer. The cells were then stained with FITC-annexin V and PI for 15
min at room temperature in the dark and analyzed with flow cytometry
(BD FACSCalibur, USA) within 1 h. Cells negative for PI uptake and
positive for annexin V were considered apoptotic.

2.8. Cell viability assay

The cytotoxic effects of all the reagents used in this study were
analyzed with the Cell Counting Kit-8 (CCK-8) system (Dojindo, Japan)
to detect cell viability, according to the manufacturer’s instructions.
Briefly, Vero E6 or IPI-2I cells were grown at 1 x 10* cells/well in a 96-
well tissue culture plate and treated with each chemical for 36 h. After
incubation for 36 h, CCK-8 solution (10 pL per 100 pL of medium in each
well) was added to each well. The plates were then incubated at 37 °C
for 1 h, and the absorbance was read at a wavelength of 450 nm with an
enzyme-linked immunosorbent assay plate reader. All CCK-8 assays
were performed in triplicate.
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2.9. Statistical analysis

Data are shown as the means + standard deviations (SD) of three
independent experiments performed in triplicate. The results were
analyzed with one-way analysis of variance ANOVA. Differences with P
< 0.05 were considered statistically significant.

3. Results
3.1. SADS-CoV infection activates ERK1/2 in Vero E6 and IPI-2I cells

To investigate the effect of SADS-CoV on the ERK1/2 signaling
cascade, the kinetics of ERK1/2 phosphorylation were monitored with
western blotting in Vero E6 and IPI-2I cells infected with SADS-CoV at
different doses and at different times postinfection. As shown in Fig. 1A,
only small amounts of activated ERK1/2 were detected in the mock-
infected Vero E6 and IPI-2I cells, used as the negative controls. In
contrast, SADS-CoV infection significantly stimulated ERK1/2 activity
by 6 hpi, and was most strongly induced at 36 hpi. In addition, there was
a virus dose-dependent increase of activated ERK1/2 in Vero cells but a
dose-dependent decrease in IPI-21 cells (Fig. 1B). These results indicate
that SADS-CoV infection triggers the strong but temporary activation of
ERK1/2. Interestingly, a newly expressed viral protein was first evident
at 24 hpi (Fig. 1A), whereas the maximal phosphorylation status of
ERK1/2 was observed at 36 hpi, suggesting that ERK1/2 activation oc-
curs independently of SADS-CoV replication. Because ERK1/2 phos-
phorylation did not increase steadily with ongoing viral replication, we
assumed that ERK1/2 activation occurred independently of the consid-
erable protein production obvious at later time points. To test this hy-
pothesis, Vero E6 and IPI-2I cells were treated with equal amounts of
UV-irradiated inactivated virus, which can bind to and invade the
target cells, but is incapable of expressing viral genes (Fig. 1C). As shown
in Fig. 1C, UV-inactivated virus sufficiently stimulated ERK1/2 activa-
tion, and the pattern and timing of phosphorylation ERK were different
in the UV inactivated virus as compared with that of live virus treated
cells (Fig. 1C vs. 1A). This phenomenon was also observed in some other
viruses, such as PRRSV (Lee and Lee, 2010). These data suggest that the
initial cell entry events of the SADS-CoV life cycle are responsible for
monophasic ERK activation.

3.2. SADS-CoV causes p-ERK1/2 to translocate to the nucleus and
phosphorylate ELK1

After stimulation, a large number of ERK molecules accumulate in
the nucleus and activate a series of transcription factors. The subcellular
localization of p-ERK1/2 was examined in cells infected with SADS-CoV
(Fig. 2A). There was no significant ERK1/2 activity in the mock-infected
cells during the entire experiment. However, in the SADS-CoV-infected
cells, a punctate nuclear distribution of p-ERK1/2 was observed at 24
hpi and p-ERK1/2 was continuously detected in the nucleus by 48 hpi. A
western blotting analysis of nuclear and cytoplasmic extracts from the
Vero E6 cells showed significantly enhanced translocation of p-ERK1/2
into the nucleus upon infection (Fig. 2B). It is well known that phos-
phorylated ERK1/2 translocate from the cytoplasm to the nucleus,
where they activate a variety of targets, including transcription factor
ELK1. Because transcription factor ELK1 acts downstream from the ERK
signaling pathway and its activity is regulated by its ERK-dependent
phosphorylation (Shaul and Seger, 2007), we measured the activation
status of ELK1 after cells were infected with SADS-CoV at different times
(Fig. 2C). No active ELK1 was detected in the mock-infected cells. In
contrast, SADS-CoV infection resulted in the phosphorylation of ELK1
with kinetics that identically paralleled those observed for ERK1/2
activation. These findings indicate that the ERK signal activated by
SADS-CoV infection regulates downstream effector molecules that con-
trol the expression of target genes essential for inducing cellular
processes.
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Fig. 1. SADS-CoV infection activates the ERK1/2
signaling pathway in cultured cells. (A and B) Vero
E6 and IPI-2I cells were serum-starved for 24 h
before mock infected or infected with SADS-CoV at
MOI = 0.1 and at different times or at different
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3.3. ERK1/2 activation regulates SADS-CoV replication

To examine the biological importance of ERK1/2 activation in SADS-
CoV infection, experiments were performed with two specific inhibitors,
U0126 and PD98059, which inhibit the activation of the SADS-CoV-
induced ERK1/2 signaling pathway. The cytotoxicity of the ERK1/2
inhibitors for Vero E6 and IPI-2I cells was determined with a CCK-8
assay, and none of the tested U0126 or PD98059 doses caused any
change in cell viability (Fig. 3A). Vero E6 cells were pretreated with
various concentrations of the ERK1/2 inhibitor U0126 or PD98059 or
with DMSO for 1 h and then infected with SADS-CoV at an MOI of 0.1.
The inhibitors or DMSO were present during the entire period of infec-
tion. Virus production was confirmed with immunofluorescence and N
protein expression at 36 hpi. The DMSO-treated control cells were
positive for SADS-CoV N-protein-specific staining, confirming the
infection and spread of the virus to neighboring cells (Fig. 3B). In
contrast, U0126 and PD98059 clearly inhibited viral propagation. As
shown in Fig. 3B, each inhibitor significantly and dose-dependently
reduced SADS-CoV-induced viral gene expression. The quantification
of N protein staining showed that the proportion (%) of virus-infected
cells was similarly reduced during independent treatment with each
inhibitor, which caused maximal (95%) inhibition at the highest con-
centration used (Fig. 3B). It is known that PD98059 prevents ERK1/2
activation by binding to unphosphorylated MEK1/2, the upstream
activator of ERK1/2, whereas U0126 not only blocks the activation of
MEK1/2, but also inhibits MEK1/2 activity (Davis et al., 2000). There-
fore, U0126 is a more potent inhibitor of ERK1/2 activation than
PD98059 (Favata et al., 1998). Our data also show that U0126 was
significantly more effective in inhibiting SADS-CoV production than
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PD98059 at the same concentration. To examine the relevance of this
phenomenon, the expression level of the SADS-CoV N protein in the
presence of each inhibitor or DMSO was also evaluated with western
blotting. As shown in Fig. 3C and D, the application of either inhibitor
resulted in the downregulation of N protein expression at 36 hpi,
accompanied by a significant reduction in the viral load in the cell
culture supernatant compared with that of cells treated with DMSO
(Fig. 3E and F). These findings indicate that the effect of each inhibitor
on virus production correlates with the ability of each compound to
inhibit ERK1/2 phosphorylation. Taken together, our data demonstrate
that the ERK signaling pathway plays an important role in SADS-CoV
replication.

To provide direct evidence of the involvement of the ERK cascade in
the regulation of SADS-CoV, Vero E6 and IPI-2I cells were transfected
with siRNA specific to ERK1/2 or with a commercial control nonspecific
siRNA as the negative control. At 48 h posttransfection, the cells were
infected with SADS-CoV, and the amounts of target gene expression and
viral propagation were quantified at 36 hpi (Fig. 4A and B). The
expression levels of the ERK molecules were reduced 0.63-fold in Vero
E6 cells and 0.69-fold in IPI-2I cells after siERK-2 treatment compared to
those in untreated cells or cells treated with the control siRNA, indi-
cating the specific knockdown of ERK1/2 by the siRNA. As shown in
Fig. 4A and B, the knockdown effect of siERK-2 was more obvious than
that of siERK-1. Furthermore, the transfection of cells with ERK1/2-
specific siRNA reduced the expression of the SADS-CoV N protein and
the viral yield compared with those of the mock- or nonspecific-siRNA-
transfected controls (Fig. 4C). These data show that the specific
knockdown of ERK1/2 reduced viral propagation, demonstrating the
essential role of ERK in SADS-CoV replication.
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Fig. 2. SADS-CoV induces nuclear translocation of active ERK1/2 and phosphorylates ELK1. (A) SADS-CoV induces nuclear translocation of p-ERK1/2. Vero E6 cells
were mock infected or infected with SADS-CoV at MOI = 0.1 at different times. Cells were fixed and costained with antibodies directed against p-ERK1/2 (green) and
SADS-CoV N (red). The cells were then counterstained with DAPI and examined with a confocal laser scanning microscope (Zeiss). (B) Representative western blot of
cytoplasmic and nuclear extracts of Vero E6 cells mock treated or infected with SADS-CoV for 36 h. GAPDH and PCNA reflect cytoplasmic and nuclear contents,
respectively. (C) SADS-CoV induces ELK1 phosphorylation. Vero E6 and IPI-2I cells were mock infected or infected with SADS-CoV at MOI = 0.1 at different times.
Western blotting analysis with antibody specific for phosphorylated ELK1 (p-ELK1) or SADS-CoV N protein. GAPDH was used as the internal loading control. Fold
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3.4. Inhibition of ERK1/2 activation prevents SADS-CoV-mediated
apoptosis

The RAF/MEK/ERK signaling pathway regulates numerous cellular
processes, including apoptosis, autophagy, and senescence, in vitro and
in vivo (Cagnol and Chambard, 2010). Growing evidence suggests that
ERK activity is associated with classical markers of apoptosis, and
promotes apoptotic cell death under certain conditions (Cagnol and
Chambard, 2010). Interestingly, our previous studies indicates that the
caspase-dependent FASL-mediated (extrinsic) and mitochondrion-m
ediated (intrinsic) apoptotic pathways play central roles in
SADS-CoV-induced apoptosis, which facilitates viral replication
(Zhang et al., 2020). Therefore, we speculated that the ERK pathway
plays a role in the induction of apoptosis during SADS-CoV replication.
To investigate whether ERK1/2 activation is required for
SADS-CoV-induced apoptosis, the process of SADS-CoV-triggered
apoptosis was assessed in the presence or absence of ERK inhibitor
using annexin V/PI flow cytometry. Vero E6 cells were pretreated with
10 pM U0126, and the inhibitor was present during the entire period of
infection. At 36 hpi, the treated and infected cells were stained with
annexin V and PI and examined with fluorescence-activated cell sort-
ing to quantitatively measure the percentages of viable, apoptotic, and
dead cells. The results showed that the apoptosis of SADS-CoV-infected
cells was significantly reduced at 36 hpi after treatment with U0126
(Fig. 5A). The expression levels of the SADS-CoV N protein in Vero E6
and IPI-2I cells in the presence of U0126 or DMSO were also evaluated
with western blotting. As shown in Fig. 5B and C, 10 pM U0126
downregulated N protein expression at 36 hpi. When Vero E6 and
IPI-2I cells infected with SADS-CoV were treated with 10 pM U0126,
the SADS-CoV-induced cleavage of PARP was significantly reduced
(Fig. 5B and C). The viral yield was also determined during treatment
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with U0126. After infection, the virus-containing supernatants were
collected at 36 hpi and the viral titers were measured. As shown in
Fig. 5D, the U0126 inhibitor suppressed the release of progeny virus at
36 hpi. Taken together, our data show that the ERK pathway is acti-
vated by SADS-CoV, and the chemical inhibition of this pathway
negatively affects SADS-CoV-induced apoptotic cell death and viral
replication, indicating that ERK pathway activity is required by this
process.

4. Discussion

The importance of the interplay between host signaling pathways
and various extracellular stimuli, including viral infection, has been
reported (Fung and Liu, 2019; Gaur et al., 2011; Gupta et al., 2018).
Among these transduction signals, the ERK cascade plays multiple sig-
nificant roles in a variety of cellular functions that control cell fate.
These, in turn, can regulate viruses, which rely entirely on the host cell
machinery to survive (Cagnol and Chambard, 2010; Roux and Blenis,
2004). Therefore, viruses have evolved to regulate the ERK signaling of
the host cell to benefit the viral replication machinery for optimal viral
infection. However, no information is yet available on the intracellular
signaling pathways involved in SADS-CoV replication. Here, for the first
time, we have demonstrated that the ERK pathway is required for
SADS-CoV-induced cellular apoptosis and the efficient replication of
SADS-CoV in cultured cells. In this study, we have shown that SADS-CoV
infection strongly induces the activation of the ERK pathway in Vero E6
and IPI-21 cells, suggesting a pivotal role for the ERK pathway in the
early stage of SADS-CoV replication. Furthermore, the chemical inhi-
bition or specific knockdown of ERK greatly impaired SADS-CoV prop-
agation. We have also shown that the specific inhibition of ERK
attenuates the SADS-CoV life cycle, evident as less viral protein and
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Fig. 3. Inhibition of ERK1/2 activation impairs SADS-CoV infection. (A) U0126 and PD98059 treatments do not affect cell viability. Vero E6 and IPI-2I cells were
treated with U0126 or PD98059 at different concentrations or with the vehicle control DMSO for 36 h. Cell cytotoxicity was analyzed with the CCK-8 kit, as described
in the Materials and Methods. (B) SADS-CoV propagation in the presence of U0126 or PD98059. Vero E6 cells were pretreated with either inhibitor at the indicated
concentrations for 1 h and then infected with SADS-CoV. SADS-CoV-infected cells were further incubated for 36 h in the presence of DMSO, U0126, or PD98059. At
36 hpi, the virus-infected cells were subjected to an immunofluorescence assay with an anti-SADS-CoV-N antibody, followed by DAPI counterstaining and exami-
nation under an inverted fluorescence microscope. The percentage of SADS-CoV-infected cells per view is expressed as the mean + SD of three independent ex-
periments. (C and D) Viral N protein expression in the presence of U0126 or PD98059. Vero E6 and IPI-2I cells were treated with DMSO, U0126, or PD98059 at the
indicated concentration for 1 h before infection with SADS-CoV. The SADS-CoV-infected cells were then incubated for a further 36 h in the presence of DMSO, U0126,
or PD98059. At 36 hpi, the cell lysates were examined with western blotting, probed with an antibody directed against SADS-CoV N protein. The blot was also reacted
with a mouse monoclonal antibody directed against GAPDH to verify equal protein loading. Densitometric data for SADS-CoV N/GAPDH are expressed as the means
+ SD of three independent experiments. (E and F) U0126 or PD98059 treatment suppressed SADS-CoV replication. Treatment and infection conditions were as
described for panels C and D. The viral titers in the supernatants collected at 36 hpi were determined with the Spearman—Karber method. Error bars represent the
standard errors of the means of three independent experiments.

progeny production, reduced viral cleavage of host proteins, and the inhibition of these phosphorylation events seemed to inhibit viral
attenuation of host cell death. This study provides new insights into the replication (Jacque et al., 1998). Similarly, the following viruses also
interplay between the virus and the host signaling induced by SADS-CoV interact with ERK1/2: Hepatitis C virus (Giambartolomei et al., 2001),
infection, and demonstrates that ERK signaling is required for the Borna disease virus (Planz et al., 2001), Influenza A virus (Pleschka
pathogenesis of SADS-CoV. et al., 2001), and adenovirus type 7 (Alcorn et al., 2001). For other

The significance of the activation of host ERK has been demonstrated coronaviruses such as Porcine deltacoronavirus (PDCoV), Porcine
in other models of viral infection. In a Human immunodeficiency virus 1 epidemic diarrhea virus (PEDV), Middle East respiratory syndrome

(HIV-1) model, ERK activation benefited viral replication, and the coronavirus (MERS-CoV), it also has proved that ERK was specifically
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modulated in response to virus infection in vitro throughout the course of
infection (Jeon et al., 2020; Kim and Lee, 2015; Kindrachuk et al., 2015).
Such widespread ERK involvement suggests either that it constitutes a
global viral strategy to enhance the viral replicative machinery or that
ERK1/2 activation is a universal response of the host to protect against
infection.

These observations were similarly reproduced in the porcine intes-
tinal epithelial cell line IPI-2I infected with infectious or UV-inactivated
SADS-CoV, indicating that SADS-CoV-induced ERK signaling is inde-
pendent of the cell type. Interestingly, other nidoviruses trigger similar
ERK1/2 activation kinetics in response to viral entry, suggesting that the
ERK pathway has a unique role in nidovirus biology (Cai et al., 2007;
Jeon et al., 2020; Kim and Lee, 2015; Lee and Lee, 2010). In other vi-
ruses, such as human gammaherpesvirus 8, coxsackievirus B3, and
human astrovirus, the rapid transient activation of the ERK pathway is
observed within 10-15 min of infection (Luo et al., 2002; Moser and
Schultz-Cherry, 2008; Sharma-Walia et al., 2005). However, in the
present study, the relatively slow growth rate of SADS-CoV meant we
could not determine how quickly the ERK pathway is activated after
infection. Although we did not identify the exact mechanism by which
ERK signaling is induced by SADS-CoV infection, it may be mediated by
direct virus-receptor binding, such as occurs during for HIV-induced
ERK activation (Popik et al., 1998). However, we cannot exclude the
activation of the ERK cascade by other stimuli, including by incoming
viral particles through their direct fusion or by disassembled viral
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proteins and the released genome after the viral uncoating process.
The data presented here raise the question of the exact function of
activated ERK during SADS-CoV infection. A reasonable explanation of
how ERK regulates SADS-CoV infection is that the ERK pathway mod-
ulates viral replication directly or indirectly. In this study, two ERK in-
hibitors, PD98059 and U0126, were used to investigate how ERK
signaling favors the replication of SADS-CoV. PD98059 prevents ERK
activation by blocking the phosphorylation of ERK1/2, whereas U0126
not only inhibits the activation of ERK1/2 but also inhibits ERK1/2
activity (Alessi et al., 1995; Davis et al., 2000). The treatment of
SADS-CoV-infected cells with PD98059 or U0126 significantly sup-
pressed the individual postinternalization steps of the viral replication
process, including protein expression and virus production. A similar
result was observed in PEDV, another enteric swine coronavirus, where
the two inhibitors independently inhibited ERK activation, potently
impairing PEDV replication (Kim and Lee, 2015). However, in another
coronavirus, Porcine deltacoronavirus (PDCoV), U0126 significantly
and dose-dependently suppressed PDCoV gene expression, whereas
PD98059 had no detrimental effect on PDCoV replication. This is
because PD98059 does not affect PDCoV-induced ERK activation,
whereas U0126 markedly reduces the levels of p-ERK1/2. Considering
previous and current findings, the replication of SADS-CoV and PEDV
seems to be more dependent on the magnitude of ERK activation than
does the replication of PDCoV, indicating that the dependence of
infection upon ERK differs among coronaviruses. At present, a variety of
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Fig. 5. U0126 blocks SADS-CoV-induced apoptosis. (A) Vero E6 cells were mock infected or infected with SADS-CoV (MOI = 0.1) in the presence or absence of
U0126 (10 pM) for 36 h. They were washed twice with cold PBS and resuspended in 1 x binding buffer. The cells were stained with FITC-annexin V and PI for 15 min
and analyzed with flow cytometry (BD FACSCalibur, USA) within 1 h. Q1: necrotic or other cell population, which was FITC-annexin V negative and PI positive; Q2:
end-stage apoptotic or dead cell population, which was FITC-annexin V and PI positive; Q3: early apoptotic cell population, which was FITC-annexin V positive and
PI negative; Q4: viable cell population that was not undergoing apoptosis, which was both FITC-annexin V and PI negative. The graph on the right represents the
percentage of each cell population nonsignificant percentages of annexin-V-negative and PI-positive cells were excluded. (B and C) Vero E6 and IPI-2I cells were
mock infected or infected with SADS-CoV at an MOI of 0.1 in the presence or absence of U0126 (10 pM). After incubation for 36 h, a western blotting analysis with
antibody specific for p-ERK1/2, ERK1/2, PARP, or SADS-CoV N protein. GAPDH was used as the internal loading control. (D) The virus-containing supernatants were
collected at 36 hpi and the viral titers were calculated with the Spearman-Karber method. Error bars represent the standard errors of the means of three independent

experiments.

antiviral strategies against coronaviruses based on virus infection
mechanism have been reported, including receptor blockers and virus
replicase inhibitors, which plays an important role in the development
of antiviral drugs(Su et al., 2021). Considering the role of the ERK
signaling pathway in the pathogenesis of various viruses, it is probable
that define targets for antiviral therapy and design drugs that inhibit the
ERK signaling pathway (Ghasemnejad-Berenji and Pashapour, 2021).
Prior data had indicated that the hydroxychloroquine (HCQ) could in-
fluence the MAPK cascade to further against Severe Acute Respiratory
Syndrome CoronaVirus 2 (SARS-CoV-2) infection(Mohanta et al., 2020).
Targeted blocking of ERK pathways by designing small-molecule drugs
based on the pathways of viral regulation of the cell apoptosis is an
effective strategy of inhibiting viral replication.

The activation of the ERK pathway results in the phosphorylation of
numerous ERK target proteins, which mediate multiple cellular func-
tions. The ternary complex factor ELK1 is a prime nuclear substrate of
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the MAPKSs c-Jun N-terminal protein kinase (JNK), p38, and ERK, which
plays a pivotal role in apoptosis induction by various extracellular sig-
nals (Davis et al., 2000; Liu et al., 2019; Shao et al., 1998). ERK
phosphorylation-dependent activation of ELK1 by binding some
apoptosis-related molecules promotor regions mediated cell apoptosis,
which could account for ELK1 controlling of cell proliferation and
apoptosis (Yano et al., 2019).In the HIV-1 model, ERK activation
enhanced viral infectivity and replication, possibly as the result of the
direct phosphorylation of the viral protein Vif65. It is still unknown how
SADS-CoV replication is regulated by the ERK signaling pathway.
Perhaps this process involves the direct phosphorylation of intracellular
components that are required for viral replication. Alternatively, ERK
activity may be necessary to activate SADS-CoV proteins, such as the
RNA-dependent RNA polymerases (RdRps), which are essential for the
initiation of viral RNA replication. The RdRps of positive-sense RNA
viruses are reported to be phosphoproteins activated by host proteins,
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suggesting that viral RNA replication is regulated by the phosphoryla-
tion of the polymerase proteins (Jakubiec and Jupin, 2007). Previous
studies have also suggested that ERK1/2 activity is necessary to phos-
phorylate or stabilize the viral RARps, which are both required for the
initiation of viral RNA replication (Luo et al., 2002). Therefore, similar
phosphorylation modification may activate the SADS-CoV RdRp nsp12
and could be essential for optimal viral RNA synthesis.

ERK1/2 activation mediates apoptosis through either the intrinsic or
extrinsic pathway by the induction of mitochondrial cytochrome ¢
release or caspase 8 activation, respectively (Cagnol and Chambard,
2010). Several viruses have been shown to activate the ERK pathway to
modulate apoptosis, facilitating to their replication (Wong et al., 2005;
Zampieri et al., 2007). In our previous studies, we have shown that
SADS-CoV induces apoptosis after infection, both in vitro and in vivo. We
have also demonstrated that both the caspase-dependent FASL-mediated
(extrinsic) and mitochondrion-mediated (intrinsic) apoptotic pathways
play central roles in SADS-CoV-induced apoptosis, which then facilitates
viral replication (Zhang et al., 2020). Interestingly, in this study, we
have also shown a positive correlation between the activation of ERK1/2
and apoptosis during SADS-CoV infection. However, previous studies
showed a negative correlation between the activation of ERK1/2 and
apoptosis during PEDV infection (Kim and Lee, 2015) and PDCoV (Jeon
et al., 2020) infection. The mechanism by which the inhibition of the
ERK pathway prevents SADS-CoV-induced apoptosis is likely to be the
indirect result of reduced viral replication and/or infectivity, analogous
to the contribution of ERK to influenza virus infection (Pleschka et al.,
2001). Although many studies have supported the general view that the
activation of the ERK pathway delivers a survival signal that counteracts
the proapoptotic effects associated with p38 MAPK and/or JNK activa-
tion (Xia et al., 1995), several studies have correlated ERK and the
apoptotic cascade. For example, it has been reported that ERK activation
is required for the cisplatin-induced apoptosis of HeLa cells and func-
tions upstream from caspase activation to initiate the apoptotic signal
(Wang et al., 2000). The overproduction of proto-oncogenes down-
stream from ERK, such as C-MYC may trigger apoptosis at the level of the
mitochondrion (Soucie et al., 2001). Joe et al. (1996) have also shown
that dominant inhibitory RAS delays Sindbis-virus-induced apoptosis in
neuronal cells. The mechanism underlying the indirect induction of
apoptosis by SADS-CoV replication and the possible contribution of
direct host signaling events remain an important area of future research.

In summary, the findings presented here show that SADS-CoV
infection activates ERK early in the infection of Vero E6 and IPI-2I
cells and that ERK activation is required for efficient SADS-CoV repli-
cation in vitro. However, the exact viral processes and constituents
responsible for ERK activation remain unknown. We also provide the
first direct evidence that the ERK signaling pathway is a crucial cellular
factor in mediating SADS-CoV-induced apoptosis. Therefore, the iden-
tification of the relevant apoptotic signaling pathway in mammalian
cells will provide insight into the mechanisms by which SADS-CoV
infection causes cell death. Further analysis of the pathways linking
ERK to viral replication and cell apoptosis will provide strategies to
control SADS-CoV gene expression and infection, and the associated
diseases.
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