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The mitogen-activated protein kinase (MAPK) pathways, which are central building blocks in the intra-
cellular signaling network, are often manipulated by viruses of diverse families to favor their replication.
Among the MAPK family, the extracellular signal-regulated kinase (ERK) pathway is known to be mod-
ulated during the infection with porcine epidemic diarrhea virus (PEDV); however, involvement of
stress-activated protein kinases (SAPKs) comprising p38 MAPK and c-Jun NH;-terminal kinase (JNK)
remains to be determined. Therefore, in the present study, we investigated whether activation of p38

;(g/)\:v/ords: MAPK and JNK cascades is required for PEDV replication. Our results showed that PEDV activates p38
P38 MAPK MAPK and JNK1/2 up to 24 h post-infection, whereas, thereafter their phosphorylation levels recede to
JNK1/2 baseline levels or even fall below them. Notably, UV-irradiated inactivated PEDV, which can enter cells but

cannot replicate inside them, failed to induce phosphorylation of p38 MAPK and JNK1/2 suggesting that
viral biosynthesis is essential for activation of these kinases. Treatment of cells with selective p38 or JNK
inhibitors markedly impaired PEDV replication in a dose-dependent manner and these antiviral effects
were found to be maximal during the early times of the infection. Furthermore, direct pharmacological
inhibition of p38 MAPK or JNK1/2 activation resulted in a significant reduction of viral RNA synthesis, viral
protein expression, and progeny release. However, independent treatments with either SAPK inhibitor
did not inhibit PEDV-induced apoptotic cell death mediated by activation of mitochondrial apoptosis-
inducing factor (AIF) suggesting that SAPKs are irrelevant to the apoptosis pathway during PEDV infection.
In summary, our data demonstrated critical roles of the p38 and JNK1/2 signaling pathways in facilitating
successful viral infection during the post-entry steps of the PEDV life cycle.

© 2016 Elsevier B.V. All rights reserved.

Signal transduction
Viral replication

1. Introduction

Porcine epidemic diarrhea virus (PEDV) is a highly conta-
gious and deadly enterotropic swine coronavirus that causes acute
enteritis with high mortality rates in neonatal piglets (Debouck
and Pensaert, 1980; Lee, 2015). PEDV infection is characterized by
severe villous atrophy in the small intestine that results in watery
diarrhea followed by fatal dehydration in newborn pigs (Lee, 2015;
Pensaert and de Bouck, 1978; Saif et al., 2012). PEDV was first iden-
tified as the etiological agent of porcine epidemic diarrhea (PED)
in Belgium in 1978 (Pensaert and de Bouck, 1978). Thereafter, it
appeared in several European countries and Asia (Pensaert et al.,
1981; Takahashi et al., 1983). Although PEDV remained fairly rare
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in Europe for some time, it continued to cause serious epizootics
in Asia, thereby posing an economic threat to swine-producing
nations in the last two decades (Chen et al., 2008; Kweon et al.,
1993; Lee and Lee, 2014; Li et al., 2012; Lin et al., 2014; Puranaveja
et al., 2009; Sun et al., 2012; Suzuki et al., 2015). At present,
however, the menace of PEDV is not limited to Asia but extends
worldwide, leading to significant financial concerns in the global
pork industry, since the virus first emerged in the United States
in 2013 (Stevenson et al., 2013) and re-emerged throughout West-
ern and Central Europe in 2014 (Boniotti et al.,2016; Grasland et al.,
2015; Hanke et al.,2015; Mesquita etal., 2015; Steinrigl et al., 2015;
Theuns et al., 2015).

PEDV is a member of the genus Alphacoronavirus within the fam-
ily Coronaviridae of the order Nidovirales (Pensaert and de Bouck,
1978; Lee, 2015). PEDV is a large, enveloped virus that possesses a
single-stranded positive-sense RNA genome approximately 28 kb
long with a 5 cap and a 3’ polyadenylated tail (Pensaert and
de Bouck, 1978; Saif et al., 2012). The PEDV genome includes a
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5’ untranslated region (UTR), at least seven open reading frames
(ORF1a, ORF1b, and ORFs 2-6), and a 3’ UTR (Kocherhans et al.,
2001). The two large ORFs (ORFla and ORF1b) that occupy two-
thirds of the 5-proximal genome encode non-structural proteins
(nsps). The remaining ORFs in the 3’-proximal genome region code
for four major structural proteins, the 150-220kDa glycosylated
spike (S), 20-30 kDa membrane (M), 7 kDa envelope (E), and 58 kDa
nucleocapsid (N) proteins, and one accessory gene ORF3 (Duarte
et al., 1994; Lai et al., 2007; Lee, 2015). PEDV replication begins
with the interaction of the viral S protein with the receptor on
host cells followed by entry of the virus via direct fusion with
the membrane. After the uncoating process, the viral genome is
released into the cytosol and functions as mRNA for the synthesis
of viral proteins. Initial ORF1a translation yields replicase polypro-
tein (pp) la, whereas the ORF1b product is expressed by means
of a —1 ribosomal frame shift (RFS), which C-terminally extends
ppla into pplab. Subsequently, the two polyproteins are cleaved
post-translationally by internal proteases, resulting in 16 functional
nsps including the viral RNA-dependent RNA polymerase (RdRp).
The RdRp-containing replicase complex then engages in replication
of viral genomic RNA and transcription of subgenomic (sg) mRNA.
The latter generates a nested set of 3’ co-terminal sg mRNAs that
are finally translated into structural proteins (Lai et al., 2007; Lee,
2015).

Perception of various extracellular stimuli by cells, e.g., viral
infection, activates specific intracellular signaling networks such as
the mitogen-activated protein kinase (MAPK) cascade pathways. As
central regulators of responses to changes in external conditions,
the MAPK pathways transmit signals to the intracellular environ-
ment and control a variety of cellular activities in a coordinated
fashion. Three distinct MAPKs have been identified, and their well-
characterized pathways are named after the respective terminal
MAPK components: extracellular signal-regulated kinases (ERK),
p38 MAPK, and c-Jun N-terminal kinases (JNK) (Roux and Blenis,
2004; Shaul and Seger, 2007; Suietal.,2014). J]NKand p38 MAPK are
also referred to as stress-activated protein kinases (SAPKs) because
they are activated by bacterial toxins, environmental stressors,
and proinflammatory cytokines (Roux and Blenis, 2004; Tibbles
and Woodgett, 1999). Upon stimulation, cell surface receptors are
engaged to send signals for activation of MEK3/6 and MEK4/7,
upstream dual activators, which in turn phosphorylate p38 MAPK
andJNK, respectively. JNKand p38 MAPK that are activated by phos-
phorylation eventually are translocated into the nucleus where
they phosphorylate numerous downstream substrates, including
transcription factors, thereby modulating transcription of a large
number of genes involved in various cellular processes. Thus, the
P38 MAPK and JNK pathways control a wide range of key cellular
functions such as cell proliferation, differentiation, and apoptosis
(Dong et al., 2002; Roux and Blenis, 2004; Sui et al., 2014).

Because viruses entirely depend on host cells to complete their
life cycle, they have coevolved with their hosts to adjust pre-
existing intracellular signal transduction networks, including the
MAPK cascades, to benefit their own multiplication. In fact, many
viruses are known to stimulate MAPKs after binding, entry, or repli-
cation and to exploit the host pathways in order to regulate cellular
or viral gene expression or both for the success of viral replica-
tion (Georgopoulou et al., 2003; Greber, 2002; Huang et al., 2011;
Lee and Lee, 2010, 2012; Lim et al.,, 2005; Marjuki et al., 2006;
Mori et al., 2003; Pan et al., 2006; Rahaus et al., 2004; Schiimann
and Dobbelstein, 2006; Si et al., 2005; Wang et al., 2006; Wei and
Liu, 2009; Wei et al., 2009; Yu et al., 2009; Zampieri et al., 2007).
Recently, we also demonstrated that the ERK signaling pathway is
activated by PEDV replication to promote the development of viral
infection (Kim and Lee, 2015). Nevertheless, the role of other MAPK
family members, in particular p38 MAPK and JNK, in PEDV replica-
tion has not been determined. In the present study, therefore, we

sought to investigate whether PEDV has an ability to activate the
p38 MAPK and JNK cascades in cultured cells and whether their acti-
vation, in turn, affects PEDV replication. It was found that infectious
PEDV induces progressive activation of both p38 MAPK and JNK,
judging by their higher phosphorylation levels up to 36 h postin-
fection (hpi). In contrast, ultraviolet (UV) light-inactivated PEDV
could not trigger phosphorylation of SAPKs, indicating that active
viral multiplicationis responsible for their activation. PEDV produc-
tion was notably diminished by treatment of cells with either a p38
inhibitor or JNK inhibitor. Further experiments revealed that sup-
pression of p38 MAPK or JNK1/2 activation by the SAPK inhibitors
had no effect on viral entry but greatly impaired biosynthesis of
viral RNAs and proteins. In addition, inhibition of SAPK activation
did not affect PEDV-induced apoptotic cell death. Collectively, our
data demonstrate significant functions of the p38 MAPK and JNK
signaling pathways at the post-attachment stages of the PEDV life
cycle.

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

Vero cells were cultured in alpha minimum essential medium
(a-MEM; Invitrogen, Carlsbad, CA) with 5% fetal bovine serum (FBS;
Invitrogen) and antibiotic-antimycotic solutions (100x; Invitro-
gen). The cells were maintained at 37°C in a humidified 5% CO,
incubator. PEDV strain SM98-1 was kindly provided by the Korean
Animal and Plant Quarantine Agency and propagated in Vero cells
as described previously (Hofmann and Wyler, 1988; Nam and Lee,
2010). Inactivation of PEDV was performed by UV irradiation of
the virus suspension with 1000 mJ/cm? using a UV crosslinker
(Stratagene, La Jolla, CA). Virus inactivation was confirmed by the
inoculation of the UV-treated virus on Vero cells followed by N
protein-specific staining as described below, and the inactivated
virus was stored at —80°C. The p38 MAPK inhibitor SB202190 and
the JNK inhibitor SP600125 were purchased from Sigma (St. Louis,
MO). The PEDV N protein-specific monoclonal antibody (MAb)
was obtained from ChoogAng Vaccine Laboratory (CAVAC; Dae-
jeon, South Korea). Antibodies specific for p38, JNK1/2, and their
phosphorylated forms (p-p38 and p-JNK1/2) were obtained from
Cell Signaling Technology (Danvers, MA). The anti-AlIF and anti-
-actin antibodies and horseradish peroxidase (HRP)-conjugated
secondary antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA).

2.2. Cell viability assay

The cytotoxic effects of reagents on Vero cells were
analyzed using a colorimetric 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (Sigma, St Louis,
MO) to detect cell viability. Briefly, Vero cells were grown at
1 x 104 cells/well in a 96-well tissue culture plate with SB202190
or SP600125 treatment for 24 h. After 1 day of incubation, 50 .l of
MTT solution (1.1 mg/ml) was added to each well, and the samples
were incubated for an additional 4 h. The supernatant was then
removed from each well, after which 150 pl of DMSO was added
to dissolve the colored formazan crystals produced by the MTT.
The absorbance of the solution was measured at 540 nm using an
enzyme-linked immunosorbent assay plate reader. All MTT assays
were performed in triplicate.

2.3. Western blot analysis
Vero cells were grown in 6-well tissue culture plates for 1 day

and were mock infected or infected with PEDV at a multiplicity
of infection (MOI) of 1 or with an equal amount of UV-inactivated
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virus. At the indicated times, cells were harvested in 50 pl of lysis
buffer (0.5% TritonX-100, 60 mM [-glycerophosphate, 15mM p-
nitro phenyl phosphate, 25 mM MOPS, 15 mM MgCl,, 80 mM Nadl,
15mM EGTA [pH 7.4], 1 mM sodium orthovanadate, 1 ig/ml E64,
2 pg/ml aprotinin, 1 pg/ml leupeptin, and 1 mM PMSF) and soni-
cated onice 5 times for 1 s each. Homogenates were lysed for 30 min
on ice, and clarified by centrifugation at 15,800g (Eppendorf cen-
trifuge 5415R, Hamburg, Germany) for 30 min at 4°C. To examine
the effect of p38 MAPK or JNK inhibition on PEDV replication, cells
were pretreated independently with SB202190 or SP600125 and
then infected with PEDV at an MOI of 1. The virus-inoculated cells
were further propagated in the presence of SB202190 (5-10 wM),
SP600125 (1-5 M), or DMSO (0.5%; vehicle control) and cell
lysates were prepared with lysis buffer at 48 h hpi. The total protein
concentrations in the supernatants were determined using a BCA
protein assay (Pierce, Rockford, IL). Equal amounts of total protein
were separated on a NuPAGE 4-12% gradient Bis-Tris gel (Invit-
rogen) under reducing conditions and electrotransferred onto an
Immobilon-P (Millipore, Bedford, MA). The membranes were sub-
sequently blocked with 3% powdered skim milk (BD Biosciences,
Bedford, MA) in TBS (10 mM Tris-HCl [pH 8.0], 150 mM NacCl)
with 0.05% Tween-20 (TBST) at 4°C for 2 h and incubated at 4°C
overnight with the primary antibody against p-p38, p38, p-JNK1/2,
JNK1/2, PEDV N, or B-actin. The blots were then incubated with
the corresponding secondary HRP-labeled antibodies at a dilution
of 1:5000 for 2 h at 4 °C. Proteins were visualized using enhanced
chemiluminescence (ECL) reagents (GE Healthcare, Piscataway, NJ)
according to the manufacturer’s instructions. Ratios of phospho-
rylated/total p38 or JNK1/2 were compared by densitometry of
the corresponding bands using a computer densitometer with the
Wright Cell Imaging Facility (WCIF) version of the Image] soft-
ware package (http://www.uhnresearch.ca/facilities/wcif/imagej/
). To quantify viral protein production, the band densities of PEDV
N proteins were quantitatively analyzed using a computer densit-
ometer with Image] software in terms of the density value relative
to that of the [3-actin gene.

2.4. Immunofluorescence assay (IFA)

Vero cells grown on microscope coverslips placed in 6-well tis-
sue culture plates were mock infected or infected with PEDV or
UV-inactivated PEDV at an MOI of 1 for the indicated times. To
assess the effect of SAPK inhibitors on PEDV infection, cells were
pretreated with SB202190, SP600125, or DMSO for 1h and then
infected with PEDV. Virus-infected cells were subsequently main-
tained in the presence of vehicle or each inhibitor for 48 h. All
treated cells were fixed with 4% paraformaldehyde for 10 min at RT
and permeabilized with 0.2% Triton X-100 in PBS at RT for 10 min.
The cells were blocked with 1% bovine serum albumin (BSA) in PBS
for 30min at RT and then incubated with PEDV N-specific MAb
for 2 h. After being washed five times in PBS, the cells were incu-
bated for 1h at RT with a goat anti-mouse secondary antibody
conjugated to Alexa Fluor 488 (Invitrogen), followed by counter-
staining with 4’,6-diamidino-2-phenylindole (DAPI; Sigma). The
coverslips were mounted on microscope glass slides in mounting
buffer and cell staining was visualized using a fluorescent Leica DM
IL LED microscope (Leica, Wetzlar, Germany). To examine AIF sub-
cellular localization under the chemical inhibition of PEDV-induced
SAPK activation, MitoTracker Red CMXRos (200 nM; Invitrogen)
was added to vehicle or each SAPK inhibitor-treated and virus-
infected Vero cells and left for 45 min at 37°C prior to fixation.
The cells were then stained with AIF-specific antibody as described
above, and cell staining was analyzed using a Confocal Laser Scan-
ning microscope (Carl Zeiss, Gottingen, Germany).

2.5. Fluorescence-activated cell sorting (FACS) analysis

Quantification of PEDV-infected cells upon independent treat-
ment of each SAPK inhibitor was analyzed by flow cytometry. Vero
cells were pretreated with SB202190, SP600125, or DMSO for 1h,
infected with PEDV, and subsequently maintained in the presence
of vehicle or each inhibitor. Virus-infected cells were trypsinized at
48 hpi and centrifuged at 250g (Hanil Centrifuge FLETA 5) for 5 min.
The cell pellet was washed with cold washing buffer (1% BSA and
0.1% sodium azide in PBS), and 106 cells were resuspended in 1%
formaldehyde solution in cold wash buffer for fixation at 4°Cin the
dark for 30 min followed by centrifugation and incubation of the
pellet in 0.2% Triton X-100 in PBS at 37 °C for 15 min for permeabi-
lization. After centrifugation, the cell pellet was resuspended in a
solution of the primary anti-N MAb and the mixture was incubated
at 4 °C for 30 min. The cells were washed and allowed to react with
an Alexa Fluor 488-conjugated anti-mouse IgG secondary antibody
at 4°C for 30 min in the dark. The stained cells were washed again
and analyzed on a FACSAria III flow cytometer (BD Biosciences).

2.6. Time course of SAPK treatment

Vero cells were infected with PEDV at an MOl of 1. At -1, 0, 1, 2,
4,6,8,10, 12, or 24 hpi, inhibitors were added to give the indicated
final concentration over the remainder of the time course experi-
ment. The PEDV-infected and inhibitor-treated cells were further
maintained and the infection was terminated at 48 hpi by fixing
the monolayers with 4% paraformaldehyde for 10 min at RT. The
fixed cells were subjected to FACS analysis to assess the presence
of PEDV infection as described above.

2.7. Virus titration

Vero cells were PEDV infected and treated with SB202190,
SP600125, or DMSO. The culture supernatants were collected at dif-
ferent time points (6, 12, 24, 36, and 48 hpi) and stored at —80°C.
The PEDV titer was determined by plaque assay using Vero cells
as described previously (Nam and Lee, 2010) and quantified as
plaque-forming units (PFU) per ml.

2.8. Virus internalization assay

An internalization assay was performed as described previously
with some modifications (Cai et al., 2007). Briefly, Vero cells grown
in 6-well culture plate were pretreated and infected with PEDV
at an MOI of 1 at 4°C for 1h in the presence of respective com-
pounds. Unbound viruses were then washed with PBS, and the cells
were either incubated at 4°C or 37 °C in the presence of each SAPK
inhibitor or DMSO for 1 h, followed by treatment with proteinase
K (0.5 mg/ml) at 4°C for 45 min to remove the bound but uninter-
nalized virus particles. The PEDV-infected cells were then serially
diluted in culture medium and added onto fresh Vero cell mono-
layers in 96-well tissue culture plates. At 48 h post-incubation,
internalized viruses were titrated using plaque assay and quantified
as PFU per ml.

2.9. Quantitative real-time RT-PCR

Vero cells were incubated with each SAPK inhibitor or DMSO for
1 h prior to infection and then inoculated with PEDV at an MOI of
1 for 1h at 37°C. The virus inoculum was subsequently removed
and the infected cells were maintained in fresh medium containing
SB202190, SP600125, or DMSO for 48 h. Total RNA was extracted
from lysates of the infected cells at 48 hpi using TRIzol reagent
(Invitrogen) and treated with DNase I (TaKaRa, Otsu, Japan) accord-
ing to the manufacturer’s protocols. The concentrations of the
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extracted RNA were measured using a NanoVue spectrophotome-
ter (GE Healthcare). Quantitative real-time RT-PCR was conducted
using a Thermal Cycler Dice Real Time System (TaKaRa) with gene-
specific primer sets described previously (Kim and Lee, 2013). The
RNA levels of viral genes were normalized to that of mRNA for the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene, and
relative quantities (RQ) of mRNA accumulation were evaluated
using the 2-AACt method. To detect alterations in the genomic
RNA and sg mRNA levels in the presence of each SAPK inhibitor
during PEDV infection, the results obtained using inhibitor-treated
samples were compared to those of DMSO-treated results.

2.10. Northern blotting

Vero cells were pretreated with each inhibitor for 1h fol-
lowed by PEDV inoculation and were maintained as described
above. Total RNA was extracted from lysates of the infected cells
at 48 hpi using TRIzol reagent and treated with DNase I. North-
ern blotting was conducted by the NorthernMax Kit (Ambion,
Austin, TX) according to the manufacturer’s instructions. Samples
of total RNA (5 g) were loaded and separated by electrophore-
sis through Denaturing Gel Buffer-containing 1% agarose gel.
The separated total RNA was then transferred to a BrightStar-
Plus nylon membrane (Ambion) for 3h and cross-linked by UV
light for 5min. Pre-hybridization was performed at 42°C for
40min followed by detection using the PEDV-specific 3’ UTR
probe (5'-GCGGATCTTTAATTACTCGTGCAAAGGTTTAGATGAAAAG-
GTACTGCGTTCCCC-3’) or monkey glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (5-GCCTGGCTGTTAGGTATCGGTGAGG-
3’). The blot was hybridized to biotin-labeled oligonucleotide
probes in ULTRAhyb reagent at 42 °C overnight and washed twice
with low-stringency blocking buffer and wash buffer. Target viral
RNAs were detected by the BrightStar BioDetect Kit (Ambion)
according to the manufacturer’s protocol. The membrane was
incubated with alkaline phosphatase-conjugated streptavidin fol-
lowed by reaction with the chemiluminescent substrate CDP-STAR
(Ambion). The overlaid films were obtained by exposure in a dark
cassette box in a dark room.

2.11. Annexin V and PI staining assay

Vero cells were pretreated with each inhibitor for 1h and
then mock infected or infected with PEDV at an MOI of 1. The
virus-inoculated cells were further propagated in the presence of
SB202190 (10 wM), SP600125 (5 wM), or DMSO. Phosphatidylser-
ine exposure was determined by measuring Annexin V binding at
the indicated times using an Alexa Fluor 488 Annexin V/Dead Cell
Apoptosis Kit (Invitrogen), according to the manufacturer’s pro-
tocol. In brief, cells were harvested, washed with cold PBS, and
suspended in 100 pl 1x annexin-binding buffer. The cells were then
incubated with Alexa Fluor 488-conjugated Annexin V and propid-
iumiodide (PI)atRT for 15 minin the dark. Following the incubation
period, 400 p.l of annexin-binding buffer was added to each sample,
and the samples were mixed gently and kept on ice. The fluores-
cent signals of Annexin V and Pl were detected at channels FL-1 and
FL-2, respectively, and analyzed using a FACSAria III flow cytome-
ter. Cells negative for PI uptake and positive for Annexin V were
considered apoptotic.

2.12. Statistical analysis

All statistical analyses were performed using Student’s t test,and
P-values of less than 0.05 were considered statistically significant.

3. Results
3.1. PEDV activates p38 MAPK and JNK1/2

In this study, the roles of the p38 MAPK and JNK pathways in
PEDV replication were assessed in the course of PEDV infection. In
order to examine the effect of PEDV on the SAPK signaling cascades,
the kinetics of p38 and JNK1/2 phosphorylation were monitored by
western blot analysis in Vero cells infected with PEDV at an MOI of 1
at different time ponts post-infection. As shown in Fig. 1, only small
amounts of activated p38 and JNK1/2 were detected independently
in mock-infected Vero cells used as a negative control. Those results
were assumed to be background levels of p38 and JNK1/2 phos-
phorylation (p-p38 and p-JNK1/2), possibly in response to some
components of the culture medium. In contrast, PEDV infection
stimulated robust phosphorylation of both p38 and JNK1/2 activity
up until 36 hpi. The maximal induction was observed at 12 hpi, and
then the phosphorylation levels reverted to basal values, or even to
levels significantly lower than the basal ones, at 48 hpi (Fig. 1A and
C). In addition, comparable activation profiles of p38 and JNK1/2
were observed in cells infected with PEDV at an MOI of 0.1 (data
not shown). On the other hand, the degree of p38 phosphoryla-
tion was found to be more persistent and much stronger than that
of JNK1/2 during PEDV infection. Nevertheless, these results indi-
cated that PEDV infection induces relatively prolonged and durable
activation of these two MAPKs. New synthesis of viral proteins was
first evident by 12 hpi (Fig. 1A and C), while the maximal phospho-
rylation status of p38 and JNK1/2 was also seen at this time point,
suggesting that p38 and JNK1/2 activation depended on PEDV repli-
cation. On the basis of these data, we hypothesized that p38 and
JNK1/2 regulation occurred during the late events of viral infection
starting the noticeable protein biosynthesis. To verify this hypoth-
esis, we treated Vero cells with equal amounts of UV-irradiated
inactivated virus, which can perform viral attachment and inter-
nalization but cannot launch viral gene expression (Fig. 1B and D).
Unlike infectious PEDV, UV-inactivated PEDV was incapable of trig-
gering p38 and JNK1/2 activation in virus-infected cells. Therefore,
infection by inactivated PEDV was insufficient to activate the p38
and JNK signaling pathways, suggesting that initial entry events of
viral replication were dispensable for the SAPK activation.

3.2. Activation of p38 MAPK and JNK1/2 regulates PEDV
replication

To determine biological relevance of p38 MAPK and JNK1/2
activation for PEDV infection, specific inhibitors of these SAPK sig-
naling pathways were used. Vero cells were pretreated with the
p38 inhibitor SB202190 or JNK inhibitor SP600125 at various con-
centrations or with DMSO (0.5%) as a vehicle control for 1h prior
to infection. Each inhibitor or DMSO was present during the entire
period of infection. The cytotoxicity of SAPK inhibitors was deter-
mined by the MTT assay in Vero cells. At no dose tested did the
inhibitors cause any detectable cell death in Vero cells in this study
(data not shown). Viral production was initially measured by mon-
itoring the strength of the cytopathic effect (CPE) after infection
and confirmed by immunofluorescence using an anti-N protein
MADb at 48 hpi (Fig. 2). In vehicle-treated control cells, a visible
CPE appeared at 24 hpi and became predominant by 48 hpi. PEDV
N protein-specific staining was markedly pronounced in many cell
clusters, indicating infection and spread of the virus to neighbor-
ing cells. The inhibitory effects of SB202190 or SP600125 on viral
propagation were readily detectable. As shown in Fig. 2A, each
inhibitor significantly attenuated PEDV-induced CPE (first panels)
and PEDV gene expression (second panels) in a dose-dependent
manner. According to quantification of N protein staining results,
the proportion (%) of virus-infected cells was noticeably reduced
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Fig. 1. PEDV activates the p38 MAPK and JNK1/2 signaling pathways in cultured cells. Vero cells were mock infected or infected with PEDV at an MOl of 1 (A and C) or an equal
amount of UV-inactivated PEDV (B and D). Whole cell lysates were prepared for the indicated time points following PEDV infection and subjected to western blot analysis
with the antibody specific for phosphorylated p38 (p-p38), p38, p-JNK1/2, JNK1/2, or the PEDV N protein. The blot was also reacted with a mouse MAb against b-actin to
verify equal protein loading. Fold changes in ratios of p-p38:total p38 and p-JNK1/2:total JNK1/2 compared by densitometry of the corresponding bands using a computer
densitometer are plotted. These data are representative of the results of three independent experiments and error bars represent standard deviations. *, P<0.05; **, P<0.001.

during treatment with either SB202190 or SP600125. At the highest
concentration used, each drug inhibited viral replication by 85% and
60%, respectively (Fig. 2B). Our data also revealed that SB202190
was significantly more effective in inhibiting PEDV production (a
nearly 80% reduction in viral propagation was achieved at the con-
centration of 5 uM) than SP600125 (a 50% reduction at the same
concentration). The discriminative effects of the two inhibitors
on PEDV infection indicated that p38 activation is probably more
robust and significant than activation of JNK in PEDV-infected

cells as described above. To further verify the importance, we
determined the activation status of p38 MAPK and JNK1/2 follow-
ing treatment with the corresponding inhibitor in PEDV-infected
cells. The presence of either inhibitor markedly decreased levels of
the respective phosphorylated SAPK throughout the PEDV infec-
tion: these levels were comparable to those in mock-infected cells
(Fig. 2C). This result suggested that the effect of both inhibitors on
viral production correlated with the ability of each compound to
inhibit p38 MAPK or JNK1/2 phosphorylation. Taken together, these
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Fig. 2. PEDV propagation is suppressed by inhibition of p38 MAPK and JNK1/2 activation. (A) Vero cells were preincubated with DMSO, SB202190 (5 and 10 wM), or SP600125
(1 and 5 M) for 1 h prior to infection and were mock-infected or infected with PEDV at an MOI of 1. The virus-infected cells were further maintained for 48 h in the presence
of DMSO or inhibitors. PEDV-specific CPEs were monitored daily and were photographed at 48 hpi under an inverted microscope at the magnification of 100x (first panels).
For immunostaining, the infected cells were fixed at 48 hpi and incubated with a MAb against the N protein followed by Alexa green-conjugated goat anti-mouse secondary
antibody (second panels). The cells were then counterstained with DAPI (third panels) and examined using a fluorescent microscope at 200 x magnification. (B) Viral production
in the presence of each inhibitor was calculated by measuring the percentage of cells expressing N proteins through flow cytometry. The values shown are representative
of three independent experiments, and the error bars represent standard deviations. **, P<0.001. (C) Chemical inhibition of p38 MAPK or JNK activation was quantitated
by western blot analysis. Vero cells were pretreated with SB202190 (10 wM) or SP600125 (5 wM) for 1 h prior to infection and were mock-infected or infected with PEDV
at an MOI of 1. Whole cell lysates were prepared for the indicated time points after PEDV infection and were subjected to immunoblotting with the corresponding primary
antibody. Fold changes in ratios of p-p38:total p38 and p-JNK1/2:total JNK1/2 are plotted. These data are representative of the results of three independent experiments, and
the error bars represent standard deviations.

data showed that treatment of cells with these inhibitors specif-
ically hampered activation of SAPKs and accordingly suppressed
PEDV propagation, thus suggesting that both p38 MAPK and JNK
signaling pathways independently perform a crucial function in
PEDV replication.

In addition, the virus yield was determined during treatment
with SAPK inhibitors to determine whether endogenous p38 and
JNK1/2 activity is necessary for PEDV replication. After the infec-
tion, viral supernatants were collected at 48 hpi, and viral titers
were measured. As illustrated in Fig. 3A, each inhibitor suppressed
the release of viral progeny in a dose-dependent manner. The peak

viral titer was 1068 PFU/ml in the DMSO-treated control. The addi-
tion of SB202190 or SP600125 at the highest concentration reduced
the PEDV titer to 103 and 10%8 PFU/ml, respectively (3- and 2-
log reductions as compared to control levels). Examination of the
growth kinetics also showed that the overall process of PEDV repli-
cation was markedly delayed when the cells were treated with
either SB202190 or SP600125 at their respective optimal con-
centrations (Fig. 3B). Consequently, these findings confirmed that
activation of the p38 and JNK pathways is an integral part of suc-
cessful PEDV replication in Vero cells.
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3.3. Inhibition of p38 and JNK activation suppresses PEDV
replication at early stages of the viral infection but does not
influence virus internalization

To identify the PEDV infection stage at which SAPK inhibitors
exerted their action, Vero cells were treated with each inhibitor at
different time points post-infection. At 48 hpi, the levels of PEDV
replication were measured indirectly by quantifying the cells that
expressed the N protein by using flow cytometry (Fig. 4A). Treat-
ing the cells with 10 wM SB202190 for up to 4 hpi resulted in a
75% decrease in PEDV infection in comparison with the control lev-
els (DMSO-treated cells). Addition of the inhibitor between 6 and
12 hpi inhibited PEDV replication to 65-40% of control levels. Sim-
ilarly, treatment with 5 M SP600125 for up to 4 hpi suppressed
the viral infection by 65%, whereas exposure to the inhibitor in the
period from 6 to 12 hpi lowered PEDV production levels to 50-30%
of the respective control parameter. In contrast, little or no impair-
ment of PEDV propagation was observed when either inhibitor was
added at 24 hpi. These data showed that p38 and JNK inhibitors had
to be present prior to or during the early period of viral infection to
efficiently exert their own antiviral effect. Thus, the importance of
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Fig. 4. Activation of p38 MAPK and JNK is required at early stages of PEDV infection
but does not affect virus internalization. (A) Vero cells were pretreated with DMSO,
SB202190 (5 and 10 wM), or SP600125 (1 and 5 M) and were mock or PEDV (MOI
of 1) infected. At the indicated time points post-infection, each inhibitor was added
to attain the intended final concentration. At 48 hpi, the virus-infected cells were
fixed, and virus infectivity was determined by measuring the percentage of cells
expressing N proteins through FACS. (B) Virus internalization assay. Vero cells were
infected at an MOI of 1 at 4°C for 1h. After washing with cold PBS, the infected
cells were incubated with or without each inhibitor either at 4°C or 37°C for an
additional hour. Bound but non-internalized viral particles were removed by treat-
ment with proteinase K. The infected cells were then serially diluted and plated
onto Vero cells in 96-well tissue culture plates. At 2 days post-incubation, inter-
nalized viruses were titrated by a plaque assay. The results are expressed as the
mean values from triplicate wells, and the error bars represent standard deviations.
*, P<0.05; **, P<0.001.

SAPK signaling pathways is apparently significant during the early
period of PEDV infection.

Next, we sought to identify the step(s) of the replication cycle
of PEDV that was specifically targeted by inhibition of p38 and JNK
activation. To address this issue, the earliest step, virus entry, was
first assessed with an internalization assay upon treatment with
each inhibitor. Vero cells were inoculated with PEDV at 4°C for
1h to allow for virus attachment and further maintained either
at 4°C or 37°C to permit virus internalization in the presence of
SB202190 (10 M), SP600125 (5 wM), or DMSO, followed by treat-
ment with proteinase K to remove the remaining viral particles
from the cell surface. The serially diluted infected cells were subse-
quently subjected to an infectious center assay on uninfected Vero
cell monolayers, and virus titers were measured 2 days later by a
plaque assay (Fig. 4B). Only minimal viral growth was observed in
cells maintained at 4 °C, which was likely due to inefficient removal
of the bound virus. The titers of PEDV were nearly identical in cells
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was served as an internal control to correct the data for variations in loading during viral RNA quantification. The positions of the genomic RNA and sg mRNAs are indicated

next to the gel.

treated with SB202190, SP600125, or vehicle at 37°C and con-
stituted 1024, 1024, and 1025 PFU/m|, respectively, indicating no
differences among these treatments. These results revealed that
neither SB202190 nor SP600125 had any inhibitory effect on the
virus entry process.

3.4. Treatment with SAPK inhibitors disrupts PEDV RNA and
protein biosynthesis

As in the case of other positive-sense RNA viruses, the genome
of PEDV promptly serves as a template for viral translation by
hijacking the host translational machinery. Early PEDV transla-
tion generates the replicase polyproteins that are proteolytically
processed into nsps. Subsequently, the nonstructural replicase pro-
teins drive de novo synthesis of viral RNA. Therefore, we focused
on the post-entry phases of the viral life cycle to determine the
functional mechanisms of p38 MAPK and JNK1/2 regulatory effects
on PEDV infection. Because PEDV infection produces genomic
and subgenomic RNA species, we first tested whether each SAPK
inhibitor specifically affected genome replication and sg mRNA
transcription. For this purpose, relative levels of both genomic
RNA and sg mRNA were assessed by quantitative real-time strand-
specific RT-PCR in the presence or absence of the p38 or JNK
inhibitors upon PEDV infection. As shown in Fig. 5A, both inhibitors
dramatically diminished viral RNA synthesis in a dose-dependent
manner. At their highest concentrations, p38 or JNK inhibitors
reduced levels of viral genomic RNA and sg mRNA by 80-67%
and 72-63%, respectively, as compared to those observed in the
DMSO-treated cells. The reductions in viral RNA levels caused
by either inhibitor did not reflect nonspecific inhibition of tran-
scription because internal control GAPDH mRNA level remained
unchanged in all samples (data not shown). The impairment of
PEDV transcription in the presence of each inhibitor was further
confirmed by northern blot analysis (Fig. 5B). In untreated (lane 2)
or vehicle-treated (lane 3) virus-infected cells, PEDV RNA synthe-
sis was distinctly observed. Consistent with the real-time RT-PCR
data, a significant reduction in RNA-synthesizing activity occurred
dose-dependently after treatment with SB202190 (lanes 4 and 5)
or SP600125 (lanes 6 and 7). Taken together, these results indicated

that SAPK inhibitors specifically suppressed synthesis of the PEDV
genomic RNA and sg mRNA.

Since PEDV structural proteins are translated late in the cycle
from their respective sg mRNA transcripts, it is conceivable that
suppression of viral protein expression is a cascade-like con-
sequence of inhibition of viral RNA synthesis. Thus, we then
examined whether viral protein translation was influenced by inhi-
bition of p38 and JNK activation. To accomplish this, Vero cells
were exposed to each inhibitor for 1h prior to infection and the
inhibitors remained in the culture medium during infection and
post-infection stages. The expression level of the PEDV N pro-
tein in the presence of each inhibitor or DMSO was evaluated at
48 hpi by western blot analysis. Each pharmacological inhibitor
had a detrimental effect on viral protein production at differ-
ent concentrations (Fig. 6). Densitometric analysis of the western
blots revealed that intracellular expression of the N protein was
effectively prevented by both inhibitors and that SB202190 and
SP600125 inhibited N protein production by approximately 80%
and 60% at the highest concentrations, respectively (Fig. 6A). Fur-
thermore, the mean fluorescence intensity corresponding to PEDV
N expression was significantly reduced in the presence of each
inhibitor (Fig. 6B). These data suggested that the suppressive effect
of each SAPK inhibitor on viral protein expression resulted from its
specific preceding action on viral RNA biosynthesis during PEDV
replication.

3.5. Activation of p38 and JNK is not related to PEDV-induced
apoptosis

The p38 MAPK and JNK pathways are activated in response to a
variety of stressors and have been implicated in numerous cellular
events. Accumulating evidence unravels that activation of p38 and
JNK signaling is associated with a cell cycle arrest and apoptosis
induction (Sui et al., 2014). Moreover, PEDV infection can medi-
ate apoptotic cell death in vitro and in vivo and thereby facilitate
viral replication and pathogenesis (Kim and Lee, 2014). Therefore,
we anticipated that the p38 MAPK and JNK cascades play a role
in PEDV-induced apoptosis during viral replication. To determine
whether p38 and JNK activation is required for induction of apo-
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ptosis by PEDV infection, PEDV-triggered apoptosis was analyzed
in the presence or absence of each SAPK inhibitor by using flow
cytometry with Annexin V and PI staining. Vero cells were treated
with DMSO or each compound at indicated concentrations and
then infected with PEDV. At various time points post-infection,
the treated and infected cells were stained with Annexin V and
PI and then examined using FACS flow cytometry to measure frac-
tions of live, apoptotic, and dead cells (Fig. 7 A). Neither the vehicle
nor the inhibitors caused significant apoptosis in our experimen-
tal settings. As expected, PEDV infection in the presence of DMSO
caused substantial apoptosis (Annexin V positive/PI negative) at 6
hpi, and the percentage of early apoptotic cells gradually increased
with infection time. Nonetheless, chemical inhibition of p38 MAPK
and JNK activation was incapable of protecting the cells from PEDV-
triggered apoptosis. The fraction of early apoptotic cells in cultures
treated with either SB202190 or SP600125 was comparable to that
among vehicle-treated cells in the course of PEDV infection (Fig. 7B).
Furthermore, mitochondrial-to-nuclear translocation of AIF, a hall-
mark of PEDV-mediated apoptosis, persisted in the presence of each
SAPK inhibitor (Kim and Lee, 2014; Fig. 7C). Taken together, our data
indicated that the p38 MAPK and JNK signaling pathways are not
linked to PEDV-mediated apoptosis.

4. Discussion

Numerous viruses have developed an ability to take advan-
tage of host signaling pathways to maximize viral replication.
Among a variety of transduction signals, SAPK pathways involv-
ing p38 MAPK and JNK1/2 play multiple pivotal roles in a wide
range of cellular functions governing cell fate and in regulation
of viral multiplication. The interplay between SAPK cascades and
viral activities appears to be a general feature of an optimal viral
infection process and a global strategy that benefits viral replicative
machinery. Despite decades of research, little is deciphered about
the intracellular signaling pathways involved in PEDV infection

and pathogenesis. The present study showed for the first time that
the p38 MAPK and JNK1/2 pathways are required independently
for efficient PEDV replication in cultured cells. In this report, we
exhibited that PEDV induces strong activation of these two SAPKs
in vitro, revealing significance of the SAPK cascade in the course
of PEDV infection. Treatment with each SAPK inhibitor greatly
impaired PEDV propagation. Moreover, pharmacological inhibition
of p38 or JNK activation significantly attenuated viral replication
during post-entry steps according to the observed overall down-
regulation of viral protein expression, viral RNA synthesis, and
progeny release. Thus, it appears that the p38 MAPK and JNK1/2
signaling pathways are manipulated by PEDV to ensure competent
viral reproduction in target cells.

In contrast to infectious PEDV, the UV-inactivated virus failed
to stimulate phosphorylation of p38 MAPK and JNK1/2; therefore,
the activation kinetics was not mediated by virus entry steps such
as the virus-receptor interaction and uncoating. On the other hand,
it was reported that UV-irradiated PEDV can induce activation of
the ERK1/2 pathway, augmenting ERK1/2 phosphorylation to levels
comparable to those achieved by the un-irradiated infectious virus.
In that case, ERK activation was likely triggered by the virus entry
process (Kim and Lee, 2015). Furthermore, robust ERK1/2 activ-
ity was found to be gradually induced in PEDV-infected cells up
to 12 hpi, and thereafter, to progressively decline. These previous
findings suggest that activation of ERK1/2 occurs independently of
maximal PEDV replication and is stimulated in the initial round of
the viral replication cycle. On the other hand, productive growth of
PEDV commenced at 12 hpi, as determined by the presence of a con-
siderable amount of the viral protein. This phenomenon temporally
correlated with up-regulation of p38 MAPK and JNK1/2 phos-
phorylation status observed during that period and a subsequent
reduction in their activation to basal levels, or even below them
after 36 hpi. The one-step growth curve indicated that the eclipse
period lasted until 6 hpi and immediately after this, a productive
infection cycle actively proceeded, and progeny viruses became
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detectable. Although the exact mechanism of SAPK activation fol-
lowing PEDV infection was not determined in the present study,
it is tempting to speculate that p38 and JNK1/2 activation directly
depends on efficient PEDV production during the late events of viral
infection. In addition, because p38 and JNK are potently induced by
pro-inflammatory cytokines, another possibility is that activation
of the p38 MAPK and JNK1/2 signaling pathways is indirectly trig-
gered by induction of cytokines upon PEDV infection rather than
by active viral replication per se.

Results of the present study raise a question regarding the
definite role of activated SAPKs during PEDV infection. A conceiv-
able explanation of how p38 MAPK and/or JNK activation controls
PEDV infection is that the SAPK pathways regulate viral replication
directly or indirectly. Treatment of PEDV-infected cells with either
a p38 or JNKinhibitor significantly suppressed post-internalization
cascades of the viral replication cycle, including viral RNA syn-
thesis, protein expression, and progeny virus release. Empirical
evidence indicates that positive-sense RNA virus RdRps are phos-
phoproteins activated by host proteins, such as kinases, suggesting
that viral RNA replication is regulated by phosphorylation of the
polymerase protein (Jakubiec and Jupin, 2007; Moser and Schultz-
Cherry, 2008). Thus, p38 MAPK and JNK activity may be relevant
to phosphorylation and resulting stabilization of the PEDV RdRp
(nsp12), which may be indispensable for optimal viral RNA synthe-
sis. Apoptotic cell death is known to be modulated by the p38 MAPK
and JNK cellular stress pathways (Kyriakis and Avruch, 2001; Wada
and Penninger, 2004). Several viruses can trigger activation of p38
MAPK and/or JNK, which mediates apoptosis via either intrinsic
or extrinsic pathways, and thereby contributes to viral replication
(Padhan et al., 2008; Sumbayev and Yasinska, 2006; Wang et al.,
2004; Wei et al., 2009). We previously demonstrated that PEDV
promotes apoptotic cell death in vitro and in vivo to support viral
infection and pathogenesis (Kim and Lee, 2014). In contrast, the
present study showed no crosstalk between SAPK activation and
apoptosis during PEDV infection. This result was expected because
neither cytochrome c release nor caspase activation were found to
participate in the PEDV-induced apoptosis pathway (Kim and Lee,
2014). Alternatively, SAPK activation may be indirectly involved in
PEDV infection by stimulating other cascades to modify expression
of immune system-related genes and other proteins (e.g., cellu-
lar transcription factors) necessary for maximal viral propagation.
Indeed, viral infection can activate the p38 MAPK and/or JNK path-
ways and thereby regulate production of various cytokines (Huang
et al, 2011; Lee and Lee, 2012; Regan et al., 2009; Yu et al., 2009).
Moreover, we were unable to block viral replication completely
during pharmacological inhibition under our experimental condi-
tions. Therefore, if p38 MAPK and/or JNK activity exert an indirect
influence, SAPK signaling may be one of the pivotal viral mecha-
nisms for control of expression of immune-response genes in order
to favor successful survival and spread of the virus in the natural
host.

In conclusion, our findings revealed that PEDV activates both
p38 MAPK and JNK1/2 in the late period of viral infection in cultured

negative); the lower right quadrants represent early apoptotic cells (Annexin V pos-
itive/PI negative); the upper right quadrants indicate late apoptotic and/or necrotic
cells (Annexin V positive/PI positive); and the upper left quadrants indicate necrotic
cells (Annexin V negative/PI positive). (B) The percentage of apoptotic cells (Annexin
V positive/PI negative and Annexin V positive/PI positive) was plotted. The graph
represents mean values from three independent experiments, and the error bars
denote standard deviations. (C) The treated and infected cells were also labeled
with MitoTracker Red CMXRos (Red), fixed, and incubated with an anti-AIF anti-
body (green). AIF nuclear translocation is represented by the merged AIF and DAPI
signals (turquoise), and residual mitochondrial colocalization is indicated by the
merged AIF and mitochondrial marker (yellow). The inset images are enlarged ver-
sions of parts of a picture. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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cells. We found that activation of these two kinases is indispensable
for efficient PEDV replication in vitro. However, specific viral pro-
cesses or components responsible for the p38 and JNK activation
have yet to be determined. Although our data showed an impair-
ment of viral RNA biosynthesis and of viral protein production
after inhibition of SAPK activation, the precise mechanism by which
virus-activated p38 MAPK and JNK modulate the PEDV replication
cycle during infection is still unclear and therefore, will become the
subject of our future studies. Thus, a better understanding of the
specific function of p38 MAPK and JNK1/2 activation in the repli-
cation of PEDV will provide valuable insights into the molecular
biology and pathogenesis of PEDV.
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