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Porcine epidemic diarrhea virus M protein blocks cell cycle progression at
S-phase and its subcellular localization in the porcine intestinal epithelial cells
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Summary. - Porcine epidemic diarrhea (PED) caused by virulent strains of porcine epidemic diarrhea
virus (PEDV) is a highly contagious enteric disease of swine characterized by severe enteritis, vomiting, and
watery diarrhea. This study investigates the subcellular localization and function of PEDV M protein through
examination of its effects on cell growth, cell cycle progression, and interleukin 8 (IL-8) expression. Our re-
sults revealed that the PEDV M protein is localized throughout the cytoplasm. The M protein altered swine
intestinal epithelial cell line (IEC) growth and induced cell cycle arrest at the S-phase via the cyclin A pathway.
The S-phase arrest is associated with a decrease in level of cyclin A. Furthermore, our results revealed that the
M protein of PEDV does not induce endoplasmic reticulum (ER) stress and does not activate NF-kB which is
responsible for IL-8 and Bcl-2 expression. This is the first report to demonstrate that the PEDV M protein is
localized in the whole cell and induces cell cycle arrest at the S-phase. This study provides novel findings in the

function of M proteins of PEDV.
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Introduction

Porcine epidemic diarrhea virus (PEDV) causes severe
enteritis, vomiting, and watery diarrhea and results in high
mortality in piglets (Ducatelle et al., 1981). PEDV is an
enveloped virus possessing an approximately 28 kb, positive-
sense, single-stranded RNA genome with a 5' cap and a 3'
polyadenylated tail (Song and Park, 2012; Wang et al., 2012).
The genome consists of seven open reading frames (ORFs)
that encode four structural proteins and three non-structural
proteins. The genome is arranged in the order: 5'-replicase
(1a/1b)-S-ORF3-E-M-N-3' (Bridgen et al., 1998; Egberink
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et al., 1988; Kocherhans et al., 2001). Genes for the major
structural proteins, spikes (S, 180-220 K), membrane (M,
27-32 K), nucleocapsid (N, 58 K) and small membrane
protein (E, 7 K) are located downstream of the polymerase
gene (Locker et al., 1992; Yeo et al., 2003).

PEDV M protein not only plays an important role in
the viral assembly process but also induces antibodies that
neutralize the virus in the presence of its complement (Song
and Park, 2012). The M protein plays an important role in
a-IFN induction (Laude et al., 1992). One of the most es-
sential phases during cell cycle is the S phase because this
phase provides a cellular environment that is beneficial for
viral replication. Recently, it was also reported that G2-M
phase arrest of the cell cycle is beneficial for viral replication
(Chulu et al., 2010; Liu et al., 2005). To date, no data show
the subcellular localization of PEDV M protein and its ef-
fects on cell growth and cell cycle progression. The intestinal
epithelial cells are the PEDV target cells, while the epithelial
cells in the gut serve as a physical barrier which restricts the
movement of components and the movement of potentially
harmful microorganisms between the lumen and the under-
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lying mucosa (Schierack et al., 2005). Under conditions of
ER stress, the unfolded protein response (UPR) can initiate
inflammation in mammalian cells and these responses are
thought to be essential in the pathogenesis of inflammatory
diseases (Todd et al., 2008; Zhang and Kaufman, 2008).

The aim of this study was to demonstrate the subcellular
localization of PEDV M protein and clarify its effects in cell
growth and cell cycle progression. The results revealed that
the expression of PEDV M protein causes the cell growth re-
tardation in intestinal epithelial cell line (IEC) and blocks cell
cycle progression at S-phase. The cell cycle effect is associated
with downregulation of cyclin A. Furthermore, our results
revealed that PEDV M protein is localized in the whole cell.
Under conditions of ER stress, the UPR can initiate inflam-
mation in mammalian cells and these responses are essential
in the pathogenesis of inflammatory diseases (Todd et al.,
2008; Zhang and Kaufman, 2008). IL-8 is a pro-inflammatory
neutrophil chemotactic factor that plays an important role in
the promotion of cell survival signaling (Luppi et al., 2007;
Waugh and Wilson, 2008). However, no effect on the IL-8
expression and NF-kB activation in IEC by PEDV M protein
was observed. Furthermore, the cells expressing PEDV M
protein also show no change in the Bcl-2 expression. These
results have potentially important implications in under-
standing the molecular mechanisms of pathogenesis for this
economically important porcine disease. To our knowledge,
this is the first report regarding the biological functions of
the M protein of PEDV in IEC.

Materials and Methods

Vectors and cells. The pPEGFP-N1 eukaryotic expression vector
was obtained from ClonTech Co. (Japan) and E. coli DH5a used
for cloning were purchased from Tiangen Biotech Co. (China). In
the present study, the Shaanxi strain of PEDV was isolated from
intestinal tract contents of PEDV infected piglets in Shaanxi prov-
ince of China as described previously (Honglei et al., 2012). The
established swine IEC lines were kindly provided by Prof. Yan-Ming
Zhang, College of veterinary medicine, Northwest A & F University
and cultured as described previously (Jing et al., 2010). Briefly, IEC
were grown in Dulbecco's modified eagle medium (DMEM) (Gibco
BRL) supplemented with 10% heat-inactivated calf serum (Gibco
BRL), 100 IU/ml of penicillin and 100 pg/ml of streptomycin, at
37°Cina 5% CO, atmosphere incubator.

Reagents and antibodies. The MG132 proteasome inhibitor was
purchased from Calbiochem and the nuclear staining dye Hoechst
33342 and ER-Tracker™ Red probe were obtained from Invitro-
gen. Mouse monoclonal antibodies against cyclin A, GRP78 and
B-actin were from Santa Cruz Biotechnology. Porcine anti-PEDV
polyclonal antibody was kindly provided by Dr. Faxing Wu, China
animal health and epidemiology center, China. A mouse anti-GFP
monoclonal antibody was purchased from Millipore. Horseradish

peroxidase (HRP)-conjugated secondary antibody was ordered
from Pierce. Cy3-conjugated rabbit anti-pig MAb was purchased
from SiRuiKe Biotechnology Co. (China).

Construction of recombinant plasmid and establishment of stable
cell lines expressing GEP-M and GFP protein. The primers were
designed according to the nucleotide sequences of PEDV CV777
strain (GenBank Acc. No. AF353511.1). The sequences of prim-
ers used to amplify the M gene of PEDV are as follows: forward
primer (PEDV-Xhol), 5'-CC GCTCGAGATGTCTAACGGTT
CTATT-3' (25682-25699 nt) and reverse primer (PEDV-EcoRI),
5'-CCGGAATTCCGACTAAATGAAGCAC-3' (26345-26359
nt). The restriction sites are underlined. The PCR products were
cloned into the corresponding sites in the pPEGFP-N1 expression
vector. The recombinant plasmid was verified by enzyme diges-
tion and DNA sequencing. The resultant recombinant plasmid
was named as pEGFP-M. IEC cells were seeded in to 6-well
dishes 24 hr before transfection (up to 70-80% confluence). Cells
were transfected with pEGFP-M and pEGFP-N1 control vector
using Lipofectamine 2000 (Invitrogen) and maintained (up to
80-90% confluence) in selection media containing 1200 pg/ml
of G418 for two weeks. When all control cells showed evidence
of death in the presence of the selection agent, cells transfected
with pEGFP-M and pEGFP-N1 were cultured for two additional
weeks in medium which contained 600 pg/ml of G418. The cell
lines stably expressing either GFP or GFP-M fusion protein were
used for subsequent studies.

Confocal microscopy. To investigate the expression and subcel-
lular localization of the M protein of PEDYV, cell lines stably express-
ing GFP-M protein and control cells (GFP and untransfected IEC
cells) were grown on glass bottom dishes (35 mm) and washed with
Hank’s balanced salt solution (HBSS). These were subsequently
incubated with Hoechst 33342 at 37°C for 10 min, and then washed
twice with HBSS. Cells were then incubated with ER-Tracker Red
probe (Invitrogen) at 37°C for 25 min and washed with HBSS
twice. Images were viewed by laser confocal scanning microscopy
(Zeiss). The other sets of cells were used to examine the expression
and subcellular localization of PEDV M protein. The cells were
fixed by methanol/acetone (1:1) for 5 min at -20°C, rinsed with
HBSS, and blocked with 2% bovine serum albumin for 30 min at
37°C. The cells were then incubated with an anti-PEDV antibody
(1:100 dilutions) for 1 hr at 37°C, followed by three washes with
HBSS. The cells were then incubated with the secondary antibody
(Cy3-conjugated rabbit anti-pig MADb, 1:500 dilution, SiRuiKe
Biotechnology Co) for 1 hr at 37°C, followed by three washes with
HBSS. The control cells (GFP and untransfected IEC cells) were
treated the same way. Protein localization was visualized using
a confocal microscope (Zeiss).

Western blot analysis. Cells were collected and washed with
ice-cold PBS and then treated with ice-cold RIPA lysis buffer
with 1 mmol/l phenylmethyl sulfonylfluoride (PMSF). Cell
lysates were centrifuged at 12,000 xg at 4°C for 10 min. Protein
concentrations were measured using BCA protein assay rea-
gent (Pierce). Equivalent amounts of proteins were loaded and
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electrophoresed on 12% SDS-PAGE electrophoresis. Proteins
were then transferred to the polyvinylidene difluoride (PVDF)
membrane (Millipore). The membrane was blocked with 5%
nonfat dry milk at room temperature for 1hr, and then incubated
with respective primary antibodies overnight at 4°C, followed by
HRP-conjugated secondary antibodies at room temperature for
1 hr. The signal was detected by enhanced chemiluminescence
(ECL) reagents (Pierce).

Cell proliferation assay. The MTT assay was carried out to deter-
mine the growth properties of PEDV M-expressing cells and control
cells as described previously (Xu et al., 2013b). Briefly, cells were
seeded in 96-well culture plates at a concentration of 2x10° cells in
200 pl culture medium in each well. After incubation at 37°C with
5% CO, for 24 hr, 48 hr, 72 hr and 96 hr, the culture medium was
carefully replaced with 200 ul of a fresh medium without disturb-
ing the cells. Twenty microlitres of 3-(4, 5-dimethylthiazol-2-yl) 2,
5-diphenyl-tetrazolium bromide (MTT, 5 mg/ml) (Sigma) reagent
was added to each well and incubated in a CO, incubator at 37°C
for 4 hr. After 4 hr incubation, the reactions were stopped by addi-
tion of 100 ul of DMSO into each well. The plates were read at an
absorbance wavelength of 490 nm using a microplate (Bio-Rad) at
appropriate time intervals.

Cell cycle analysis by flow cytometry. The cell cycle was exam-
ined by using propidium iodide staining as described previously
(Tang et al., 2010; Xu et al., 2013a,b). Briefly, approximately 2x10°
of cells stably expressing M protein and control cells were treated
with trypsin, washed with PBS twice, resuspended in 75% ethanol
and fixed at 4°C for 3 days. Cells were washed with PBS and re-
suspended in PBS containing 20 pug/ml of RNase A and 50 pug/ml
of propidium iodid and incubated at 4°C for 30 min in the dark.
Finally, the nuclear DNA content was measured by a Coulter Epics
XL flow cytometer (Beckman).

Reverse transcription and real-time quantitative polymerase chain
reaction (qPCR). Total RNA was extracted from cells using Trizol
reagent (Invitrogen) according to the manufacturer’s instructions.
The reverse transcription was carried out with M-MLV reverse
transcriptase, oligo (dT) 18 primers and 2 pg of total RNA. The
expression of genes was quantified by real-time qPCR as described
in previous protocols (Ke et al., 2006; Xu et al., 2013a). The prim-
ers for qPCR in this study are shown in Table 1. Real-time qPCR
was carried out in a total of 25 ul containing SYBR Premix Ex
TaqTM II (Takara), sense and anti-sense primers (0.4 umol/l) and

target cDNA (4 ng). The cycling conditions were 95°C for 5 min,
followed by 40 cycles of 95°C for 5 sec, 60°C for 30 sec. A negative
control was used in each run and the specificity of amplification
reaction was examined by melting curve (Tm value) analysis.
The individual samples were normalized for genome equivalents
using the respective CT value for the porcine housekeeping gene
(B-actin). The relative quantification of gene expression was ana-
lyzed by the two-ddCt method as described previously (Livak and
Schmittgen, 2001).

Detection of NF-«kB activity. To determine the NF-kB activity
caused by GFP and GFP-M protein in the established cell lines,
the level of NF-kB activity was examined by NF-«kB p65 TransAM
kit (Active Motif) according to the manufacturer’s instructions.
Briefly, cell nuclear extracts were prepared by the Nuclear extract
kit (KeyGEN, China) and protein concentrations were determined
using the BCA protein assay reagent. A total of 50 ug of protein
lysates were incubated in ELISA wells pre-coated with the oligo-
nucleotide motif recognized by active p65. The NF-kB p65 was
then detected with a specific antibody against p65, followed by
a horseradish peroxidase (HRP)-conjugated secondary antibody.
The colorimetric reaction was measured at 450 nm.

ELISA. The cells stably expressing PEDV M protein and control
cells were grown in 24-well plates at a density of 1x10° cells/ml in
DMEM with 10% calf serum and cultured for 48 hr. In this study,
MG132 that was found to block IL-8 expression was added after
24 hr (Matsuo et al., 2009). The culture medium was then col-
lected and centrifuged at 1000 x g for 5 min to remove debris. The
supernatants were stored at -80°C until use. The concentration of
IL-8 was measured using a swine IL-8 ELISA kit according to the
manufacturer’s instructions (Invitrogen).

Statistical analysis. All data were shown as the means + SD from
three independent experiments in triplicate. Results were analyzed
by Student's t-test. P value less than 0.05 were considered to be
statistically significant.

Results
PEDV M protein expression in IEC

The M gene of PEDV was subcloned into the vector
PEGFP-NI and then transformed into Escherichia coli

Table 1. The primers for real-time qPCR

Gene Forward primer (5'-3") Reverse primer (5'-3") Pr((l))il)ld Acc. No.

Cyclin A AAGTTTGATAGATGCTGACCCGTAC GCTGTGGTGCTCTGAGGTAGGT 194 GQ265874
GRP78 AATGGCCGTGTGGAGATCA GAGCTGGTTCTTGGCTGCAT 114 X92446

1L-8 CTGGCTGTTGCCTTCTTG TCGTGGAATGCGTATTTATG 113 M86923

Bcl-2 TTGTGGCCTTCTTTGAGTTCG CTACCCAGCCTCCGTTATCC 150 XM_003121700.1
B-actin GGACTTCGAGCAGGAGATGG AGGAAGGAGGGCTGGAAGAG 138 XM_003124280.1
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Analysis of recombinant plasmid pEGFP-N1-M and GFP-M fusion protein expression
(a) Double restriction enzyme digestion profiles of recombinant plasmid pEGFP-N1-M. Lane M: DNA marker; lane 1: PCR products of PEDV M gene;
lane 2: pEGFP-N1-M digested with restriction enzymes Xhol and EcoRI; lane 3: pEGFP-N1 digested with restriction enzymes Xhol and EcoRI. (b) Western
blot analyses of GFP-M fusion protein and GFP in IEC cells and control IEC cells.

DH5a. Transformants were grown on LB plates with ap-
propriate selective antibiotics. As shown in Fig. la, the
recombinant plasmid pEGFP-N1-M was digested with
both Xhol and EcoRI restriction enzymes. The size of the
digested DNA bands is consistent with the PCR products
of PEDV M gene. According to Western blot analysis,
amolecular mass of approximate 55 K protein was present
in the protein extracts from cells transfected with the
pEGFP-N1-M plasmid (Fig. 1b). Since the molecular
mass of GFP is known to be approximately 27 K, this is
in agreement with the predicted size of M protein which
is approximately 28 K. No signal was detected from the
negative IEC control cells.

Subcellular localization of the PEDV M protein

The subcellular localization of the M protein of PEDV
was examined by confocal fluorescence microscopy. Our
results revealed that GFP alone and GFP-M protein are lo-
calized in the whole cell (Fig. 2a). To further investigate the
subcellular localization of PEDV M protein, cells subjected
to immunofluorescence labeling were observed by confocal
fluorescence microscopy. As shown in Fig. 2b, there were
no proteins detectable by the anti-PEDV antibody in the
control cells (GFP and untransfected IEC cells). However,
the GFP-M protein labeled by anti-PEDV antibody was
detected in the whole cell. These results suggest that PEDV
M protein is localized in the whole cell.

Effect of PEDV M protein on cell proliferation

Compared to pEGFP-NI1 transfected and untransfected
control cells, cells expressing M protein had much slower

cell cycle, leading to a significant decrease in cell number
after a certain period of time. Cell proliferation analysis of
the M-expressing cells was measured by MTT assay, show-
ing approximately 30% decrease over a time course of 96
hr (Fig. 3).

PEDV M protein expression induces cell cycle arrest in
the S-phase

To investigate whether the growth effect of M protein
expressing cells was due to the arrest of the cell cycle at
a certain phase of the cell cycle progression, flow cytometric
analysis was performed based on the DNA content in nuclei
stained with propidium iodid. The proportions of G0/G1
phase, S-phase and G2/M phases for the control cells were
71.4%, 21.7% and 6.8%, respectively. For IEC expressing GFP,
the proportions of the phases of cell cycle were for GO/G1:
76.5%, S-phase: 16.5%, and G2/M: 6.8%, respectively whereas
for GFP-M-expressing IEC, the proportions were for GO/G1:
63%, S-phase: 29.9% and G2/M: 7.1%, respectively (Fig. 4a).
The histograms were quantitatively analyzed to determine
the percentage of cells in each of the G0/G1, S, and G2/M
phases (Fig. 4b), where GO/G1 phase cells had 2N DNA
content and G2/M phase cells showed 4N DNA content.
These data strongly suggest that M protein induces cell
cycle arrest in the S-phase and prevents GFP-M expressing
cells from entering the G2/M phase. The results show that,
relative to control cells, expression of PEDV M protein leads
to a significant increase of number of cells in the S-phase
of cell cycle accompanied by a decrease in cell number in
the GO/G1 phase of cell cycle. In conclusion, these results
revealed that the M protein of PEDV induces cell cycle arrest
in the S-phase of cell cycle.
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Subcellular localization of GFP-M fusion protein in IEC observed by confocal microscopy
Immunofluorescence of IEC control cells and GFP and GFP-M transfected cells. (a) Cells were stained with Hoechst 33342 and ER-Tracker™ Red.
(b) Cells were detected by an anti-PEDV antibody. Bar = 20 pm.
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Cell cycle arrest induction is caused by the cyclin
A downregulation

Cyclin A is the key regulator that mediates cell cycle
progression from the S phase to the G2/M phase. Having
shown that PEDV M protein induces cell cycle arrest at S-
phase of cell cycle, we next wanted to elucidate the underly-
ing mechanism of M-induced S phase cell cycle arrest. The
cyclin A protein level in transfected cells and control cells
was examined by Western blot analyses. As shown in Fig. 5a,
the expression level of cyclin A was significantly decreased
in cells stably expressing the M protein compared to control
cells. This indicates that PEDV M protein, rather than GFP,
blocks cell cycle progression at the S phase of cell cycle. To
support this finding, qRT-PCR was employed to detect the
cyclin A mRNA level. The results showed that the mRNA
level of cyclin A in the GFP-M expressing cells was signifi-
cantly lower than in control cells (Fig. 5b), suggesting that
induction of cell cycle arrest in the S phase by the M protein
is associated with a decrease in cyclin A transcription.

PEDV M protein does not induce ER stress nor NF-kB
activation

Western blot analyses was used to examine the expres-
sion level of glucose regulated protein (GRP78), a well
characterized ER chaperone protein that is a marker of ER
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Fig. 3

Cell proliferation assays of the M protein expressing cells
The MTT assay was used to measure proliferation of 3 x 10° cells expressing
GFP and GFP-M and control IEC cells over time. Each data set represents
the mean + SD of six replicates.

stress (Hong, 2005; Li et al., 2008; Quinones et al., 2008).
In the present study, the expression level of GRP78 was not
altered in the cells that express M protein nor in control
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Analysis of cell cycle stages of cells expressing PEDV M by flow cytometry
(a) Flow cytometry analysis of cells by propidium iodide staining. (b) The percentage of cells in each phase of the cell cycle from flow cytometry data. The
results are mean + SD from three independent experiments. *P <0.05 S-phase of GFP-M IEC in comparison with untransfected control IEC cells.
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The expression level of cyclin A in PEDV M expressing IEC
(a) Western blot analysis of cyclin A expression level in GFP and GFP-M expressing cells and control IEC cells. p-actin was used as an internal control. (b)
Relative mRNA expression of cyclin A detected by real-time qPCR in GFP and GFP-M expressing cells and control IEC cells. PCR results were normalized
to the corresponding CT values for porcine f-actin mRNA. The results are mean + SD from three independent experiments.
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The expression level of GRP78 in PEDV M expressing IEC
(a) Western blot analysis of GRP78 expression level in GFP and GFP-M expressing cells and control IEC cells. B-actin was used as an internal control.
(b) Relative mRNA expression of GRP78 detected by real-time qPCR in GFP and GFP-M expressing cells and control IEC cells. PCR results were

normalized to the corresponding CT values for

porcine B-actin mRNA. The results are mean + SD from three independent experiments.
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cells (Fig. 6a). Moreover, in a real-time qPCR, the level of
GRP78 transcription had no change in GFP-M-expressing
cells compared to controls (Fig. 6b). The results suggest that
PEDV M protein could not cause the induction of ER stress.
Analysis of the activity of NF-«xB in GFP-M-expressing cells
demonstrates that NF-kB was not activated compared to
control cells (Fig. 7). Taken together, our results revealed
that PEDV M protein did not cause ER stress.

PEDV M protein has no effect on IL-8 expression

IL-8 expression is regulated by activation of NF-kB and
the activation of NF-«B is associated with ER stress during
the viral infection (Hoffmann et al., 2002; Waris et al., 2002).
The secretion of IL-8 in the supernatant of the untransfected
cells and transfected cells was examined by using ELISA. As
shown in Fig. 8a, the cells expressing GFP-M had no effect
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Effect on NF-xB activity in PEDV M expressing IECs
NF-kB p65 activation was determined by the TransAM assay. The data repre-
sent the mean and standard deviation from three different experiments.
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The expression level of IL-8 in PEDV M expressing IEC
To determine the level of IL-8, GFP and GFP-M expressing IEC and control IEC cells treated or untreated with MG132 were subjected to (a) ELISA and
(b) real-time qPCR. The IL-8 mRNA levels detected by real time RT-PCR were analyzed and normalized to the corresponding CT value of porcine B-actin
mRNA. The data represent the mean and standard deviation from three different experiments.
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The Bcl-2 expression level in PEDV M expressing IEC
Detection of Bcl-2 mRNA level in GFP and GFP-M expressing IEC and
control IEC cells. The Bcl-2 mRNA levels were normalized to the corre-
sponding CT value for porcine B-actin mRNA. The data represent the mean
and standard deviation from three different experiments.

on IL-8 expression compared to control cells expressing GFP
and untransfected cells. After the treatment with MG132,
expression of IL-8 in GFP-M cells significantly decreased
similarly to control cells. In comparison with control cells,
an investigation of the transcriptional levels of IL-8 by
real-time qPCR revealed that the mRNA level of IL-8 does
not change in cells that express M protein (Fig. 8b). These
results suggest that PEDV M protein has no effect on IL-8
expression in IEC.

PEDV M protein does not affect Bcl-2 expression

It is well-known that the anti-apoptotic molecule Bcl-2
is tightly regulated by the transcription factor NF-«xB (Fahy
et al., 2005). By employing real-time qPCR we showed that
Bcl-2 expression is not affected in the GFP-M expressing
cells compared with that in control cells (Fig. 9).

Discussion

In recent years, many studies focused on the gene se-
quence analysis of PEDV. The genetic and phylogenetic
analyses based on the S and M genes have been used to
determine the relatedness of PEDV isolates (Chen et al.,
2011; Junwei et al., 2006; Park et al., 2012; Yeo et al., 2003).
However, the subcellular localization and function of PEDV
M protein remains unclear. Also, the function of this protein
is yet to be determined, particularly with regard to its effect
on host cell physiological changes. In this study we have
constructed eukaryotic expression vector and generated
cell lines stably expressing the PEDV M in fusion with the
GFP protein. Co-localization studies showed that GFP-M is

localized in the whole cell. In the present study, the effect of
PEDV M protein on IEC proliferation was also determined.
This work provides evidence for the first time that the M
protein is capable of influencing cell proliferation and in-
ducing cell cycle arrest at S-phase. Cell cycle progression is
regulated by the cyclin/Cdk complex activation. Cyclin A is
very important to cells when switching from S phase to G2/M
phase. Previous reports showed that cyclin A/Cdk2 has role
in S phase progression and regulates the timing of cyclin
B/Cdk1 activation and entry into mitosis (Oakes et al., 2014).
Data obtained from our Western blot analysis suggest that
cyclin A protein level in cells expressing PEDV M protein is
significantly lower than that in control cells. Furthermore,
this study also revealed that the M protein significantly
inhibits the transcription of cyclin A. This suggests that the
M protein of PEDV plays an important role, not only in
regulation of the expression level of cyclin A protein but also
in regulation of the transcription of cyclin A.

The ER has essential roles in multiple cellular processes
that are required for normal cellular functions and cell
survival (Anelli and Sitia, 2008). Although our results re-
vealed that the M protein is localized in the whole cell, we
did not prove that the PEDV M protein induces ER stress,
as showed by real-time qPCR and Western blot analysis of
GRP78, a typical marker of ER stress. Interestingly, recent
reports from our team demonstrated that both N and E
proteins of PEDV can induce ER stress via upregulation of
IL-8 and activation of NF-kB (Xu et al., 2013a,b). Because
viruses use the ER as an integral part of their replication
strategy, they must contend with the ER stress response
and the downstream consequences of ER stress signaling,
including the initiation of an inflammatory response via the
activation of NF-kB (Todd et al., 2008; Waris et al., 2002;
Zhang and Kaufman, 2008). IL-8 plays an important role
in the promotion of cell survival signaling and antagonizes
the anti-viral activities of interferon. In this study, regula-
tion of expression of IL-8 and activation of NF-kB were
not seen in IEC.

NF-«B, a transcription factor, controls the expression of
avariety of genes involved in innate and adaptive immunity
and in cell survival (Geng et al., 2009; Li and Verma, 2002;
Wietek and O'Neill, 2007). As we know, Bcl-2 has been
shown to be an anti-apoptotic molecule which is associated
with cell survival (Batsi et al., 2009; Ricca et al., 2000; Seo et
al., 2009). A previous study suggested that the expression of
Bcl-2 is regulated by the NF-«B (Fahy et al., 2005). However,
in this study, the there was no significant change in expres-
sion level of Bcl-2 in PEDV M protein expressing cells, sug-
gesting that this protein may not play role in protecting the
host cells from functional damage or apoptosis.

In the present study, our results revealed that the PEDV
M protein is localized in the whole cell. It affects the IEC
growth and induces cell cycle arrest at S-phase. The cell cycle
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arrest in the S-phase is associated with a decrease in cyclin
A transcription level. The M protein does not cause ER stress
nor alters IL-8 and Bcl-2 expression levels in IEC. Thus, the
data suggest that PEDV M protein may not play an impor-
tant role in the inflammatory response. This study provides
evidence for function of PEDV M protein which is likely to
be useful in understanding of PEDV pathogenesis.
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