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a  b  s  t  r  a  c  t

p53  signaling  pathway  plays  an important  role  in  the regulation  of  cell  cycle.  Our  previous  studies  have
demonstrated  that  TGEV  infection  induces  the  activation  of  p53  signaling  pathway.  In this  study  we
investigated  the  effects  of  TGEV  infection  on the  cell  cycle  of  host  cells  and  the  roles  of  p53  activation
in  this  process.  The  results  showed  that TGEV  infection  induced  cell  cycle  arrest  at  S and  G2/M  phases
in  both  asynchronous  and  synchronized  PK-15  and  ST  cells,  while  UV-inactivated  TGEV  lost  the abil-
ity  of  induction  of cell cycle  arrest.  TGEV  infection  promoted  p21  accumulation,  down-regulated  cell
cycle-regulatory  proteins  cyclins  B1,  cdc2,  cdk2  and PCNA.  Further  studies  showed  that  inhibition  of  p53
signaling  could  attenuate  the  TGEV-induced  S-  and G2/M-phase  arrest  by  reversing  the  expression  of  p21
ell cycle arrest
53 pathway
irus replication

and  corresponding  cyclin/cdk.  In  addition,  TGEV  infection  of the  cells  synchronized  in  various  stages  of
cell cycle  showed  that  viral  genomic  RNA  and  subgenomic  RNA,  and  virus  titer  were  higher  in  the  cells
released  from  S-phase-  or G2/M  phase-synchronized  cells  than  that  in  the  cells  released  from  the  G0/G1
phase-synchronized  or  asynchronous  cells  after  18  h  p.i.  Taken  together,  our  data  suggested  that  TGEV
infection  induced  S and G2/M  phase  arrest  in  host  cells,  which  might  provide  a  favorable  condition  for

viral  replication.

. Introduction

Viral infection could activate a variety of signal transduction
athways to induce subversion of the host cell cycle, which plays

mportant roles in the viral life cycle by facilitating the replication
f progeny virus after viral infection (Davy and Doorbar, 2007).

 variety of RNA viruses have been shown to induce G0/G1, S or
2/M arrest in infected cells. For example, Human immunodefi-
iency virus (HIV)-infected T lymphocytes isolated from patients
re arrested in G2/M (Zimmerman et al., 2006); Influenza A virus
/WSN/33 (H1N1) infection results in G0/G1-phase accumula-

ion of infected cells, which increase viral protein expression and
rogeny virus production (He et al., 2010); Hepatitis C virus (HCV)
S2 protein induces cell cycle arrest in the S-phase in mammalian
ells to facilitate HCV viral replication (Yang et al., 2006). In term
f coronaviruses, murine coronavirus mouse hepatitis virus (MHV)

as been shown to induce G0/G1 arrest (Chen and Makino, 2004);
ARS-CoV nucleocapsid (N) protein can disrupt cytokinesis and
lock S-phase progression in mammalian cells (Surjit et al., 2006);
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Bronchitis virus (IBV) infection can induce G2/M phase arrest to
facilitate viral replication (Dove et al., 2006). Transmissible gas-
troenteritis virus (TGEV) infection has been shown to alter some
cell signaling pathways implicated in cell cycle regulation in our
previous study (Huang et al., 2013). However, the effects of TGEV
infection on the cell cycle of host cells and the significance of cell
cycle regulation in TGEV replication need to be further investigated.

The cell-cycle progression is tightly regulated through a com-
plex network of cell-cycle regulatory molecules. CyclinD-cdk2
complex and cyclinE-cdk4 complex regulate cell cycle progres-
sion in the G0/G1 phase. CyclinA-cdk2 complex regulates cell cycle
progression in the S phase. CyclinB-cdc2 complex is a crucial reg-
ulator for progression through late G2 and early M (Malumbres
and Barbacid, 2009). These cell-cycle regulatory molecules have
been shown to be regulated by some upstream pathways like p53
signaling. p53 signaling can control the expression of p21, which
directly bind to some cdk-cyclin complexes to inhibit their kinases
activity (He et al., 2005). Our previous studies have demonstrated
that TGEV infection induced the activation of p53 signaling path-
way to regulate cell growth and apoptosis (Huang et al., 2013). In

this study, we  further investigated the effects of TGEV infection
on the cell cycle of host cells, the roles of p53 signaling activation
in regulation of cell cycle progression in TGEV-infected cells, and
the significance of cell cycle regulation in TGEV replication. Results
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Fig. 1. TGEV infection induced the subversion of cell cycle in asynchronously growing cells. PK-15 (A) and ST (B) cells were mock infected or infected with TGEV at an MOI  of
0.5.  At the indicated times, cells were collected and stained with propidium iodide for cell cycle analysis using flow cytometry. The data are from one of three experiments.
The  histograms were analyzed to determine the percentage of cells in each phase of the cell cycle. The results are shown as mean ± SEM of three independent experiments.
*P  < 0.05, **P  < 0.01 versus mock infection.
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Fig. 2. TGEV-induced cell cycle arrest is dependent on TGEV replication. PK-15 cells (A) and ST cells (B) were mock infected or infected with 0.5 MOI  of TGEV. At the indicated
times,  cells were collected and examined by qRT-PCR for gRNA (left panel) and sgRNAs (right panel) of TGEV. Values are shown as the mean ± SEM. **P  < 0.01 versus TGEV
infected  cells for 0 h (left panel). ##P < 0.01 versus TGEV infected cells for 6 h (right panel). (C) Cells were treated as in (A), total virus at indicated times was  harvested by
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reezing and thawing cells three times and the viral titers were shown as log10TCID
t  18 h p.i. by flow cytometry. Histograms were analyzed to determine the percent
ndependent experiments. (a) P > 0.05 versus mock infection; (b) P < 0.05 versus TGE

howed that that TGEV infection could perturb the progression of
ell cycle and facilitate virus gene replication.

. Materials and methods

.1. Viruses and cells

PK-15 cells (ATCC, CCL-33) and ST cells (ATCC, CRL-1746) were
rown in Dulbecco Minimal Essential Medium (D-MEM) (Gibco

RL, MD,  US) supplemented with 10% heat-inactivated fetal bovine
erum (Gibco), 100 IU of penicillin and 100 �g of streptomycin per
l,  at 37 ◦C in a 5% CO2 atmosphere incubator. The TGEV Shaanxi

train was isolated from intestinal tract contents of TGEV-infected
. **P < 0.01 versus TGEV infected cells for 0 h. (D) Cell cycle profiles were measured
 cells in each phase of the cell cycle. The results are shown as mean ± SEM of three
ction.

piglets in Shaanxi Province of China and propagated in PK-15 cells
and ST cells (Ding et al., 2011). Virus titers determined by 50% tis-
sue culture infective doses (TCID50) as described previously (Reed
and Muench, 1938).

2.2. Cell cycle analysis by flow cytometry

Cell cycle analysis was  measured by propidium iodide stain-
ing. Briefly, cells were fixed in 70% ethanol for 30 min  at 4 ◦C. After

several washes with phosphate-buffered saline (PBS), the cell pel-
lets were resuspended in 0.5 ml PBS containing 0.1% Triton X-100
(Sigma–Aldrich, US), 20 �g /ml  RNase A (Sigma) and 10 �g/ml pro-
pidium iodide (Sigma) for 30 min, prior to FACS analysis (Beckman
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Fig. 3. TGEV infection induced quiescent PK-15 and ST cells to accumulate in S and G2/M phase. Serum-starved PK-15 cells (A) and ST cells (B) were mock infected or infected
with  0.5 MOI  of TGEV. After 1 h of virus adsorption, medium containing 10% FBS was added to the cells, and cell cycle profiles at the indicated times were determined by
FACS  analysis. The data are from one of three experiments. The histograms were analyzed to determine the percentage of cells in each phase of the cell cycle. The results are
shown  as mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01 versus mock infection.
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Fig. 4. Effects of high MOIs of TGEV on cell cycle progression. (A) Serum-starved PK-15 cells were mock infected or infected with 0.5, 1 and 5 MOI  of TGEV. Cell cycle profiles at
the  indicated times were determined by FACS analysis. The data are from one of three experiments (upper panel). The histograms were analyzed to determine the percentage
of  cells in each phase of the cell cycle. The results are shown as mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01 versus mock infection. (B) Serum-starved
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K-15  cells were mock infected or infected with 0.5 MOI  of TGEV. Cells were co-stai
o  determine the percentage of cells in S phase of the cell cycle. S phase, upper gate; G
xperiments. **P  < 0.01 versus mock infection.

oulter, Inc. Fullerton, CA, US). At least 15 000 nuclei were counted
or each sample.

.3. BrdU incorporation and flow cytometry analysis

The thymidine analog bromodeoxyuridine (BrdU) (Sigma) is
ncorporated into actively replicating DNA and thus accurately
etermines the proportion of cells in S phase. Briefly, 10 �M BrdU
as added to cell medium and incubated at 37 ◦C for 30 min  to

llow BrdU incorporation. Cells were collected and then fixed in 70%
thanol. Then cells were pelleted and incubated in 2 M HCl in PBS
t 37 ◦C for 30 min. After incubating in wash buffer and pelleting,
he cell pellet was resuspended in 0.1 M sodium borate. Samples
ere then pelleted before addition of 100 �l of anti-BrdU anti-
ody (Cell Signalling Technology) and incubated for 60 min  at room
emperature. Samples were then incubated by fluorescein isothio-
yanate (FITC)-labeled antibody for 30 min  in the dark. Samples
ere stained by PI before analyzed using a FACS Calibur analyzer.
ith BrdU and PI and analyzed using flow cytometry. The histograms were analyzed
er left; G2, lower right. The results are shown as mean ± SEM of three independent

2.4. G0/G1, G1/S, and G2/M synchronization in PK-15 and ST cells

PK-15 and ST cells were synchronized at G0/G1 phase using
serum deprivation by maintenance of cells in DMEM containing
no FBS supplementation for 48 h. Synchronized cells were mock
infected or infected with 0.5 MOI  of TGEV. After 1 h of virus adsorp-
tion, cells were treated with medium containing 10% FBS and
harvested at various times post infection (p.i.) for cell cycle analysis.

PK-15 and ST cells were synchronized at the G1/S phase bor-
der using double-thymidine treatment by incubation for 12 h in
maintenance media supplemented with 2 mM  thymidine (Sigma).
Cells were then washed three times with PBS and incubated for
10 h in maintenance media, followed by additional 12 h incubation
in maintenance media supplemented with 2 mM thymidine. Then,

synchronized cells were mock infected or infected with 0.5 MOI  of
TGEV.

PK-15 and ST cells were synchronized at G2/M phase
using nocodazole (Sigma) treatment by incubation of cells in
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Fig. 5. Effect of TGEV infection on the levels of cell cycle-associated proteins. (A and B) PK-15 cells (left panel) and ST cells (right panel) were mock-infected (M)  or infected
w  of pro
w s indi

m
1
w
f

2

2
A
p
s
w
(
w
b
b
1
U

2

a
R
r
R
d
c
I
c
b

ith  0.5 MOI  of TGEV (V). At the indicated times, cells were lysed and equal amounts
ere  also probed with �-actin as a loading control. The numbers below the protein

aintenance media supplemented with 100 ng/ml nocodazole for
6 h. Cells were washed three times with PBS, and then infected
ith 0.5 MOI  of TGEV. At indicated times p.i., cells were processed

or RT-PCR and flow cytometric analysis.

.5. Western blot analysis

Cell extracts were prepared as described previously (Ding et al.,
012). Protein concentrations were measured using BCA Protein
ssay Reagent (Pierce, Rockford, IL, US). Equivalent amounts of
roteins were loaded and electrophoresed on 12% sodium dodecyl
ulfate-polyacrylamide gel (SDS-PAGE). Subsequently, proteins
ere transferred to polyvinylidene difluoride (PVDF) membranes

Millipore Corp, Atlanta, GA, US). The membranes were blocked
ith 5% nonfat dry milk at room temperature for 1 h, and then incu-

ated with indicated primary antibodies over night at 4 ◦C, followed
y HRP-conjugated secondary antibodies at room temperature for

 h. The signal was detected using ECL reagent (Pierce, Rockford, IL,
S).

.6. RNA analysis by real-time RT-PCR

Total RNA extraction and reverse transcription were performed
s described (Ding et al., 2012). Quantitative analysis of genomic
NA (gRNA) and subgenomic mRNAs (sgRNAs) from TGEV-derived
eplicons was performed by real-time RT-PCR using Bio-Rad iQ5
eal Time PCR System. The primers for qRT-PCR in this study were
escribed in previous study (Dufour et al., 2011). Reactions were

arried out in 25 �l volume containing 1× SYBR Premix Ex TaqTM
I (Takara, Dalian, China), sense and anti-sense primers and target
DNA. The relative quantification of gene expression was  analyzed
y the two-ddCt method.
teins from the samples were tested by western blot analysis. The same membranes
cated the relative folds of mock infection after normalized to �-actin.

2.7. Inhibitor treatments

Pifithrin-� (PTF-�) was  purchased from Sigma and stored as a
50 mM stock solution in DMSO. To reduce the activation of p53,
PTF-� (20 �M)  was diluted in cell culture medium without serum
and added to cultures 1 h prior to infection. Inhibitor was not
included in the virus inoculum. After 1 h of TGEV adsorption, the
virus inoculum was  removed and fresh basal medium containing
fresh inhibitor was  added to the culture. At indicated times, cells
were harvested and correlative indicators were detected.

2.8. Statistical analysis

Data are mean ± SEM of three independent experiments. Results
were analyzed by one-way analysis of variance (ANOVA). For each
assay, student’s t-test was used for statistical comparison. A value
of P < 0.05 was  considered significant.

3. Results

3.1. TGEV-infected cells accumulated at S and G2/M phase of the
cell cycle

To investigate the influence of TGEV infection on cell cycle pro-
gression, mock infected or TGEV-infected asynchronously growing
PK-15 and ST cells were harvested at different times p.i., and cell
cycle profiles were detected by flow cytometry. Representative
cell cycle histograms and profiles in PK-15 and ST cells were pre-
sented in Fig. 1A and B, respectively. In TGEV-infected PK-15 cells,
there was  a significant increase in the proportion of cells in the S
phases and G2/M phases of the cell cycle from 6 h p.i. and 12 h p.i.,

respectively, and continued to increase with infection time, when
compared to mock-infected cells (Fig. 1A). In TGEV-infected ST cells,
the proportion of cells in the G2/M phases and S phases significantly
increased from 12 h p.i. and 18 h p.i., respectively, when compared
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Fig. 6. Roles of p53 and p21 in TGEV-induced cell cycle arrest. (A) PK-15 cells (left panel) and ST cells (right panel) were mock infected (M)  or infected with 0.5 MOI  of
TGEV  (V). Cells were collected at indicated times and subjected to western blot analysis. The numbers below the proteins indicated the relative folds of mock infection after
normalized to �-actin. (B) Effects of PTF-� (p53 inhibitor) on the changes of cell cycle progression induced by TGEV infection. PK-15 cells (left panel) and ST cells (right panel)
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ere  pretreated with PTF-� for 1 h, and then co-incubated with TGEV for 18 h. Cell
n  expression of p21, cdks and cyclins induced by TGEV infection. Cells were treate

o mock-infected cells (Fig. 1B). These results suggest that TGEV
nfection induced the arrest of the cell cycle in the S and G2/M
hase.

In TGEV-infected cells, TGEV infectious levels were evaluated by
etection of the gRNA and sgRNAs (N sgRNA, M sgRNA and ORF 7
gRNA) of TGEV using qRT-PCR. Results showed that the levels of
GEV gRNA increased significantly from 12 h p.i. in PK-15 (Fig. 2A,
eft panel) and ST cells (Fig. 2B, left panel). The sgRNA levels of N,

, ORF 7 could not been detected at 0 h p.i., detected at 6 h p.i.,
ignificantly increased at 12 h p.i., and continued to increase with
ollowing infectious time in TGEV-infected cells (Fig. 2A and B, right
anel). Moreover, the titers of TGEV were determined at various

imes postinoculation. Results showed that little infectious virus
as detected at 0 and 6 h p.i., thereafter the virus titer showed a

apid increase between 12 and 18 h p.i. and then reached a plateau
Fig. 2C).
 collected and stained with propidium iodide for FACS analysis. (C) Effect of PTF-�
 (B), and then collected and subjected to western blot analysis.

To further determine whether the TGEV-induced S and G2/M
arrest requires virus replication, UV-inactivated TGEV was inocu-
lated in PK-15 and ST cells, and cell cycle profiles were measured at
18 h p.i. by flow cytometry. Results showed that cell cycle arrest
were not observed in cells infected with UV-inactivated TGEV,
while there was  no significant difference between mock-infected
cells and cells treated with UV-inactivated TGEV (Fig. 2D), suggest-
ing that viral replication was required for induction of cell cycle
arrest in TGEV-infected cells.

3.2. TGEV infection of quiescent cells induces cell cycle arrest
To further confirm that TGEV replication caused S and G2/M
cell cycle arrest, we  infected serum-starved quiescent cells with
TGEV and examined cell cycle progression after serum stimula-
tion. As shown in Fig. 3A, prior to infection, approximately 85% of
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Fig. 7. S and G2/M phases synchronization treatment. (A) Serum-starved PK-15 cells (left panel) and ST cells (right panel) were mock infected or infected with TGEV. Cell cycle
profiles at 18 h p.i. were determined by FACS analysis. (B) Asynchronously growing PK-15 cells (left panel) and ST cells (right panel) were treated with DMSO or nocodazole
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or  16 h. Following synchronization (time 0) cells were released from block and si
t  18 h p.i. (C) Cell cycle profiles of PK-15 cells (left panel) and ST cells (right pane
ynchronization (time 0) cells were released from block and simultaneously mock i

erum-starved cells were arrested at the G0/G1 phase in PK-15 cells.
t 18, 24 and 30 h p.i., the cells population at G0/G1-phase signifi-
antly decreased, while the cells population at S-phase dramatically
ncreased in TGEV-infected cells compared to that in mock-infected
ells, and apparent increase of G2/M-phase cells was observed at
0 h p.i. (Fig. 3A). Similar feature were also seen in quiescent ST cells
fter infection (Fig. 3B). These results suggest that TGEV-infected
ells exhibited S-phase delay and G2/M-phase arrest.

To determine whether TGEV replication may  induce the release
f some soluble factors to affect the cell cycle progression of
ninfected cells, we used high MOIs of TGEV to infect serum-
tarved quiescent PK-15 cells and detect cell cycle profiles. The
esults showed that S-phase delay induced by 1 and 5 MOI  of
GEV occurred at 18 h p.i., and the number of S-phase arrested

ells induced by 1 MOI  and 5 MOI  of TGEV were approximately
wo and four folds as many as that by 0.5 MOI  TGEV, respec-
ively (Fig. 4A). However, the S-phase and G2/M-phase arrested
ells number induced by 1 MOI  and 5 MOI  of TGEV were not
neously mock-infected and infected with TGEV. Cell cycle profiles were analyzed
chronized at the G1/S phase border using double-thymidine treatment. Following
d and infected with TGEV, and cell cycle profiles were analyzed at 18 h p.i.

significantly higher than that by 0.5 MOI  TGEV at 24 h p.i. (Fig. 4A).
These results suggested that TGEV replication just affected the cell
cycle progression of infected cells, and that over 1 MOI  of TGEV
infection would interfere the progression of cell cycle due to the
involvement of cell apoptosis.

To further confirm the changes of TGEV-infected cells in the S
phase of cell cycle, we used BrdU incorporation assay to accurately
determine the cell number in S phase. Results showed that the pro-
portion of cells in S phases significantly increased at 18 h p.i., and
further increased with infection time, when compared to mock-
infected cells (Fig. 4B), which were in consistent with the results of
PI staining.

3.3. Cdk2, cdc2 and cyclin B1 decreased in TGEV-infected cells
To determine the molecular mechanism underlying the TGEV-
induced cell cycle arrest, we  detected the levels of associated
cell cycle regulatory factors at 0, 4, 8, 12, 18 and 24 h p.i. in
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GEV-infected cells. Results showed that cdc2, acting as a main
oordinator complexed with cyclin A and cyclin B to advance the
ell cycle into M phase, began to decrease at 8 h p.i., and continued
o decrease with infection time in infected cells compared to that
n mock-infected cells (Fig. 5A), suggesting that the cell cycle might
e arrested at G2/M phase in TGEV-infected cells. In addition, the

evels of cdk2 significantly decreased from 4 h p.i. in TGEV-infected
ells compared to mock-infected cells, but cdk4 and cdk6 did not
how significant difference between in mock-infected and TGEV-
nfected PK-15 cells (Fig. 5A, left panel). The levels of cyclin B1 began
o significantly decrease at 12 h p.i. in TGEV-infected PK-15 cells
ompared to mock-infected cells, but cyclin A, cyclin D and cyclin

 did not show significant difference between mock-infected and
GEV-infected PK-15 cells (Fig. 5B, left panel). In parallel experi-
ents, Western blot analysis showed similar or analogous results

n the expression of these cdks and cyclins in TGEV-infected ST cells
Fig. 5A and B, right panel). Among them, the reduction of cyclin
1 was more significant in TGEV-infected ST cells than in TGEV-

nfected PK-15 cells when compared with mock infection. Taken
ogether, these results suggest that TGEV infection lead to an accu-

ulation of cells in the S and G2/M phases of the cell cycle through
ecreasing certain cell cycle factors that regulate the proceeding of

 and G2/M phase.

.4. p53 and p21 mediated TGEV-induced cell cycle arrest

Our previous study showed that TGEV infection induced the
ccumulation and activation of p53 in cells. Here, we examined the
evels of p53 and p21 in 0.5 MOI  TGEV-infected cells. Western blot
nalysis showed that 0.5 MOI  of TGEV infection could also increase
he protein level of p53 and induce phosphorylation of p53 at ser-
ne 15 and 20 in PK-15 and ST cells (Fig. 6A). Consequently, the
evel of p21 increased in TGEV infected PK-15 and ST cells from 8 h
.i., and significantly increased at 12 h p.i., while proliferating-cell
uclear antigen (PCNA), a mediator involved in p21-regulated DNA
eplication within S phase, decreased accordingly in TGEV-infected
K-15 and ST cells (Fig. 6A). These results suggest that TGEV infec-
ion could up-regulate p21 expression to regulate cell cycle through
ctivation of p53 signaling.

To further determine the roles of p53 in TGEV-induced cell cycle
rrest, we investigated the effects of PFT-�, a specific inhibitor of
53 that does not affect the mRNA levels of TGEV genes (Huang
t al., 2013), on the cell cycle profiles and the expression of p21,
dks and cyclins in TGEV-infected PK-15 and ST cells. As shown in
ig. 6B, pre-incubation of PK-15 and ST cells with PFT-� attenuated
ell cycle arrest at S and G2/M phase induced by TGEV infection. In
ddition, cdc2, cdk2 and cyclin B1 expression increased in TGEV-
nfected PK-15 and ST cells with PFT-� compared to that with
MSO (Fig. 6C). As expected, pre-incubation of PK-15 and ST cells
ith PFT-� also attenuated p21 up-regulation and PCNA reduction

nduced by TGEV infection (Fig. 6C). These results suggest that p53
nd p21 might play key roles in mediation of TGEV-induced cell
ycle arrest.

.5. Effects of cell cycle arrest at S and G2/M phases on TGEV
eplication

Since the proportion of cells in the S and G2/M phases was
reater in TGEV infected cells compared to mock-infected cells, to
nvestigate the effects of cell accumulation at S and G2/M phases on
GEV replication, synchronized cells in G2/M phase, G0/G1 phase,
1/S phase or asynchronous cells were simultaneously released
rom their different phase of cell cycle, and then either mock
nfected or infected with 0.5 MOI  of TGEV, cell cycle profiles were
etermined by flow cytometry and TGEV gRNA and sgRNAs levels
ere determined by qRT-PCR at 18 h p.i. Results showed that using
 178 (2013) 241– 251 249

serum deprivation treatments, over 85% of PK-15 and 82% of ST
cells were synchronized at the G0 phase (Fig. 7A). Using nocoda-
zole treatments, over 90% of PK-15 cells and 80% of ST cells were
synchronized at the G2/M phase (Fig. 7B). Using double-thymidine
treatment, approximately 80% of cells were synchronized at the
G1/S phase border in PK-15 and ST cells (Fig. 7C). In the cells
released from the G0-phase-synchronized cells, the proportion of
S phase cells was greater in TGEV infected cells compared to mock-
infected cells at 18 h p.i. (Fig. 7A), which was in consistent with the
results above. In the cells released from the G1/S and G2/M-phase-
synchronized cells, the cells population at G2/M phase significantly
increased in TGEV-infected cells compared to that in mock-infected
cells at 18 h p.i. (Fig. 7B and C).

Real-time RT-PCR analysis of the gRNA and sgRNAs of TGEV
showed that the replication levels of gRNA and the synthesis
of sgRNA were higher in the cells released from G2/M or G1/S-
synchronized cells than that in the cells released from G0/G1
phase-synchronized or asynchronous cells (Fig. 8A). In addition, the
titers of the virus also were higher in the cells released from G2/M or
G1/S-synchronized cells than that in the cells released from G0/G1
phase-synchronized or asynchronous cells (Fig. 8B). These results
suggest that TGEV induction of host cell staying at S and G2/M phase
might be beneficial for virus replication.

4. Discussion

Cell cycle manipulation is crucial event occurred in viruses-
infected cells (Davy and Doorbar, 2007; Kannan et al., 2011). In
this study we demonstrated that TGEV-infected cells accumulated
in the S and G2/M phase of the cell cycle, and the effect was not cell
type specific and could be reproduced in synchronously replicating
cells. The cell arrest at the S and G2/M phases was  dependent upon
TGEV replication and was controlled by viral modulation of certain
cyclins/cdks.

Many viruses employ a variety of mechanisms to utilize or
manipulate the cell cycle pathways of infected cells (Chowdhury
et al., 2003; De Bolle et al., 2004; Li et al., 2007). Throughout the
cell cycle, progression is regulated by a series of cyclins and cdks
(King and Cidlowski, 1998). The G2/M transition in the cell cycle
is positively controlled by complex of cdc2 (CDK1) and cyclin B.
Members of the CDKI family of proteins (CDK inhibitors) bind to
the CDK/cyclin complexes and inhibit the kinase activity, to regu-
late the G2/M-phase transition (King and Cidlowski, 1998). Cyclin
A-CDK2 complex is the main cyclin-CDK complex in the S phase,
and the activity of the complex is required for S phase transition
and control of DNA replication (Elledge, 1996). It is possible that the
regulation of S and/or G2/M phase is one of the crucial mechanisms
that viruses employed to manipulate the cell cycle (Li et al., 2011;
Martin-Lluesma et al., 2008). In TGEV-infected cells, we  observed
that a significant decrease of cdk2, cyclin B1 and cdc2, involved in
S phase and G2/M phase transition, which regulated the cell cycle
to arrest at the S and G2/M phases.

p53 is a key element in the induction of cell cycle arrest in viruses
infected cells (Casavant et al., 2006). As a DNA damage response
protein, p53 transcriptionally activates numerous genes involved
in DNA repair and cell cycle arrest (Vogelstein et al., 2000), and p53-
dependent arrest of cells at G1/S or G2/M phase is an important
component of the cellular response to genotoxic stress including
virus infection (Casavant et al., 2006; De Bolle et al., 2004). The first
transcriptional target of p53 was p21, a CKI of the Cip/Kip fam-
ily, which bridges the function of p53 with the cell cycle and plays

important roles in regulation of cell cycle progression or arrest (He
et al., 2005). The p21 is recognized to be an important mediator to
delay transit from G1 to S phase and/or from G2 to M phase, thus
preventing the effects of DNA damage on gene functions (Abbas
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Fig. 8. Effects of cell cycle arrest at S and G2/M phases on TGEV replication. (A)
TGEV gRNA and sgRNAs levels. TGEV gRNA and sgRNAs levels were determined
at  18 h p.i. by qRT-PCR in the cells released from G1/S, G2/M, G0/G1-synchronized
cells and asynchronous replicating cells. *P < 0.05 versus the RNA levels of TGEV
in  G0/G1-released cells. #P < 0.05 versus RNA levels of TGEV in asynchronous cells.
(B)  The titers of TGEV in different treated cells. Total virus at 18 h p.i. was  har-
vested by freezing and thawing cells three times and the viral titers were shown
a
o
c

a
c
n
A
I
a
i
i
c
v
c
c
a

s  log10TCID50/ml. Values are shown as the mean ± SEM. *P < 0.05 versus the titer
f TGEV in G0/G1-released cells. #P < 0.05 versus the titer of TGEV in asynchronous
ells.

nd Dutta, 2009). p21 has also been shown to regulate DNA repli-
ation within the S phase in vitro, by binding to proliferating-cell
uclear antigen (PCNA)/cdk complexes and by dissociating cyclin
/cdk2/p107/E2F transitional complexes (Abbas and Dutta, 2009).

n this study, we showed that TGEV infection induced p53 and p21
ccumulation and PCNA decrease. Furthermore, PFT-�, a specific
nhibitor of p53, prevented the arrest of the cell cycle in TGEV-
nfected cells. The observation that TGEV infection induced cell
ycle arrest at S and G2/M phases in both PK-15 and ST cells

irtually required the possible involvement of p53 in these pro-
esses. This observation is not consistent with the findings in other
oronavirus-infectious bronchitis virus, which induced cell cycle
rrest at both S and G2/M phases independent of p53 (Li et al., 2007),
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suggesting that p53 might play different roles in viruses-infected
cells.

Some viruses can regulate the cell cycle progression through
interaction between virus and host cells in order to induce the cell
cycle arrest and provide an advantageous environment for viral
replication (Dove et al., 2006; Li et al., 2007). Infectious bronchitis
virus (IBV) could increase protein accumulation and progeny virus
production in cells enriched in the G2/M phase of the cell cycle (Li
et al., 2007). Human immunodeficiency virus (HIV) infection also
increased the transduction of HIV in the G2/M phase compared to
other stages of the cell cycle (Groschel and Bushman, 2005). Many
substrates (i.e., nucleotides) in S phase are abundantly available for
viral replication (Yang et al., 2006). Furthermore, there is evidence
that one consequence of G2/M arrest is to establish a pseudo-S
phase state for viruses to replicate of their genomes (Belyavskyi
et al., 1998). To specifically investigate whether a particular stage
of the cell cycle favored TGEV replication, we synchronized cells in
various stages of the cell cycle and compared efficiencies of virus
infection. Results showed that TGEV replication levels, sgRNA syn-
thesis were greater in the cells released from G1/S phase or G2/M
phase of the cell cycle after 18 h p.i., when compared to either cells
released from the G0/G1 phase or asynchronous cells. Our results
also provided evidences that TGEV titer in the cells released from
G1/S phase or G2/M phase synchronized cells was  higher than that
in cells released from G0/G1 phase synchronized cells. This might be
that cells synchronized at G0/G1 phase need longer time to reenter
cell cycle progression than synchronized cells at the G1/S phase,
which support the hypothesis that S phase state was beneficial
for virus replication. Therefore, we  favor the hypothesis that TGEV
induces S and G2/M phase cell cycle arrest in order to provide a
more favorable condition for virus production.

In conclusion, our study revealed that TGEV infection induced
the host cells to arrest at S and G2/M phases of the cell cycle, which
were responsible by the certain key players in the S and G2/M tran-
sition. Moreover, the cell cycle arrest induced by TGEV infection
might provide a more favorable condition for viral replication.
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