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Our previous studies showed that TGEV infection could induce cell cycle arrest and apoptosis via activa-
tion of p53 signaling in cultured host cells. However, it is unclear which viral gene causes these effects. In
this study, we investigated the effects of TGEV nucleocapsid (N) protein on PK-15 cells. We found that
TGEV N protein suppressed cell proliferation by causing cell cycle arrest at the S and G2/M phases and
apoptosis. Characterization of various cellular proteins that are involved in regulating cell cycle progres-
sion demonstrated that the expression of N gene resulted in an accumulation of p53 and p21, which sup-
pressed cyclin B1, cdc2 and cdk2 expression. Moreover, the expression of TGEV N gene promoted
translocation of Bax to mitochondria, which in turn caused the release of cytochrome c, followed by acti-
vation of caspase-3, resulting in cell apoptosis in the transfected PK-15 cells following cell cycle arrest.
Further studies showed that p53 inhibitor attenuated TGEV N protein induced cell cycle arrest at S and
G2/M phases and apoptosis through reversing the expression changes of cdc2, cdk2 and cyclin B1 and
the translocation changes of Bax and cytochrome c induced by TGEV N protein. Taken together, these
results demonstrated that TGEV N protein might play an important role in TGEV infection-induced p53
activation and cell cycle arrest at the S and G2/M phases and apoptosis occurrence.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Transmissible gastroenteritis virus (TGEV) is an enveloped virus
that contains a large, positive-sense, single-stranded RNA genome
[1], belonging to family coronaviridae [2]. TGEV, together with hu-
man coronavirus 229E (HCoV-229E), porcine epidemic diarrhea
virus (PEDV), canine coronaviruses (CCoVs) belongs to alpha coro-
navirus [2]. TGEV replicates in enterocytes and provokes villous
atrophy, resulting in lethal watery diarrhea and dehydration in pig-
lets, which is considered to be a central event in the pathogenesis
of TGEV infection [3].

The 50-two-thirds of the TGEV genome encodes the replicase-
transcription complex, Rep1a and Rep1b [4]. During TGEV replica-
tion, a 30-coterminal nested set of subgenomic mRNAs, which en-
code other viral proteins. TGEV has four major structural
proteins: the spike (S), the integral membrane protein (M), the
nucleocapsid protein (N) and a small envelope protein (sM) [5].
TGEV N protein, a multifunctional phosphoprotein, plays a primary
structural role in packaging the RNA genome into a helical ribonu-
cleoprotein, as well as regulatory roles in viral RNA synthesis (rep-
lication and transcription), translation, and modulation of host cell
metabolism [5].

TGEV is known to cause cell cycle arrest and apoptosis via
activation of p53 signaling in different host cell types including
ST and PK-15 cells [6,7,15]. The evidence of induction of apopto-
sis by TGEV implies an involvement of apoptosis in the patho-
genesis of TGE [1,7]. However, it remains to be known which
TGEV protein(s) induces cell cycle arrest and apoptosis in cells
that support productive viral replication. Current evidence indi-
cates that TGEV N protein might be involved in caspase-medi-
ated proteolysis within the host cell [8]. Further studies
revealed that the TGEV N protein could locate nucleolar and
might possess the function to disrupt cell division [9]. However,
whether TGEV N protein could affect cell division and cell apop-
tosis and the associated molecular mechanisms are not clear.

In the present study, we demonstrate that TGEV N protein,
when expressed within cells, can cause cell cycle arrest and apop-
tosis in PK-15 cells, in which p53 and p21 activation, cyclin B1 and
cdc2 decrease, Bax translocation to mitochondria, cytochrome c re-
lease and subsequent activation of caspase-3 are required.
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2. Materials and methods

2.1. Antibodies, cells and virus

Monoclonal antibodies against p53, p21, cdc2, cdk2, cyclinB1,
Cytochrome c (Cyt c), Bax, actin, Cox4 were purchased from Santa
Cruz Biotechnology (Santa Cruz, Inc., CA, USA). PK-15 cells (ATCC,
CCL-33) were grown in Dulbecco Minimal Essential Medium
(D-MEM) (Gibco BRL, MD, USA) supplemented with 10% heat-inac-
tivated new born bovine serum (Gibco BRL, MD, USA), 100 IU of
penicillin and 100 lg of streptomycin per ml, at 37 �C in humidi-
fied 5% CO2. The TGEV Shaanxi strain was used as previously
described [7,10].

2.2. Construction of plasmids

Full-length N gene from TGEV was PCR amplified, ligated into
the pGEM-T easy vector (Promega, Madison, USA), and then sub-
cloned into between XhoI/EcoRI sites of eukaryotic expression vec-
tor pEGFP-N1 (EGFP) (Clontech, Palo Alto, CA), to produce the
recombinant His-tagged construct pEGFP-N1-TGEV-N (N-EGFP).
This vector contains the cytomegalovirus promoter for the expres-
sion of N protein with a six-histidine tag. They were sequenced to
confirm that no errors were introduced as a result of PCR amplifi-
cation. In vitro expression of the N-EGFP was tested in transient
expression experiments using PK-15 cells.

PK-15 cells, grown in 60 mm plate, were transfected with EGFP
vector only, or N-EGFP. After 24 h, 48 h and 72 h of transfection,
the expression of N was directly observed under a fluorescence
microscopy and further confirmed by Western blot analysis using
His6 antibody (Sigma–Aldrich, USA).

2.3. Cell viability assay

The effects of TGEV N protein on cell viability were determined
using the MTT assay. Briefly, PK-15 cells, grown in 96-well culture
plates, were transfected with EGFP vector only, or N-EGFP expres-
sion vector. After 24 h, 48 h and 72 h of transfection, the cells were
treated with 50 ll of 5 mg/ml MTT and the resulting formazan
crystals were dissolved in di-methyl sulfoxide (DMSO). The absor-
bance was measured by microplate spectrophotometer (Bio-tek
Instruments, Inc., Winooski, USA) at 570 nm. Results were ex-
pressed as percentage of the controls, which were arbitrarily as-
signed 100% viability.

2.4. Cell cycle analysis

To determine cell cycle status, nuclear DNA content was mea-
sured by using propidium iodide staining. Briefly, cells were fixed
in 70% ethanol for 30 min at 4 �C. After washing with phosphate-
buffered saline (PBS), the cells were stained with 0.1% Triton X-
100 (Sigma), 20 lg/ml RNase A (Sigma) and 10 lg/ml propidium
iodide (Sigma) for 30 min and analyzed using a FACScan flow
cytometer (Beckman Coulter, Inc., Fullerton, CA., USA).

2.5. Apoptotic rate analysis

Annexin V-FITC Apoptosis Kit (BioVision, Inc., CA., USA) was
used for apoptosis detection according to the manufacturer’s pro-
tocol. Briefly, harvested cells were washed twice with PBS and
resuspended in 500 ll binding buffer, followed by adding 5 ll of
Annexin V-FITC and 5 ll of PI. After incubation in the dark for
30 min at room temperature, a total of 10,000 cells were acquired
and percentage of positive cells were analyzed by flow cytometry
(Beckman).
2.6. Western blot analysis

PK-15 cells, grown in 60 mm plate, were transfected with EGFP
vector only, or N-EGFP. After transfection, cells were collected and
lysed by RIPA. Isolation of mitochondrial and cytosolic proteins
was performed using the Mitochondria/cytosol Fractionation Kit
(Pierce, Rockford, IL, USA). Protein concentrations were measured
using BCA Protein Assay Reagent (Pierce). Equivalent amounts of
proteins were loaded and electrophoresed on 12% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE). Subse-
quently, proteins were transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore Corp, Atlanta, GA., USA). The mem-
branes were blocked with 5% nonfat dry milk at room temperature
for 1 h, and then incubated with indicated primary antibodies over
night at 4 �C, followed by HRP-conjugated secondary antibodies at
room temperature for 1 h. The signal was detected using ECL re-
agent (Pierce, Rockford, IL., USA).

2.7. Caspase activity assay

Caspase-3 activity was measured by colorimetric assay kit (Bio-
Vision) according to the manufacture’s instructions. Briefly, cell ly-
sates were prepared and protein concentrations were measured
using BCA Protein Assay Reagent (Pierce). Then 200 lg of protein
in each sample was incubated with caspase-3 substrate at 37 �C
for 4 h. Samples were read at 405 nm in microplate spectropho-
tometer (BioTek Instruments, Inc., Winooski, USA).
3. Results

3.1. TGEV N gene-expressed PK-15 cells show reduced cell viability

The PK-15 cells were transfected with the N-EGFP expression
vector, and the expression of N protein was directly examined un-
der the fluorescence microscopy and further confirmed by Western
blot using anti-His6 antibody to detect His-tagged N protein. After
24 h of transfection, the N-EGFP protein was dispersed throughout
the cytoplasmic region, while the EGFP control showed a diffuse
distribution pattern (Fig. 1A). The expressing N-EGFP proteins were
detected as expected, while no signal was detected in the EGFP
control when detected using the anti-His6 antibody (Fig. 1B). These
results suggested that the N protein of TGEV was expressed in PK-
15 cells.

To determine the effect of TGEV N protein on expressed PK-15
cells, cell viability was firstly tested by MTT assay. Result showed
that the cell viability of PK-15 cells transfected with N-EGFP
expression vector had significantly reduced at 48 h of post-trans-
fection (Fig. 1C). The apparent inhibition did not occur in the EGFP
empty vector-transfected cells. These data demonstrated that
expression of TGEV N gene in PK-15 cells inhibited cell viability.

3.2. Expression of TGEV N gene blocks cell cycle progression at S
and G2/M phase

To determine whether the growth inhibition of TGEV N-
expressing cells was due to the arrest of cell cycle progression at
a certain phase, at different times after transfection, cell cycle pro-
files were analyzed by flow cytometry (Fig. 2A, upper panel). The
histograms were quantitatively analyzed by use of a curve-fitting
program to determine the percentage of cells in each of the G0/
G1, S, and G2/M phases (Fig. 2A, lower panel). Results showed that
the proportion of cells in S and G2/M phases significantly increased
at 24 h of post-transfection, and further increased with transfec-
tion time in the cells transfected with N-EGFP expression vector,
compared to that in the cells transfected with EGFP control vector



Fig. 1. Identification of TGEV N gene expression in transfected PK-15 cells and its effect on cell viability. (A) Fluorescence microscopic observation of PK-15 cells at 24 h, 48 h
and 72 h after transfection with the N-EGFP expression vector, at 72 h after transfection with the EGFP empty vector, respectively (Magnification, 400�). (B) Total cell lysates
from PK-15 cells transfected with the N-EGFP expression vector and EGFP empty vector were analyzed by Western blot. Anti-His6 antibody was used to detect the His6-N
fusion protein. (C) Cell viability of TGEV N gene expressed cells compared to controls at different time points post-transfection. PK-15 cells were transfected in 96-well plates
in triplicate with N-EGFP expression vector and EGFP empty vector. At different time points post-transfection, cells viability was measured by MTT assay as described under
Section 2. Values are mean ± SD. ⁄P < 0.05, ⁄⁄P < 0.01 versus EGFP empty vector-transfected cells.

L. Ding et al. / Biochemical and Biophysical Research Communications 445 (2014) 497–503 499
(Fig. 2A), which strongly indicated that cell cycle arrest was
occurred in TGEV-N-expressing cells.

To further determine the effects of TGEV N protein on cell pro-
gression through S and G2/M phase, we investigated its effects on
protein levels of the p53, p21, cyclin B1, cdc2, and cdk2, which reg-
ulate transition through the S and G2/M boundary checkpoint.
Fig. 2B showed that the levels of p53 significantly increased at
18 h and 36 h after cells transfected with N-EGFP expression vector
compared with EGFP empty vector-transfected cells and non-
transfected groups. The amounts of p21 were slightly increased
at 18 h, and significantly increased at 36 h in the cells expressed
TGEV N gene. Furthermore, the expression of cyclin B1, cdc2 and
cdk2 decreased in the cells expressed TGEV N gene compared with
the control cells (Fig. 2B), which coincided with the changes of
these cycle-related molecules in TGEV-infected cells. These results
indicated that TGEV N protein caused S and G2/M-phase arrest
through regulation of certain cell cycle factors to modulate the pro-
ceeding of S and G2/M phases.

3.3. Expression of TGEV N gene induces apoptosis in PK-15 cells

To examine whether apoptosis was initiated in the cells ex-
pressed TGEV N gene, PK-15 cells transfected with N-EGFP expres-
sion vector or EGFP empty vector, or untransfected cells were
subjected to annexin V and PI staining and flow cytometry analy-
sis. As shown in Fig. 3A, annexin V positive cells increased about
4.8%, 14% and 21.9% in the cells transfected with N-EGFP expres-
sion vector than that in EGFP empty vector-transfected cells at
24 h, 48 h and 72 h of post-transfection, respectively. Whereas, an-
nexin V positive cells increased about 1.6%, 4.3% and 5.9% in the
cells transfected with EGFP empty vector than that un-transfected
control cells at 24 h, 48 h and 72 h of post-transfection, respec-
tively. Collectively, these data indicated that apoptosis was initi-
ated in the PK-15 cells expressed TGEV N gene.

To further elucidate the mechanism of the TGEV N-induced
apoptosis, the translocation of Bax and release of cytochrome c
were analyzed by Western blot. As shown in Fig. 3B, Bax was
translocated from cytosol to mitochondria at 24 h of post-trans-
fection, and steadily increased in mitochondria with the trans-
fection time. Following Bax translocation to mitochondria,
cytochrome c released from mitochondria to cytosol in the cells
expressed TGEV N gene. The activity of caspase-3 significantly
increased in the cells transfected N-EGFP expression vector com-
pared to un-transfected cell or EGFP empty vector-transfected
cells (Fig. 3C). Taken together, the results demonstrate that TGEV
N protein triggered the efflux of cytochrome c into the cytosol
and the activation of caspase-3, thus leading to apoptosis occur-
rence in the cells.



Fig. 2. Cell cycle arrest induced by TGEV N protein. (A) PK-15 cells were collected and subjected to cell cycle analysis at 24 h, 36 h and 48 h after transfection with the N-EGFP
expression vector and EGFP empty vector, respectively. The data represent results from one of three independent experiments. (B) Effects of TGEV N protein on cell cycle
regulating factors. Cell lysates harvested at indicated time points post-transfection with N-EGFP expression vector and EGFP empty vector were used for Western blot
analysis. (Note: C, untransfected control cells; E, cells transfected with EGFP empty vector; N, cells transfected with N-EGFP expression vector). The data represent results
from one of three independent experiments.
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3.4. TGEV N protein induces cell cycle arrest and apoptosis
by regulation of p53 signaling

In order to investigate whether p53 pathway regulate TGEV N
protein-induced cell cycle arrest and apoptosis, we tested cell cycle
profiles and apoptosis in TGEV N protein expressed PK-15 cells
with specific p53 inhibitor pifithrin-a (PFT-a). Results showed that
PFT-a attenuated TGEV N protein-induced cell cycle arrest at S and
G2/M phases (Fig. 4A). In addition, the apoptotic rate induced by
TGEV N protein was slightly inhibited by PFT-a (Fig. 4B). To further
explore the roles of p53, we investigated the effects of PFT-a on the
expression of cell cycle and apoptosis regulating factors in TGEV N
protein expressed PK-15 cells. As expected, incubation of PK-15
cells with PFT-a, cdc2, cdk2 and cyclin B1 expression slightly in-
creased in TGEV N protein expressed PK-15 cells with PFT-a treat-
ment compared to that without PFT-a treatment (Fig. 4C).
Furthermore, the translocation of Bax and cytochrome c was mod-
erately reversed by PFT-a treatment in TGEV N protein expressed
PK-15 cells (Fig. 4C). The activity of caspase-3 was reduced in TGEV
N protein expressed cells with PFT-a treatment compared to the
cells without PFT-a treatment (Fig. 4D). Taken together, these re-
sults suggest that p53 might play key roles in mediation of TGEV
N protein induced cell cycle arrest and apoptosis.
4. Discussion

Several viruses-encoded proteins have been shown to activate
the cell cycle or apoptotic process by interacting with various cel-
lular components [11–13]. Virus-induced apoptosis of host cells
can either facilitate virus dissemination or be part of the host de-
fense response invoked to counteract viral infection [14]. Several
in vitro studies have demonstrated that TGEV infection induced cell
cycle arrest and apoptosis through activation of p53 pathway in
different host cell lines [6,15]. However, it is unclear which viral
genes play a dominant role in induction of the cell cycle arrest
and apoptosis. In this study, we have investigated the effects of
TGEV N protein on cell growth, cell cycle progression and cell
apoptosis, as well as the mechanism that TGEV N protein causes
the cell cycle arrest and apoptosis.

One of the common phenomena of viral infection is to induce
the G2/M-phase arrest in host cells. Human immunodeficiency
virus type 1 (HIV-1) Vpr activates cell cycle inhibitor p21 to pre-
vent cell proliferation by causing arrest at the G2/M phase of the
cell cycle [16]. Human papillomavirus (HPV) type 1 E4 protein
induces G2/M arrest through inhibition or delay in the activation
of cdk1/cyclin B1 kinase activity [17]. Chicken anemic virus
(CAV) apoptin protein and Herpes simplex type 1 (HSV-1) ICP0



Fig. 3. Apoptosis induced by TGEV N protein. (A) Representative dual-labeled quadrants of bivariant fluorescence dot plots showing the induction of apoptosis in the PK-15
cells transfected with N-EGFP expression vector and EGFP empty vector. Percentages shown are proportions of apoptotic cells detected at different time points, as indicated.
Results are expressed as means ± SD. ⁄P < 0.05, ⁄⁄P < 0.01 versus EGFP empty vector-transfected cells. (B) Expression of pro-apoptotic proteins in PK-15 cells after transfection.
Cell lysates harvested at indicated time points post-transfection with N-EGFP and EGFP empty vector were used for Western blot analysis. (Note: C, untransfected control
cells; E, cells transfected with EGFP empty vector; N, cells transfected with N-EGFP expression vector). (C) Effects of TGEV N protein on the activity of caspase-3 in PK-15 cells.
The activity of caspase-3 was measured by colorimetric assay kit. Results are means ± SD. ⁄P < 0.05, ⁄⁄P < 0.01 versus EGFP empty vector-transfected cells.
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protein can interfere with kinetochores to block cell cycle pro-
gression at G2/M phase [18,19]. Previous studies have revealed
that the TGEV N could locate nucleolar and might function to
disrupt cell division [9]. Here, our results showed that expres-
sion of TGEV N protein activated p53 and up-regulated cell cycle
inhibitor p21, and then inhibited the activation of cdc2/cyclin
B1, leading to G2/M arrest, which was consistent with our pre-
vious results found in TGEV-infected cells [6], suggesting that
TGEV N protein might play an important role in TGEV-induced
cell cycle arrest. In previous studies, we found TGEV infection
induces S and G2/M arrest, which is aimed to establish a pseu-
do-S phase state for viruses to replicate of their genomes [6].
The results presented in here also provided evidences for S
phase arrest and following G2/M arrest, suggesting that TGEV
N protein might play an important role in establishing a pseu-
do-S phase state for virus replication. The same phenomena
were also found in other viruses [20].

Many viral proteins are involved in induction of apoptosis.
Infectious bursal disease virus VP5 [21], Rubella virus capsid
protein [22], Hepatitis C virus core protein [23], and Japanese
encephalitis virus NS2B-NS3 [24] have been shown to induce
apoptosis alone in cell culture and play an important role in vir-
al pathogenesis. Over the past few years, studies report multifac-
eted roles for the viral N protein in trafficking, translation and in
modulation of immune signaling. Previous studies have indicated
that TGEV N protein underwent caspase-mediated proteolysis
during TGEV-induced apoptosis [8]. In this study, we further
investigated its function in modulation of apoptosis and demon-
strated that TGEV N protein was capable of inducing apoptosis
in the transfected PK-15 cells, which might be important for
the pathogenesis of TGEV.

p53 is a key element in the induction of cell cycle arrest or
apoptosis in viruses infected cells [25,26]. Our previous studies
have demonstrated that TGEV infection could induce cell cycle ar-
rest and apoptosis via activation of p53 signaling in cultured cells,
suggesting that p53 might play important roles in TGEV-induced
cell cycle arrest and apoptosis [6]. In the present study, we also
found that p53 was activated to induce the change of apoptotic
and cell cycle regulating factors such as cdc2, cdk2, cyclinB1, Bax
and Cyt c in TGEV N protein expressed PK-15 cells. These studies
further suggest p53 might play an important role in the pathogen-
esis of TGEV.

In conclusion, the present study demonstrates that the expres-
sion of TGEV N gene induced S-phase and G2/M-phase arrest, and
subsequent apoptosis through the activation of p53 and p21,
deduction of cyclin B/cdc2, promoting translocation of Bax to mito-
chondria, followed by a release of cytochrome c into the cytosol, re-
sults in activation of the effector caspase-3, thus leading to cellular
destruction.
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Fig. 4. The roles of p53 on regulating TGEV N protein-induced cell cycle arrest and apoptosis. (A) Effect of PFT-a on the changes of cell cycle progression induced by TGEV N
protein. PK-15 cells were transfected with N-EGFP expression vector or EGFP empty vector and treated with PFT-a for 36 h. Cells were collected and stained with propidium
iodide for FACS analysis. (B) Effect of PFT-a on the apoptosis induced by TGEV N protein. PK-15 cells were transfected with N-EGFP expression vector or EGFP empty vector
and treated with PFT-a for 48 h. Cells were collected and stained with annexin V and PI for FACS analysis. Values are mean ± SD. ⁄P < 0.05 versus TGEV N gene expressed cells
without PFT-a. (C) Effects of PFT-a on the expression of cell cycle and apoptosis regulating factors. PK-15 cells were transfected with N-EGFP expression vector or EGFP empty
vector and treated with PFT-a for 24 h. Cells were collected and subjected to Western blot analysis. Cox4 and actin were used as internal controls for the mitochondrial
fractions and the cytosolic fractions, respectively. (D) Effects of PFT-a on caspase-3 activity. PK-15 cells were transfected with N-EGFP expression vector or EGFP empty vector
and treated with PFT-a for 48 h. Cells were collected and the activity of caspase-3 was measured by colorimetric assay kit. Results are means ± SD. ⁄P < 0.05 versus TGEV N
gene expressed cells without PFT-a.
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