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Transmissible gastroenteritis virus (TGEV) has been reported to induce apoptosis in swine
testis (ST) cells. However, the mechanisms underlying TGEV-induced apoptosis are still
unclear. In this study we observed that TGEV infection induced apoptosis in porcine kidney
(PK-15) cells in a time- and dose-dependent manner. TGEV infection up-regulated FasL,
activated FasL-mediated apoptotic pathway, leading to activation of caspase-8 and
cleavage of Bid. In addition, TGEV infection down-regulated Bcl-2, up-regulated Bax
expression, promoted translocation of Bax to mitochondria, activated mitochondria-
mediated apoptotic pathway, which in turn caused the release of cytochrome c and the
activation of caspase-9. Both extrinsic and intrinsic pathways activated downstream
effector caspase-3, followed by the cleavage of PARP, resulting in cell apoptosis. Moreover,
TGEV infection did not induce significant DNA fragmentation in ammonium chloride
(NH4CI) pretreated PK-15 cells or cells infected with UV-inactivated TGEV. In turn, block of
caspases activation also did not affect TGEV replication. Taken together, this study
demonstrates that TGEV-induced apoptosis is dependent on viral replication in PK-15 cells
and occurs through activation of FasL- and mitochondria-mediated apoptotic pathways.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Viruses have evolved various sophisticated strategies to
manipulate the host’s cells, limit anti-virus response of the
host, which may be advantageous for virus replication and
persistent infection (Everett and McFadden, 1999). Apop-
tosis, a tightly controlled physiological process, plays
crucial roles not only in the normal development and
homeostasis of multicellular organisms (Arch and Thomp-
son, 1999; Shih et al., 2004), but also in the pathogenesis of
several viral infections (Everett and McFadden, 1999; Lee
and Kleiboeker, 2007). A number of viruses have been
reported to induce apoptosis in immune cells, targeted
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cells or infected cells (Eleouet et al., 1998; Ruggieri et al.,
2007; Umeshappa et al., 2010).

Transmissible gastroenteritis virus (TGEV) is animal
virus belonging to family coronaviridae (Annamaria, 2011).
According to present virus taxonomy of ICTV (international
committee of taxonomy viruses), the coronaviridae family
comprises the subfamily coronavirinae and torovirinae. The
subfamily coronavirinae is classified into genera alpha-,
beta- and gammacoronavirus, instead of phylogroups 1
through 3 (Annamaria, 2011; Carstens, 2010). TGEV,
together with human coronavirus 229E (HCoV-229E),
human coronavirus NL63 (HCoV-NL63), porcine epidemic
diarrhea virus (PEDV), canine coronaviruses (CCoVs), feline
coronavirus (FCoV), belongs to alphacoronavirus (Anna-
maria, 2011; Carstens, 2010). In phylogenetic analyses of the
genomic region downstream of the S gene, TGEV consis-
tently clusters with extant CCoV-II field strains, suggesting
that TGEV is likely to be of canine coronavirus origin
(Lorusso et al., 2008; Decaro et al., 2007). Like other
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coronaviruses, TGEV is an enveloped virus that contains a
large, positive-sense, single-stranded RNA genome (Eleouet
et al.,, 1998). TGEV replicates in enterocytes and provokes
villous atrophy, resulting in lethal watery diarrhea and
dehydration in piglets, which is considered to be a central
event in the pathogenesis of TGEV infection (Weingartl and
Derbyshire, 1993). In consistent with in vivo pathologic
changes, TGEV also induces cytopathic effects (CPE) when
propagated in vitro cultured cells (Eleouet et al., 1998;
Solorzano et al., 1978). Further studies have demonstrated
that TGEV infection caused CPE in swine testis (ST) cells by
induction of apoptosis (Eleouet et al., 1998; Kim et al., 2000;
Sirinarumitr et al., 1998). However, the exact molecular
pathways of TGEV-induced apoptosis are not clear.

In the present study, we investigated the effects of TGEV
infection in porcine kidney (PK-15) cells and associated
molecular mechanisms. Our results demonstrated that
TGEV infection could induce apoptosis through the
activation of Fas/FasL- and mitochondria-mediated path-
ways, and that this apoptotic occurrence requires viral
replication in PK-15 cells.

2. Materials and methods
2.1. Antibodies, cells and virus

Monoclonal antibodies against caspase-8 (sc-81662),
caspase-9 (sc-56077), caspase-3 (sc-70497), Fas (sc-
51885), FasL (sc-73974), Bid (sc-56025), Bcl-2 (sc-7382),
Bax (sc-23959), cytochrome c (sc-13560), Cox4 (sc-58348),
poly (ADP-ribose) polymerase (PARP) (sc-8007), Smac (sc-
73039), B-actin (sc-69879) were purchased from Santa
Cruz Biotechnology (Santa Cruz, Inc., CA, US). Horseradish
peroxidase (HRP)-conjugated secondary antibody was
purchased from Pierce (Pierce, Rockford, IL, US). PK-15
cells (ATCC, CCL-33) were grown in Dulbecco Minimal
Essential Medium (D-MEM) (Gibco BRL, Gaithersburg, MD,
US) supplemented with 10% heat-inactivated new born
bovine serum (Gibco BRL, Gaithersburg, MD, US), 100 IU of
penicillin and 100 g of streptomycin per ml, at 37 °C in a
5% CO, atmosphere incubator. The TGEV Shaanxi strain
was isolated from intestinal tract contents of TGEV-
infected piglets in Shaanxi Province of China, and identified
by physicochemical test, neutralization test, RT-PCR and
sequence analysis (Ding et al., 2011). Virus titers were
determined by 50% tissue culture infective doses (TCID50)
as described previously (Reed and Muench, 1938).

2.2. Cell viability assessment

Cell viability was determined by MTT assay as described
previously (De Martino et al., 2010). Briefly, PK-15 cells
were seeded in 96-well plates and treated with caspase
inhibitors for 2 h. Then, cells were infected with TGEV at 10
multiplicity of infection (MOI) for 24 h and 48 h. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, 5mg/ml) was added to each well and incubated
at 37°C for 4h. After dimethyl sulfoxide (DMSO) was
added, the absorbance was measured by microplate
spectrophotometer (BioTek Instruments, Inc., Winooski,
US) at 570 nm.

2.3. Observation under optical, fluorescence and electron
microscopy

Cells were seeded into 24-well culture plates and
infected with TGEV at 10 MOL. Then the cells were washed
with D-MEM and stained with 200wl of phosphate-
buffered saline (PBS) with acridine orange (AO, 100 pg/ml)
and ethidium bromide (EB, 100 pg/ml) at indicated time.
After incubated at room temperature for 5 min in the dark,
the stained cells were observed under a fluorescence
microscope (Nikon, Inc., Tokyo, Japan). The normal cells
and early apoptotic cells can be stained by AO to appear
bright green fluorescence, while the late apoptotic cells can
be stained by EB to appear orange fluorescence.

To observe the ultrastructural changes of TGEV-
infected cells, the mock- or TGEV-infected cells attached
on cover slips were washed with PBS, and fixed in 2.5%
glutaraldehyde in PBS for 30 min. Then, cells were washed
with PBS for 3 times, and dehydrated in a series of ethanol
solutions of decreasing dilution. After critical point dryer
and ion sputter were performed, cells were observed under
a scanning electron microscope (SEM) (JEOL, Tokyo, Japan).

2.4. DNA fragmentation assay

Mock-infected cells or TGEV-infected cells were
harvested, washed and incubated with lysis buffer
(20 mM EDTA, 100 mM Tris, pH 8.0, 0.8% SDS) at room
temperature for 1h. After centrifugation for 10 min at
12 000 x g, the supernatants were collected and treated
with RNase A (500 pg/ml) for 1h at 37 °C, followed by
digestion with proteinase K (500 pg/ml) for 2 h at 55 °C.
The DNA was extracted using the phenol/chloroform/
isoamylol (25:24:1), precipitated with ethanol, dissolved
in TE buffer (10mM Tris, pH 8.0, 1mM EDTA), and
subjected to 2.0% agarose gel electrophoresis for DNA
fragmentation analysis.

2.5. Caspase activity assay

Caspases activities were measured by colorimetric
assay kits (BioVision, Inc., Mountain View, California, US)
according to the manufacture’s recommendations. Briefly,
cell lysates were prepared and protein concentrations
were measured using BCA Protein Assay Reagent (Pierce,
Rockford, IL, US). Then 200 g of protein in each sample
was incubated with each caspase substrate (200 WM final
concentration) at 37 °C in a microplate for 4 h. Samples
were read at 405nm in microplate spectrophotometer
(BioTek Instruments, Inc., Winooski, US).

2.6. Western blot analysis

Cells were harvested and washed with ice-cold PBS, then
treated with ice-cold RIPA lysis buffer with 1 mM phenyl-
methyl sulfonylfluoride (PMSF). Isolation of mitochondrial
and cytosolic proteins was performed using the Mitochon-
dria/cytosol Fractionation Kit (Pierce, Rockford, IL, US).
Protein concentrations were measured using BCA Protein
Assay Reagent (Pierce, Rockford, IL, US). Equivalent amounts
of proteins were loaded and electrophoresed on 8-12%



14 L. Ding et al./Veterinary Microbiology 158 (2012) 12-22

sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Subsequently, proteins were transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore
Corp, Atlanta, GA, US). The membranes 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
reagent (Pierce, Rockford, IL, US).

2.7. Real-time quantitative PCR

Total RNA was extracted using TRIzol agent (Invitrogen,
Carlsbad, CA, US), and 2 j.g each RNA sample was reverse-
transcribed using First-strand cDNA synthesis kit (Invitro-
gen, Carlsbad, CA, US). The expression of apoptosis regulat-
ing genes was quantified using Bio-Rad iQ5 Real Time PCR
System by means of a real-time quantitative PCR assay (qQRT-
PCR) as described previously (Ravindra et al., 2009). The
primers for qRT-PCR in this study were shown in Table 1.
Reactions were carried out in 25 .l volume containing 1x
SYBR Premix Ex Taq™ II (Takara, Dalian, China), sense and
anti-sense primers (0.4 uM) and target cDNA (4 ng). The
cycling conditions were 95 °C for 30 s, followed by 40 cycles
of 95 °Cfor 5 s,60 °C for 30 s. Anegative control was included
in each run and the specificity of amplification reaction was
checked by melting curve (T, value) analysis. The relative
quantification of gene expression was analyzed by the two
—ddCt method (Livak and Schmittgen, 2001).

2.8. Absolute quantification of TGEV by real-time PCR

Viral RNA extraction and reverse transcription were
performed as described above. The sequences of the
primers for a 165 bp fragment of TGEV N gene were shown
in Table 1. The purified PCR product of TGEV was cloned
into pGEM-T easy vector (Promega, Madison, US) and the
concentration of Plasmid DNA was measured using
spectrophotometer (NanoDrop 2000, Wilmington, US). A
standard curve obtained using serially diluted plasmid
DNA standards of 10'-10° copies/l was used to quantify
the TGEV viral genomic copy numbers. The amplification
was carried out as described above.

2.9. Statistical analysis

Data are shown as mean + SEM of three independent
experiments done in triplicate. Results were analyzed by one-
way analysis of variance (ANOVA). A value of P < 0.05 was
considered significant.

Table 1
Sequences of primer pairs used for qRT-PCR.

3. Results
3.1. TGEV infection induces apoptosis in PK-15 cells

TGEV infection in PK-15 cells generally induces CPE and
eventually causes cell death (Solorzano et al., 1978). To
determine whether apoptosis occurs in TGEV infection-
induced CPE and cell death, we first observed the
morphological changes of TGEV-infected PK-15 cells. After
infection with TGEV at 10 MOI, CPE appeared in PK-15 cells
at 12 h post infection (p.i.), and became more evident at 24
and 48 h when compared to mock infection (Fig. 1A, upper
panel). Consistent with this, the TGEV-infected cells
showed typical apoptotic features including chromatin
condensation and nuclear fragmentation after AO/EB
staining (Fig. 1A, middle panel). Scanning electron micro-
scope observation showed cell shrinkage, volume reduc-
tion, and microvilli disappearance at 12h p.i.,, and cell
blebbing and membrane embedded apoptotic bodies at
48 h p.i. (Fig. 1A, lower panel).

Next, we analyzed the chromosomal DNA fragmenta-
tion of TGEV-infected cells by agarose gel electrophoresis.
PK-15 cells were infected with TGEV at 10 MOI for different
times (12, 24, 36, 48, 60 and 72 h) or at various titers (1, 5,
10, 15 and 20 MOI) for 24 h. As shown in Fig. 1B, DNA
ladders could be detected as early as 24 h p.i., when PK-15
cells were infected with TGEV at 10 MOI, and the intensity
of the ladder bands increased with time and dose of
infection. These results demonstrate that TGEV infection
induces apoptosis in PK-15 cells in a time- and dose-
dependent manner.

3.2. TGEV infection activates caspase-8, -9, -3, and cleaves
PARP

To gain insight into the mechanism underlying TGEV-
induced apoptosis, we investigated the contribution of
caspases to TGEV-induced apoptosis in PK-15 cells. The
protein levels of caspase-8, -9 and -3 were measured by
Western blot. Upon TGEV infection, full-length procas-
pase-8, procaspase-9 and procaspase-3 decreased with the
increased infection times and doses, while their activated
form showed a time- and dose-dependent increase
(Fig. 2A). PARP, a representative substrate for effector
caspases, can be cleaved by caspase-3 (Thornberry and
Lazebnik, 1998). Western blot analysis showed that the
levels of full-length PARP decreased at 12 h p.i., while the
levels of cleaved PARP were significantly increased at 12 h
p.i., whereas no cleaved PARP were detected in mock-
infected cells. The cleaved fragment of PARP was also

Gene Forward primer (5'-3') Reverse primer (5'-3') Product (bp) Accession no.
Bax ATGATCGCAGCCGTGGA GGGCCTTGAGCACCAGTTT 139 AJ606301

Bcl-2 TTGTGGCCTTCTTTGAGTTCG CTACCCAGCCTCCGTTATCC 150 XM_003121700.1
Fas CCAGAATGAGAATGAAAGCTTGACC AAGCGATGTTTACAGCCAGCA 124 NM_213839

FasL ACCAACACTCCTGCCATCAA CAGCCCCAATCCAACCA 136 NM_213806
B-Actin GGACTTCGAGCAGGAGATGG AGGAAGGAGGGCTGGAAGAG 138 XM_003124280.1
TGEV ACAAACACACCTGGAAGAGAACT GAATGCTAGACACAGATGGAACAC 165 HQ462571
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Fig. 1. Apoptosis induced by TGEV infection in PK-15 cells. (A) Morphological changes in TGEV-infected cells. Cells were seeded into 24-well culture plates
and infected with TGEV (MOI 10) for different times. Photomicrographs at inverted microscope of TGEV-induced CPE (upper panel). Morphological changes
under fluorescence microscopy followed by AO and EB staining (middle panel). Normal and early apoptotic cells were stained by AO and showed green
fluorescence, while late apoptotic cells were stained by EB and showed orange fluorescence. Arrows indicate condensed chromatin and nuclear
fragmentation; scanning electron micrographs of TGEV-infected PK-15 cells (lower panel). Arrows indicate plasma membrane blebbing in the apoptotic
cells and the formation of apoptotic body. (B) DNA fragmentation in TGEV-infected cells. DNA isolated from TGEV-infected PK-15 cells was subjected to 2%
agarose gel electrophoresis, followed by visualization of bands and photography. Lane M, 100 bp DNA molecular weight marker. Lane mock (left panel),

sham-infected for 72 h; lane mock (right panel), sham-infected for 24 h.

increased with the infection dose in TGEV-infected cells at
24 h p.i. (Fig. 2B, right panel).

To further confirm the contribution of caspase-8, -9, -3
in apoptosis, we examined the cell viability of TGEV-
infected cells pre-treated with or without caspase-8, -9
and -3 specific inhibitors z-IETD-FMK, z-LEHD-FMK and Z-
DEVD-FMK, respectively. Results showed that caspases-8, -
9 and -3 specific inhibitors significantly prevented cell
death as expected (Fig. 2C). To further determine the effect
of initiator caspase-8 or -9 on the activation of caspase-3,
we analyzed the inhibitory efficacy of caspase-8 or
caspase-9 inhibitor in caspase-3 activity in TGEV-infected
cells. The activity of caspase-3 was significantly inhibited
in cells in the presence of caspase-8 or caspase-9 inhibitor,
and was more significantly inhibited by combining the two
inhibitors (Fig. 2D). Taken together, these results suggest
that both extrinsic and intrinsic pathways might con-
tribute to caspase-3 activation in TGEV-induced apoptosis.

3.3. TGEV infection induces apoptosis through Fas/FasL
dependent pathway and Bid cleavage

Caspase-8 plays a pivotal role in Fas/FasL mediated-
apoptosis. The involvement of caspase-8 hints us to further
test whether Fas and FasL are involved in TGEV-induced
apoptosis. Thus, we investigated the expression of Fas and
FasL in TGEV-infected PK-15 cells. As shown in Fig. 3A, the
protein levels of FasL were notably increased in a time- and
dose-dependent manner, whereas Fas did not show any
changes after TGEV infection. To further determine the
mechanism whereby FasL expression was increased, we
examined FasL mRNA levels in TGEV-infected PK-15 cells
by qRT-PCR. The results showed that the mRNA levels of
FasL significantly increased as early as 4h p.i., and
continued to increase with infection time (Fig. 3B),
suggesting that FasL expression is up-regulated in TGEV-
infected cells. However, the mRNA levels of Fas maintained
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Fig. 2. Effects of TGEV infection on caspases activation and PARP cleavage in PK-15 cells. (A) Western blot analysis for caspases activation in TGEV-infected
cells (10 MOI) for different times (left panel) or at different MOIs for 24 h p.i. (right panel). The molecular weight (kDa) of protein size standards is shown on
the right hand side. Lane m (left panel), sham-infected for 48 h; lane m (right panel), sham-infected for 24 h; 3-actin was used as an internal loading control.
(B) The cleavage of PARP was analyzed by Western blot. (C) Effect of caspase inhibitors on cell viability. The cells were incubated with 20 .M of each caspase
inhibitor for 2 h prior to infection with TGEV (10 MOI) for 24 h and 48 h. Cell viability was evaluated by MTT assay. Values are shown as the mean & SEM. a,
P < 0.05 versus TGEV infection alone without inhibitors for 24 h; b, P < 0.05 versus TGEV infection alone without inhibitors for 48 h. (D) The Inhibitory efficacy of
caspase-8 and -9 inhibitors on the activity of caspase-3. The cells were incubated with 20 M of each caspase inhibitor (z-IETD-fmk and z-LEHD-fmk) for 2 h prior
to infection with TGEV (10 MOI) for 24 h. The activity of caspase-3 was measured by colorimetric assay kit. The relative caspase-3 activity (caspase-3 activity with
inhibitor/caspase-3 activity without inhibitor) was calculated, after the activity of caspase-3 in cells treated with TGEV or/and inhibitors subtracted the
background value (caspase-3 activity in cells without virus and inhibitors). Values are mean + SEM. **P < 0.01 versus TGEV infection alone without inhibitors.

relatively stable levels in TGEV-infected cells compared to
that of control (Fig. 3C), suggesting that Fas is expressed
constitutively in PK-15 cells.

It is known that activated caspase-8 can cleave Bid to
truncated Bid (tBid), which is important in the crosstalk
between death receptor pathway and intrinsic pathway
in some cell types (Yin, 2000). tBid translocation to

mitochondria participates in the destruction of mitochon-
dria integrity and cytochrome c release to cytosol, which
further facilitates caspase-9 activation (Yin, 2000). To test
whether Bid is involved in TGEV-induced apoptosis, we
measured the changes of Bid in cells upon TGEV infection.
Western blot analysis revealed that tBid appeared in
mitochondrial fractions at 8 h p.i., and maintained a high
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Fig. 3. Effects of TGEV infection on FasL, Fas expression and Bid cleavage in PK-15 cells. (A) Cells were mock-infected or TGEV-infected at 10 MOI for different times
(left panel) or at different MOlIs for 24 h (right panel). Cell lysates were analyzed by Western blot. The molecular weight (kDa) of protein size standards is shown on
the right hand side. (B, C) qRT-PCR assay for mRNA levels of FasL and Fas after cells were infected with TGEV at 10 MOI for different times. Values are shown as the
mean + SEM. *P < 0.05, **P < 0.01 versus control. (D) Bid cleavage and tBid translocation to mitochondria. Mitochondrial protein (tBid) and cytosolic protein (Bid) were
isolated, and subjected to Western blot analysis. Cox4 and [3-actin were used as internal controls for the mitochondrial fractions and the cytosolic fractions, respectively.
The molecular weight (kDa) of protein size standards is shown on the right hand side. (E) Cells were pre-treated with the caspase-8 inhibitor for 2 h and infected with
TGEV for 24 h. tBid expression in mitochondria was analyzed by Western blot. (Note: X-ray film exposure times were different in D left panel, D right panel and E). (F)
Effect of caspase-8 inhibitor on the activity of caspase-9. Cells were pretreated with Z-IETD-FMK for 2 h, and then infected with TGEV for 24 h. Caspase-9 activity was
measured by colorimetric assay kit. Values represent the mean + SEM of three different experiments performed in triplicate. “P < 0.05 versus TGEV infection alone.
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level in subsequent times in TGEV-infected cells but not in
mock-infected cells (Fig. 3D). However, following incuba-
tion with z-IETD-FMK, a specific inhibitor of caspase-8,
tBid could not be detected in TGEV-infected cells (Fig. 3E).
Moreover, the activation of caspase-9 was partly blocked
in TGEV-infected cells in the presence of caspase-8
inhibitor compared to that in cells without the inhibitor
(Fig. 3F), suggesting that block of caspase-8 activity could
affect Bid cleavage and caspase-9 activation. Take together,
these results suggest that apoptosis signals from the FasL
are transmitted to activate caspase-8, which in turn
cleaves Bid, activates mitochondria-mediated apoptotic
pathway, followed by caspase-9 activation, and that other
apoptosis signals might contribute to the activation of
caspase-9.

3.4. TGEV infection regulates the expression of Bcl-2 family
proteins and promotes the release of cytochrome c from
mitochondria

Once activation of mitochondria-mediated apoptotic
pathway, several toxic proteins such as cytochrome c and
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Smac can release from mitochondria to cytoplasm to induce
the activation of downstream caspase cascade. This process
is tightly controlled by members of Bcl-2 family. Pro-
apoptotic Bcl-2 proteins such as Bax or Bak were activated
upon upstream apoptosis signals, resulting in outer
mitochondrial membrane permeabilization and toxic pro-
teins release. In contrast, anti-apoptotic Bcl-2 proteins such
as Bcl-2 or Bcl-X; can prevent this occurrence (Shimizuetal.,
1999). In the present study, the expression of Bcl-2 and Bax
were detected by Western blot assay and qRT-PCR. In TGEV-
infected cells, protein levels of Bax exhibited an apparent
increase in a time- and dose-dependent manner, whereas
the protein levels of Bcl-2 were down-regulated in a time-
and dose-dependent manner (Fig. 4A). Consistent with the
changes of protein levels, the mRNA levels of Bax were up-
regulated in TGEV-infected cells as early as 8 h p.i. and
continuously increased until 48 h p.i. (Fig. 4B). Conversely,
the mRNA levels of Bcl-2 were significantly decreased after
infection with 10 MOI of TGEV for 8 h, and progressively
declined at subsequent time points (Fig. 4B).

Next, we observed that Bax translocated from cytosol
to mitochondria at 8 h p.i.,, and steadily increased in
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Fig. 4. Effects of TGEV infection on the expression of Bcl-2 family proteins and release of cytochrome c. (A) The expression of Bcl-2 and Bax in TGEV-infected
PK-15 cells. Cells were mock-infected or TGEV-infected (10 MOI) for different times (upper panel) or TGEV-infected at different MOIs for 24 h (lower panel)
and cell lysates were analyzed by Western blot. The molecular weight (kDa) of protein size standards is shown on the left hand side. (B) qRT-PCR assay for
mRNA levels of Bcl-2 (left panel), Bax (right panel). Values are mean + SEM. *P < 0.05, **P < 0.01 versus control. (C) Bax translocation and cytochrome c release.
The cells were mock-infected or TGEV-infected for different times at 10 MOI, and cell lysates were analyzed by Western blot. The molecular weight (kDa) of
protein size standards is shown on the left hand side. Data are representative of three separate experiments.
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mitochondria with the infection time (Fig. 4C). In
coincidence with Bax translocation to mitochondria,
cytochrome ¢ but not Smac released from mitochondria
to cytosol in TGEV-infected cells (Fig. 4C). In mock-
infected cells, however, Bax translocation and cyto-
chrome c release could not be detected. Taken together,
these results suggest that Bax translocation and Bcl-2
down-regulation might play important roles in promot-
ing the release of cytochrome c¢ from mitochondria in
TGEV-infected cells.
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3.5. Virus replication is required for apoptosis induction

To test the effects of caspases activation on the
replication of TGEV, virus progeny release from cells in
the presence or absence of the caspases inhibitors was
determined by measuring TCID50. Results showed that the
titer of TGEV did not appear significant changes at 24 h p.i.,
but progressive increase in subsequent times and appar-
ently increased at 48 h p.i. in inhibitors-treated cells
compared with that in cells without inhibitors, especially
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Fig. 5. Inhibitory experiments of TGEV-induced apoptosis. (A) PK-15 cells were pre-treated with 20 M of each caspase inhibitor for 2 h, and then infected
with TGEV (10 MOI) for 24 h, 36 h and 48 h, respectively. After incubation, virus was collected and virus titers were shown as log10TCID50/ml. (B) PK-15
cells were pretreated with NH,4CI at different concentrations for 2 h before infection and then infected with TGEV (10 MOI) for 24 h. Cells infected in the
same conditions without NH4Cl were used as positive controls. Virus was collected and virus titers were shown as log10TCID50/ml. (C) PK-15 cells were
treated as in (B), and the copies of TGEV were assessed by qRT-PCR. PCR data was presented as follows: mean log10 genomic copies/ml & SEM. (D) DNA
fragmentation in TGEV-infected cells in the presence of NH,Cl was examined by agarose gel electrophoresis. (E, F) TGEV was inactivated by exposing to a 30 W UV
germicidal light at a distance of 30 cm for 30 min at 4 °C. PK-15 cells were infected with UV-inactivated virus at different MOIs for 24 h at 37 °C, and then viral

titers (E) and DNA fragmentation (F) were examined.
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in the presence of caspase-3 inhibitor (Fig. 5A). These
changes might be attributed to cell viability increase in the
presence of caspases inhibitors.

To determine whether the entry of virion into the cells
was necessary for the induction of apoptosis, we used
NH4Cl to inhibit the endosomal acidification to impede the
release of virion to the cytoplasm. We observed that NH,4Cl
treatment not only reduced viral progeny production in a
dose-dependent manner (Fig. 5B and C), but also attenu-
ated TGEV-induced apoptosis (Fig. 5D), suggesting that
TGEV induction of apoptosis requires the viral particles to
undergo uncoating.

To further examine whether apoptosis induction by
TGEV required virus replication, we used UV-treatment to
abrogate replication of virus to investigate the capacity of
UV-treated TGEV to induce apoptosis. After TGEV was
subjected to UV treatment, no viral progeny was detected
(Fig. 5E). Consistently, apoptosis induction disappeared in
cells infected with UV-inactivated TGEV (Fig. 5F). Taken
together, our results suggest that viral replication is
needed for apoptosis induction in TGEV-infected cells.

4. Discussion

Apoptosis is a predominant component for contributing
to the pathogenesis process of animal virus infectious
diseases (Chen et al., 2008; Everett and McFadden, 1999;
Shih et al.,, 2004). Previous studies have reported that
apoptosis occurs in response to TGEV infection in ST cells
and human rectal tumor adenocarcinoma cell line HRT18
modified to express the porcine aminopeptidase N (pAPN,
a cellular receptor for porcine coronaviruses) in vitro
(Eleouet et al., 1998, 2000; Kim et al., 2000; Sirinarumitr
etal., 1998). In the present study, we detected the effects of
TGEV infection in PK-15 cells and analyzed possible
mechanisms involved in apoptosis of TGEV-infected cells.
The results showed that TGEV-infected PK-15 cells
exhibited evident apoptotic features including chromatin
condensation, DNA fragmentation. Further results demon-
strated that caspases activation, Fas/FasL and mitochon-
drial pathways were involved in the apoptotic process in
TGEV-infected PK-15 cells.

Caspases, a family of cysteine-dependent aspartate-
directed proteases, play pivotal roles in initiation and
execution of apoptosis by cleaving a large number of
proteins (Thornberry and Lazebnik, 1998). The activation
of the caspase cascades is a trigger for apoptosis in some
viruses-infected cells (Chen and Makino, 2002; De Martino
et al., 2010; Lee and Kleiboeker, 2007). In TGEV-infected
PK-15 cells, the activation of caspase-8, -9, and -3 and
cleavage of PARP were observed, while inhibition of these
caspases activities significantly attenuated the apoptotic
effects of TGEV infection. These results suggest that the
activation of caspase cascades is involved in TGEV-induced
apoptosis in PK-15 cells. Similar results have been found in
other coronaviruses, including canine coronavirus and
infectious bronchitis virus (De Martino et al., 2010; Liu
et al., 2001).

There are two main signaling pathways contributing to
caspases activation, death receptor and mitochondrial
pathways. Death receptor pathway is initiated by death

receptor ligation followed by recruitment of adaptor
molecules and activation of upstream caspases (Ashkenazi
and Dixit, 1998). Mitochondrial pathway is dependent on
the process of mitochondrial outer membrane permeabi-
lization, leading to the release of toxic proteins from
mitochondria, which is subject to the regulation by Bcl-2
family proteins (Shimizu et al., 1999). Fas/FasL-mediated
signaling has been reported in apoptosis in response to
infection of several viruses such as Bovine ephemeral fever
virus (BEFV) (Lin et al., 2009) and murine coronavirus (Liu
and Zhang, 2007). Our current study revealed that the
induction of apoptosis by TGEV infection was preceded by
increased expression of FasL, which was followed by
subsequent activation of caspase-8 and -3. This finding
demonstrates that caspase-8 activation in TGEV-infected
cells can be mediated by ligation of Fas and FasL.
Mitochondrial apoptotic signals are controlled promi-
nently by the Bcl-2 family proteins, which include a
number of pro-apoptotic and anti-apoptotic proteins to
regulate apoptosis progress by changing relative levels
(Shimizu et al., 1999). Some viruses can encode proteins
homologous to Bcl-2 to inhibit apoptosis, while some
viruses can induce apoptosis by modulating the expression
of Bcl-2 family proteins (Cheng et al., 1997; De Martino
et al., 2010; Umeshappa et al., 2010). Our results showed
that TGEV infection down-regulated Bcl-2, up-regulated
Bax expression, promoted Bax translocation from cytosol
to mitochondria, and induced the release of cytochrome c,
resulting in PK-15 cell apoptosis. These results are
consistent with the observation in murine and canine
coronaviruses (Chen and Makino, 2002; De Martino et al.,
2010), suggesting that modulation of Bcl-2 members might
be a key step for coronaviruses induction of CPE and
eventually cell death.

In most case of virus-induced apoptosis, apoptosis is a
result of crosstalk between extrinsic and intrinsic path-
ways (De Martino et al., 2010; Lee and Kleiboeker, 2007). In
this process, activated caspase-8 cleaves Bid to tBid, which
translocates to mitochondria and initiates the release of
cytochrome ¢ into the cytosol, leading to caspase-9
activation (Yin, 2000). Our results also provided evidences
for the potential crosstalk between extrinsic and intrinsic
pathways in TGEV-induced apoptosis. Blocking caspase-8
activity using z-IETD-FMK, a specific inhibitor of caspase-8,
did not completely abrogate caspase-9 activation, suggest-
ing that caspase-9 is activated not only by caspase-8
activation but also by other upstream apoptotic signals. In
our system, the higher expression of p53 in TGEV-induced
apoptotic cell death (our unpublished data) might be
involved in the regulation of this process.

Some viruses can trigger apoptosis by early steps of
virus infectious cycle in the absence of viral replication,
such as vesicular stomatitis virus and reovirus (Clarke
et al.,, 2000; Gadaleta et al., 2002). However, some other
viruses-induced apoptosis depends on viral replication,
such as BEFV and human cytomegalovirus (Lin et al., 2009;
Reboredo et al., 2004). Our results showed that inhibition
of virus uncoating prevented the occurrence of apoptosis
and that UV-inactivated TGEV lost the ability to induce
apoptosis, suggesting that TGEV-induced cell apoptosis
depends on viral replication. Then, we investigated
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Fig. 6. Schematic representation of apoptotic pathways in TGEV-infected PK-15 cells. TGEV infection promotes the activation of Fas/FasL signaling pathway,
and then leads to activation of caspase-8. Activated caspase-8 could lead to the cleavage of Bid. tBid then translocates to mitochondria, resulting in the
release of cytochrome c. Bcl-2 down-regulation and Bax up-regulation in TGEV-infected cells also induce cytochrome c release to cytoplasm, which in turn
causes subsequently activation of caspase-9. The activation of caspase-8 and caspase-9 further activates caspase-3, leading to apoptosis.

whether caspases activation in cells is required for TGEV
replication in cells. Although our results showed that
inhibition of caspases activation could increase total viral
titer, the increase of viral titer is proportionate with the
effects of cell viability increase derived from the inhibition
of caspases activation, suggesting that block of caspases
activation does not affect TGEV replication in fact. All these
findings suggest that viral replication is crucial for the
induction of apoptosis in TGEV-infected PK-15 cells.

In conclusion, our results demonstrate that TGEV
induces apoptosis through Fas/FasL-mediated caspase-8
activation and mitochondria-dependent caspase-9 activa-
tion. In addition, TGEV replication may be necessary for the
induction of apoptosis. Based on these findings, a sche-
matic model of possible apoptotic mechanisms of TGEV-
infected cells is shown in Fig. 6.
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