
BASIC RESEARCH PAPER

Absence of autophagy promotes apoptosis by modulating the ROS-dependent RLR
signaling pathway in classical swine fever virus-infected cells
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ABSTRACT
A growing number of studies have demonstrated that both macroautophagy/autophagy and apoptosis
are important inner mechanisms of cell to maintain homeostasis and participate in the host response to
pathogens. We have previously reported that a functional autophagy pathway is trigged by infection of
classical swine fever virus (CSFV) and is required for viral replication and release in host cells. However, the
interplay of autophagy and apoptosis in CSFV-infected cells has not been clarified. In the present study,
we demonstrated that autophagy induction with rapamycin facilitates cellular proliferation after CSFV
infection, and that autophagy inhibition by knockdown of essential autophagic proteins BECN1/Beclin 1 or
MAP1LC3/LC3 (microtubule-associated protein 1 light chain 3) promotes apoptosis via fully activating
both intrinsic and extrinsic mechanisms in CSFV-infected cells. We also found that RIG-I-like receptor (RLR)
signaling was amplified in autophagy-deficient cells during CSFV infection, which was closely linked to the
activation of the intrinsic apoptosis pathway. Moreover, we discovered that virus infection of autophagy-
impaired cells results in an increase in copy number of mitochondrial DNA and in the production of
reactive oxygen species (ROS), which plays a significant role in enhanced RLR signaling and the activated
extrinsic apoptosis pathway in cultured cells. Collectively, these data indicate that CSFV-induced
autophagy delays apoptosis by downregulating ROS-dependent RLR signaling and thus contributes to
virus persistent infection in host cells.
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Introduction

Classical swine fever virus (CSFV), an enveloped virus with a
positive-stranded RNA genome, is classified as a Pestivirus
within the Flaviviridae family.1 CSFV is the causative agent of
classical swine fever (CSF), a highly virulent disease of
swines.2,3 In vivo, CSFV infection mainly causes high fever,
multiple hemorrhages, and leukopenia, leading to high morbid-
ity and mortality, the severity of which might be due to host
quality and the virulence of the viral strains.2,3 Interestingly,
in vitro, CSFV replication in cells suppresses type I IFN (inter-
feron)-inducible antiviral activity and apoptosis by interfering
with IFN production, thereby resulting in the persistent sur-
vival of CSFV in host cells.4 Although there have been extensive
studies on the pathogenesis of CSFV,2,5-7 the underlying mech-
anisms of apoptosis inhibition in cells in response to infection
with CSFV are only beginning to be elucidated.

Apoptosis (formerly referred to as programmed cell death
type I) is regulated by CASPs/caspases, which are apoptosis-
related cysteine peptidases.8,9 Two main signals induce apo-
ptosis, including the intrinsic and extrinsic pathways. The
induction of the intrinsic pathway results in mitochondrial
outer membrane permeabilization, therefore triggering
CASP3/caspase-3 by activating CASP9/caspase-9.8 The extrin-
sic pathway activates CASP3 via cleavage of CASP8/caspase-8

in a death receptor-mediated manner.8 Apoptosis also could
be considered a defense mechanism against virus replication
by triggering cell death.10

Autophagy is an intracellular bulk degradation pathway by
which cytosolic constituents can be cleared and recycled in the
cytosol for the maintenance of cellular homeostasis.11 Dysfunc-
tional autophagy is associated with the causation of human dis-
eases such as cancer, aging, and neurodegenerative disorders.12-14

In addition, recent studies demonstrate that an autophagic
mechanism is required to combat viral infections via influencing
the innate and adaptive immune defenses.15-17 Interestingly, sev-
eral viruses have evolved diverse strategies to subvert autophagy
for their own replication.18-21 We have shown that CSFV infec-
tion triggers the autophagy pathway in host cells, which is essen-
tial for viral replication.22 Based on these findings, we postulate
that CSFV-activated autophagy may be a potential mechanism
used by viruses for establishing a persistent infection. Therefore,
further work investigating the precise molecular mechanisms of
the relationship between CSFV and autophagy is important for
controlling viral infection.

Currently, several genetic connections have emerged
between autophagy and apoptosis, such functional links mainly
depend on the regulation of the same proteins in both
autophagy and apoptosis.23-26 To date, it is not yet known
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whether a crosstalk might exist between autophagic and
apoptotic pathways in cells subjected to CSFV infection. How-
ever, in view of the known functions of autophagy and apopto-
sis in physiological homeostasis and in the viral infection
process, it seems likely that apoptosis inhibition is related to
CSFV-induced autophagy. Herein, our research focused on the
role of CSFV-induced autophagy in apoptotic pathways
through the regulation of autophagic activity, and reveals a
novel regulatory mechanism by which autophagy limits
apoptosis and contributes to CSFV infection in host cells.

Results

Autophagy promotes cell survival under CSFV infection

We have reported earlier that CSFV-infected cells displayed
induction of autophagy.22 In addition to the autophagic
pathway, other forms of stress on cell survival may be induced
in cells subjected to viral infection, such as cell death pathways.
However, in vitro studies showed that CSFV infection does not
induce a cytopathic effect (CPE) and therefore has no obvious
effect on cell death.27 Autophagy, a protective mechanism in
cells, can prolong cell survival under different stresses. As
CSFV infection cannot trigger a pronounced CPE and cell
death, it is important and necessary to know more about the
function of autophagy induced by CSFV on cell death. To this
end, rapamycin, an inducer of autophagy, was used to promote
the cellular autophagic pathway.28,29 Meanwhile, short hairpin
RNA (shRNA)-mediated knockdown treatments were per-
formed to decrease the activity of autophagy in PK-15 and
3D4/2 cells. The pharmacological regulation of autophagy and
RNA interference efficiency are shown in Fig. 1. Significant
fluorescence signals of the mostly autophagy-specific protein
LC3 were observed in both CSFV-infected and rapamycin-
treated cells with puncta accumulation (Fig. 1A, left part). In
contrast, the classical LC3 puncta accumulation was not
observed in mock-infected and ultraviolet (UV)-CSFV infected
cells (Fig. 1A, left part), indicating that replication-inhibited
CSFV lost its capability of triggering the functional autophagic
pathway. The corresponding number of LC3 puncta in cells
subjected to different treatments were also counted (Fig. 1A,
lower right part). Additionally, western blot analysis was used
to measure the conversion of LC3 and the expression of CSFV
envelope protein E2 (Fig. 1A, upper right part), and the results
were consistent with the data from the detection of fluorescence
signals. Meanwhile, PK-15 cells were transfected with scram-
bled, BECN1 or LC3B shRNAs, and then were mock infected or
infected with CSFV. Followed by observation of fluorescence
signals and protein level measurements. Our results showed
that a significant inhibition of autophagy was observed in
BECN1 or LC3B shRNA-transfected cells (Fig. 1B). As
expected, rapamycin treatment and autophagic protein
knockdown could be used for regulating autophagy activity in
our research.

Furthermore, we chose to use rapamycin and specific
shRNAs in examining whether regulation of autophagy
activity alters CSFV-infected cell growth. As demonstrated in
Fig. 2, the induction of autophagy with rapamycin showed
an enhancement effect on cell viability during infection with

CSFV, from 0 to 48 h post-infection, whereas there were no
significant differences in cell viability between cells with
single infection of CSFV and mock-infected cells (Fig. 2A
and C, left part). In contrast, knockdown of autophagy with
shRNAs targeting endogenous BECN1 and LC3B reduced
cell viability in PK-15 and 3D4/2 cells during CSFV infection
(Fig. 2A and C, right part). Notably, a decreased percentage
of cell death was observed in the rapamycin-treated cells,
and an increased percentage of cell death was obtained in
autophagy-impaired cells under virus infection, compared
with all necessary controls (Fig. 2B and D), suggesting that
CSFV subverts autophagy to promote cell proliferation or
inhibit cell death.

CSFV infection induces apoptosis in autophagy
knockdown cells

Increasing evidence suggests that in some instances auto-
phagy and apoptosis are cross inhibitory.30 Our results
showed that CSFV infection promotes cell death in auto-
phagy-impaired cells (Fig. 2). To further determine if the
autophagic machinery influences apoptosis during CSFV
infection, we detected cell viability and percentage of cell
death in autophagy knockdown cells by using Z-VAD-FMK
(Z-VAD) and necrostatin-1 (Nec-1), which are usually used
as inhibitors for apoptosis and necrosis.31-34 As shown in
Fig. 3 and Fig. 4, infected autophagy knockdown cells
treated with Z-VAD exhibited an enhanced level of cell via-
bility and a reduced percentage of cell death, whereas Nec-1
treatment had no obvious role in cell viability and percent-
age of cell death in autophagy knockdown cells infected
with CSFV (Fig. 3 and 4, panel A and B). To further ana-
lyze the correlation between autophagy and apoptosis dur-
ing the progression of CSFV infection, the TUNEL staining
method was performed to detect apoptosis. Our results
showed that knockdown of autophagy with BECN1 and
LC3B shRNAs promoted apoptosis in PK-15 and 3D4/2
cells during CSFV infection compared with cells only
infected with CSFV. Autophagy-impaired cells treated with
Nec-1 exhibited a similar level of apoptotic “dots” com-
pared with both BECN1 and LC3B shRNA-transfected cells
during CSFV infection, whereas Z-VAD rescued autophagy
knockdown cells from CSFV-induced apoptosis (Fig. 3 and
4, panel D). Notably, virus production was significantly
enhanced after Z-VAD treatment in both autophagy-
impaired PK-15 and 3D4/2 cells (Fig. 3 and 4, panel C).
These results indicate that CSFV infection induces cell
death in autophagy knockdown cells, and apoptosis is the
principal pathway of cell death.

CSFV infection triggers the intrinsic and extrinsic apoptosis
signaling pathways in autophagy knockdown cells

The apoptosis pathway is regulated by a series of action of
CASPs.8,9 To further define the relationship between
autophagy and apoptosis in CSFV-infected cells, the activity
of the CASP-mediated pathway was detected. As shown in
Fig. 5, the activities of CASP3, CASP8, and CASP9 were pro-
moted in autophagy-deficient cells during CSFV infection
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compared with the corresponding CASP activity in normal
infected PK-15 and 3D4/2 cells (Fig. 5A and C). Further-
more, our results showed that both cell lines transfected with
BECN1 and LC3B shRNAs presented significantly increased
levels of pro-apoptotic molecules including BAX, cleaved-
CASP8, cleaved-CASP9, cleaved-CASP3, and cleaved-PARP
proteins, and reduced the expression of the anti-apoptotic
molecule BCL2/Bcl-2 compared with cells transfected with
nontargeting (scrambled) shRNAs during CSFV infection
(Fig. 5B and D). These results indicate that CSFV-induced
autophagy limits apoptosis by inhibiting both the intrinsic
and extrinsic mechanisms.

CSFV infection in autophagy knockdown cells promotes
mRNA levels of type I IFN and IFN-stimulated genes (ISGs)

In vitro studies showed that inhibition of apoptosis in CSFV-
infected cells is mainly attributed to suppression of type I IFN
production.4 Given that autophagy may suppress innate antivi-
ral immunity in some viral infections, including vesicular
stomatitis Indiana virus and hepatitis C virus,35-37 and the role
for autophagy in type I IFN production has not previously been
reported in CSFV infection, we next asked whether knockdown
of autophagy proteins following CSFV infection modulates
type I IFN production; this was important to reveal the

Figure 1. Rapamycin and autophagy-specific shRNAs treatments alter autophagic activity in host cells. (A) PK-15 cells were treated with rapamycin (100 nM) or DMSO
(Mock) for 48 h as control groups. Other groups were infected with CSFV or UV-CSFV for 48 h at an MOI of 1. Then cells were fixed and processed for fluorescence signal
detection of LC3 accumulation with corresponding antibodies as described in Materials and Methods. The fluorescence signals were visualized with confocal immunofluo-
rescence microscopy. In images, LC3 staining is shown in green. Scale bar: 10 mm. Average number of punctate LC3 in each cell were determined from at least 100 cells in
each group. The data represent the mean§ SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances, P> 0.05, LSD (L) was used for cor-
rection of post-hoc test. ��, P< 0.01; ���, P< 0.001; #, P > 0.05. Meanwhile, at the end of the infection, some cell samples were analyzed by immunoblotting with specific
antibodies as described in Materials and Methods. Similar results were obtained in 3 independent experiments. (B) PK-15 cells were transfected with shRNAs targeting
BECN1 or LC3B or scramble shRNA for 48 h, followed by mock infection and CSFV infection for 48 h at an MOI of 1. Then the cells were treated and analyzed as in (A). The
data represent the mean § SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances, P > 0.05, LSD (L) was used for correction of post-
hoc test. �, P < 0.05; ���, P < 0.001. Meanwhile, after infection, some cell samples were analyzed by immunoblotting with specific antibodies as described in Materials
and Methods. Similar results were obtained in 3 independent experiments.
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Figure 2. Alteration of autophagic activity affects viability of CSFV-infected cells. (A and C) PK-15 (A) and 3D4/2 (C) cells were pretreated with rapamycin (100 nM) or
DMSO for 1 h. Cells were then mock infected or infected with CSFV at an MOI of 1. After 1 h of virus absorption at 37�C, the cells were incubated in fresh medium contain-
ing rapamycin (100 nM ) or DMSO for 0, 12, 24 and 48 h. Cells only treated with rapamycin were considered as one control. Meanwhile, 2 cell lines were transfected with
shRNAs targeting BECN 1 or LC3B or scramble shRNA for 48 h, followed by mock infection and CSFV infection for 0, 12, 24 and 48 h at the same MOI. Then the cell viability
was determined by the CCK-8 assay. The data represent the mean § SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances, P > 0.05,
LSD (L) was used for correction of post-hoc test. (B and D) PK-15 (B) and 3D4/2 (D) cells were pretreated and transfected as described in (A and C), followed by mock infec-
tion and CSFV infection for 48 h at an MOI of 1. Percentage of cell death was then detected using a live-dead cell staining solution and analyzed by flow cytometry. The
data represent the mean § SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances, P > 0.05, LSD (L) was used for correction of post-
hoc test. ��, P < 0.01; ���, P < 0.001; #, P > 0.05.
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Figure 3. CSFV infection in autophagy knockdown cells induces apoptotic cell death in PK-15 cells. (A) PK-15 cells were transfected with the scrambled or BECN1 or LC3B shRNA
for 48 h. Cells were then mock infected or infected with CSFV at an MOI of 1. After 1 h of CSFV absorption, the cells were further cultured in fresh medium in the absence or
presence of Z-VAD (10 mM) or Nec-1 (10 mM) at the indicated time points. Then the cell viability was measured by the CCK-8 assay. The data represent the mean § SD of 3
independent experiments. One-way ANOVA test; test of homogeneity of variances, P > 0.05, LSD (L) was used for correction of post-hoc test. (B) PK-15 cells were transfected
and infected as described in (A). Percentage of cell death was then measured using a live-dead cell staining solution and assayed by flow cytometry. The data represent the
mean § SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances, P > 0.05, LSD (L) was used for correction of post-hoc test. �, P< 0.05; ���,
P < 0.001; #, P > 0.05. (C) PK-15 cells transfected with the targeted shRNAs were incubated with CSFV at an MOI of 0.5, and were further cultured as described in (A). At 48 h
after CSFV infection, the copy number of virus was detected by qRT-PCR as described in Materials and Methods. The data represent the mean § SD of 3 independent experi-
ments. One-way ANOVA test; test of homogeneity of variances, P > 0.05, LSD (L) was used for correction of post-hoc test. ���, P < 0.001; #, P > 0.05. (D) PK-15 cells were trans-
fected and infected as described in (A). Apoptosis was then measured using a TUNEL Apoptosis Assay Kit as described in Materials and Methods. In the images, apoptotic cells
are shown in green. Scale bar: 400 mm. Average number of apoptotic green “dots” was determined from at least 3 images. The data represent the mean§ SD of 3 independent
experiments. One-way ANOVA test; test of homogeneity of variances, P> 0.05, LSD (L) was used for correction of post-hoc test. ���, P< 0.001; #, P> 0.05.
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Figure 4. Autophagy knockdown promotes apoptosis in 3D4/2 cells under CSFV infection. (A) 3D4/2 cells were transfected and infected as described in the legend to
Fig. 3A. After 1 h of CSFV absorption, the cells were further cultured in fresh medium in the absence or presence of Z-VAD (10 mM) and Nec-1 (10 mM) at the indicated
time points. Then the cell viability was measured by the CCK-8 assay. The data represent the mean § SD of 3 independent experiments. One-way ANOVA test; test of
homogeneity of variances, P > 0.05, LSD (L) was used for correction of post-hoc test. (B) 3D4/2 cells were treated as described in (A). Cell death was then detected using
a live-dead cell staining solution and assayed by flow cytometry. The data represent the mean§ SD of 3 independent experiments. One-way ANOVA test; test of homoge-
neity of variances, P > 0.05, LSD (L) was used for correction of post-hoc test. �, P< 0.05; ���, P < 0.001; #, P > 0.05. (C) 3D4/2 cells transfected with the autophagy-specific
shRNAs were incubated with CSFV at an MOI of 0.5, and were further cultured as described in (A). At 48 h after CSFV infection, virus production was measured by qRT-PCR
as described in Materials and Methods. The data represent the mean § SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances,
P > 0.05, LSD (L) was used for correction of post-hoc test. �, P < 0.05; ��, P < 0.01; ���, P < 0.001; #, P > 0.05. (D) 3D4/2 cells were treated as described in (A). Apoptosis
was then measured using a TUNEL Apoptosis Assay Kit as described in Materials and Methods. In images, apoptotic cells are shown in green. Scale bar: 400 mm. Average
number of apoptotic green “dots” were from at least 3 images. The data represent the mean § SD of 3 independent experiments. One-way ANOVA test; test of homoge-
neity of variances, P > 0.05, LSD (L) was used for correction of post-hoc test. ���, P < 0.001; #, P > 0.05.
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Figure 5. Autophagy deficiency leads to the activation of apoptosis pathways in CSFV-infected cells. ((A)and C) PK-15 (A) and 3D4/2 (C) cells were transfected and infected
as described in the legend to Fig. 2A and C. At 48 h after infection, the activity of CASP3, CASP8, and CASP9 in cells was measured by the CASP activity assay as described
in Materials and Methods. The data represent the mean § SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances, P > 0.05, LSD (L)
was used for correction of post-hoc test. �, P < 0.05; ��, P < 0.01; #, P > 0.05. ((B)and D) PK-15 (B) and 3D4/2 (D) cells were transfected and infected as described in the
legend to Fig. 2A and C. After 48 h, the expression of BCL2, BAX, cleaved-CASP3, cleaved-CASP8, cleaved-CASP9, cleaved-PARP, and ACTB (loading control) were analyzed
by western blot with specific antibodies as described in Materials and Methods. The relative expression ratios of these proteins were analyzed by densitometric scanning.
The data represent the mean § SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances, P > 0.05, LSD (L) was used for correction of
post-hoc test. �, P < 0.05; ���, P < 0.001; #, P > 0.05.
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molecular mechanism by which CSFV inhibits IFN-mediated
apoptosis in host cells. For this, the mRNA levels of IFNA/IFN-
a, IFNB1/IFN-b, TNFSF10/TRAIL, TNFRSF10A/DR4, FASLG/
TNFSF6/FASL, FAS/TNFRSF6, TNF/TNF-a, and TNFRSF1A/
TNFR from CSFV-infected cells and noninfected cells, which
were transfected with shBECN1, shLC3B, or scrambled shRNA
(control), were examined to verify if deficiency of autophagy
has an effect on the interferon signaling pathway. TNFSF10
and FAS, the well-known apoptosis-related ISGs, are involved
in death receptor-mediated apoptotic processes in CSFV infec-
tion in vivo.38 Our results showed a significant increase in
mRNA expression of apoptosis-related genes in autophagy-
impaired PK-15 and 3D4/2 cells infected with CSFV, at 48 h
post-infection, compared with CSFV-infected (scrambled
shRNA) cells (Fig. 6A). However, a significant difference in
expression of these genes in CSFV-infected (scrambled shRNA)
cells compared with mock-infected (scrambled shRNA) cells
was not observed (Fig. 6A). Furthermore, similar results were
also obtained in type I IFN production (Fig. 6B). Importantly,
TNF production was not affected by autophagy deficiency
(Fig. 6B), consistent with previous results that Nec-1 treatment
had no obvious role in cell viability and percentage of cell death
in autophagy knockdown cells infected with CSFV (Fig. 3 and
4, panel A and B). These findings indicate that CSFV-induced
autophagy inhibits apoptosis by suppressing type I IFN produc-
tion and the expression of apoptosis-related ISGs.

To further analyze the role of type I IFN in apoptosis, the
inhibitor bufexamac targeting IFNA release and IFNB1
sequence-specific shRNA were used in this study.39 As shown
in Fig. 7, inhibition of IFNA or IFNB1 production significantly
decreased mRNA levels of ISGs and therefore reduced the
activity of CASP3 and CASP8, then the expression of cleaved-
PARP was downregulated in autophagy knockdown PK-15 and
3D4/2 cells infected with CSFV, at 48 h post-infection, com-
pared with CSFV-infected control (scrambled shRNA) cells
and mock-infected control (scrambled shRNA) cells (Fig. 7A,
B, and C). Additionally, the interference efficiency of bufexa-
mac and IFNB1 shRNA was measured using an ELISA assay
for type I IFN production detection (Fig. 7D). These results fur-
ther indicate that CSFV-induced autophagy suppresses type I
IFN mediated extrinsic apoptosis.

Absence of autophagy in cells enhances RLR signaling
upon CSFV infection

RNA viruses are recognized by the members of the RLRs in
cells, such as DDX58/RIG-I (DEXD/H-box helicase 58) and
IFIH1/MDA5 (interferon induced with helicase C domain
1).40,41 Type I IFN production is closely related to the regula-
tion of RLR signaling.41 Given that the absence of autophagy
leads to an increase in the production of type I IFN in host cells
after infection with CSFV (Fig. 6B), we reasoned that auto-
phagy may limit type I IFN production through regulating the
activation of RLR signaling. To test this hypothesis, we
determined the levels of DDX58, IFIH1, and their adaptor pro-
tein MAVS in autophagy-impaired cells under CSFV infection
by using western blot.40 As shown in Fig. 8, knockdown of
BECN1 and LC3 in CSFV-infected PK-15 cells leads to a signif-
icant increase in the expression of DDX58, IFIH1, and MAVS

compared with cells transfected with nontargeting (scrambled)
shRNAs (Fig. 8A). Similar results were also observed in infected
3D4/2 cells (Fig. 8B). The data thus far indicate that the absence
of autophagy not only increases type I IFN levels but also
enhances RLR signaling.

To support these data, we chose to perform gene silencing of
DDX58, IFIH1, and MAVS; the silencing efficiency is shown in
Figure 8D. Importantly, we further confirmed that inhibition of
RLR signaling significantly reduced the production of type I
IFN in autophagy-impaired cells during CSFV infection
(Fig. 8C). Thus, we suggest that CSFV-induced autophagy may
limit type I IFN production by inhibiting RLR signaling.

CSFV infection induces ROS accumulation and leads to RLR
signaling amplification in autophagy knockdown cells

Previous studies have reported that RLR signaling amplification
is related to ROS levels.42 Next, we detected whether a decrease
in ROS production affects RLR signaling in autophagy-defective
cells during infection by CSFV. To this end, N-acetyl-L-cysteine
(NAC) and rotenone were used in this study to alter ROS pro-
duction; these compounds are usually considered as regulators
for ROS release.43,44 As shown in Figure 9, an obvious increase
in ROS levels were observed in autophagy knockdown PK-15
and 3D4/2 cells infected with CSFV, at 24 and 48 h post-infec-
tion, compared with CSFV-infected (scrambled shRNA) cells
and mock-infected (scrambled shRNA) cells (Fig. 9A). The reg-
ulation efficiency of NAC and rotenone were also measured by
ROS detection (Fig. 9A). Inhibition of ROS release with NAC
reduced the levels of DDX58 and IFIH1 (Fig. 10A). In contrast,
ROS induction with rotenone increased the levels of DDX58
and IFIH1 (Fig. 10B). Interestingly, autophagy defects also
increased the copy number of mitochondrial DNA during
CSFV infection, which is associated with the enhanced MAVS
levels and ROS accumulation (Fig. 9B). The data indicate that
ROS accumulation is necessary for RLR signaling amplification
in autophagy-impaired cells after infection with CSFV.

Enhanced ROS production is required for activating
the intrinsic apoptosis pathway

Our present results showed that the intrinsic apoptosis signaling
pathway was triggered by CSFV in autophagy-impaired cells.
To analyze the role of ROS in the activation of the intrinsic apo-
ptosis pathway, we tested the activity of CASP3, CASP8 and
CASP9, and the expression of cleaved-PARP with NAC or rote-
none in cultured PK-15 cells. Our results showed that NAC
treatment reduced both the activity of CASPs and the level of
cleaved-PARP in autophagy-impaired PK-15 cells, at 48 h post-
infection, compared with only CSFV-infected (BECN1 and
LC3B shRNAs) cells (Fig. 11A and B). We also found that rote-
none treatment enhanced both the CASP activity and cleaved-
PARP expression in autophagy-impaired PK-15 cells, at 48 h
post-infection, compared with normal CSFV-infected (BECN1
and LC3B shRNAs) cells. Similar results were also observed in
infected 3D4/2 cells (Fig. 11A and B). Interestingly, NAC treat-
ment increased virus production in both cell lines. In contrast,
rotenone treatment reduced the generation of progeny virus in
both cell lines, at 24 and 48 h post-infection, compared with
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Figure 6. CSFV infection enhances the expression of IFN and ISGs in autophagy-deficient cells. (A) PK-15 and 3D4/2 cells were transfected and infected as described in the
legend to Fig. 2A and C. At 48 h after CSFV infection, the mRNA levels of IFNA, IFNB1, TNFSF10, TNFRSF10A, FASLG, FAS, TNF, and TNFRSF1A were detected by qRT-PCR as
described in Materials and Methods. The data represent the mean § SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances, P > 0.05,
LSD (L) was used for correction of post-hoc test. �, P< 0.05; ��, P < 0.01; ���, P < 0.001; #, P > 0.05. (B) PK-15 and 3D4/2 cells were transfected and infected as described
in the legend to Fig. 2A and C. After 48 h, the production of IFNA, IFNB1, and TNF was assessed by the ELISA assay. The data represent the mean § SD of 3 independent
experiments. One-way ANOVA test; test of homogeneity of variances, P > 0.05, LSD (L) was used for correction of post-hoc test. �, P < 0.05; ��, P < 0.01; ���, P < 0.001; #,
P > 0.05.
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Figure 7. Type I IFN production is required for the activation of the extrinsic apoptosis pathway. (A) PK-15 and 3D4/2 cells were transfected and infected as described in the legend
to Fig. 2A and C, which were considered as the control groups. For inhibition of IFNA and IFNB1 induction, cells were cultured with bufexamac (10mM) after 1 h of virus absorption,
or cotransfected with shRNA targeting IFNB1 prior to CSFV infection. At 48 h after infection, the mRNA levels of TNFSF10, TNFRSF10A, FASLG, and FAS were measured by qRT-PCR.
The data represent the mean§ SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances, P> 0.05, LSD (L) was used for correction of post-hoc
test. �, P< 0.05; ��, P< 0.01; ���, P< 0.001; #, P> 0.05. (B) PK-15 and 3D4/2 cells were treated as described in (A). After 48 h, the activity of CASP3, CASP8, and CASP9 in cultured
cells was detected by the CASP activity assay as described in Materials and Methods. The data represent the mean§ SD of 3 independent experiments. One-way ANOVA test; test
of homogeneity of variances, P> 0.05, LSD (L) was used for correction of post-hoc test. �, P< 0.05; ��, P< 0.01; #, P> 0.05. (C) PK-15 and 3D4/2 cells were treated as described in
(A). After 48 h, cell samples were analyzed bywestern blot with antibodies against PARP and ACTB (loading control). The relative expression ratios of the targeted proteins were ana-
lyzed by densitometric scanning. The data represent the mean § SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances,
P> 0.05, LSD (L) was used for correction of post-hoc test. ���, P< 0.001. (D) PK-15 and 3D4/2 cells were treated as described in (A). After 48 h, IFNA and IFNB1 production and the
inhibition efficiency of type I IFN inductionwere detected by the ELISA assay. The data represent themean§ SDof 3 independent experiments. One-way ANOVA test; test of homo-
geneity of variances, P> 0.05, LSD (L) was used for correction of post-hoc test. �, P< 0.05; ��, P< 0.01; ���, P< 0.001; #, P> 0.05.
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Figure 8. Absence of autophagy in CSFV-infected cells promotes the production of type I IFN by upregulating the RLR signaling. (A and B) PK-15 and 3D4/2 cells were
transfected and infected as described in the legend to Fig. 2A and C. At 48 h, the expression of DDX58, IFIH1, MAVS, and ACTB (loading control) were analyzed by western
blot with specific antibodies as described in Materials and Methods. The data represent the mean § SD of 3 independent experiments. One-way ANOVA test; test of
homogeneity of variances, P > 0.05, LSD (L) was used for correction of post-hoc test. �, P< 0.05; ��, P < 0.01; ���, P < 0.001; #, P > 0.05. (C) PK-15 and 3D4/2 cells were
cotransfected with the indicated shRNAs for 48 h, and were then infected with CSFV at an MOI of 1. At 48 h after infection, IFNA and IFNB1 production was detected by
the ELISA assay. The data represent the mean § SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances, P > 0.05, LSD (L) was used
for correction of post-hoc test. �, P < 0.05; ��, P < 0.01; ���, P< 0.001; #, P > 0.05. (D) PK-15 cells were transfected with shRNAs targeting DDX58, IFIH1, or MAVS for 48 h,
followed by CSFV infection at an MOI of 1. After 48 h, the expression of the targeted proteins was detected by western blot using anti-DDX58, anti-IFIH1, and anti-MAVS
antibodies. Similar results were obtained in 3 independent experiments.
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Figure 9. CSFV infection increases ROS levels in autophagy knockdown cells. (A) PK-15 and 3D4/2 cells were transfected with the scrambled, BECN1 or LC3B shRNAs for
48 h. After 1 h of mock infection or infection by CSFV at an MOI of 1, the cells were further cultured in fresh medium in the absence or presence of NAC (10 mM) or rote-
none (1 mM) for 24 and 48 h. Levels of ROS in cultured cells were analyzed by MitoSOX staining as described in Materials and Methods. The data represent the mean §
SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances, P< 0.05, Dunnett’s T3 (3) was used for correction of post-hoc test. �, P < 0.05;
��, P < 0.01. (B) PK-15 and 3D4/2 cells were transfected and infected as described in the legend to Fig. 2A and C. After 48 h, the copy number of mitochondrial DNA was
assessed by qPCR as described in Materials and Methods. The data represent the mean § SD of 3 independent experiments. One-way ANOVA test; test of homogeneity
of variances, P > 0.05, LSD (L) was used for correction of post-hoc test. ��, P < 0.01; ���, P < 0.001; #, P > 0.05.
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normal CSFV-infected (BECN1 and LC3B shRNAs) (Fig. 11C).
These results further indicate that CSFV-induced autophagy
suppresses apoptosis by downregulating ROS levels in host cells.

Discussion

Autophagy is a catabolic degradation pathway that is character-
ized by the formation of autophagosomes that engulf cytosolic

constituents and fuse with lysosomes for degradation of their
lumenal content.11 Autophagy plays a key role in cytoprotective
mechanisms of host defense and cell survival,45-47 for instance,
in Sindbis virus and tobacco mosaic virus infections.48,49 Apo-
ptosis is considered as a key pathway of host defense under
viral infection, which may limit viral propagation.10 We have
seen earlier that a functional autophagy pathway induced by
CSFV is required for enhancing virus replication and release in

Figure 10. Alteration of ROS levels affects RLR signaling in cultured cells. (A) PK-15 and 3D4/2 cells were transfected with the BECN1 or LC3B shRNAs for 48 h. After 1 h of
mock infection or infection by CSFV at an MOI of 1, the cells were further cultured in fresh medium in the absence or presence of NAC (10 mM) for 48 h. The expression
of DDX58, IFIH1, and ACTB (loading control) were analyzed by western blot using specific antibodies. The relative expression ratios of these proteins were analyzed by
densitometric scanning. The data represent the mean § SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances, P > 0.05, LSD (L) was
used for correction of post-hoc test. �, P< 0.05; ��, P < 0.01; ���, P < 0.001. (B) PK-15 and 3D4/2 cells were transfected and infected as described in (A). After 1 h of CSFV
infection at an MOI of 1, the cells were further cultured in fresh medium in the absence or presence of rotenone (1 mM) for 48 h. The expression of DDX58, IFIH1, and
ACTB (loading control) were analyzed by western blot using specific antibodies. The relative expression ratios of these proteins were analyzed by densitometric scanning.
The data represent the mean § SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances, P > 0.05, LSD (L) was used for correction of
post-hoc test. �, P < 0.05; ��, P < 0.01; ���, P < 0.001.
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Figure 11. Regulation of ROS levels within autophagy-impaired cells triggers the extrinsic apoptosis pathway during CSFV infection. (A) PK-15 and 3D4/2 cells were treated and cul-
tured as described in the legend to Fig. 9A. The activities of CASP3, CASP8, and CASP9 in cell samples were assessed by the CASP activity assay as described in Materials and Methods.
The data represent the mean§ SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances, P< 0.05, Dunnett’s T3 (3) was used for correction of post-
hoc test. �, P< 0.05; ��, P< 0.01; #, P> 0.05. (B) PK-15 and 3D4/2 cells were treated and cultured as described in the legend to Fig. 10A and B. The levels of cleaved-PARP and ACTB
(loading control) were detected by western blot using specific antibodies. The relative expression ratios of these proteins were assessed by densitometric scanning. The data represent
the mean § SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of variances, P > 0.05, LSD (L) was used for correction of post-hoc test. �,
P< 0.05; ��, P< 0.01; ���, P< 0.001. (C) PK-15 and 3D4/2 cells were transfected as described in the legend to Fig. 9A. At 24 and 48 h after CSFV infection, virus copy number was
detected by qRT-PCR as described in Materials andMethods. The data represent the mean§ SD of 3 independent experiments. One-way ANOVA test; test of homogeneity of varian-
ces, P> 0.05, LSD (L) was used for correction of post-hoc test. ��, P< 0.01; ���, P< 0.001.

AUTOPHAGY 1751



host cells.22 However, in vitro studies have shown that CSFV
infection cannot induce CPE and cell death.27 Many studies
have shown the importance of the interface between autophagy
and apoptosis; for example, TP53/p53, a well-known inducer of
apoptosis, also activates autophagy through a damage-regulated
modulator of autophagy.50 BECN1, an upstream molecule for
autophgosome formation, also regulates apoptosis by interact-
ing with both BCL2 and BCL2L1/BCL-XL.51 Additionally, apo-
ptosis may inhibit autophagy as CAPN/calpain cleaves ATG5
that triggers CASP-dependent cell death.52,53 Clearly, the same
proteins in some instances are confirmed as a link between
autophagy and apoptosis that regulate both autophagic and
apoptotic processes at the cellular level, and such processes can
cross-inhibit each other under different environmental condi-
tions. Based on the findings about the crosstalk between auto-
phagy and apoptosis, an autophagic mechanism is likely
involved in apoptosis inhibition in CSFV-infected cells. Here,
we examined the role of CSFV-induced autophagy in apoptotic
pathways and reveal a novel mechanism by which autophagy
inhibits apoptosis and contributes to CSFV infection.

In this study, we used PK-15 and 3D4/2 cells as the model
cell lines to extend our results, because they are targets for
CSFV infection and are usually used to study CSFV infection in
vitro.5,7,54,55 In order to clarify the connections between the
autophagic and apoptotic processes in CSFV-infected PK-15
and 3D4/2 cells, cell death was first detected when autophagy
were either induced by a chemical inducer of autophagy or
inhibited by knockdown of autophagy with gene-specific
shRNA targeting LC3B or BECN1. As LC3 is widely used as a
marker protein for assessing autophagosome formation,56,57

and BECN1 is one of the upstream molecules for recruiting
other autophagy proteins to initiate the autophagic path-
way,58,59 we chose to use BECN1 and LC3B shRNAs for exam-
ining whether knockdown of autophagy genes alters the cell
death pathway in CSFV-infected cells. We found that induction
of autophagy with rapamycin enhanced cell viability and
reduced cell death in response to CSFV infection (Fig. 2A-D,
left part). We also found that inhibition of autophagy with
BECN1 and LC3 shRNAs increased the cell death rate of
CSFV-infected cells (Fig. 2A-D, right part). Furthermore, the
results of Z-VAD treatment showed that inhibition of the
CASP activity with Z-VAD effectively suppressed cell death in
autophagy-impaired cells infected with CSFV (Fig. 3 and 4,
panel A, B, and C). Further detection of CASP-mediated path-
way activation confirmed that intrinsic and extrinsic apoptosis
were both triggered by CSFV in autophagy knockdown cells
(Fig. 5). These data indicate that CSFV subverts autophagy to
promote cell proliferation and inhibit apoptosis in infected
cells. In this study, we also found that UV-inactivated CSFV
lost its capability of triggering the functional autophagic path-
way (Fig. 1A), suggesting that CSFV replication is the key pre-
requisite for autophagy induction and subsequent apoptosis
inhibition.

Autophagy and apoptosis after viral infection are widely
considered to be the essential mechanisms of host defense;
however, autophagy is required for CSFV replication,22 and
CSFV infection could inhibit cell death and CPE.35 Therefore,
CSFV may subvert both 2 mechanisms of host defense for their
own survival benefit. In this study, we provide the first strong

evidence that CSFV-induced autophagy limits apoptosis, which
is beneficial to virus persistent survival in host cells. Similar
results were obtained with other virus infections, including
influenza A virus, hepatitis C virus, and chikungunya virus,
where autophagy protein deficiency induces apoptosis, suggest-
ing that autophagy favors survival of infected cells for contrib-
uting to virus propagation.60-62

Apoptosis is an important mechanism of host defense dur-
ing virus infection.10 Previous studies reported that in vitro
infection with CSFV prevent cell death by interfering with IFN
production, which is associated with the inhibition effect of the
viral Npro protein on IRF3, a key inducer of type I IFN expres-
sion.63,64 Previously, type I IFN was shown to regulate apopto-
sis by regulating FASLG-FAS signaling and the TNFSF10
pathway.65-68 However, the role for autophagy in type I IFN
production has not previously been reported in CSFV infection.
It is possible that the autophagic machinery may inhibit apo-
ptosis by suppressing type I IFN production. To this end, we
have documented an increase in the mRNA level of IFNA,
IFNB1, TNFSF10, TNFRSF10A, FASLG and FAS in CSFV-
infected autophagy-impaired cells (Fig. 6A), and we also found
that downregulating production of type I IFN reduced the
mRNA levels of TNFSF10, TNFRSF10A, FASLG and FAS in
CSFV-infected autophagy-impaired cells and therefore led to a
decrease in activity of the CASP8-mediated apoptosis pathway
reflecting that CSFV-induced autophagy suppresses type I IFN
production and then inhibits the expression of apoptosis-
related ISGs (Fig. 7). These results were consistent with those
of other studies, in which the lack of autophagy genes in certain
cells can result in enhanced production of type I IFN.42,61

Importantly, TNFSF10-TNFRSF10A and FASLG-FAS, the
well-known apoptosis-related ISGs, are both involved in death
receptor-mediated apoptosis pathways in CSFV infection in
vivo.38 Meanwhile, TNF-TNFRSF1A, another key member of
death receptor-mediated apoptosis pathways, was also detected
in this study; however, TNF production had no obvious
changes in the same cultured cells (Fig. 6B, right part), consis-
tent with the Nec-1 treatment data shown in Fig. 3 and Fig. 4.
These findings suggest that CSFV-induced autophagy inhibits
cell death by suppressing type I IFN-mediated apoptosis.

In addition to the death receptor-mediated apoptotic path-
way, BCL2 family members are also involved in apoptosis as an
extrinsic pathway. BCL2 and BAX are 2 key factors that regu-
late apoptosis.69 BCL2 is an antiapoptotic factor that is fully
capable of promoting cell survival, whereas BAX is an antago-
nist of BCL2 that initiates apoptosis in cells.69,70 Importantly,
both BCL2-BAX-mediated apoptosis and receptor-mediated
apoptotic pathways can result in the activation of CASP3, lead-
ing to apoptotic cell death.8 It is worth noting that the expres-
sion of BCL2 and BAX changed in autophagy-impaired cells
under CSFV infection; however, there was no significant differ-
ence between shBECN1- and shLC3B-treated cells; these
changes were even more obvious in shLC3B-treated cells under
CSFV infection. Thus, the effect of BECN1 on apoptosis regula-
tion by interacting with both BCL2 and BCL2L1 is not the main
mechanism in CSFV infection.

Type I IFN production is regulated by some receptor pro-
teins, which directly recognize virus RNA in virus-infected
cells, such as toll like receptors and RLRs.71-73 In this study, we
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examined the effect of autophagy on RLR signaling during
CSFV infection. We demonstrated that the expression of
DDX58, IFIH1 and MAVS increased in autophagy knockdown
cells (Fig. 8A and B). We further found that inhibition of RLR
signaling significantly reduced the mRNA level of type I IFN in
autophagy-impaired cells (Fig. 8C). Together, these findings
suggest that CSFV-induced autophagy may limit type I IFN
production by inhibiting RLR signaling. Importantly, our study
provides a novel strategy by which autophagy limits apoptotic
cell death, thus contributing to CSFV infection.

Prior study demonstrates that increased ROS production is
required for RLR signaling enhancement.42 Regarding the func-
tion of ROS, autophagy induction is usually described to be
closely linked to oxidative stress. ROS production is also limited
by autophagy, although virus infection and replication increase
ROS production and maintain it at a certain level.42 We chose
to use the regulators NAC and rotenone in examining the func-
tion of ROS on enhanced RLR signaling in autophagy-impaired
cells subjected to CSFV infection. Our results showed that RLR
signaling was reduced or enhanced after NAC or rotenone
treatment, respectively, in cultured cells (Fig. 10). Importantly,
the higher ROS level and MAVS expression are related to the
increased mitochondria in autophagy knockdown cells infected
with CSFV (Fig. 8 and 9). These findings reflect that ROS accu-
mulation is required for RLR signaling amplification in auto-
phagy-impaired cells after infection with CSFV. Furthermore,
our results showed that regulation of ROS level altered the
activity of CASP and the level of cleaved-PARP, therefore
affecting progeny virus production in cultured cells, indicating
that CSFV-induced autophagy suppresses apoptosis by down-
regulating ROS levels in host cells (Fig. 11).

Collectively, our study points out that autophagy is a critical
process for homeostasis maintenance in cells by clearing redun-
dant components, especially damaged and excess mitochondria
under CSFV infection and therefore regulating the levels of
MAVS, which is a key adaptor in RLR signaling. It is worth
noting that this connection results in the accumulation of
excess mitochondria and increased level of mitochondrial-asso-
ciated ROS in autophagy-impaired cells under CSFV infection,
which plays a key role in RLR signaling enhancement. More
importantly, the amplified RLR signaling induces the activation
of the extrinsic apoptosis pathway by type I IFN regulation,
which has not previously been reported. Our results suggest
that ROS is a positive regulator of RLR; however, a critical
unanswered question is, what are the possible targets of ROS,
which could play a key role in RLR signaling enhancement?
And the precise interaction targets have not yet been reported
so far. It is conceivable that the possible targets are related to
the mitochondria, because the location of RLR signaling ampli-
fication is associated with the mitochondria. We also speculate
that there may be some key proteins involved in ROS function
on RLR signaling activation or amplification. It will be impor-
tant to identify the precise molecular mechanism by which
ROS enhances the RLR antiviral signaling pathway.

In conclusion, our in vitro study demonstrates for the first
time that CSFV-induced autophagy not only induces virus
replication but also inhibits the apoptosis pathway by limit-
ing ROS-dependent RLR signaling, and therefore leads to
virus persistent infection (Fig. 12). These findings suggest

that CSFV-induced autophagy is a potential immune escape
mechanism for virus persistent infection. However, the inter-
action of CSFV with the autophagy machinery still needs to
be characterized in the future, which is important for further
investigating the pathogenesis of CSFV and controlling viral
infection.

Materials and methods

Antibodies and chemicals

Anti-LC3B antibody (2775) and rapamycin (9904) were pur-
chased from Cell Signaling Technology. Anti-DDX58/RIG-I
antibody (IMG-6705A) was procured from Imgenex. NAC
(V900429), rotenone (R8875), and anti-IFIH1/MDA5 antibody
(SAB2101127) were obtained from Sigma-Aldrich. Anti-MAVS
antibody (A300-782A) was procured from Bethyl. The follow-
ing antibodies were purchased from Beyotime: ACTB (AA128),
CASP8 (AC056), CASP9 (AC062), BCL2 (AB112-1), and
PARP (AP102-1), as well as horseradish peroxidase (HRP)-
labeled goat anti-rabbit (A0208) and anti-mouse (A0216) sec-
ondary antibodies, and Alexa Fluor 488-conjugated goat anti-
rabbit secondary antibodies (A0423). Anti-BECN1 (NB110-
87318) antibody was purchased from Novus Biologicals. Anti-
CASP3 (BS7004) and anti-BAX (BS2538) antibodies were
obtained from Bioworld Technology. Z-VAD (C1202) was pur-
chased from Beyotime. Nec-1 (S8037) and Bufexamac (S3023)
were obtained from Selleckchem. Mouse anti-CSFV E2 anti-
bodies were prepared in our laboratory.

Cell culture

The swine kidney cell line PK-15 (ATCC, CCL-33) and porcine
macrophage cell line 3D4/2 (ATCC, CRL-2845) were used in
this study. PK-15 cells were grown in complete Dulbecco’s
modified Eagle’s medium supplemented with 10% heat-inacti-
vated fetal bovine serum and 1% antibiotics. 3D4/2 cells were
maintained in complete RPMI 1640 medium (Thermo Fisher
Scientific, 11875093) containing 10% FBS and 1% antibiotics.
Then the cells were cultured at 37�C in a 5% CO2 incubator.

Viral infection

The CSFV strain (Shimen) was used in the study. The virus
titers were determined by 50% tissue culture infectious doses
assay on PK-15 and 3D4/2 cells. The multiplicity of infection
(MOI) was confirmed according to the virus titer from the
respective cell line. For comparison of viral replication in cells,
virus infections were performed at an MOI of 0.5. For other
experiments, viral stocks were prepared at an MOI of 1. PK-15
and 3D4/2 cells were infected at varying MOIs according to the
requirements of different experiments. The mock was infected
with phosphate-buffered saline (PBS; Thermo Fisher Scientific,
10010023). After 1 h, the inoculum was removed by aspiration.
The cells were then washed with PBS and cultured in complete
medium at 37�C for various times until harvesting. UV-CSFV
was obtained by irradiating with UV light for 30 min at room
temperature.
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CCK-8 assay

Cell viability was determined using Cell Counting Kit-8 (CCK-8;
Beyotime, C0038 ) according to the manufacturer’s protocol.
Briefly, approximately 1£ 104 cells (PK-15 or 3D4/2) per well were
seeded in 96-well culture plates and cultured for 24 h at 37�C in a
CO2 incubator. Two cell lines were treated according to experimen-
tal needs. Cells were then cultured with 100 ml of fresh medium
supplemented with 10 ml of CCK-8 solution, and the plates were
further incubated for 4 h at 37�C. Subsequently, the optical density
wasmeasured at 450 nmusing amicroplate reader (Bio-Rad,USA).

shRNA transfection

PK-15 and 3D4/2 cells grown to 60% confluence in 6-well cell
culture plates were transfected with the targeted shRNA
using X-tremeGENE HP DNA transfection reagent (Roche,
06366236001) according to the manufacturer’s instructions. At
48 h after shRNA transfection, cells were infected with CSFV as
described above. The protein knockdown was assessed by west-
ern blot analysis. The specific shRNAs for targeted genes and
the scrambled shRNA were designed by and obtained from
Cyagen. The shRNA specific sequences are described in Table 1.

Flow cytometry assay

For analysis of cell death, cultured cells were collected,
washed with PBS and analyzed on a FACS Canto II flow

cytometer (BD, USA) by using a Live-Dead Cell Staining
Kit (BioVision, K501-100) according to the manufacturer’s
instruction. For detection of ROS levels, cells were stained
with MitoSOX (Thermo Fisher Scientific, M36008) at 1 M
for 30 min at 37�C, and then were washed and collected in
PBS for FACS analysis.

CASP activity assay

The activation of CASP3, CASP8 and CASP9 in cells were
measured using the CASP3/CPP32 Fluorometric Assay Kit
(BioVision, K105-100), CASP8/FLICE Fluorometric Assay
Kit (BioVision, K112-100), and CASP9 Fluorometric Assay
Kit (BioVision, K118-100) following the manufacturer’s

Figure 12. Role of autophagy as a potential immune escape mechanism for CSFV persistent infection.

Table 1. shRNA sequences of targeted genes.

shRNAs Sequence (50 – 30)

shBECN1 GAGCTTCAAGATCCTGGATCGTGTTCTCGAGAACACGA
TCCAGGATCTTGAAGCTC

shLC3B GCTTGCAGCTCAATGCTAACCCTCGAGGGTTAGCATTG
AGCTGCAAGC

shDDX58 CACCAGCAAACAGCATCCTTATAATCTCGAGATTATAAGGATG
CTGTTTGCTGGTG

shIFIH1 GCAGACGAAGTTTGCTGACTATCAACTCGAGTTGATAGTCAGCAAA
CTTCGTCTGC

shMAVS GCATCAGAAGCAGGACACATTCAAGAGATGTGTCCTGCTTCTGATGC
shIFNB1 GCAGTCAATTAATCGCTCTTTCAAGAGAAGAGCGATTAATTGACTGC
scrambled GCGCGCTTTGTAGGATTCTCGCTCGAGCGAATCCTACAAAGCGCGC
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instructions, respectively. The samples were assayed using a
fluorescence microplate reader (Molecular Devices, USA).

Confocal immunofluorescence microscopy

Cells were washed with PBS and fixed with 4% paraformalde-
hyde for 30 min, and then were treated with 0.2% Triton X-100
(Sigma-Aldrich, T8787) for 10 min. The cells were blocked in
PBS containing 5% bovine serum albumin (BSA; Beyotime,
ST023) for 30 min. Next, cells were incubated for 1 h in the
presence of primary antibodies at 37�C, followed by 1 h of
incubation in relevant secondary antibodies conjugated to
Alexa Fluor 488. The fluorescence signals were visualized with
a TCS SP2 confocal fluorescence microscope (Leica).

TUNEL staining

TUNEL staining was performed using a TUNEL Apoptosis
Assay Kit (Beyotime, C1088). For measurement of apopto-
sis, samples were prepared according to the manufacturer’s
manual. Briefly, cells were washed with PBS and fixed with
4% paraformaldehyde for 30 min, and then were treated
with 0.1 % Triton X-100 for 5 min. Followed by incubation
with TdT enzyme solution for 1 h at 37�C. TUNEL-positive
cells were imaged with a EVOs fluorescence microscope
(AMG). The cells with green fluorescence were considered
as apoptotic cells.

Quantification of RNA

Real-time quantitative reverse transcriptase polymerase chain
reaction (qRT-PCR) was used in the study. For measurement
of targeted gene expression, total RNA was isolated using
RNAiso Plus (TAKARA, 9108) according to the manufacturer’s
protocol. Quantitative RT-PCR was performed using the One
Step SYBR� PrimeScriptTM RT-PCR Kit II (TAKARA, RR086)
on an iQ5 iCycler detection system (Bio-Rad, USA). Relative
changes in mRNA levels of genes were assessed using the
2¡DDCT method and normalized to the housekeeping gene
GAPDH. The primers used are indicated in Table 2.

For virus copy detection, viral RNA was extracted using
MiniBEST Viral RNA/DNA Extraction Kit Ver.5.0
(TAKARA, 9766) and reverse-transcribed using Prime-
Script�RT Master Mix (Perfect Real Time; TAKARA,
RR036A) following the manufacturer’s directions. The
resulting cDNA was then amplified using SYBR� Premix Ex
TaqTM (Tli RNaseH Plus; TAKARA, RR420B) and an iQ5
iCycler detection system (Bio-Rad, USA). The primers
(CSFV1: CCTGAGGACCAAACACATGTTG, CSFV2: TGG
TGGAAGTTGGTTGTGTCTG), targeting a region corre-
sponding to the CSFV NS5B gene, were used in the study.
The recombinant plasmid containing the CSFV NS5B gene
was used to construct a reference curve for calculating the
viral copy number.

ELISA

Levels of IFNA, IFNB1 and TNF in the supernatant were
detected using ELISA kits (USCNK, SEA033Po, SEA222Po and
SEA133Po) following the manufacturer’s instructions. The
samples were quantified using a microplate reader (Bio-Rad,
USA).

Mitochondrial DNA quantification

Total DNA was isolated using MiniBEST Universal Geno-
mic DNA Extraction Kit Ver.5.0 (TAKARA, 9765) following
the manufacturer’s direction, and then amplified using
SYBR� Premix Ex TaqTM for quantification with an iQ5
iCycler detection system. The primers (F: AGACCG-
CAACCTGAACACAA, R: TCCGAATCCTGGTAAGAT-
GAGA) were used in the study, which targeted to a region
from the mitochondrial MT-CO1 gene. The recombinant
plasmid with the MT-CO1 gene was used as a standard
sample for calculating the copy number of the mitochon-
drial DNA in different samples.

Western blot analysis

After treatment, cells were washed with cold PBS and incu-
bated on ice with RIPA lysis buffer (Beyotime, P0013B)
supplemented with 1 mM PMSF (Beyotime, ST506) for
10 min. Cell lysates were then clarified by centrifugation at
14,500 g for 20 min at 4�C. The protein concentration was
determined using a BCA protein assay kit (Beyotime,
P0012). Equal amounts of protein samples were diluted in 5
£ SDS-PAGE loading buffer and boiled for 5 min. Proteins
(20 mg) were separated by SDS-PAGE and transferred onto
polyvinylidene fluoride membranes (Beyotime, FFP30).
After blocking with PBS containing 2% nonfat milk powder
and 0.05% Tween 20 (Sigma-Aldrich, P2287) for 2 h at
25�C, the membrane was incubated with specific primary
antibodies overnight at 4�C and then with the correspond-
ing HRP-conjugated secondary antibodies at 37�C for 2 h
at appropriate dilutions. The protein bands were visualized
using an ECL Plus kit (Beyotime, P0018). Images of protein
blots were obtained from a CanoScan LiDE 100 scanner
(Canon, Japan).

Table 2. Primers used in this study.

Gene Primer sequence (50 – 30) GenBank

IFNA F:CTCAGCCAGGACAGAAGCA
R:TCACAGCCCAGAGAGCAGA

NM_214393.1

IFNB1 F:TCGCTCTCCTGATGTGTTTCTC
R:AAATTGCTGCTCCTTTGTTGGT

NM_001003923.1

TNFSF10 F:CAGGAAAATGAAACTGCCAAGAG
R:GGATTAGATGATAAAGGCAGGAGGT

NM_001024696.1

TNFRSF10A F: TCGGTATGGACGCCTGAGTC
R: GATCGCCAGAAAAGGACCTTG

XM_001926723

FASLG F: AAGAAGAAGAGGGACCACAATG
R: CTTTGGCTGGCAGACTCTCT

AY033634

FAS F:CATCGTGAGGGTCAATTCTGC
R:CATGTTTCCGTTTGCCAGG

NM_213839.1

TNF F: TGGCCCAAGGACTCAGATCAT
R: TCGGCTTTGACATTGGCTACA

EU682384

TNFRSF1A F: GGCTCTGTTGGTGGATGTGT
R: TTTGAGGGTGGCTGTATTTTCC

NM_213969.1

GAPDH F:TGGAGTCCACTGGTGTCTTCAC
R:TTCACGCCCATCACAAACA

NM_001206359.1
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Statistical analysis

The data are expressed as the mean § standard deviation (SD)
and were analyzed by one-way ANOVA using the SPSS soft-
ware (version 17.0). A p value of < 0.05 was considered statisti-
cally significant.

Abbreviations

BSA bovine serum albumin
CASP/caspase apoptosis-related cysteine peptidase
CPE cytopathic effect
CSFV classical swine fever virus
DDX58/RIG-I DEXD/H-box helicase 58
FBS fetal bovine serum
HRP horseradish peroxidase
IFIH1/MDA5 interferon induced with helicase C domain 1
IFN interferon
ISGs IFN-stimulated genes
MAP1LC3/LC3 microtubule-associated protein 1 light chain

3
MOI multiplicity of infection
PBS phosphate-buffered saline
qRT-PCR real-time quantitative reverse transcriptase

polymerase chain reaction
RLRs RIG-I-like receptors
ROS reactive oxygen species
shRNA short hairpin RNA
UV ultraviolet
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