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Abstract: We have reported that the recombinant avirulent Newcastle disease virus (NDV) LaSota strain express-
ing the rabies virus glycoprotein (rL-RVG) could induce autophagy and apoptosis in gastric carcinoma cells. In the 
present study, we explored the upstream regulators, endoplasmic reticulum (ER) stress that induce autophagy and 
apoptosis and the relationships among them. For this purpose, SGC-7901 and HGC cells were infected with rL-RVG. 
NDV LaSota strain and phosphate-buffered saline (PBS) were treated as the control groups. Western blotting and 
immunofluorescence microscopy were used to detect the expression of the ER stress-related proteins glucose-regu-
lated protein 78 (GRP78) and the transcription factor GADD153 (CHOP), among others. The expression of beclin-1 
and the conversion of light chain (LC) 3-I were used to determine the occurrence of autophagy, and flow cytometry 
(FCM) and western blotting were used to examine apoptosis-related protein expression. Transmission electron mi-
croscopy was also performed to monitor the ultrastructure of the cells. Moreover, small interfering (si) RNA was 
used to knock down CHOP expression. rL-RVG treatment increased the expression of ER stress-related proteins, 
such as GRP78, CHOP, activating transcriptional factor 6 (ATF6), X-box-binding protein 1 (XBP-1), and phosphory-
lated eukaryotic initiation factor 2 (p-eIF2α), in a time- and concentration-dependent manner, and knockdown of 
CHOP reduced LC3-II conversion and beclin-1 expression. When ER stress was inhibited with 4-PBA, the expression 
of both autophagy-related proteins and apoptosis-related proteins markedly decreased. Interestingly, inhibition of 
autophagy with 3-methyladenine (3MA) decreased not only apoptosis-related protein expression but also ER stress-
related protein expression. Moreover, we found that downregulation of the c-Jun N-terminal kinase (JNK) pathway 
by SP600125 reduced LC3-II conversion, beclin-1 expression and caspase-3 activation. Collectively, the results sug-
gest that rL-RVG increased ER stress in three branch pathways (ATF6, inositol-requiring enzyme 1 (IRE1), and PKR-
like ER protein kinase (PERK)) that are upstream regulators of autophagy and apoptosis. Moreover, the IRE1-JNK 
pathway played an important role in switching ER stress to autophagy. These findings will provide molecular bases 
for developing rL-RVG into a drug candidate for the treatment of gastric carcinoma.
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Introduction

Despite unceasing progress in surgery, chemo-
therapy, radiotherapy, gene therapy and im- 
mune therapy, cancer is still the second leading 
cause of death and is expected to surpass 
heart diseases as the leading cause of death in 
the next few years [1, 2]. In particular, gastric 
cancer is dominant among the causes of can-
cer-related deaths and is the third most com-
mon form of cancer worldwide [1]. Currently, 
many studies have demonstrated that oncolyt-

ic virotherapy is a means of biological treatment 
with great potential for the treatment of cancer 
[3, 4].

Newcastle disease virus (NDV), which was 
explored as an oncolytic agent in the early 
1950s [5], contains six open reading frames 
encoding six structural proteins, including a 
nucleocapsid protein (NP), phosphoprotein (P), 
matrix protein (M), fusion protein (F), hemagglu-
tinin-neuraminidase (HN) and RNA-dependent 
RNA polymerase (L) [6]. To generate recombi-
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nant NDV expressing rabies virus glycoprotein 
(RVG), an infectious recombinant genomic 
cDNA clone of NDV LaSota has been construct-
ed by inserting the RVG gene between the P 
and the M genes. It has been shown that this 
recombinant NDV (rL-RVG) is safe in mice, poul-
try, dogs and cats, and it has served as a vac-
cine against rabies in animals [7]. We have also 
reported that NDV and rL-RVG can induce 
autophagy and apoptosis in gastric carcinoma 
cells [8].

In eukaryotic cells, the endoplasmic reticulum 
(ER) is an organelle where membrane proteins 
are modified, folded and assembled prior to 
secretion [8]. Conditions interfering with the 
function of the ER, such as hypoxia [9]; Ca2+ 
depletion; viral infections; and agents that 
affect the Ca2+ balance, protein glycosylation, 
and ER-Golgi vesicular transport, lead to accu-
mulation of misfolded and unfolded proteins, 
termed the unfolded protein response (UPR) 
[10, 11]. Upon UPR activation, three branches 
of signaling pathways, named after transmem-
brane ER stress sensors, are differentially or 
selectively regulated: PKR-like ER protein 
kinase (PERK), activating transcriptional factor 
6 (ATF6) and inositol-requiring enzyme 1 (IRE1). 
Activated PERK in turn phosphorylates the 
α-subunit of eukaryotic initiation factor 2 
(eIF2α), IRE1 catalyzes the splicing of the mRNA 
encoding the transcription factor X-box-binding 
protein 1 (XBP-1), and ATF6 is sequentially pro-
teolyzed by the site-1 and site-2 proteases (S1P 
and S2P) to release its amino terminus 
(ATF6-N). All of these active transcription fac-
tors transduce death or survival signals [12-
14]. In general, if the stress is persistent or 
intense, ER stress-induced apoptotic cell death 
ensues [15]. Moreover, numerous reports have 
shown that ER stress induces cell death by ini-
tiating autophagy [12, 16]. Therefore, it is worth 
investigating the roles of ER stress and autoph-
agy in virus-induced apoptosis.

In this study, we focused on the changes in ER 
and molecular mechanisms after infection of 
gastric carcinoma SGC-7901 and HGC cells 
with rL-RVG. Our findings provide molecular 
bases for developing rL-RVG into a drug candi-
date for the treatment of gastric carcinoma.

Materials and methods

Materials

The material sources were as follows: rL-RVG 
and NDV were kindly provided by Harbin Veter- 

inary Research Institute (Harbin, Heilongjiang, 
China). The human cancer cell lines SGC-7901 
and HGC were purchased from the Cancer Cell 
Repository (Shanghai Cell Bank, 2010-02-20) 
and the American Type Culture Collection 
(Manassas, VA, USA). 3-Methyladenine (3MA), 
a specific inhibitor of c-Jun N-terminal kinase 
(JNK) (SP600125), sodium phenylbutyrate (4- 
PBA), and Hoechst 33342 were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Rabbit 
polyclonal anti-beclin-1, anti-PERK, anti-eIF2α 
and anti-JNK were from Boster (Wuhan, Hubei, 
China). Rabbit monoclonal anti-light chain (LC) 
3 antibody and anti-p-JNK antibody were from 
Cell Signaling Technology (Beverly, MA, USA), 
and anti-p-eIF2α, anti-ATF6, anti-GRP78, anti-
CHOP and anti-XBP-1 were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). Anti-cleaved-caspase-3, p-bcl-2 and 
p-PERK were from ImmunoWay (Newark, DE, 
USA). Horseradish peroxidase (HRP)-conjugated 
goat anti-rabbit, HRP-conjugated goat anti-
mouse and FITC-conjugated goat anti-mouse 
antibodies were purchased from CWBio 
(Shanghai, China). Alexa Fluor 488-conjugated 
goat anti-mouse antibody and Cy3-conjugated 
goat anti-mouse antibody were purchased from 
KPL (Washington, DC, USA). A short interfering 
(si) RNA specific for human CHOP was obtained 
from GenePharma (Shanghai, China). The PCR 
primers were purchased from Shanghai Sangon 
Biological Engineering Technology & Services 
Co. Ltd. (Shanghai, China). TRIzol and Lipofe- 
ctamine 2000 were from Invitrogen (Carlsbad, 
CA, USA). 

Cell culture and interference test

SGC-7901 and HGC cells were maintained in 
RPMI 1640 medium with 10% (v/v) fetal bovine 
serum (HyClone, Logan, UT, USA) and antibiot-
ics (100 U/ml penicillin and 100 U/ml strepto-
mycin) at 37°C with 5% CO2 and 100% humidity. 
When the cells reached 50-70% confluence, 
they were infected with NDV or rL-RVG.

Western blot assay

After the cells were infected for a certain time, 
the medium was removed, and the cells were 
then washed three times with ice-cold phos-
phate-buffered saline (PBS; pH 7.4). The cells 
were subsequently lysed in RIPA buffer (2% 
Nonidet P-40, 0.2% sodium dodecyl sulfate 
(SDS), 50 mM Tris buffer (pH 7.4), and 150 mM 
sodium chloride) containing a protease inhibi-
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tor cocktail and a phosphatase inhibitor cock-
tail for 30 min on the ice. The protein concen-
trations were quantified using a BCA kit (Thermo 
Fisher Scientific, USA). Equivalent amounts of 
protein were then separated by 8-12% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to a polyvinylidene difluoride 
(PVDF) membrane (Millipore, CA, USA). The 
membrane was incubated in TBST with 5% BSA 
for 2 h and then probed with primary antibody 
at an appropriate dilution overnight at 4°C. The 
next day, the membrane was incubated with 
HRP-conjugated secondary antibodies at room 
temperature for 1 h. Protein bands were visual-
ized using a Typhoon 9400 Variable Mode 
Imager (Amersham Biosciences, UK) and 
detected using Pierce ECL Plus Substrate 
(Thermo Fisher Scientific).

Immunofluorescence

After the indicated treatment, cells in a 24-well 
plate were fixed in 4% paraformaldehyde for  
20 min at room temperature, washed three 
times in PBS for 5 min, permeabilized using 
0.3% TritonX-100 in PBS for 10 min, washed 
three additional times in PBS, and sequentially 
probed with primary antibodies against GRP78 
and secondary 488-conjugated goat antibod-
ies against mouse IgG. The stained cells were 
then examined using immunofluorescence 
microscopy. 

Transmission electron microscopy

After the indicated treatment, cells on a 100-
mm dish were fixed in 2.5% glutaraldehyde in a 
0.1 M phosphate buffer (pH 7.4) at room tem-
perature for 1 h. Thin sections were then cut 
and were examined under an H-600 transmis-
sion electron microscope at 200 kV.

XBP-1 reverse transcriptase PCR splicing as-
say

Cells were treated as described previously. 
Total RNA was extracted from the cells above 
using TRIzol reagent (Sigma-Aldrich) and was 
reverse transcribed using primer sequences for 
amplification of homo XBP-1: 5’-GGGA ATG- 
AAGTGAGGCCAGT-3’ and 5’-TGAAGAGTCAATAC 
CGCCAGA-3’. The thermal cycle consisted of 
94°C for 10 min and 28 cycles of 94°C for 1 
min, 60°C for 1 min, 72°C for 1 min, and 72°C 
for 10 min. The RT-PCR products were resolved 

on a 3% agarose gel and visualized using ethid-
ium bromide. The size of unspliced XBP-1 was 
137 bp, and that of spliced XBP-1 was 111 bp.

RNA interference with siRNA

When SGC and HGC cells grown in 6-well plates 
reached approximately 50% confluence, the 
cells were transfected with 50 nM CHOP-
specific siRNA according to the manufacturer’s 
instructions. After 48 h, the cells were infected 
with NDV or rL-RVG at an MOI of 10. At 24 h 
after infection, the cells were harvested and 
were analyzed by western blotting.

Cell viability assay

Apoptotic and viable cells were analyzed using 
flow cytometry (FCM) with annexin V/propidium 
iodide (PI) double staining to detect membrane 
events according to the manufacturer’s instruc-
tions (4A Biotech, Beijing, China). FCM analysis 
of the labeled cells was performed using a 
FACSort flow cytometer (FACSCalibur, BD), and 
the data were analyzed using CellQuest soft-
ware (BD Biosciences). The cytogram of the 
four quadrants was used to distinguish normal 
(annexin V2-/PI-), early apoptotic (annexin V+/
PI-), late apoptotic (annexin V+/PI+), and necrot-
ic (annexin V2-/PI+) cells. The sum of the num-
bers of early and late apoptotic cells is present-
ed as the total amount of apoptosis. All experi-
ments were carried out in triplicate.

Statistical analysis 

The data were analyzed using Student’s t-test 
or one-way analysis of variance (ANOVA) within 
Statistica (SPSS V17.0) software. Differences 
with p<0.05 or p<0.01 were considered statis-
tically significant. All experiments were repeat-
ed at least three times.

Results

rL-RVG induces an ER stress response in SGC 
and HGC cells

We tested the peak time of ER stress-related 
protein expression after infection with 10 MOI 
rL-RVG. As shown in Figure 1A and 1D, the 
expression of GRP78 and CHOP began at 12 h 
after treatment with rL-RVG, peaked at 24 h 
and was sustained for at least 12 h in SGC 
cells. The same is shown in Figure 1B and 1E 
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for HGC cells. When cells were stained for two 
ER stress-specific markers, or GRP78 and 
CHOP (Figure 2), we observed that GRP78 and 
CHOP protein expression was markedly upregu-
lated in the rL-RVG- and NDV-infected groups 
compared with the PBS control group. However, 
the expression of the two proteins in the rL-
RVG-infected group was the strongest among 
all three groups. Additionally, Figure 1A shows 
a transient increase in eIF2α phosphorylation 
by rL-RVG in SGC and HGC cells. The activation 
of IRE1α was also confirmed by the presence of 
XBP-1 mRNA splice variants upon rL-RVG treat-
ment, as shown in Figure 1B. The results 
showed that the spliced XBP-1 mRNA appeared 
after 12 h of pretreatment, but the effect was 
transient.

There are three ER stress sensors, namely, 
PERK, IRE1 and ATF6, that can activate the 
UPR response during ER dysfunction. Figure 3A 
and 3B show that the expression levels of phos-
phorylated eIF2α, ATF6(f), and XBP-1 proteins 
were higher in SGC and HGC cells at 24 h after 

infection with 1 MOI or 10 MOI NDV or rL-RVG 
compared with the levels in the PBS control 
group. Based on the above, NDV and rL-RVG 
can induce ER stress, in which all three branch-
es of the ER stress signaling pathways 
participate.

The ER stress response contributes to the SGC 
and HGC autophagy and apoptosis induced by 
rL-RVG

Previous tests and the present experiments 
showed that autophagy and apoptosis occur in 
rL-RVG-infected SGC and AGS cells [2]. Recent 
reports have additionally shown that ER stress 
may be a potent inducer of autophagy [17-19]. 
Chemical chaperones such as 4-PBA constitute 
a group of compounds known to improve ER 
folding capacity and to facilitate the trafficking 
of mutant proteins by stabilizing their confor-
mation [20]. To test whether close relationships 
exist among the ER stress response, autophagy 
and apoptosis, we investigated the effects of 
rL-RVG-induced ER stress on the autophagy 

Figure 1. rL-RVG induces the expression of ER stress-related proteins in SGC-7901 and HGC cells in a time-depen-
dent manner. A and D. For SGC; B and E. For HGC. The cells were infected with 10 MOI virus or with vehicle (control) 
for different amounts of time. Cell lysates were harvested at the same time after infection with virus for different 
amounts of time, and proteins were detected by western blotting. A and D. The expression of GRP78 and CHOP 
increased at 12 h after treatment with rL-RVG, peaked at 24 h (**, p<0.01) and was sustained for at least 12 h in 
SGC cells. The same was observed in B and E. for HGC cells. A transient increase in eIF2α phosphorylation following 
rL-RVG infection was observed at 24 h in SGC cells (**, p<0.01) and at 12 h in HGC cells (**, p<0.01). C. Effect of 
rL-RVG on the level of spliced mRNA forms of XBP-1. uXBP1, unspliced XBP-1; sXBP-1, spliced XBP-1. The spliced 
XBP-1 mRNA appeared with 12 h of pretreatment, but the effect was transient.
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marker proteins beclin-1 and LC3 and the 
apoptosis-related protein cleaved caspase-3 
by pretreating cells with 4-PBA. As shown in 
Figure 4A and 4B, the SGC and HGC cells 
infected with rL-RVG and pretreated with 4-PBA 
exhibited downregulated expression of beclin-1, 
LC3-II/I and cleaved caspase-3 compared with 
the group infected with NDV or rL-RVG alone. As 
shown in Figure 4C and 4D, FCM analysis indi-
cated that the percentages of annexin V+/PI+ 
and annexin V+/PI- cells decreased in the com-
bined treatment group compared with the rL-
RVG treatment group. These results support 
the conclusion that rL-RVG induces autophagy 
and apoptosis via the ER stress response, via 
the upstream regulators.

CHOP, a downstream signaling protein in the 
ER stress response, is one of the bridges be-
tween the rL-RVG induced ER stress response 
and autophagy 

The CHOP promoter receives positive input 
from other components of the UPR and then 
upregulates the expression of autophagy mark-
er proteins and provokes caspase activation 
[21]. To investigate the mechanism underlying 
ER stress response-induced autophagy, the 
expression of CHOP was silenced using specific 
siRNA. As shown in Figure 5A, the specific 
siRNA (FAM-siRNA) was transferred into cells 
according to the manufacturer’s instructions, 
and the potency of the siRNA treatment was 

Figure 2. Expression of ER stress-related proteins in infected SGC and HGC cells. The nuclei were stained with 
Hoechst 33342. The cells had been infected with virus for 24 h. ER stress-related protein expression was monitored 
by immunofluorescence microscopy (x200 magnification). A and B. For SGC, C and D. For HGC. A and C. GRP78 
protein (green) was significantly more strongly expressed in the NDV and rL-RVG groups, and the rL-RVG-infected 
group exhibited the strongest expression. Similarly, in B and D. CHOP protein expression was strongest in the rL-
RVG-infected group.
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determined by western blotting. Of the three 
sequences of siRNA (shown in Table 1 of the 
supplementary data) that were used to knock 
down CHOP, siCHOP 3 caused significant silenc-
ing (Figure 5B). In particular, CHOP-specific 
siRNA significantly downregulated the CHOP 
protein level in SGC cells. The expression of 
beclin-1 and the conversion of LC3 protein dur-
ing the autophagy induced by rL-RVG were also 
reduced by CHOP-specific siRNA. Parallel 
experiments showed that the cleavage of cas-
pase-3 had decreased as well, as shown in 
Figure 5C. The results thus indicate that CHOP 
is one of the pivotal mediators of the ER stress-
mediated autophagy and apoptosis induced by 
rL-RVG.

The autophagy induced by rL-RVG is mediated 
by the IRE1/JNK/beclin-1 signaling pathway 

Once ER stress is activated, JNK phosphory-
lates the anti-apoptotic protein bcl-2, which 
interacts with beclin-1 under physiological con-
ditions; this phosphorylation leads to the dis-
ruption of the bcl-2/beclin-1 complex and 
allows beclin-1 to trigger autophagy [22, 23]. To 
investigate the involvement of the IRE1/JNK/

beclin-1 pathway in the relationship between 
the ER stress response and autophagy, we 
examined the activity of p-JNK and beclin-1 fol-
lowing exposure to rL-RVG or NDV. The activa-
tion of JNK and beclin-1 was specifically  
determined by western blot analysis. As shown 
in Figure 6A and 6B, pretreatment with 
SP600125, a specific inhibitor of JNK, at 2 h 
before infection with rL-RVG not only prevented 
the phosphorylation of JNK but also suppressed 
the phosphorylation of bcl-2 and beclin-1 syn-
chronously. The conversion of LC3-I was signifi-
cantly decreased in the same sample. As shown 
in Figure 6C, the numbers of rL-RVG-induced 
autophagosomes were also markedly decrea- 
sed after pretreatment with SP600125 accord-
ing to electron microscopy. This finding sug-
gests that rL-RVG promotes ER stress-induced 
autophagy through the IRE1/JNK/beclin-1 sig-
naling pathway. 

Autophagy plays a role in ER stress-mediated 
apoptosis 

Previous experiments found that virus-induced 
apoptosis in SGC and AGS cells infected with 
NDV or rL-RVG after pretreatment with 3MA 

Figure 3. NDV and rL-RVG each induce the expression of ER stress-related proteins in SGC-7901 and HGC cells in a 
concentration-dependent manner. A and C. For SGC; B and D. For HGC. The cells were infected with 10 MOI or 1 MOI 
virus for 24 h. NDV and rL-RVG infection increased the amounts of GRP78 and CHOP in SGC and HGC cells at 24 h 
post-infection, and the rL-RVG-infected group exhibited the strongest expression. Activation of the three branches of 
ER stress signaling pathway proteins, or XBP-1, ATF6 and p-eIF2α, increased significantly in SGC and HGC cells (*, 
p<0.05; **, p<0.01).
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was significantly decreased, so we concluded 
that autophagy contributes to the SGC and 
HGC apoptosis induced by rL-RVG and NDV [2]. 
Following up on these experiments, in the pres-
ent study, we tested the expression levels of 
the ER stress-related proteins GRP78, CHOP 
and p-eIF2α in samples with the same treat-
ment. As shown in Figure 7, when rL-RVG- or 
NDV-induced autophagy was inhibited with 
3MA, the expression of not only apoptosis-
related proteins but also ER stress-associated 
proteins was decreased significantly. Collec- 
tively, these results indicate that both rL-RVG-
induced autophagy and NDV-induced autopha-
gy are pro-apoptotic mechanisms and that 
blockage of autophagy reduces rL-RVG- and 
NDV-induced ER stress and apoptosis. 

Discussion

The oncolytic virus NDV has been used exten-
sively as an oncolytic agent in both preclinical 

and clinical studies [24, 25]. These application 
prospects benefit from the virus’ selectivity for 
tumor cells and interferon (IFN)-deficient cells 
[26]. Previous reports have demonstrated that 
rL-RVG spreads more easily within cells and has 
much more antitumor potency [2]. Multiple 
mechanisms underlying NDV-induced cytotox-
icity have been elucidated, including immuno-
modulatory mechanisms [27-29], autophagy 
pathways [30, 31] and apoptotic pathways [32]. 
In addition, several reports have proposed pos-
sible crosstalk among these mechanisms [31].

Our study clearly demonstrates for the first 
time that the ER stress response is activated in 
gastric carcinoma cells exposed to the NDV 
LaSota strain and rL-RVG. This finding is sup-
ported by the following evidence. First, ultra-
structural analysis of SGC cells treated with rL-
RVG or NDV showed dilatations of ER cisternae 
[2]. Second, GRP78/BiP is a molecular chaper-

Figure 4. N+4: NDV+4-PBA; R+4: rL-RVG+4-PBA. The contribution of ER stress downregulation to the expression 
of autophagy- and apoptosis-associated proteins in SGC and HGC cells after infection. A. For SGC; B. For HGC. The 
expression of the autophagy-associated proteins beclin-1 and LC3-II/I decreased in cells with 4-PBA treatment 
compared with cells without 4-PBA treatment. The same was observed for apoptosis-associated proteins. C and D. 
Early apoptotic (annexin V+/PI-) and late apoptotic (annexin V+/PI+) cells. Prior to fluorescence-activated cell sort-
ing analysis of annexin V/PI staining, SGC cells were pretreated with 4-PBA (10 mM) 2 h before exposure to NDV 
or rL-RVG (10 MOI). Annexin V/PI staining was then performed to assess apoptosis/necrosis. Annexin V staining 
showed that pretreatment with 10 mM 4-PBA resulted in a significant decrease in apoptosis in the rL-RVG-infected 
SGC cells (**, p<0.01).
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ATF6(f) and CHOP. RT-PCR analysis also 
revealed the presence of XBP-1 mRNA splice 
variants. Fourth, suppression of ER stress by 
the chemical chaperone 4-PBA reduced rL-
RVG- and NDV-induced autophagy and apopto-
sis. Fifth, knockdown of CHOP using specific 
siRNA attenuated rL-RVG- and NDV-induced 
LC3-II conversion and the expression of cleaved 
caspase-3, suggesting that induction of ER 
stress led to autophagy and apoptosis. To the 
best of our knowledge, these data preliminarily 
indicate that the induction of autophagy and 
apoptosis by rL-RVG involves ER stress. 

ER stress triggers autophagy through PERK/
eIF2α, IRE1/JNK or potentially cleavage of 
eIF2α by caspase-3 [37]. The IRE1/JNK path-

one in the ER that interacts with the hydropho-
bic domains of proteins and prevents misfold-
ing during translocation [33]. This chaperone is 
proposed to be the master initiator of the UPR 
[34], with depletion of GRP78 resulting in wide-
spread activation of the UPR [35]. When SGC 
and HGC cells were infected with NDV or rL-RVG 
in the present study, the expression level of 
GRP78 protein was significantly increased, with 
the strongest increase in the rL-RVG group. 
Third, the UPR cellular responses are down-
stream of the parallel activation of three 
branches of signaling pathways named after 
the transmembrane ER stress sensors IRE1, 
ATF6, and PERK [36]. In the current study, rL-
RVG and NDV each increased PERK and eIF2α 
phosphorylation and the expression of XBP-1, 

Figure 5. si+N: siCHOP+NDV; si+4: siCHOP+rL-RVG. Knockdown of CHOP decreased autophagy- and apoptosis-relat-
ed protein expression. A. Fluorescently labeled siRNA (FAM-siRNA) was transferred into cells according to the manu-
facturer’s instructions, and the effects were monitored by immunofluorescence microscopy (x200 magnification). 
B. I expression of CHOP protein was silenced significantly in the group expressing siRNA 3. C. For SGC; D. For HGC. 
The expression of the autophagy-associated proteins beclin-1 and LC3-II/I decreased in cells after silencing CHOP 
compared with expression in cells without treatment. The same was observed for apoptosis-associated proteins.

Table 1. The sequence interference of CHOP gene

Gene Name
Sequence

Sense (5’-3’) Antisense (5’-3’)
CHOP (GADD153)
    SiRNA1 (CHOP-HOMO-805) GAGCUCUGAUUGACCGAAUTT AUUCGGUCAAUCAGAGCUCTT
    SiRNA2 (CHOP-HOMO-291) CCCAUUAUCCUGCAGAUGUTT ACAUCUGCAGGAUAAUGGGTT
    SiRNA3 (CHOP-HOMO-650) CGGAAACAGAGUGGUCAUUTT AAUGACCACUCUGUUUCCGTT
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Figure 6. SP+N: SP600125+NDV; SP+R: SP600125+rL-RVG. The autophagy induced by rL-RVG was mediated by 
the IRE1/JNK/beclin-1 signaling pathway. A. For SGC; B. For HGC. The phosphorylation of JNK and bcl-2 was up-
regulated in the rL-RVG- or NDV-infected SGC and HGC cells. The expression of the autophagy-associated proteins 
beclin-1 and LC3-II/I decreased in cells after treatment with a specific inhibitor of JNK, or SP600125, compared 
with cells without the treatment. The same was observed for apoptosis-associated proteins. C. The ultrastructure of 
the SGC cells after infection with virus or pretreatment with SP600125. rL-RVG infection increased the number of 
autophagosomes in SGC cells, but the number of rL-RVG-induced autophagosomes was markedly decreased after 
pretreatment with SP600125.

Figure 7. N+3: NDV+3MA; R+3: rL-RVG+3MA. The contribution of autophagy downregulation to the expression of ER 
stress-related proteins in SGC cells after infection. The expression of the ER stress-related proteins GRP78, CHOP 
and p-eIF2α decreased in cells after 3MA treatment compared with cells without 3MA treatment (*, p<0.05; **, 
p<0.01).
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way participates in the release of beclin-1, 
which in turn triggers the formation of autopha-
gosomes and the conversion of LC3-II, promot-
ing autophagy by alleviating beclin-1 inhibition 
through downregulation of bcl-2 [38]. Herein, 
western blot analysis revealed that the expres-
sion of p-JNK and beclin-1 increased in rL- 
RVG-infected SGC cells. Pretreatment with 
SP600125, a specific inhibitor of JNK, sup-
pressed the expression of p-JNK, p-bcl-2, and 
beclin-1 and the conversion of LC3-I. CHOP is 
downstream of the PERK/eIF2α signaling path-
way, which receives positive input from other 
components of the UPR, and upregulation of 
CHOP protein can provoke caspase activation 
[39]. In the present study, knockdown of CHOP 
using CHOP-specific siRNA suppressed not only 
the activation of caspase-3 but also the conver-
sion of LC3-I and beclin-1 protein expression. 
We propose that the PERK/eIF2α signaling 
pathway increases the expression of CHOP in 
SGC and HGC cells, which in turn mediates rL-
RVG- and NDV-induced autophagy and apopto-
sis. Therefore, we demonstrate that rL-RVG-
induced ER stress triggers autophagy through 

observations have suggested that oncolytic 
activity is dependent on virus replication [40, 
41]. NDV triggers autophagy in cancer cells and 
chicken cells to enhance virus replication, and 
inhibition of autophagy decreases virus produc-
tion [16, 42, 43]. Therefore, we propose that 
cancer cells infected with NDV or rL-RVG experi-
ence excessive ER stress, which increases 
autophagy through the PERK/eIF2α/CHOP and 
IRE1/JNK/beclin-1 signaling pathways. The 
autophagy then enhances virus replication, 
which induces even more ER stress and 
autophagy. All of these events form a positive 
feedback loop and finally induce cell death. 
However, when we inhibited NDV- and rL-RVG-
induced autophagy, the above-mentioned posi-
tive feedback loop was broken. In particular, 
the inhibitor of autophagy decreased virus  
production, which remitted the ER stress. Thus, 
NDV- and rL-RVG-induced ER stress and apop-
tosis were decreased. Second, previous reports 
suggest that inhibition of autophagy at a late 
stage can effectively augment the cytotoxicity 
of anticancer therapy. However, inhibiting 
autophagy at an early stage attenuates the 

Figure 8. Proposed mechanism of rL-RVG-induced cell death.

the PERK/eIF2α/CHOP and 
IRE1/JNK/beclin-1 signaling 
pathways. In other words, ER 
stress is the upstream regula-
tor that induces autophagy 
and apoptosis.

Certain reports have shown 
that excess ER stress can 
cause autophagy and that 
inhibition of autophagy aug-
ments apoptotic cell death 
but does not affect ER stress 
[18]. However, in the present 
study, when rL-RVG- and NDV-
induced autophagy was inhib-
ited with 3MA in SGC and HGC 
cells, the expression levels of 
the ER stress-related proteins 
GRP78, CHOP and p-eIF2α 
decreased significantly. Com- 
bined with previous research, 
our work suggests that inhibi-
tion of rL-RVG-induced auto- 
phagy downregulates the vir- 
us-induced ER stress and 
apoptosis. We speculate that 
there are two possible conclu-
sions. First, several recent 
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cytotoxicity of anticancer therapy [44, 45]. In 
the present study, rL-RVG-induced ER stress 
and apoptosis were relieved after treatment 
with 3MA. The changes in ER stress and apop-
tosis that occur after inhibition of autophagy 
depend on the type of anticancer reagent used 
and the stage in which the autophagy inhibitor 
is applied.

In conclusion, this study shows that three 
branches of UPR signaling pathways partici-
pate in the effects of NDV and rL-RVG infection 
in SGC and HGC cells. In addition, rL-RVG can 
induce autophagy by activating the PERK/
eIF2α/CHOP and IRE1/JNK/beclin-1 signaling 
pathways. Inhibition of autophagy relieves the 
rL-RVG-induced ER stress and apoptosis, sug-
gesting that autophagy plays an important pro-
apoptotic role in virus-induced apoptosis. As 
shown in Figure 8. Taken together, the results 
of this study demonstrate that rL-RVG-induced 
ER stress and autophagy mediate apoptosis 
and also provide an understanding of their 
interplay in gastric carcinoma cells. Our results 
also suggest that rL-RVG may be a powerful 
candidate for antitumor treatments.
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