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Abstract 

Objective  Inactivated Sendai virus particle [hemagglutinating virus of Japan envelope (HVJ-E)] has a 
potential oncolytic effect due to its ability to induce apoptosis in tumor cells. However, the molecular 
mechanism of apoptosis induction in cancer cells mediated by HVJ-E has not been fully elucidated. This 
paper aims to investigate the underlying mechanism of apoptosis induction by HVJ-E in prostate cancer 
cells (PC3). 

Methods  PC3 cells were treated with HVJ-E at various MOI, and then interferon-β (IFN-β) production, 
and the cell viability and apoptosis were detected by ELISA, MTT-based assay and flow cytometry, 
respectively. Next, the roles of Jak-Stat, MAPK and Akt pathways played in HVJ-E-induced apoptosis in 
PC3 cells were analyzed by immunoblot assay. To further evaluate the cytotoxic effect of HVJ-E on PC3 
cells, HVJ-E was intratumorally injected into prostate cancers on BALB/c-nude mice, and the tumor 
volume was monitored for 36 days. 

Results  HVJ-E induced IFN-β production and activated Jak-Stat signaling pathway, which resulted in 
the activation of caspase-8, caspase-3, and PARP in PC3 prostate cancer cells post HVJ-E treatment. 
Furthermore, we observed for the first time that p38 and Jnk MAPKs in PC3 cells contributed to 
HVJ-E-induced apoptosis. In addition, intratumoral HVJ-E treatment displayed a direct inhibitory effect 
in an in vivo BALB/c nude mouse prostate cancer model. 

Conclusion  Our findings have provided novel insights into the underlying mechanisms by which HVJ-E 
induces apoptosis in tumor cells. 
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INTRODUCTION 

rostate cancer is one of the most common 
solid tumors in men and one of the major 
leading causes of cancer-related deaths 

worldwide[1]. Prostate cancer cells in patients initially 
respond to androgen withdrawal therapy by 
undergoing apoptosis, but then the apoptosis- 
resistant cells survive and develop into androgen- 
refractory phenotype[2]. Androgen-refractory P 
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prostate cancer is more resistant to a number of 
therapeutic modalities, including chemotherapy and 
radiotherapy, and is ultimately lethal[3]. Therefore, 
there is an urgent need for novel treatment 
strategies for androgen-refractory prostate cancers. 

In recent years, great stride has been made in 
cancer virotherapy following the development of 
oncolytic viruses, which enables viruses to replicate 
in cancer cells selectively[4]. The New Castle disease 
virus (NDV) virulent strain (FMW), mesogenic strains 
(73-T, MTH-68/H, and PV701) and lentogenic strains 
(HUJ and Ulster) have been used for cancer 
treatment[5-8]. However, the oncolytic efficacy is low 
due to the suppression of the virus by host immune 
responses. Furthermore, the oncolytic activity is lost 
following UV irradiation[9]. 

Inactivated Sendai virus particle (hemagglutina- 
ting virus of Japan envelope, HVJ-E) obtained via UV 
irradiation was found to display effective oncolytic 
activity without replication ability[10]. UV-inactivated 
Sendai virus generates antitumor immunity via both 
activation of CTL, natural killer (NK) cells and 
suppression of regulatory T cells[11-13]. Furthermore, 
HVJ-E induces apoptosis in castration-resistant 
human prostate cancer cells without any toxic 
effects on nonmalignant prostate epithelial cells[3,14]. 
However, the molecular mechanism of apoptosis 
induction in cancer cells mediated by HVJ-E has not 
been fully elucidated. 

In this study, in addition to Jak/Stat signaling 
pathway, we demonstrate for the first time that p38 
and Jnk mitogen-activated protein kinase (MAPK) 
pathways are involved in apoptosis in HVJ-E-treated 
PC3 cells. Our findings provide novel insights into the 
underlying mechanisms by which HVJ-E induces 
apoptosis in cancer cells. 

MATERIALS AND METHODS 

Cells and Virus  

Hormone-resistant human prostate cancer cell 
PC3, hormone-sensitive human prostate cancer cell 
LNCap clone FGC and human normal prostatic 
epithelial cell, RWPE-1 were purchased from the Cell 
Bank of the Chinese Academy of Science (Shanghai, 
China). The cells were cultured in RPMI 1640 
medium supplemented with 10% fetal bovine serum 
(FBS). Sendai virus (Z strain) was used throughout 
the study. Sendai virus was purified from the 
chorioallantoic fluid from 10 to 14 day-old chick eggs, 
after which it was purified by centrifugation and 

inactivated by UV irradiation (99 mJ/cm2), as 
previously described[15].  

Antibodies and Reagents 

The following antibodies from Cell Signaling 
Technology (Beverly, MA) were used: caspase-3, 
caspase-8, caspase-9, Cytochrome c, phospho-Jnk, 
phospho-p38, phospho-Akt, phospho-Stat1, total 
p38, total Akt, RIG-I, the poly (ADP-ribose) 
polymerase (PARP), and β-actin. Specific inhibitors of 
Jnk (SP600125), and p38 (SB2035801) were 
purchased from Cell Signaling Technology (Beverly, 
MA). Horseradish peroxidase-conjugated goat 
anti-rabbit immunoglobulin, propidium iodide (PI) 
and Hoechst 33258 were from Sigma-Aldrich 
(Shanghai, China). Jak inhibitor I was purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA). FITC 
Annexin V Apoptosis Detection Kit I was purchased 
from BD Biosciences (San Diego, CA). 

Cell Viability Assay 

Cell viability was determined using the MTT 
assay based on the formation of formazan crystals 
from tetrazolium by living cells. MTT assay was 
performed as previously described[16]. The 
experiments were repeated for three times. 

Flow Cytometry Analysis of Apoptosis 

Apoptosis was determined by flow cytometric 
analysis of membrane redistribution of 
phosphatidylserine using an annexin V and propidiu 
iodide (PI) double staining technique. The 
experiment was performed as described elsewhere. 
A total of 20 000 PC3 cells were either mock treated 
or treated with HVJ-E at a MOI of 100, 400, and 600. 
The percentage of apoptotic cells was determined in 
three independent experiments. For the apoptosis 
inhibition assay, PC3 cells were incubated with Jak 
inhibitor I (5 μmol/L), SP60025 (20 μmol/L), or 
SB203580 (10 μmol/L) for 3 h prior to treatment 
with HVJ-E. The treated cells were monitored for 
apoptosis at 400 MOI of HVJ-E. 

Hoechst 33258 Staining 

Apoptotic nuclear changes were examined using 
Hoechst 33258 staining. The cells were fixed with 4% 
paraformaldehyde, stained with Hoechst 33258   
(5 μg/mL) for 10 min and examined under a 
fluorescence microscopy to analyze cell chromatin 
condensation. 
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Immunoblot Assay 

PC3 cell plated in 60-mm dishes were treated 
with HVJ-E at different MOI. Twenty four hours later, 
the treated cells were harvested and lysed, and an 
immunoblot (IB) assay was performed as described 
previously[17]. All IB experiments were performed 
twice. 

In vivo Oncolysis  

Twenty 6-week-old BALB/c-nude mice were 
randomly divided into 2 groups, where each group 
contained 5 female and 5 male mice. Viable PC3 cells 
(2×106 cells) were intradermally injected into the 
backs of the mice. When each inoculated tumor 
reached 4-6 mm in diameter, HVJ-E (1.5×1010 
particles in a total volume of 100 μL) or PBS was 
injected into tumors on days 12, 15, and 18. Tumor 
volume was measured in a blinded manner with 
slide calipers using the following formula: tumor 
volume (mm3) = length × (width)2/2. 

Statistical Analysis 

For all experiments, the statistical analysis was 
performed for all groups using a one-way analysis of 
ANOVA to determine statistical significant variance 
between the groups for each endpoint assessed. 
Differences with a P value <0.05 were considered 
statistically significant. 

RESULTS 

HVJ-E Activates RIG-I Expression and Induces IFN-β 
Production in PC3 Cells 

RIG-I functions as a virus sensor in a certain type 

of cells, such as macrophages, fibroblast and 
conventional dendritic cells (cDC), which use RIG-I 
like receptor system for the antiviral activity[18]. 
Synthesized RNA can be a ligand for RIG-I as well as 
native viral RNA[19]. HVJ-E contains single-stranded 
RNA fragments of approximately 300 bp, which can 
be recognized by RIG-I in human cancer cells[10]. To 
investigate whether HVJ-E activates RIG-I expression 
in PC3 cells and induces type I IFN production, PC3 
cells were treated with HVJ-E at different MOI, at 
24-h post-treatment, and cell lysate and cell 
supernatant were then harvested for RIG-I detection 
and IFN-β determination. As shown in Figure 1A, the 
expression of RIG-I was augmented upon HVJ-E 
treatment in a dose dependent manner, indicating 
that HVJ-E fused effectively with PC3 cells and the 
broken viral genomes were recognized by RIG-I, 
which resulted in an increasing amount of IFN-β 
production in PC3 cells with the increment of HVJ-E 
(Figure 1B). 

HVJ-E Induces Apoptosis in PC3 Cells 

IFN-β is able to induce cell death in numerous 
human cancer cell lines[20-21]. In the present study, 
HVJ-E was demonstrated to have the ability to elicit 
IFN-β production in PC3 cells. Therefore, the effects 
of HVJ-E on the proliferation and viability of PC3 cells 
were examined. PC3 cells treated with HVJ-E from 50 
to 1000 MOI for 24 h were shown to lead to a dose- 
dependent reduction in cell viability as compared to 
controls (Figure 2A). However, growth inhibition of 
hormone sensitive LNCap cell and normal prostate 
epithelium was not observed, and these results have 
been confirmed by others that the amount of 
receptors for HVJ, GD1a, and SPG, are much higher 
in PC3 cells than hormone-sensitive prostate cancer 

 

 

Figure 1. HVJ-E induces IFN-β production in PC3 cells. (A) PC3 cells were treated with HVJ-E at the 
indicated MOI for 24 h, and cell extracts were then assessed for RIG-I expression. (B) IFN-β production 
in PC3 cells treated with HVJ-E at indicated MOI. The data show the mean±SD of three experiments in 
quadruplicate. *P<0.05 or **P<0.01 compared with controls.  
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LNCap cells and normal prostate epithelium[14]. Next, 
we sought to examine whether the reduced 
proliferation and viability by HVJ-E were due to the 
apoptosis in PC3 cells. Flow cytometry assay was 
performed to analyze PC3 cells treated with HVJ-E at 
MOI of 100, 400, and 600 respectively. As shown in 
Figures 2B and 2C, PC3 cells in response to HVJ-E 
also resulted in remarkable apoptosis in a 

dose-dependant manner, indicating that an oncolytic 
effect was produced by HVJ-E in PC3 cells. 
Furthermore, the apoptotic effect induced by HVJ-E 
in PC3 cells was further assessed by fluorescence 
microscopy and microscopy observation. Apoptotic 
chromatin condensation and nuclear fragmentation 
were readily observed in HVJ-E-treated cells by Hoe- 
chst 33258 staining (Figure 2D). Meanwhile, compared 

 

 

Figure 2. HVJ-E induces apoptosis in PC3 cells. (A) The effect of increasing MOI of HVJ-E on cell viability 
of PC3, LNCap and RWPE-1 cells was assessed by MTT-based assay. The data show the mean±SD of 
three experiments in quadruplicate. (B and C) PC3 cells were either mock- treated or treated with HVJ-E 
at MOI of 100, 400, and 600 for 24 h, the cells were harvested and double-stained with annexin V and 
propidium iodide (PI) and then analyzed by flow cytometry. The cell population in the right lower 
quadrant (PI-negative, Annexin V-positive) corresponded to early stage apoptotic cells; the right upper 
quadrant (Annexin V/PI positive) corresponded to late stage apoptotic and necrotic cells. A 
representative result from three independent experiments was shown. (D) PC3 cells were treated as 
described above, stained with Hoechst 33258 and cell morphology was analyzed by fluorescence 
microscopy (arrows, apoptotic cells, 200×). All experiments were performed twice. (E) Microscopic 
observation (400×) of PC3 cells 24 h post HVJ-E treatment. HVJ-E induced cell disintegration (arrows) 
and significantly reduced the number of viable cancer cells. *P<0.05 or **P<0.01 compared with 
controls. 
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with controls, HVJ-E treated cells not  only 
represented the reduction of cell number but    
also represented shrinkage and cell disintegration 
(Figure 2E). 

Jak-stat Pathway Plays Partial Role in HVJ-E 
Induced Apoptosis 

Type I IFN was known to induce apoptosis in 

some transformed cell lines via Jak/stat pathway, 
and the activation of caspase pathway was mediated 
by the phosphorylation of Stat1[20-22]. Therefore, the 
activation of Stat1 and downstream caspases and 
PARP was assayed. As shown in Figure 3A, the 
phosphorylation of Stat1 was detected with HVJ-E  
at all indicated MOI, meanwhile, the cleavage     
of caspase-8, Cytochrome c, caspase-3, and PARP was 

 

 

Figure 3. Jak-Stat pathway played a partially role in HVJ-E-induced PC3 cells apoptosis. PC3 cells were 
either mock-treated or treated with HVJ-E at indicated MOI. Cell lysates were analyzed by immunoblot 
(IB) assay with appropriate antibodies for the apoptotic pathway. (A) Detection of the activated forms 
of Stat1, caspase-8, Cytochrome c, caspase-3, and cleaved PARP. β-actin protein level was assessed for 
loading control. All IB experiments were carried out twice. (B) PC3 cells were either mock-treated or 
pretreated with a Jak inhibitor (5 μmol/L) before HVJ-E treatment (MOI=600), and then phospho-Stat1, 
cleaved caspase-3 and PARP were assayed by IB. (C) PC3 cells were either mock-treated or pretreated 
with Jak inhibitor (5 μmol/L) before HVJ-E treatment (MOI=600), and apoptotic cells were measured by 
flow cytometry. (D) PC3 cells were treated as above and cell morphology was observed under a 
microscope (400×). 
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also detected from 100 to 1000 MOI, however, the 
activated caspase-9 was undetectable (data not 
shown), indicating that the caspase pathway, 
especially extrinsic pathway may be involved in 
apoptotic induction by HVJ-E in PC3 cells. 

To further confirm whether the apoptotic 
induction by HVJ-E in PC3 cells was Jak/Stat pathway 
dependent, cells were pretreated with Jak inhibitor, 
then the activation of Stat1 and cleavage of 
caspase-3 and PARP in HVJ-E-treated cell was 
determined, meanwhile, the treated cells were 
subjected to apoptotic analysis and microscopic 
observation. As shown in Figure 3B, pretreatment 
with Jak inhibitor for 3 h markedly suppressed the 
phosphorylation of Stat1 and the cleavage of 
caspase-3 and PARP. However, although 
pretreatment with Jak inhibitor obviously inhibited 
HVJ-E-induced apoptosis and significantly prevented 
cell disintegration (Figure 3C, 3D), the apoptosis 
induction by HVJ-E in PC3 cells were not completely 
blocked, which suggested that some other signaling 
pathways could also contribute to HVJ-E-induced 
apoptosis in PC3 cells. 

MAPK Pathways Play roles in HVJ-E-induced 
Apoptosis in PC3 Cells 

MAPK and Akt signaling pathways are well 
known to play important roles in regulation of cell 
proliferation and apoptosis in response to a variety 
of stimuli[23]. To investigate the regulation of MAPK 
and Akt pathways in HVJ-E-treated PC3 cells, 
phosphorylation of Erk1/2, Jnk, p38 MAPK and, Akt 
were detected by IB assay using appropriate 
antibodies. As illustrated in Figure 4A, p38 MAPK and 
Jnk were activated while the phosphorylation of Erk1/2 
was undetectable (data not shown). In addition, the 
phosphorylation level of Akt in PC3 cells remains 
unchanged after HVJ-E treatment. Interestingly, the 
blockade with Jak inhibitor prior to HVJ-E treatment 
failed to inhibit the activation of p38 and Jnk MAPKs, 
further suggesting that p38 and Jnk MAPKs might 
contribute to HVJ-E-induced apoptosis (Figure 4B). 

To further investigate the roles that MAPK 
pathways played in HVJ-E induced apoptosis in PC3 
cells, specific inhibitors, SB203580 and SP600125, 
targeting p38 MAPK and JNK, respectively, were 
added to PC3 cells 30 min prior to HVJ-E treatment 
and cell viability was determined by MTT-based 
assay. The results showed that PC3 cell proliferation 
was not affected by treatment with the inhibitors at 
their specific concentration (10 μmol/L for SB203580 
and 20 μmol/L for SP600125) (Figure 4C), and 

inactivation of the target pathway by specific 
inhibitors was confirmed by IB assay (Figure 4D). As 
shown in Figure 4E, the two inhibitors exhibited 
significant inhibition of cytotoxicity at 24, 48, and 72 
h post treatment (P<0.05 or P<0.01). Moreover, the 
microscopic observation and cell-cycle apoptosis 
detection also confirmed that the inhibitors could 
reduce the cytotoxic effect induced by HVJ-E on PC3 
cells (Figure 4F). These results together suggest that 
JNK and p38 MAPK pathways contribute to HVJ-E 
induced apoptosis in PC3 cells. 

HVJ-E Acts as an Effective Oncolytic Agent in a 
BALB/c-nude Mouse Prostate Cancer Model 

To further evaluate the ability of HVJ-E to induce 
PC3 cell apoptosis in vivo, HVJ-E particles were 
injected into transplanted prostate cancer tumors 
when they reached about 5 mm in diameter for 
three times (day 12, 15, and 18). Then, tumor 
volume was detected and analyzed, and effective 
inhibition of prostate tumor growth in HVJ-E-injected 
BALB/c nude mice was demonstrated as compared 
with that in control mice (Figure 5), indicating that 
HVJ-E could directly induce apoptosis in B16F10 
melanoma cells in vivo and delay tumor growth 
independent of any T cell-dependent cytotoxicity. 

DISCUSSION 

To date, there have been a number of reports 
describing oncolysis mediated by replication- 
ompetent viruses[4,6,24-26]. Replication is necessary for 
cancer cell killing induced by oncolytic viruses, and 
the oncolytic ability of these viruses is lost following 
UV inactivation[9]. However, UV-irradiated HVJ (HVJ-E) 
displays oncolytic activity without viral genome 
replication and viral protein synthesis. The antitumor 
activities of HVJ-E have been reported in previous 
publications[11,13,27-28]. These activities include the 
activation of antitumor immunity and induction of 
apoptosis. Although the mechanism of antitumor 
immunity activation has been extensively 
elucidated[11-12], the precise mechanism of 
HVJ-E-induced apoptosis has not been extensively 
examined. 

A previous study has reported that RIG-I is the 
key cytosolic receptor responsible for the detection 
of the breaked viral RNA of HVJ-E and for type I IFN 
induction[10]. In the current study, the expression of 
RIG-I was increased with the increment of HVJ-E, and 
IFN-β was also produced in response to HVJ-E 
treatment in a dose-dependant manner, which was 
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Figure 4. MAPK pathways contribute to HVJ-E treated apoptosis in PC3 cells. (A) PC3 cells were treated 
as above, and the regulation of MAPK and Akt pathways were examined with specific antibodies for 
activated Jnk, p38 MAPK and Akt. Total protein levels were assessed as a loading control. (B) PC3 cells 
were either mock-treated or pretreated with a Jak inhibitor (5 μmol/L) before HVJ-E treatment 
(MOI=600), and then phosphor-Jnk and phosphor-p38 were assayed by IB. (C) PC3 cells were either 
mock-treated or pretreated with SP600125 (20 μmol/L) or p38 inhibitor SB203580 (10 µmol/L) for 30 
min. Cell viability was measured by MTT-based assay. Values were mean±SD from three independent 
experiments. (D) PC3 cells were pretreated with inhibitors at indicated concentrations. The cell lysates 
were prepared for IB assay to examine the inactivation of target pathways. (E) PC3 cells were either 
mock-treated or pretreated with indicated inhibitors for 30 min respectively, cells were then treated 
with HVJ-E at an MOI of 600 for indicated time points or sham-treated. Cell viability was then 
determined by the MTT assay. Data presented were mean±SD calculated from three independent 
experiments. (F) PC3 cells were treated as above and cell morphology (400×) and cell-cycled apoptosis 
were assayed. 



Biomed Environ Sci, 2014; 27(7): 506-514 513 

 

Figure 5. HVJ-E inhibited tumor growth on 
BALB/c nude mice. PC3 cells were inoculated 
into intradermal space in the backs of 
BALB/c-nude mice. Replication defective 
particles (1.5×1010 each) of HVJ-E or PBS 
were injected into tumors thrice (on day 12, 
15, and 18). The HVJE-treated tumors were 
effectively inhibited as compared with 
PBS-treated tumors.  

consistent with the previous report[14]. IFN-β-induced 
apoptosis was dependent on activation of the 
caspase cascade with cleavage of caspases 3, 8, and 
PARP[21], in addition, the activation of caspase 
pathway was regulated by the phosphorylation of 
Stat and Jak-Stat signal pathway[22], therefore, to 
examine whether the caspase pathway contributes 
to apoptosis induction in PC3 cells, the 
phosphorylation of Stat1 and the activation of 
caspase-8, caspase-9, caspase-3, and PARP in 
HVJ-E-treated PC3 cells was detected. The results 
revealed that stat1 and caspase-8, Cytochrome c, 
caspase-3 and PARP were activated upon HVJ-E 
treatment, while the activation of caspase-9 was 
undetectable, which was also in line with the 
previous report[14]. The pretreatment of Jak inhibitor 
effectively inhibited the phosphorylation of Stat and 
cleaved caspase-3 and PARP, however, the cell 
apoptosis and cell death were not completely 
blocked by use of Jak inhibitor, indicating other 
signaling pathways may be involved in apoptotic 
induction by HVJ-E in PC3 cells. 

Although a recently published report has 
demonstrated that TNF-related apoptosis-inducing 
ligand (TRAIL) and Noxa represent promising target 
molecules for cancer cell-selective apoptosis when 
RIG-I/MAVS signaling pathway is activated in 
prostate cancer cells[3], to our knowledge, very few 
reports concerning the regulation of MAPK and Akt 
pathways in HVJ-E-induced cancer cell apoptosis 
have been presented. Here, we have for the first 
time provided evidence showing that MAPK 
pathways, including Jnk and p38 MAPK, are activated 
in PC3 cells treated with HVJ-E. Moreover, the 

results from inhibitor treatments have further 
verified that inhibition of MAPK pathway reduces the 
HVJ-E-induced cytotoxic effects on PC3 cells. 
Together, these results reinforce the notion that the 
activation of MAPK pathway may perturb apoptosis 
in PC3 cells. To test the direct effect of HVJ-E on 
prostate cancer cell apoptosis in vivo, we excluded 
immunostimulatory effects in the current study by 
using T cell-deficient BALB/c nude mice. Indeed, 
intratumoral HVJ-E treatment presented robust 
direct anti-tumor activities on prostate cancer cells 
in this in vivo model, where most of the tumor 
growth was remarkably inhibited. Therefore, we 
postulate that HVJ-E plays an important and direct 
role in inducing apoptosis that leads to tumor killing. 

In total, we have demonstrated that HVJ-E 
triggers apoptosis in human prostate cancer cells. 
We underscore the role of caspase cascade, 
especially the extrinsic pathway, in the induction of 
apoptosis in PC3 cells upon HVJ-E treatment. 
Moreover, both the JNK and p38 MAPK pathways 
contribute to HVJ-E induced apoptosis in PC3 cells, 
which provides novel insights into the mechanism of 
the anti-tumor effect of HVJ-E and throws a new 
light upon alternative therapeutic approaches for 
human cancers. 
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