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Abstract. A total of ~38.6 million mortalities occur due to liver 
cancer annually, worldwide. Although a variety of therapeutic 
methods are available, the efficacy of treatment at present is 
extremely limited due to an increased risk of malignancy and 
inherently poor prognosis of liver cancer. Gene therapy is 
considered a promising option, and has shown notable potential 
for the comprehensive therapy of liver cancer, in keeping with 
advances that have been made in the development of cancer 
molecular biology. The present study aimed to investigate 
the synergistic effects of the abilities of the hemagglutinin 
neuraminidase protein of Newcastle disease virus (NDV), the 
pro‑apoptotic factor apoptin from chicken anaemia virus, and 
the interferon‑γ inducer interleukin‑18 (IL‑18) in antagonizing 
liver cancer. Therefore, a recombinant DNA plasmid expressing 
the three exogenous genes, VP3, IL‑18 and hemagglutinin neur-
aminidase (HN), was constructed. Flow cytometry, acridine 
orange/ethidium bromide staining and analysis of caspase‑3 
activity were performed in H22 cell lines transfected with the 
recombinant DNA plasmid. In addition, 6‑week‑old C57BL/6 
mice were used to establish a H22 hepatoma‑bearing mouse 
model. Mice tumor tissue was analyzed by immunohisto-
chemistry and scanning electron microscopy. The results of 
the present study revealed that the recombinant DNA vaccine 
containing the VP3, IL‑18 and HN genes inhibited cell prolif-
eration and induced autophagy via the mitochondrial pathway 
in vivo and in vitro.

Introduction

Gene therapy for liver cancer remains a rapidly progressing 
field (1,2). For example, the p53 gene plays a pivotal role in gene 
therapy for liver cancer. Irrespective of whether the p53 gene 
was mutated, wild‑type or heterozygous in the cells of interest, 
tumor cell growth was suppressed subsequent to introducing an 
exogenous wild‑type p53 gene (3,4). It was subsequently found 
that increased p53 protein expression levels could markedly 
suppress tumor cell growth. In addition, suicide genes have 
been extensively utilized in the setting of liver cancer gene 
therapy (5).

Previously, a large number of targeted genes have been 
selected for cancer gene therapy, and gene transfer methods 
have also been advanced during this time (6). Newcastle disease 
virus (NDV) is a member of the Paramyxoviridae family whose 
genome is a non‑segmented single‑stranded negative‑sense 
RNA (7). The virus genome encodes 6 genes in the following order 
(3'‑5'): Nucleoprotein (NP); phosphoprotein (P); matrix protein 
(M); fusion protein (F); hemagglutinin neuraminidase (HN); 
and large polymerase protein (L) (3'‑NP‑P‑M‑F‑HN‑L‑5') (8,9). 
It was previously shown that the HN protein plays a critical 
role in the anti‑tumor effects of NDV (10). HN hydrolyzes 
the surface sialic acid of the host cell, exposes biological 
recognition sites, and induces tumor necrosis factor‑associated 
apoptosis‑inducing ligand (TRAIL) expression at the surface 
of mononuclear cells in the host peripheral blood, and yet does 
so independently of viral replication (11,12). In addition, HN 
positioning in the tumor cell membrane also led to formation of 
identical recognition sites, which in turn improved the cytotoxic 
effects of the host immune system against tumor cells (13).

Apoptin is a small protein that is derived from chicken anemia 
virus. It can only induce apoptosis in transformed or tumorigenic 
cells, rather than primary cells (14). Apoptin‑induced apoptosis 
of tumor cells is independent of functional p53 expression, and 
occurs in the presence of high Bcl‑2 expression levels. A DNA 
vaccine containing the VP3 gene can activate specific cytotoxic 
T lymphocytes (CTLs) and T‑helper cells, and humoral immune 
responses (15).

Interleukin (IL)‑18 has similar biological activities as those 
reported for IL‑12, yet is more powerful than IL‑12 at inducing 
interferon (IFN)‑γ (16). Thus, it is also termed IFN‑γ inducing 
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factor. IL‑18 is a cytokine with pleiotropic biological activities 
in terms of promoting dendritic cell maturation, stimulating 
NK and CTL cell‑mediated cytotoxicity, inducing secretion 
of cytokines such as IFN, IL‑2 and granulocyte‑macrophage 
colony‑stimulating factor (GM‑CSF), and subsequent expres-
sion of major histocompatibility complex class I molecules (16). 
Therefore, IL‑18 can be used as an adjuvant to enhance the 
immunological effects of specific candidate vaccines.

In the present study, with respect to the identical positioning 
of the NDV HN protein at the membrane surface subsequent 
to expression in tumor cells, NDV HN was employed as a 
tumor‑specific antigen in the form of a DNA vaccine to improve 
host immunity, thereby strengthening the immunological clear-
ance of tumor cells carrying this protein. As an IFN‑γ inducer, 
IL‑18 promotes anti‑tumor effects by enhancing the activity of 
NK and T cells. In this context, a recombinant DNA plasmid 
was constructed to co‑express HN, VP3 and IL‑18, and the 
mechanisms responsible for the anti‑tumor effects was investi-
gated both in vitro and in vivo.

Materials and methods

Ethics. All procedures involving animals were performed in 
accordance with protocols that were approved by the Committee 
for Animal Research of Xiamen University (Xiamen, Fujian, 
China) and complied with the Guide for the Care and Use of 
Laboratory Animals (17).

Plasmids, cell culture and transfection. The recombinant 
plasmids pIRESneo (Invitrogen; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA), pIRHN, PIRVP3 and pIRVP3IL‑18HN 
were constructed and validated at the Department of Gastroen-
terology, Zhongshan Hospital Affiliated to Xiamen University 
(Xiamen, China). Briefly, the pIRESneo plasmid was spliced 
by SmaI and XbaI restriction enzymes (Takara Bio, Inc., Otsu, 
Japan) and transfected with HN, VP3 and VP3IL‑18HN gene 
fragments (BGI, Shenzhen, China) using T4 DNA ligase (Takara 
Bio, Inc.) to obtain pIRHN, PIRVP3 and pIRVP3IL‑18HN plas-
mids, respectively. Mouse H22 hepatoma cells (Experimental 
Animal Centre of Jilin University, Changchun, Jilin, China) 
were cultured in Dulbecco's modified Eagle medium containing 
10% fetal bovine serum, 100 U/l penicillin, and 100 U/l strep-
tomycin (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in an 
atmosphere of CO2. Cell lines that stably expressed HN, VP3 
and IL‑18 were established by transducing H22 cells with the 
pIRVP3IL‑18HN lentiviral vector.

Western blot analysis. H22 cells were transfected with 
pIRVP3IL‑18HN and pIRESneo using Lipofectamine 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) for 24 h. Subsequently, 
2x105 transfected H22 cells were lysed in radioimmunoprecipi-
tation assay buffer consisting of 50 mmol/l Tris (pH 8.0), 0.1% 
sodium dodecyl sulfate, 0.5% sodium deoxycholate, 1% NP‑40, 
150  mmol/l NaCl, and 1  tablet of complete mini protease 
inhibitor/10 ml of buffer (Roche Diagnostics GmbH, Penzberg, 
Germany). Equal amounts of total cell lysate were electropho-
resed and transferred to FluoroTrans® W membranes (Wako 
Pure Chemical Industries Ltd., Wako, Japan). The membranes 
were then incubated with monoclonal goat anti‑mouse Flag 
antibody (cat. no. 66008‑2‑Ig; 1:1,000; Proteintech Group, Inc., 

Rosemont, IL, USA). Subsequent to washing, the membrane 
was incubated with horseradish peroxidase‑conjugated goat 
anti‑rabbit IgG secondary antibody (cat. no. SA00001‑2; 1:5,000; 
Proteintech Group, Inc.) and visualized by an enhanced chemi-
luminescence detection system (ECL Advance; GE Healthcare 
Life Sciences, Chalfont, UK).

Flow cytometry. H22 cells were transfected with 
pIRVP3IL‑18HN and pIRESneo for 24 h, following which 
5x105  cells were stained using fluorescein isothiocyanate 
(FITC)‑labeled monoclonal goat anti‑mouse HLA‑A, B and C 
antibodies (cat. no. ab23840; 1:100; Abcam, Cambridge, MA, 
USA) and Rhodamine 123 at a final concentration of 25 mg/ml. 
Following antibody incubation for 1 h at 4˚C in the dark, the 
cells were washed and treated with fluorescence‑activated cell 
sorting lysing solution, according to the manufacturer's protocol 
(Becton Dickinson, Franklin Lakes, NJ, USA). In each sample, 
104 cells were counted by multi‑parameter flow cytometry 
(FACScan; Becton Dickinson) and analyzed by CellQuest 5.1 
software (Becton Dickinson).

2,7‑Dichlorofluorescin diacetate (DCFA) analyses. DCFA 
analyses were performed to assess reactive oxygen species acti-
vation. H22 cells were transfected with pIRESneo and pIRVP3IL 
18HN. After incubation for 72 h, a total of 2x104 HCC cells were 
harvested and stained with 5 µmol/l DCFA at 37˚C for 30 min in 
the dark. Cells were then washed twice with phosphate‑buffered 
saline (PBS)and counted by multi parameter flow cytometry 
(FACScan; Becton Dickinson) and analyzed by CellQuest 5.1 
software as described above.

Proliferation assay. H22 cells were transfected with the 
pIRVP3IL‑18HN and pIRESneo plasmids for 24 h. The cells 
were seeded at a density of 3,000 cells per well into 96‑well 
plates and incubated at 37˚C overnight. The next day, the media 
was aspirated and the cells were washed twice in PBS and 
then starved for 24 h in a serum‑free medium containing 0.1% 
bovine serum albumin. Methyl thiazolyl tetrazolium reagent 
(Sigma‑Aldrich; Merck Millipore, Darmstadt, Germany) was 
added to each well, cells were lysed with dimethyl sulfoxide and 
then quantified by measuring the absorbance at A570 nm using 
an enzyme‑linked immunosorbent assay plate reader (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA). Each treatment was 
conducted in triplicate, and all experiments were conducted 
independently at least three times.

Acridine orange (AO)/ethidium bromide (EB) staining. In 
total, 25 µl of a suspension of cells (0.5‑2.0x106) were mixed 
gently with 1 µl of AO/EB solution, which was a mixture of 
100 µg/ml AO in PBS and 100 µg/ml EB in PBS. Subsequently, 
10 µl of stained cell suspension was loaded onto a slide and 
≥300 cells were counted under a fluorescence microscope that 
was equipped with a fluorescence filter and an objective lens of 
x40 magnification.

Caspase‑3 activity analysis. In total, ~5x106 cells were 
resuspended in 200  µl lysis buffer (HD Biosciences Co., 
Ltd., Shanghai, China) consisting of 20  mmol/l pipera-
zine‑N,N'‑bis(2‑ethanesulfonic acid) (pH  7.2), 100  mmol/l 
NaCl, 1 mmol/l ethylenediaminetetraacetic acid (EDTA; HD 
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Biosciences Co., Ltd.), 10 mmol/l dithiothreitol (DTT) (Solarbio 
Science & Technology Co., Ltd., Beijing, China), 0.1% 3‑[(3‑chol-
amidopropyl) dimethylammonio]‑1‑propanesulfonate (HD 
Biosciences Co., Ltd.) and 10% sucrose (HD Biosciences Co., 
Ltd.) and incubated on ice prior to centrifugation at 3,000 x g for 
5 min. The supernatant was harvested for protein quantification 
and caspase‑3 activity was measured using a caspase‑3 assay 
kit (Abcam) according to the manufacturer's instructions, at an 
absorbance of 405 nm using a microplate analyzer.

Extraction of cytochrome c. Following transfection with the 
pIRVP3IL‑18HN recombinant plasmid for 72 h, 2x106 H22 
tumor cells were lysed in 300 µl of buffer A, consisting of 10 mM 
4‑(2‑hydroxyethyl)‑1‑piperazineethanesulfonic acid‑KOH 
(pH 7.4), 0.25 M sucrose, 1 mM ethylene glycol‑bis(β‑aminoethyl 
ether)‑N,N,N',N'‑tetraacetic acid, 1 mM EDTA, 1 mM DTT, 
10 mM MgCl2 and 1 mM phenylmethylsulfonyl fluoride (all 
obtained from Solarbio Science & Technology Co., Ltd.) and 
homogenized in a Dounce homogenizer (IKA, Guangzhou, 
China) for 10 min. The supernatant was mixed with TNC buffer, 
consisting of 10 mM Tris‑acetate (pH 8.0) (HD Biosciences 
Co., Ltd.), 0.5% Nonidet P‑40 (HD Biosciences Co., Ltd.) and 
5 mM CaCl2 (Solarbio Science & Technology Co., Ltd.), and 
the precipitate was dissolved in buffer A to obtain the cytosol, 
which together with the mitochondria were stored at ‑80˚C for 
subsequent western blot analysis.

Establishment of H22 hepatoma‑bearing C57BL/6 mouse 
model. Six‑week‑old C57BL/6 male mice (n=15) were obtained 
from the Experimental Animal Center of the Academy of Mili-
tary Medical Sciences of the Chinese People's Liberation Army 
(license number: SCXK‑[Army] 2002‑001; Beijing, China). The 
mice were used to establish the H22‑bearing mouse model. H22 
cells in the logarithmic growth phase were adoptively trans-
ferred subcutaneously into the right hind foot of mice at a dose of 
0.1 ml each. When the tumors had grown to >5 mm in diameter, 
the tumor‑bearing mice were randomly divided into 5 groups as 
follows: PBS control group; blank plasmid pIRESneo‑treated 
group; pIRHN‑treated group; pIRVP3‑treated group; and 
pIRVP3IL‑18HN‑treated group. An extra group of wild‑type 
mice were included as normal controls. All groups were 
inoculated once every 7 days, a total of 3 times, at a dose of 
100 µl/mouse with PBS or plasmids that were diluted in PBS 
to a concentration of 50 µg/ml (5 µg plasmids/mouse). All mice 
were sacrificed on day 7 subsequent to the last injection and 
were evaluated for various markers.

Scanning electron microscopy analysis. Animals were sacri-
ficed on day 7 subsequent to the last injection and the tumors 
were removed and quickly fixed in ice‑cold glutaraldehyde 
(Sigma‑Aldrich; Thermo Fisher Scientific, Inc.). Subsequently, 
the tumor was sectioned into 1 mm3 blocks, and then fixed for 
another 12 h in cold glutaraldehyde at 4˚C. Following three 
washes in 0.13 M phosphate buffer, the tissue blocks were 
fixed with ice‑cold 1% osmium tetroxide (Sinopharm Chemical 
Reagent Co., Ltd., Shanghai, China) for 1.5‑2 h, followed by 
sequential 15 min incubations in 50, 70 and 80% ethanol at 
4˚C. Subsequently, room temperature fixing steps in 90 and 
100% ethanol and a final acetone step at room temperature 
were performed. The blocks were gradually permeabilized in a 

series of buffers that consisted of dehydrating agents mixed with 
epoxy resin at a ratio of 2:1, 1:1 and 1:3, followed by 100% resin, 
for 0.5‑1 h each incubation. The blocks were then placed into 
labeled capsules containing embedding medium and polym-
erized at 35, 45 and 60˚C for 12, 12 and 24 h, respectively, in 
an incubator. The polymerized tissue blocks were shaped and 
dissected into slices at a thickness of 600‑700 Å. The slices 
were placed on a wax plate covered by a copper mesh and 
stained with uranyl acetate dye and lead citrate dye for 15‑20 
and 5‑10 min, respectively, followed by distilled water washes 
and examination by electron microscopy.

Immunohistochemistry. The mice were sacrificed and the 
tumors were instantly removed and incubated in 10% neutral 
formalin for 24‑72 h for fixing. The formalin was discarded and 
the tumor tissue was treated sequentially with 60, 70, 80, 95 
and 100% ethanol, 50% ethanol plus 50% xylene, and xylene. 
Subsequently, the tissue was embedded in a paraffin block and 
sectioned into slices at 4‑6 µm thickness, which were then incu-
bated in a 45˚C water bath and transferred onto glass slides, and 
then covered with protein glycerin prior to dehydrating in an 
oven at 60˚C for 2 h. Subsequent to routine hematoxylin‑eosin 
staining, the slices were mounted with mounting medium and 
examined under a standard light microscope (x10 and x40 
magnifcation).

Statistical analysis. Data were expressed as the mean ± stan-
dard deviation. Groups were compared using Student's t‑test, 
and values of P<0.05 were considered to indicate a statistically 
significant difference.

Results

Inhibition of liver cancer cell growth via pro‑apoptotic path‑
ways in vitro by a recombinant DNA vaccine containing the 
NDV HN gene. H22 hepatoma cells were transfected with the 
newly constructed DNA vaccine pIRVP3IL‑18HN, to validate 
its function against liver cancer (Fig. 1A). It was found that the 
cytotoxic effects of pIRVP3IL‑18HN on H22 hepatoma cells 
were positively associated with time and DNA concentrations, 
and ultimately peaked 72 h subsequent to transfection (Fig. 1B). 
As observed under optical microscopy, H22 hepatoma cells that 
were transfected with pIRVP3IL‑18HN detached from the plate 
after 72 h, which was in contrast to those transfected with the 
control plasmid pIRESneo (Fig. 1C). Additional examination 
by electron microscopy visualized chromatin margination and 
condensation in transfected H22 cells, which were typical apop-
totic features, and known as pyknotic nuclei. By contrast, tumor 
cells transfected with the control plasmid exhibited relatively 
normal morphology and nuclear structures (Fig. 1C). Upon 
AO/EB staining, the control cells were presented as ubiquitously 
fluorescent green cells.

However, at 72  h subsequent to transfection with 
pIRVP3IL‑18HN in vitro, certain H22 tumor cells were exhib-
ited as bright orange cells with chromatin condensation. In 
addition, certain cells were fluorescent red following a general 
loss of cell membrane integrity in combination with reduced 
sizes of the nuclei, and particularly so in the later stage of apop-
tosis (Fig. D). In addition, cell cycle changes were observed in 
H22 cells, as detected by propidium iodide staining followed by 
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flow cytometry. An apoptotic peak appeared in the G1 phase of 
the cell cycle with increasing numbers of H22 cells that were 
arrested at the S phase of the cell cycle, which led to an apop-
tosis rate of 11% (Fig. 1E).

Apoptosis of tumor cells was possibly induced via the mitochon‑
drial pathway by the recombinant DNA vaccine containing the 
NDV HN gene. The present study found that, compared with cells 
carrying the control empty plasmid, mitochondrial uptake of 
Rhodamine 123 was substantially decreased in H22 tumor cells 
that had been transfected with pIRVP3IL‑18HN in vitro, leading 
to a peak shift from right to left in flow cytometric analysis, 
which indicates a change in cell number. This result indicates 
that pIRVP3IL‑18HN could downregulate the mitochondrial 
membrane potential in H22 cells, as an early event of apoptosis 
(Fig. 2A). Additional analysis by DCFA combined with flow 
cytometry revealed that intracellular levels of reactive oxygen 
species (ROS) were elevated in H22 cells following transfec-
tion with pIRVP3IL‑18HN compared with the control cells, as 

indicated by a peak shift to the right (Fig. 2B). Enhanced ROS 
production led to increased apoptosis of tumor cells. Conse-
quently, there were markedly increased levels of cytochrome c 
detected in pIRVP3IL‑18HN‑transfected H22 cells compared 
with control cells (Fig. 2C). The caspase proteases play a critical 
role in proteolysis and activation of proteins to coordinate the 
central events that drive apoptosis. The present study analyzed 
caspase‑3 activity in H22 cells that were transfected with 
pIRESneo and pIRVP3IL‑18HN plasmids. According to the 
optical density values, caspase‑3 was activated in H22 cells at 
72 h after transfection with the pIRVP3IL‑18HN plasmid, but 
not in cells transfected with the control plasmid.

Inhibitory effects of the NDV HN recombinant DNA vaccine on 
liver cancer growth in vivo. A tumor‑bearing C57BL/6 mouse 
model was established using H22 cells (Fig. 3). Compared to the 
PBS group and the empty plasmid treatment group, treatment 
with the recombinant plasmid containing individual pIRHN or 
pIRVP3 genes inhibited H22 tumor growth. Co‑expression of 

Figure 1. The pIRVP3IL‑18HN recombinant plasmid promoted apoptosis of H22 hepatoma cells. (A) Western blot analysis of the expression of pIRVP3IL‑18HN 
in hepatoma cells. (B) Cytotoxic effects of pIRVP3IL‑18HN on H22 cells were time‑ and concentration‑dependent. (C) Observation of the apoptotic morphology 
of H22 hepatoma cells at 72 h after transfection with (Ca) pIRESneo and (Cb) pIRVP3IL‑18HN plasmids under a light microscope at x200 magnification 
and by (Cc and Cd) transmission electron microscopy at x16,000 magnification. (D) Modifications observed in H22 hepatoma cells that were stained with 
acridine orange/ethidium bromide as observed under fluorescence microscopy at (Da and Db) 48 and (Dc and Dd) 72 h after transfection with pIRESneo and 
pIRVP3IL‑18HN. (E) Flow cytometric analysis of H22 cell cycle at 72 h after transfection with pIRESneo and pIRVP3IL‑18HN revealed that pIRVP3IL‑18HN 
arrested the cell cycle at S phase. *P<0.05. IL‑18, interleukin 18; GAPDH, glyceraldehyde 3‑phosphate dehydrogenase; HN, hemagglutinin neuraminidase.
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the HN, VP3 and IL‑18 genes in the pIRVP3IL‑18HN plasmid 
markedly increased the inhibitory effects on H22 tumor volume 
compared with plasmids containing the single genes, and resulted 
in the lowest growth rate of the tumor (Fig. 3A and C). Compared 
with the empty plasmid treatment group, the pIRVP3IL‑18HN 
recombinant plasmid carrying the HN, VP3 and IL‑18 genes 
had a tumor inhibition rate of 46.28%, whereas the pIRHN 
and pIRVP3 groups had inhibition rates of 26.57 and 31.36%, 
respectively (Fig. 3B). Histopathological analysis was performed 
on biopsy specimens that were obtained from tumor‑bearing 
C57BL/6 mice. Normal cancer cell morphology was observed, 
which also showed vigorous proliferation (Fig. 3Da and c). By 
contrast, in pIRVP3IL‑18HN‑transfected tumors, a vast majority 
of the cancer cells exhibited vacuoles and only in certain areas 
were there non‑viable cells (Fig. 3Da and d). Additional ultra-
structural analysis of tumor tissues revealed normal structure of 
the tumorigenic nuclei, with evenly distributed chromatin in the 
PBS group (Fig. 3Ea). However, in the pIRVP3IL‑18HN group, 
nuclear shrinkage with chromatin margination (Fig. 3Eb), mito-
chondrial swelling, disappearance of the mitochondrial crista 

and lighter coloring by electron microscopic examination 
(Fig. 3Ec), as well as formation of typical apoptotic bodies 
(Fig. 3Ed), were observed.

Discussion

Combined gene therapy refers to strategies that utilize two 
or more genes simultaneously in the treatment of cancer (18). 
It combines complementary advantages of differential gene 
expression to potentiate the therapeutic effects. Certain studies 
have integrated 4 target genes, including B7‑1, GM‑CSF, p53 
and IL‑2, into a single adenoviral vector, which was imported 
into liver tumor cells and subsequently achieved satisfactory 
efficacy (19,20). Su et al (21) also evaluated the synergistic 
effect of the HSV‑tk and IL‑2 genes in a liver cancer mouse 
model and confirmed that joint application of the HSV‑tk and 
IL‑2 genes had an improved therapeutic efficacy over gene 
therapy using any of the genes alone. In the present study, a 
recombinant DNA vaccine co‑expressing the NDV HN gene, 
chicken anemia virus VP3 gene and IL‑18 was constructed. 

Figure 2. pIRVP3IL‑18HN recombinant plasmid promoted apoptosis of H22 cells via the mitochondrial pathway. (A) Assessment of mitochondrial membrane 
potential in H22 cells by flow cytometry at 72 h after transfection with the pIRESneo and pIRVP3IL‑18HN plasmids revealed that pIRVP3IL‑18HN downregu-
lated the mitochondrial membrane potential in H22 cells. (B) Measurement of reactive oxygen species in H22 cells by flow cytometry at 72 h after transfection 
with pIRESneo and pIRVP3IL‑18HN plasmids demonstrated that pIRVP3IL‑18HN enhanced ROS production leading to increased tumor cell apoptosis. 
(C) Detection of cytochrome c levels in H22 cells by western blot analysis subsequent to transfection with the pIRVP3IL‑18HN plasmid. (D) Examination 
of caspase‑3 activity in H22 cells by enzyme‑linked immunosorbent assay at 72 h after pIRESneo and pIRVP3IL‑18HN plasmid transfection revealed that 
casapase‑3 activity was significantly increased in pIRVP3IL‑18HN‑transfected cells compared with pIRESneo‑transfected cells. *P=0.018. GAPDH, glycer-
aldehyde 3‑phosphate dehydrogenase.
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The overall objective was to exploit the tumoricidal effects 
of the DNA vaccine and the synergistic function between 
expression of all three genes to reinforce tumor cell inhibi-
tion.

The development and progression of tumors is a highly 
complicated process involving comprehensive mechanisms, 
such as the mutation of the tumor supressor genes p53 and 
BRCA1  (22). Tumorigenesis is associated with abnormal 
proliferation, arrested differentiation and imbalanced apop-
tosis of tumor cells. Apoptosis in mammals engages the 
interplay of intricate mechanisms that are affected by multiple 
factors. There are three genes, consisting of p53, Bcl‑2 and 
c‑myc, that are considered the major apoptosis‑associated 
genes (23‑25). The occurrence and progression of tumors may 
be controlled when the tumor cells are induced to undergo 
apoptosis. Following a viral infection, the body will activate 
self‑controlled genes to trigger programmed‑cell death or 
apoptosis in order to maintain normal physiological activities 
and to minimize the damage caused by the virus, which ulti-
mately leads to cell death (26,27).

In addition, apoptosis may be regulated at the genetic level 
due to the expression of certain viral proteins or the triggering 
of novel genes (28,29). In recent years, specifically infecting 
tumor cells with viruses to induce apoptosis became an impor-
tant aspect of cancer biotherapy, thus further manipulating 
tumor development (18,30). Apoptosis is the process of natu-
rally occurring cell death under genetic regulation that also 
plays pivotal roles in the development of multicellular animals 

in terms of cytotoxicity  (31), anti‑viral activity, immune 
regulation, transcriptional regulation and other biological 
activities (32). The death of virus‑infected cells would substan-
tially limit viral replication and viral protein expression, thus 
ultimately eliminating the spread of the virus within the host. 
With additional research in cancer biology and comprehen-
sive understanding of the complex associations between the 
tumor and the host, the rationale for cancer gene therapy may 
be expanded with an increasing number of potential targeted 
genes. The findings of the present study suggest that recombi-
nant DNA vaccines containing the VP3, IL‑18 and HN genes 
may be applied as a potential treatment for liver cancer.

Figure 3. Tumor suppressive effects of pIRVP3IL‑18HN in vivo. (A) The growth curve of H22 tumors upon treatment with the recombinant plasmid carrying 
the HN, VP3 and IL‑18 genes. (B) Comparison of tumor inhibition rates on treatment with various recombinant plasmids revealed that pIRVP3IL‑18HN‑trans-
fection resulted in the slowest tumor growth rate. (C) Imaging of the femurs of H22 hepatoma‑bearing mice. (D) Histopathological analysis of the tumor 
tissue biopsy following transfection with pIRESneo and pIRVP3IL‑18HN using a light microscope at (Da and Db) x100 and (Dc and Dd) x400 magnification. 
(Ea) Normal structure of the tumorigenic nuclei in PBS group and (Eb) chromatin margination, (Ec) mitochondrial swelling and (Ed) apoptotic body formation 
subsequent to transfection with pIRVP3IL‑18HN, as observed in tumor tissues under an electron microscope that was set at a x16,000 magnification. *P<0.05; 
**P<0.01. PBS, phosphate‑buffered saline.
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