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Abstract. Gene therapy has emerged as a novel therapeutic 
approach for the treatment of cancer. In order to establish 
a more effective therapeutic strategy against unresectable 
hepatocellular carcinoma (HCC), we evaluated, in the present 
study, the effects of combined treatment with adenoviral 
vector Ad5/F35-mediated APE1 siRNA (Ad5/F35-siAPE1) 
and adenoviral-mediated p53 gene transfer (Ad-p53) in hepa-
toma cells in vitro and in vivo. Infection of SMMC-7721 cells 
with Ad5/F35-siAPE1 resulted in a time- and dose-dependent 
decrease of APE1 protein, while Ad-p53 treatment led to a 
time- and dose-dependent increase of p53 protein expression. 
Ad5/F35-siAPE1 significantly enhanced the cytotoxic effect 
of SMMC-7721 cells to Ad-p53 in cell survival assays, associ-
ated with increased cell apoptosis. Moreover, administration of 
Ad5/F35-siAPE1 and Ad-p53 into nude mice resulted in tumor 
growth inhibition and apoptosis induction in SMMC-7721 
xenografts compared to administration of either agent alone. 
These results suggest that combination of Ad5/F35-siAPE1 
and Ad-p53 could be a promising gene therapeutic approach 
against human HCC.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common 
malignant diseases with 600,000 new cases reported each year 
worldwide, and is the third leading cause of cancer-related 
mortality (1). Although aggressive surgery offers significant 
rates of cure, only 15% of patients are eligible for optimal 

resection at diagnosis. The efficacy of chemotherapy and 
radiotherapy for HCC remain disappointing. Gene therapy 
may be a promising approach for the treatment of HCC. 

The tumor suppressor gene p53 plays a key role in cell cycle 
control, apoptosis and inhibition of tumor cell proliferation. 
Several human tumors carry mutations in the p53 and muta-
tion or deletion of p53 is associated with poor prognosis and 
resistance to chemotherapy and radiotherapy (2,3). In HCC, 
absent p53 status is correlated with carcinogenesis, and p53 is 
frequently mutated in HCC and its presence indicates a poorer 
prognosis (4,5). A number of groups have reported the clinical 
responses to adenovirus p53 (Ad-p53) as a single agent or 
combined with radiotherapy or chemotherapy, including head 
and neck squamous cell carcinoma, breast cancer, non-small 
cell lung cancer, glioma, bladder and esophageal cancer (6-10).
Recent studies revealed that combined gene therapy is more 
effective in treating the murine model of HCC than therapy 
with one gene alone (11,12).

Human apurinic/apyrimidinic endonuclease (APE1) is a 
dual-function protein, which has both DNA repair activity and 
redox regulatory activity (13). As a redox factor, APE1 main-
tains a number of transcriptional factors including p53 in their 
reduced and active state, thereby regulating their DNA-binding 
activity (14,15). Several studies demonstrated that APE1 was 
overexpressed in several human tumors and elevated APE1 
level was associated with poor clinical outcome (16-21). In a 
previous study, we constructed chimeric adenoviral vector Ad5/
F35 carrying human APE1 siRNA (Ad5/F35-siAPE1), which 
inhibited APE1 expression and enhanced the sensitivity to 
radiotherapy in colorectal cancer (22). Moreover, we found that 
Ad5/F35-siAPE1 enhanced sensitivity to cisplatin, including 
ovarian cancer (23) and non-small cell lung cancer (24). Since 
silencing of APE1 enhanced the sensitivity to radiotherapy and 
chemotherapy, inhibition of APE1 protein by Ad5/F35-siAPE1 
may be a promising approach against cancer.

In the present study, we examined the therapeutic effective-
ness of combined Ad5/F35-siAPE1 and Ad-p53 in vitro and in 
a murine model of HCC. Our data demonstrate that combined 
gene therapy with Ad5/F35-siAPE1 and Ad-p53 was more 
effective than therapy with either agent alone in HCC cells 
in vitro and in vivo.
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Materials and methods

Materials. Adenovirus vector Ad5/F35-siAPE1 carrying 
human APE1 siRNA sequence was constructed and puri-
fied as previously described (22). Ad-p53 was obtained from 
Shenzhen SiBiono GeneTech Co., Ltd. (Shenzhen, China). 
The control adenovirus, Ad-EGFP and Ad5/F35-EGFP, was 
purchased from Vector Gene Technology Co., Ltd. (Beijing, 
China). The monoclonal antibody against hAPE1 was from 
Novus Biological (Littleton, CO, USA). The antibodies 
directed against p53 (DO-1) and β-actin were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
The human hepatoma cell line SMMC-7721 (carrying wild-
type p53) was obtained from the Cell Institute of Shanghai 
(Academia Sinica, Shanghai, China). Cells were maintained 
at 37˚C in a humidified incubator under 5% CO2 and grown 
in Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% fetal bovine serum, 50 mg/ml penicillin/
streptomycin. Specific pathogen-free female athymic nude 
mice, 4-6 weeks old, were purchased from Shanghai SLAC 
Laboratory Animal Co., Ltd. (Shanghai, China). All experi-
ments were carried out in accordance with the China Animal 
Welfare Legislation and were approved by the Third Military 
Medical University Committee on Ethics in the Care and Use 
of Laboratory Animals.

Infection with adenoviruses and flow cytometry. SMMC-7721 
cells were infected with Ad5-EGFP or Ad5/F35-EGFP with 
increasing multiplicities of infection (MOI) for 2 h and were 
then washed to remove the adenoviruses. They were cultured 
for another 48 h and then analyzed for their EGFP intensity 
using a FACScan (Becton-Dickinson, Mountain View, CA, 
USA) or directly observed with a fluorescence microscope 
(1200 ECM; Nikon, Düsseldorf, Germany).

Western blot analysis. Ten million cells were supplemented 
with 100 µl cell lysis solution precooled to 0˚C left on ice 
for 30 min, centrifuged at 12,000 rpm and placed at room 
temperature for 10 min. Supernatants were supplemented 
with 2X sodium dodecyl sulfate (SDS) gel loading buffer and 
denatured at 100˚C for 5 min. Then, 20 µg of protein from 
nuclear, cytosolic, or mitochondrial fractions was applied to 
10% SDS-polyacrylamide gels and electrophoresed to resolve 
proteins. The proteins were then transferred to polyvinylidene 
difluoride (PVDF) membranes and blocked in Tris-buffered 
saline and Tween-20 (TBST) [50 mM Tris-HCl, pH 7.5, 
150 mM NaCl and 0.1% (v/v) Tween-20] containing 5% (w/v) 
defatted milk and incubated with the specific primary antibody. 
The membranes were then washed three times in TBST and 
incubated with a horseradish peroxidase-conjugated secondary 
antibody (1:2,000) (Pierce) for 1 h at 37˚C. The membranes 
were then washed three times with TBST and the blots were 
reacted with chemiluminescence reagents and revealed with 
BioMax Light film (Kodak, Rochester, NY, USA). Band 
intensities were analyzed using the Gel Doc 2000 apparatus 
and software (Quantity One; Bio-Rad Laboratories, Hercules, 
CA, USA). Suppliers of incubation conditions for antibodies 
used for western blot analysis were as follows: anti-APE1 
monoclonal (Novus), 1 h at 37˚C, dilution 1:5,000; anti-p53 
monoclonal antibody (DO-1), overnight at 4˚C, dilution 1:500; 

anti-β-actin monoclonal (Santa Cruz Biotechnology), 1 h at 
37˚C, dilution 1:2,000.

MTT assay. Cells (1x105 cells/ml) were immediately inoculated 
into 96-well plates (200 µl/well) in triplicate post-irradiation. 
After 72 h, 15 µl MTT (5 mg/ml) was added to each well and 
incubated for 4 h in a humidified atmosphere (37˚C, 5% CO2). 
The culture medium was removed and 200 µl of DMSO was 
added into each well. The plates were shaken on a swing bed 
for 10 min and the OD value at 492 nm was determined using 
a microplate reader.

In vivo experiments. SMMC-7721 cells (5x106) in 100 µl 
phosphate-buffered saline (PBS) were injected subcu-
taneously into the right flank of nude mice. When the 
tumors grew to ~100 mm3 on Day 12 after cell injection, 
16 tumor-bearing mice were randomized into the following 
four treatment groups (n=4 animals per group): i) Ad5/
F35-EGFP+Ad-EGFP; ii) Ad5/F35-siAPE1+Ad-EGFP; 
iii) Ad5/F35-EGFP+Ad-p53; iv) Ad5/F35-siAPE1+Ad-p53. 
Tumor-bearing mice were injected with the aforementioned 
agents directly into the tumors every 3 days. On Day 18, all 
nude mice were sacrificed, and each tumor was isolated and 
measured. The maximum diameters (Dmax) and minimum 
diameters (Dmin) of xenografts were measured before each 
treatment and after mice were sacrificed, and tumor size was 
calculated according to the following formula: tumor size 
(mm3) = (Dmax x Dmin2)/2.

Immunohistochemical analysis of tumors for APE1 and p53. 
The expressions of APE1 and p53 protein were analyzed using 
immunohistochemistry. Sections from paraffin-embedded 
tumors were incubated overnight with mouse anti-human 
APE1 monoclonal antibody (Novus) at a 1:2,000 dilution 
or anti-p53 antibody (DO-1) (Santa Cruz Biotechnology) at 
a 1:500 dilution, and then incubated with goat anti-mouse 
secondary antibody (Pierce, Rockford, IL, USA). Antigen-
antibody complexes were visualized by incubation with 
3,3'-diaminobenzidine (DAB) substrate and counterstained 
with diluted Harris hematoxylin.

TUNEL assay for apoptosis. In vitro, coverslips covered with 
SMMC-7721 cells were rinsed in PBS and fixed with 4% para-
form, and then measured by terminal dUTP nick end labeling 
(TUNEL) staining using the ApopTag kit (Intergen, Purchase, 
NY, USA). The formalin-fixed and paraffin-embedded 5 µm 
sections of all tumor samples were also analyzed for apoptosis 
by TUNEL assay. The extent of apoptosis was evaluated by 
counting the positive brown-stained cells as well as the total 
number of cells at 10 arbitrarily selected x100 microscope 
fields in a blinded manner.

Statistical analysis. All quantitative data were obtained from 
at least three independent experiments and expressed as the 
means ± SD. The statistical significance of differences was 
determined by the Student's two tailed t-test in two groups and 
by one-way analysis of the variance (ANOVA) using computer 
SPSS software SPSS 10.0 (SPSS Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.
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Results

Infectivity of adenovirus vectors Ad5/F35 and Ad5 to human 
hepatoma cells. We examined the transduction efficiency of 
Ad5/F35-EGFP and Ad5-EGFP to SMMC-7721 cells. As 
the same promoter was used to transcribe the EGFP gene 
in all vectors, the EGFP-positive population was primarily 
determined by the adenovirus infectivity. We thereby 
regarded the percentage of positive EGFP cells as puta-
tive infectivity of adenoviruses in the present study. The 
infectivity of Ad5/F35-EGFP and Ad5-EGFP increased in a 
dose-dependent manner (Fig. 1A and B). The infectivity with 
10 MOI Ad5/F35-EGFP following transduction was 89%, and 
increased to 99.1% with 20 MOI Ad5/F35-EGFP. Moreover, 
the infectivity of 50 MOI Ad5-EGFP was 86.5%, and reached 
92.1% with 75 MOI Ad5-EGFP (Fig. 1C).

Cell survival following adenovirus infection in SMMC-7721 
cells. To investigate the cell survival of SMMC-7721 cells 
following adenovirus infectivity, MTT assays were performed. 
As shown in Fig. 2A, Ad5/F35-siAPE1 inhibited cell growth in 
a dose-dependent manner, compared with the Ad5/F35-EGFP 
group. Although the cell survival decreased to 61.06% after 
40 MOI Ad5/F35-siAPE1, there was no significant difference 
compared with that after 20 MOI Ad5/F35-siAPE1, which 

had an inhibition rate of 63%. Since 99.1% SMMC-7721 cells 
showed EGFP-positive cells (Fig. 1C) and the cell survival 
reached in 98.91% after 20 MOI Ad5/F35-EGFP infection 
(Fig. 2A), the dose of 20 MOI was used in following assays.

Subsequently, we showed that the cell proliferation 
of SMMC-7721 cells was inhibited by Ad-p53 in a dose-
dependent manner, and 100 MOI Ad-p53 almost completely 
suppressed the cell growth. At lower doses, Ad-EGFP caused 
slight damage to cells, but the cell survival declined to 91.31% 
after a higher 100 MOI Ad-EGFP transfection (Fig. 2B). Due 
to the high adenovirus infectivity of SMMC-7721 cells at 
50 MOI Ad-EGFP and significant inhibition caused by 50 MOI 
Ad-p53, the dose of 50 MOI was used in following assays.

Time course and dose-dependent expression of APE1 and 
p53 proteins following adenovirus transfection. We exam-
ined the expression of APE1 protein in SMMC-7721 cells 
following Ad5/F35-siAPE1 treatment. Fig. 3A shows that 
Ad5/F35-siAPE1 inhibited APE1 protein expression levels 
in a dose-dependent manner, and the inhibition rate of APE1 
reached >90% with 20 MOI of Ad5/F35-siAPE1. Then, we 
analyzed the expression of p53 protein following Ad-p53 
treatment in SMMC-7721 cells, and found that p53 protein 
increased in a dose-dependent manner following infection 
with Ad-p53 (Fig. 3B).

Figure 1. The adenovirus vector presents high infectivity in SMMC-7721 cells. SMMC-7721 cells were infected with Ad5-EGFP or Ad5/F35-EGFP with 
increasing MOI. (A) Direct detection of EGFP fluorescence by fluorescence microscopy to assay adenovirus vector infectivity. (B) Representative expression 
profiles and (C) percentage of adenovirus infected EGFP-positive cells examined with flow cytometry. Each data point represents the means ± standards (SD) 
of at least three independent experiments. 
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We further investigated the time-dependent effect of APE1 
following Ad5/F35-siAPE1 transfection, and found that the 
APE1 expression level was markedly decreased in a time-
dependent manner in 20 MOI Ad5/F35-siAPE1-transfected 
SMMC-7721 cells, and the suppression rate of APE1 reached 
~90% at 48 h after infection (Fig. 3C). We also observed that 
there was a time-dependent increase of p53 protein in 50 MOI 
Ad-p53-transfected SMMC-7721 cells (Fig. 3D).

Combined Ad5/F35-siAPE1 and Ad-p53 potentiates cell 
growth inhibition and apoptosis induction in vitro. To 
examine the suppression of Ad5/F35-siAPE1 in combination 
with Ad-p53, the cellular proliferation capacity was detected 
by MTT assay in the SMMC-7721 cell line. As shown in 
Fig. 4A, a significant cell proliferation inhibition was observed 
in the Ad5/F35-EGFP+Ad-p53, Ad5/F35-siAPE1+Ad-EGFP 
or Ad5/F35-siAPE1+Ad-p53 group, compared with the 
Ad5/F35-EGFP+Ad-EGFP control group. The combined 
Ad5/F35-siAPE1 and Ad-p53 group caused a significant 
inhibition of cell growth compared with the Ad5/F35-siAPE1 

or the Ad-p53 treatment group alone. However, no statistical 
differences were found between the Ad5/F35-EGFP+Ad-p53 
and Ad5/F35-siAPE1+Ad-EGFP groups.

In another series of experiments, cells were collected at 
48 h following adenovirus treatment, and apoptotic cells were 
measured by TUNEL assay. As shown in Fig. 4B and C, the 
apoptotic rates of the Ad5/F35-EGFP+Ad-EGFP control 
group, Ad5/F35-siAPE1+Ad-EGFP, Ad5/F35-EGFP+Ad-p53 
and Ad5/F35-siAPE1+Ad-p53 were 2.10±0.41, 5.73±1.02, 
6.57±1.19 and 17.82±3.02%, respectively. Ad5/F35-siAPE1 
or Ad-p53 alone induced a slight increase in apoptotic cells 
compared with the Ad5/F35-EGFP+Ad-EGFP control group, 
while Ad5/F35-siAPE1 combined with Ad-p53 significantly 
increased cell apoptosis induction. Collectively, our data 
demonstrate that combined Ad5/F35-siAPE1 and Ad-p53 
enhance cell growth inhibition and apoptosis induction in the 
human SMMC-7721 cell line.

APE1 and p53 protein expression in vivo. To investigate the 
expression levels of APE1 and p53 protein with or without 

Figure 2. Cell survival following treatment with Ad5/F35-siAPE1 or Ad-p53. SMMC-7721 cells were treated with (A) Ad5/F35-siAPE1 or (B) Ad-p53; 48 h 
after infection, cells were collected and evaluated by MTT assay. The data represent the mean values of at least three independent experiments ± SD.

Figure 3. Time course and dose-dependent expression of APE1 and p53 proteins following Ad5/F35-siAPE1 or Ad-p53 treatment. SMMC-7721 cells were 
treated with increasing MOI of Ad5/F35-siAPE1 or Ad-p53, and then western blot analysis was performed at 48 h post-infection with (A) APE1 or (B) p53 
antibodies, and reprobed with β-actin antibody as a loading control. The protein expressions of APE1 and p53 were analyzed at 6, 12, 24 and 48 h after 
(C) 20 MOI Ad5/F35-siAPE1 or (D) 50 MOI Ad-p53 transfected to SMMC-7721 cells. 
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Ad5/F35-siAPE1 and/or Ad-p53 treatment, immunohistochem-
istry was performed in human SMMC-7721 xenografts. In the 
Ad5/F35-EGFP+Ad-EGFP control group, APE1 protein was 
predominantly localized in the nucleus of tumor cells, and the 
expression level of APE1 was revealed to be the same in the Ad5/
F35-EGFP+Ad-EGFP and Ad5/F35-EGFP+Ad-p53 group, while 
the expression level of APE1 significantly decreased in the Ad5/
F35-siAPE1+Ad-EGFP and Ad5/F35-siAPE1+Ad-p53 groups 
(Fig. 5). Moreover, no p53 protein expression was observed in 
the Ad5/F35-EGFP+Ad-EGFP and Ad5/F35-siAPE1+Ad-EGFP 
groups, whereas the p53 protein level significantly increased 
in the Ad5/F35-EGFP+Ad-p53 and Ad5/F35-siAPE1+Ad-p53 
groups (Fig. 5).

Combined treatment with Ad5/F35-siAPE1 and Ad-p53 inhibits 
tumor growth. We showed that the expression of APE1 protein 
in SMMC-7721 xenografts was inhibited by Ad5/F35-siAPE1, 
and the p53 protein expression was potentiated by Ad-p53. To 
investigate whether the combination of Ad5/F35-siAPE1 and 
Ad-p53 could enhance the inhibition of tumor growth in vivo, 
tumor-bearing mice were injected intratumorally with or 
without Ad5/F35-siAPE1 and/or Ad-p53 every three days. We 
initiated in vivo tumor therapy on Day 0, which corresponded 
to 12 days following SMMC-7721 cell injection. As shown in 

Fig. 6, we noted an inhibition of tumor growth in groups of mice 
treated with Ad5/F35-siAPE1+Ad-p53, Ad5/F35-siAPE1+Ad-
EGFP and Ad5/F35-EGFP+Ad-p53 vs. the control group. 
Furthermore, Ad5/F35-siAPE1 in combination with Ad-p53 
caused a significant inhibition of tumor growth compared with 
the Ad5/F35-siAPE1+Ad-EGFP or the Ad5/F35-EGFP+Ad-p53 
group. On Day 18, the tumor-inhibition rates of the 
Ad5/F35-siAPE1+Ad-EGFP group, the Ad5/F35-EGFP+Ad-p53 
group and the Ad5/F35-siAPE1+Ad-p53 group were 29.0, 46.47 
and 86.87%, respectively (P<0.05).

Combination of Ad5/F35-siAPE1 and Ad-p53 enhances apop-
tosis induction in vivo. To investigate the effects of combined 
Ad5/F35-siAPE1 and Ad-p53 on apoptosis induction in vivo, 
the apoptosis index was calculated using an in situ apop-
tosis detection assay. As shown in Fig. 7A and B, apoptosis 
index in Ad5/F35-siAPE1+Ad-p53, Ad5/F35-EGFP+Ad-p53, 
Ad5/F35-siAPE1+Ad-EGFP and Ad5/F35-EGFP+Ad-EGFP 
was 22.12±3.99, 8.23±1.60, 6.85±1.11 and 3.06±1.35%, 
respectively. The Ad5/F35-siAPE1+Ad-EGFP and Ad5/F35- 
EGFP+Ad-p53 groups induced a slightly higher apoptosis 
index than the Ad5/F35-EGFP+Ad-EGFP control group, 
whereas Ad5/F35-siAPE1 in combination with Ad-p53 caused 
a significantly higher apoptosis index. 

Figure 4. Combined Ad5/F35-siAPE1 and Ad-p53 inhibit cell growth and enhance apoptosis induction in vitro. (A) SMMC-7721 cells were treated with 
Ad5/F35-siAPE1 and/or Ad-p53; MTT assays were used to determine the cell survival. (a) The cell survival of the Ad5/F35-siAPE1+Ad-p53 group dif-
fered significantly from the Ad5/F35-EGFP+Ad-EGFP control group, but there were no statistical differences among other groups. (b) The tumor volume 
differed significantly among all treated groups, except between the Ad5/F35-siAPE1+Ad-EGFP and Ad5/F35-EGFP+Ad-p53 groups (P<0.05). (B) Cell 
apoptosis was determined at 48 h post-infection by TUNEL staining. (C) Data are expressed as percentage of apoptosis-positive cells examined with 
TUNEL. Bar graphs represent the mean values of triplicate determinations ± SD. Lane 1, Ad5/F35-EGFP+Ad-EGFP; lane 2, Ad5/F35- siAPE1+Ad-EGFP; 
lane 3, Ad5/F35-EGFP+Ad-p53; lane 4, Ad5/F35-siAPE1+Ad-p53. *P<0.05, **P<0.01 vs. Ad5/F35-EGFP+Ad-EGFP; #P<0.01 vs. Ad5/F35-siAPE1+Ad-EGFP; 
$P<0.01 vs. Ad5/F35-EGFP +Ad-p53.
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Discussion

The p53 gene, regarded as the genome guardian of cells, plays 
an important role in cell cycle control, apoptosis and tumor 
growth inhibition. It is absent or mutated in approximately half 

of all types of human cancer (25,26). The incidence of the p53 
mutation was 61% in HCC and its presence indicates a poorer 
prognosis (4,5). Wild-type p53 promotes cell cycle arrest and 
apoptosis of tumor cells following radiation or chemotherapy, 
but p53 loss abrogates the effective apoptotic response and 
induces radio- and chemoresistance (2,3). As a potentially 
effective approach, clinical trials of Ad-p53 as a single agent or 
combined with radio- or chemotherapy are ongoing in patients 
with head and neck squamous cell carcinoma, non-small cell 
lung cancer, glioma, breast cancer, bladder and esophageal 
cancer (7-10,27). However, gene transfer of p53 alone does 
not always have a positive therapeutic outcome in all human 
types of cancer (7,28,29), thus, combined gene therapy is 
urgently required. In the present study, Ad-p53 alone inhib-
ited cell proliferation of the SMMC-7721 cell line, increased 
p53 expression levels and induced partial tumor regression in 
an HCC murine model. These data are in line with previous 
reports (11,12), suggesting the potential role of Ad-p53 in the 
treatment of HCC.

Figure 5. Analysis of APE1 and p53 protein expression by immunohisto-
chemistry in SMMC-7721 xenografts. Tumor tissue samples from Ad5/
F35-EGFP+Ad-EGFP, Ad5/F35-siAPE1+Ad-EGFP, Ad5/F35-EGFP+Ad-p53 
and Ad5/F35-siAPE1+Ad-p53 groups were subjected to APE1 and p53 anti-
bodies by using immunohistochemistry.

Figure 6. Combined Ad5/F35-siAPE1 and Ad-p53 inhibit tumor growth. 
Tumor-bearing mice were injected with Ad5/F35-siAPE1 and/or Ad-p53 
directly into the tumors every three days. Tumor growth was measured in 
two dimensions and tumor volume was recorded. Day 0 is the first day of 
infection and tumor volumes represented on graphs begin on Day 0. (a) The 
tumor volume of the Ad5/F35-siAPE1+ Ad-p53 group differed significantly 
from the Ad5/F35-EGFP+Ad-EGFP control group, but there were no sta-
tistical differences between the Ad5/F35-siAPE1+Ad-EGFP and Ad5/
F35-EGFP+Ad-p53 groups. (b) The tumor volume differed significantly 
among all treated groups (P<0.05).

Figure 7. Combined treatment with Ad5/F35-siAPE1 and Ad-p53 potenti-
ates apoptosis induction in vivo. (A) Paraffin-embedded sections were 
made and apoptosis was determined by TUNEL staining. (B) Data are 
expressed as percentage of apoptosis-positive cells examined with TUNEL. 
Bar graphs represent the mean values of triplicate determinations ± SD. 
Lane 1, Ad5/F35-EGFP+Ad-EGFP; lane 2, Ad5/F35-siAPE1+Ad-EGFP; 
lane 3, Ad5/F35-EGFP+Ad-p53; lane 4, Ad5/F35-siAPE1+Ad-p53. *P<0.05, 
**P<0.01 vs. Ad5/F35-EGFP+Ad-EGFP; #P<0.01 vs. Ad5/F35-siAPE1+Ad-
EGFP; $P<0.01 vs. Ad5/F35-EGFP+Ad-p53.
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APE1, with dual functions of DNA repair and redox regu-
lation activity of transcription factors, is generally abundantly 
expressed in most cells and is mainly localized in nuclei of 
normal cells (13). APE1 is the major apurinic/apyrimidinic 
(AP) endonuclease in the DNA base excision repair (BER) 
pathway, which plays a critical role in repairing DNA 
damage (30). In addition to its DNA repair function, APE1 is 
also a multifunctional protein that is involved in other crucial 
cellular processes, including the response to oxidative stress, 
regulation of transcription factors, cell cycle control and apop-
tosis (31). As a redox factor, APE1 controls the redox status 
of a number of transcription factors, including hypoxia induc-
ible factor-α (HIF-α), nuclear factor-κB (NF-κB), p53, cAMP 
response element binding protein (CREB), thyroid transcrip-
tion factor 1 (TTF-1), paired box 5 (Pax5) and 8 (Pax8) (31).

The functional importance of APE1 is underscored by 
the embryonic lethality of APE1 murine knockouts at very 
early stages (E3.5-E9.5) and the lack of viable cell lines 
completely deficient for the APE1 gene (32,33). Several studies 
demonstrated that APE1 was highly expressed in several 
human tumors, and increased APE1 expression has been 
shown to be associated with resistance to radiotherapy and 
chemotherapy (16-21). Previous studies using DNA antisense 
methodology implicated APE1 in cellular resistance to a variety 
of agents that cause alkylation and oxidative DNA damage. 
Targeted reduction of APE1 by specific antisense oligonucle-
otides in human HeLa, rat glioma, or human lung carcinoma 
cells renders mammalian cells hypersensitive to alkylating 
and oxidative agents, as well as ionizing radiation (31,34-36). 
Therefore, APE1 has been approved to be a viable target for 
cancer therapeutics. In the present study, we used Ad5/F35-si 
APE1 in a murine model of HCC using the SMMC-7721 cell 
line. Data presented here show that intratumoral injection of 
Ad5/F35-siAPE1 was able to suppress APE1 expression and 
tumor growth and increase apoptosis. These data are in accor-
dance with a report by Xiang et al (22), indicating the effective 
role of Ad5/F35-si APE1 in the treatment of cancer.

As the therapeutic efficacy of monogene therapy is disap-
pointing, combined multi-targeting gene therapy is urgently 
required to alleviate the suffering caused by cancer and to 
minimize the mortality rate. The multi-targeting gene therapy 
by combination of epidermal growth factor receptor ligand 
epiregulin (EREG), cyclooxygenase 2 (COX2), and matrix 
metalloproteinases 1 and 2 (MMP1 and MMP2) produced a 
significant inhibition of pulmonary metastasis of human breast 
cancer compared with either therapy alone (37). Compared 
with the suicide gene thymidine kinase and interleukin 2 
(IL-12) gene therapy alone, the combination resulted in inhib-
ited tumor growth and prolonged animal survival in a murine 
HCC model (11,12). Combined B7.1 and angiostatin completely 
eradicated large (0.4 cm in diameter) EL-4 lymphomas which 
were established in syngeneic C57BL/6 mice, whereas B7.1 
and angiostatin monotherapies were ineffective (38). These 
studies indicate that combined gene therapy may be an effec-
tive approach against cancer. In our study, we combined Ad5/
F35-siAPE1 and Ad-p53. Our data demonstrate that combina-
tion therapy is more effective in vitro and in treating an HCC 
murine model than therapy with a single vector, which is in 
accordance with the previous studies in HCC (11,12). In the 
HCC murine model here, we found that the tumor-inhibition 

rate and apoptosis index in the combined Ad5/F35-siAPE1 
plus Ad-p53 group significantly increased. However, treat-
ment with either Ad5/F35-siAPE1 or Ad-p53 induced a slight 
increase in tumor-inhibition rate and apoptosis index.

In conclusion, our data demonstrate that combination 
therapy of Ad5/F35-siAPE1 and Ad-p53 was more efficient 
than therapy with either vector alone in vitro and in a murine 
HCC model. Ad-p53, as a gene therapy agent, can be combined 
with Ad5/F35-siAPE1 due to its chemo- and radiosensitized 
efficacy in cancer, and represents a potential therapeutic 
approach for patients with cancer. Furthermore, the clinical 
use of Ad5/F35-siAPE1 in combination with Ad-p53 has yet 
to be explored and warrants further investigations in human 
HCC patients. 
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