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Abstract

Purpose: Apoptin can specifically kill cancer cells but has no toxicity to normal cells. Human telomerase reverse transcriptase (hTERT) acts

as a tumor-specific promoter, triggering certain genes to replicate or express only in tumor cells, conferring specific replication and killing abili-

ties. This study aimed to investigate the anticancer potential of the recombinant adenovirus Ad-apoptin-hTERTp-E1a (Ad-VT) in prostate cancer.

Methods: The pGL4.51 plasmid was used to transfect PC-3 cells to construct tumor cells stably expressing luciferase (PC-3-luc). Crystal

violet staining and MTS assays determined the ability of Ad-VT to inhibit cell proliferation. Ad-VT-induced apoptosis of PC-3-luc cells was

detected using Hoechst, Annexin V, JC-1 staining, and caspases activity analysis. PC-3-luc cells invasion and migration were detected using

cell-scratch and Transwell assays. In vivo tumor inhibition was detected using imaging techniques.

Results: Crystal violet staining and MTS results showed that the proliferation ability of PC-3-luc cells decreased significantly. Hoechst,

JC-1, and Annexin V experiments demonstrated that Ad-VT mainly induced apoptosis to inhibit PC-3-luc cell proliferation. Ad-VT could

significantly inhibit the migration and invasion of PC-3-luc cells over a short period of time. In vivo, Ad-VT could effectively inhibit tumor

growth and prolong survival of the mice.

Conclusions: The recombinant adenovirus, comprising the apoptin protein and the hTERTp promoter, was able to inhibit the growth of

prostate cancer PC-3 cells and promote their apoptosis. � 2018 Elsevier Inc. All rights reserved.
Keywords: Apoptin; hTERT; Recombinant adenovirus; PC-3-luc cells

1. Introduction cancer, with newly 161,360 people were diagnosed in 2017
Prostate cancer is the most common malignant tumor of

the male genitourinary system. It is an epithelial malignant

tumor [1], and has a high morbidity and mortality [2−4].
Prostate cancer is the most common malignant tumor of the

male genitourinary system. It is a malignant epithelial

tumor, with high morbidity and mortality rates. In United

States, most commonly diagnosed cancer in men is prostate
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[5,6]. In recent years, the incidence of prostate cancer in

China has significantly increased. Prostate cancer has

become one of the malignancies that threaten men world-

wide [7]. Currently, the treatment options for prostate

cancer are including surgery, combinatorial chemotherapy,

immunotherapy, and radiotherapy. However, these treat-

ment options have significant limitations such as low cura-

tive effect, causing large necrotic areas, and serious side

effects. In addition, there is no targetable drug presented in

clinics. The hotspot of current research in prostate cancer is

to find better effective drugs with low side-effects.
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By the widespread usage of genetic engineering in biol-

ogy and in medicine, gene targeted therapies have become

possible for cancer management. Gene therapy has shown

prominent advantage, and the study found that the virus has

great potential in cancer treatment [8]. Oncolytic virus ther-

apy is an oncolytic virus that has the function of targeting

and killing tumor cells by selecting some strains with weak

pathogenicity in nature or by objective genetic modification

of certain viruses [9]. At present, there are dozens of onco-

lytic viruses for tumor treatment, including adenovirus,

type I simple herpes virus, Newcastle disease virus, vac-

cinia virus, reovirus, and vesicular stomatitis virus [10].

The treatment using adenovirus as a carrier to target cancer

cells, has received extensive research attention and has

become a research hotspot. Adenovirus therapy is expected

to replace traditional therapy for cancer treatment [11,12].

However, it is critical to track and monitor changes of

genes and cells during the treatment. Molecular imaging

has emerged as an technology that effectively track and

monitor genes and cells during treatment [13,14].

Bioluminescent imaging (BLI) is a visualization tech-

nique for tracing cells and tissue, and gene behavior in vivo

[15]. BLI is characterized by light scattering and has unique

imaging advantages. In addition, tissue and cells have

almost no endogenous luminescence and low endogenous

signal-to-noise ratio; therefore, background interference can

be effectively eliminated, and the bioluminescence signal in

complex organisms can be clearly observed [16]. With the

rapid development of in vivo BLI technology, it has been

widely used in research into various types of cancer, and has

become a promising tool in the field of biomedicine. The

luciferase gene is used as a reporter gene for in vivo biolu-

minescence imaging. The firefly luciferase gene is the most

widely used and has high sensitivity, low endogenous, and

good stability. It is often used to label viruses, bacteria, and

tumor cells [17]. The establishment of a luciferase-labeled

animal tumor model enables the visual, real-time, and con-

tinuous monitoring of the growth and metastasis of tumor

cells in different tumor models, such as in situ tumors, meta-

static tumors, and spontaneous tumors. Even subtle changes

can be detected in a timely manner, thus BLI provides an

ideal animal model for a more intuitive evaluation of the

therapeutic effects of anticancer drugs [18].

Apoptin was originally identified as an apoptosis-induc-

ing protein derived from Chicken Anemia Virus (CAV), a

single-stranded DNA virus of the Gyrovirus genus [19].

The CAV genome contains three partially overlapping open

reading frames encoding viral proteins from a single poly-

cistronic mRNA: VP1 (capsid protein), VP2 (protein phos-

phatase, scaffold protein) and the death inducing protein

VP3 [20]. Expression of VP3 alone was shown to be suffi-

cient to trigger cell death in chicken lymphoblastoid T-cells

and myeloid cells, but not in chicken fibroblasts, and it was

therefore renamed apoptin [21]. The gene encoding apoptin

was among the first tumor selective anticancer genes to be

isolated, and has become a focus in cancer research because
of its ability to induce apoptosis in a variety of human tumor

cells, including melanoma, lymphoma, colon carcinoma,

and lung cancer, while leaving normal cells relatively

unharmed [22−25]. Thus, apoptin seems to sense an early

event of oncogenic transformation and induces cancer-spe-

cific apoptosis, regardless of tumor type; thus, it represents a

potential future anticancer therapeutic agent.

Transcription of human telomerase reverse transcriptase

(hTERT) is a major step in regulating telomerase activity

[26]. Embryonic stem cells and induced pluripotent stem

cells maintain their telomere length by expressing telome-

rase. The expression of telomerase is also upregulated in

85% to 90% of malignant tumor cells, giving them unlimited

proliferation ability. Thus, telomerase is essential for cancer

cells to maintain their immortality. Therefore, by interfering

with the telomerase enzyme activity, the growth of cancer

cells can be inhibited [27−29]. The hTERT promoter is inac-

tive in most normal cells, but exhibits high activity in many

human cancers. In many studies, the high expression of a

protein targeting tumor cells is also dependent on the high

efficiency and specificity of the hTERT promoter, thus open-

ing up new prospects for tumor therapy.

In a previous study, we exploited the characteristics

of apoptin to construct a dual cancer-specific oncolytic ade-

novirus expressing apoptin (Ad-Apoptin-hTERTp-E1a,

Ad-VT) [30], which allows adenovirus to specifically repli-

cate in tumor cells, and enables the apoptin protein to be

expressed in a large amounts in tumor cells, thereby effec-

tively killing the tumor. We have demonstrated the remark-

able tumor killing effect of the recombinant adenovirus in a

variety of tumor cells [30−34].
In the present study, luciferase-labeled human prostate

cancer cell line PC-3-luc was constructed, and through the

detection of growth characteristics and cell cycle of PC-3-luc

cells and PC-3 cells, we verified that there were no significant

differences in biological characteristics between the 2 types

of cells. Subsequently, a series of different in vitro experi-

ments and the establishment of a luciferase labeled BALB/c

nude mouse subcutaneous tumor model were used to study

the inhibitory effect of recombinant adenovirus Ad-VT on

tumors, which provided a theoretical basis for the treatment

of prostate cancer using the oncolytic adenovirus Ad-VT.
2. Materials and methods

2.1. Cells, viruses and animals

PC-3 cells were cryopreserved cells purchased from the

Shanghai Institute of Biology cell bank. PC-3 cells were

maintained in Dulbecco’s modified Eagle’s medium

(DMEM), with 10% fetal bovine serum, 1000 U/ml penicil-

lin, and 100 U/ml streptomycin. All the reagents for cells

culture were purchased from GE healthcare life sciences,

Hyclone Laboratories, (Logan, UT).

Recombinant adenoviruses Ad-Apoptin-hTERTp-E1a

(Ad-VT), Ad-hTERTp-E1a (Ad-T), Ad-Apoptin (Ad-vp3),
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and Ad-mock were constructed and preserved in our labora-

tory (Laboratory of molecular Virology and Immunology,

Military Medical Science Academy of the PLA, Chang-

chun, China) (Fig. 1) [30]. The constructed shuttle plasmids

were cotransfected into HEK-23 cells, and then a recombi-

nant adenovirus was produced by homologous recombina-

tion. The virus was purified using an Adeno-X Virus

Purification kit (BD Bioscience Clontech, San Diego, CA)

and the virus titer was detected using an Adeno-X Rapid

titer kit (BD Bioscience Clontech, San Diego, CA).

Female BALB/c nude mice aged 4 to 5 weeks were

purchased from the Experimental Animal Center of the

Academy of Military Medical Sciences of China. The

animal experimental protocols were approved by the Insti-

tutional Animal Care and Use Committee of the Chinese

Academy of Military Medical Science, Changchun, China

(10ZDGG007). All surgery was performed under sodium

pentobarbital anesthesia, and all efforts were made to

minimize suffering.

2.2. Construction and identification of PC-3-luc cells

The PC-3 cells were cultured at 2£ 105 cells/well in

6-well cell culture plates, and cultured at 37 ˚C in 5%

CO2 for 24 hours. Subsequently, the cells were trans-

fected with a mixture of 4 mg pGL4.51 plasmid
Fig. 1. Schematic diagram of four recombinant adenovirus vectors constructed us

(A) Ad-VT. (B) Ad-T. (C) Ad-vp3. (D) Ad-mock.
(Promega, Madison, WI) and 4 ml of Effectene Trans-

fection Reagent (QIAGEN, Beijing, China). After trans-

fection for 24 hours, PC-3 cells were digested and

adjusted to a density of 100 cells/well, and added to a

new 6-well plate. At the same time, a certain concentra-

tion of geneticin (G418) was used for screening, and

fresh medium was changed every 2 days. G418 was

used until a single resistant clone appeared; the above

well-grown clones were selected into 96-well plates at

100 ml/well, and the G418 (BD Bioscience Clontech,

San Diego, CA) concentration was maintained. When

the cell confluence reached 80% or more, the cells were

transferred to 24-well plates and culture was continued.

Similarly, when the cell confluence reached 80% or

more, they were transferred to a 12-well plate and

assayed for their luciferase activity.

The preliminary screened cell clones were cultured at

5£ 103 cells/well in 96-well cell culture plates, and cul-

tured at 37˚C and 5% CO2. After 48 hours of culture, the

luciferase activity of each cell clone was detected using a

ONE-Glo Luciferase Assay System (Promega). Subse-

quently, the cell clone with the highest fluorescence value

was continuously cultured for 6 to 8 weeks, and its lucifer-

ase activity (RLU) was detected every 5 generations using

the luciferase assay kit to observe whether the luc gene was

stably expressed.
ing shuttle vectors.
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2.3. Detecting the biological characteristics of PC-3-luc

cells

The characterization of PC-3-luc cells was performed

using cell growth curve, cell cycle assays, and immunoblot-

ting. The PC-3 and PC-3-luc cells were cultured at 5£
103 cells/well in 96-well cell culture plates, and cultured at

conditions of 37˚C and 5% CO2 for 24 hours. A 96-well

cell culture plate was taken at each of 7 different time

points (1, 2, 3, 4, 5, 6, and 7 days), and the culture solution

of each well was discarded, and then 110 ml WST-1 solu-

tion was added to each well (10 ml WST-1 and 100 ml

serum-free and no antiantibody DMEM medium), cultured

continued for 1.5 hours in the dark, and the absorbance at

450 nm was then measured.

The PC-3 and PC-3-luc cells were cultured at 2£ 105

cells/well in 12-well cell culture plates, and cultured at 37˚

C and in 5% CO2 for 24 hours. The PC-3 and PC-3-luc cells

were harvested and washed 3 times with phosphate-buff-

ered saline (PBS). The PC-3 and PC-3-luc cells were resus-

pended in 5 ml 75% ethanol (precooled at 4˚C) and

incubated at 4˚C for 18 hours in the dark. Subsequently, the

PC-3 and PC-3-luc cells were washed 3 times with PBS

and then 500 ml propidium iodide (PI)/RNase solution was

added. After 20 minutes of incubation, the sample was

transferred to a labeled flow tube and detected using flow

cytometry (BD Bioscience Clontech, San Diego, CA).

The PC-3 and PC-3-luc cells were cultured at 5£
105 cells/well in 6-well cell culture plates, and cultured at

37˚C and in 5% CO2 for 24 hours. The PC-3 and PC-3-luc

cells were collected by centrifugation. Cell lysates were

used to resuspend the cells, then they were stored on ice

bath for 5 minutes. They were centrifuged at 600 g for

5 minutes and the supernatant was centrifuged obtain both

the cytosol and the mitochondria. The precipitants were dis-

solved by buffer (10 mmol/L Tris [pH 7.4], 150 mmol/L

NaCl, 1% Triton X-100, 5 mmol/L EDTA [pH 8.0]); all

samples were analyzed by Western blotting. The following

primary antibodies were used: rabbit b-actin (Cat. 4970),

rabbit anti-Cyclin D1 (Cat. 2978), rabbit anti-CDK2 (Cat.

2546) (all from Cell signaling technology, Danvers MA).

The following secondary antibodies were used: Peroxidase-

Conjugated Goat anti-Rabbit IgG (H+L) (Cat. ZB2301,

ZSGB-BIO, CN).

2.4. Crystal violet staining assay

Cell survival was measured using crystal violet staining

to observe the inhibition of recombinant adenovirus on the

growth of the PC-3-luc cells. The PC-3-luc cells were cul-

tured at 2£ 105 cells/well in 12-well cell culture plates,

and cultured at 37˚C and in 5% CO2 for 24 hours. Subse-

quently, the PC-3-luc cells were infected with different

concentrations of recombinant adenovirus (1 multiplicity of

infection [MOI], 10 MOI, and 100 MOI). At 24, 48, 72, and

96 hours, the culture medium in each well was discarded
and the plates were turned over on a filter paper for 1 min-

ute, and then 350 ml of 0.1% crystal violet solution were

added to each well for the staining at room temperature for

10 minutes. The staining solution was carefully sucked dry

by turning the plates over on a filter paper. The inhibitory

effects of the recombinant adenovirus on the growth of the

PC-3-luc cells were then observed.
2.5. MTS assay

PC-3-luc cells were cultured at 5£ 103 cells/well in 96-

well cell culture plates, and cultured at 37˚C and 5% CO2

for 24 hours. After 24 hours of culture, the cells were

infected with different concentrations of recombinant ade-

novirus (1 MOI, 10 MOI, and 100 MOI), and blank control

wells were set. At 24, 48, 72, and 96 hours, 20 ml MTS (3-

[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]-2-

[4-sulfophenyl]-2H- tetrazolium) solution (cell prolifera-

tion assay reagent; Promega) and 100 ml cell culture

medium were mixed, and then added to each well, and incu-

bation continued at 37˚C and 5% CO2 for 1 to 2 hours. Sub-

sequently, the absorbance at 490 nm was measured. We

calculated the cell viability as follows: 100£ (absorbance

of virus-treated wells/absorbance of control wells) [30,31].
2.6. Hoechst assay

PC-3-luc cells were cultured at 2£ 105 cells/well in 12-

well cell culture plates, and cultured at 37˚C and in 5%

CO2 for 24 hours. Subsequently, the cells were infected

with different concentrations of recombinant adenovirus

(1 MOI, 10 MOI, and 100 MOI). At 24, 48, 72, and 96

hours, the PC-3-luc cells were harvested and washed 3

times with PBS. PC-3-luc cells were resuspended in 50 ml

PBS and then 1 ml of the Hoechst solution was added. After

15 minutes of incubation, a 10 ml sample was applied to a

microscope slide with a cover slip, and then observed and

photographed under a fluorescence microscope (BX-60,

Olympus, Tokyo, Japan). Tests were performed in triplicate

and at least 500 cells were scored for each sample to deter-

mine the nuclear changes.
2.7. Annexin V analysis

PC-3-luc cells were infected with the recombinant

adenoviruses (100 MOI). After 48 hours, the cells (2£ 105)

were harvested and resuspended in binding buffer and

stained with fluorescein isothiocyanate (FITC)-labeled

Annexin V (Annexin V-FITC Apoptosis Detection Kit;

BioVision, Mountain View, CA) according to the man-

ufacturer’s protocols. To exclude late apoptotic and

necrotic cells, PI was added to the FITC-Annexin V-stained

samples. The samples were then examined by flow cytome-

try (FACSCalibur, Becton Dickinson, Franklin Lakes, NJ)

for apoptosis analysis (Cell Quest Pro, Becton Dickinson).
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2.8. Caspase analysis

The PC-3-luc cells were cultured at 2£ 105 cells/well

in 12-well cell culture plates, at 37̄C and in 5% CO2 for

24 hours. The cells were infected with 100 MOI recombi-

nant adenovirus for 48 hours. The cells were then

harvested and washed 3 times with PBS. PC-3-luc cells

were resuspended with lysis buffer before total protein

was extracted. The caspase−−3, 6, and 7 activities were

then analyzed using Caspase Activity Assay Kits (Beyo-

time Institute of Biotechnology, Shanghai, China). The

untreated PC-3-luc cells were set as controls.
2.9. JC-1 assay

JC-1 can detect qualitative and quantitative changes in

mitochondrial membrane potential (MMP).

PC-3-luc cells were cultured at 3£ 105 cells/well in

6-well cell culture plates with a sterile cell slide placed in

each well, and cultured at 37˚C and 5% CO2 for 24 hours.

Subsequently, the cells were infected with recombinant

adenovirus at 100 MOI. A 6-well plate was selected at 3

different time points (24, 48, and 72 hours), the liquid was

discarded, 1 ml JC-1 solution was added, and the plate incu-

bated for 15 minutes in the dark. The plates were washed 3

times with PBS and then the cells were observed and photo-

graphed using fluorescence microscopy.

PC-3-luc cells were cultured at 5£ 103 cells/well in 96-

well cell culture plates, and cultured at 37˚C and 5% CO2

for 24 hours. After 24 hours of culture, PC-3-luc cells were

infected with recombinant adenovirus at 100 MOI, and

blank control wells were set. At 24, 48, and 72 hours,

100 mol of JC-1 solution (Promega) added to each well,

incubated at 37˚C, 5% CO2 for 15 minutes in the dark, and

then washed 3 times with PBS. Subsequently, the absor-

bance at 435 nm and 585 nm were measured.
2.10. Cell scratch assay

PC-3-luc cells were cultured at 1£ 106 cells/well in

6-well cell culture plates, at 37˚C and 5% CO2 for 24 hours.

When the cells became more than 90% confluent, the cul-

ture medium in each well was discarded. A sterile micropi-

pette tip was then used to make a scratch in the cell layer

from one end of the 6-well cell culture plate to the other.

The cells were washed with PBS 3 times and images were

captured under an inverted microscope (0 hour). Subse-

quently, the PC-3-luc cells were infected with recombinant

adenovirus at 1 and 10 MOI. The 6-well cell culture plates

photographed under an inverted microscope at 24 and 48

hours. The width of the scratches at each time point was

measured. The experiment was repeated 3 times, and cell

migration was calculated according to the following for-

mula: Cell mobility = (0 hour scratch width - 24/48 hours

scratch width)/0 hour scratch width.
2.11. Transwell invasion and migration assay

PC-3-luc cells were cultured at 5£ 104 cells/well in a 24-

well cell culture plate at 37˚C and 5% CO2 for 24 hours. The

cells were infected with recombinant adenovirus at 10 and

100 MOI for 24 and 48 hours. The cells were then seeded in

the upper chamber of the cell culture inserts after trypsiniza-

tion, and cultured for 24 hours. Cells that had migrated

through the membrane were counted under a microscope

after they were fixated by carbinol and stained with crystal

violet. The experimental procedure of matrigel invasion

assay was the same as that for the transwell migration assay

except for incubation with matrigel (1:7 with DMEM) in the

upper chamber for 1 hour before seeding the cells.

2.12. Tumor xenograft experiments

The xenograft models were established via subcutaneous

injection of PC-3-luc cells (1£ 106/100 ml) into the right

legs of mice. When the tumors had formed clearly (usually

7 days), the mice were divided randomly into 5 groups

(n = 50). Group 1 was injected with 1£ 108 plaque forming

units (PFU) of Ad-VT in 100 ml of PBS. Group 2 was

injected with 1£ 108 PFU of Ad-T in 100 ml of PBS. Group

3 was injected with 1£ 108 PFU of Ad-vp3 in 100 ml of

PBS. Group 4 was injected with 1£ 108 PFU of Ad-mock in

100 ml of PBS. Group 5 was injected with 100 ml of PBS.

The xenograft models were infected with recombinant ade-

novirus via intratumoral injection. After successfully estab-

lishing xenograft models of nude mice, injections were given

twice a week for 3 consecutive weeks. Starting from 0 week,

the tumor site of the nude mice was photographed once a

week using in vivo living imaging equipment (Merc, Berlin,

German), and photographed continuously for 5 weeks. Then,

the measurement time (week) was taken as the abscissa and

the average bioluminescence value of the tumor (mean pho-

tons/s) was taken as the ordinate to plot the average biolumi-

nescence curve of the tumor. The length and width of the

xenograft tumors were measured weekly using Vernier cali-

pers from 0 week, and were continuously measured for 5

weeks. The tumor volume was calculated using the following

formula: 0.52£ (smallest diameter) 2£ (largest diameter).

The percent tumor inhibition was calculated using the for-

mula: (1 - treatment group tumor weight/control tumor

weight)£ 100% [30,32,35]. After successfully establishing

xenograft models of nude mice, the survival of nude mice

was recorded every day, and from 6 weeks was recorded

continuously. The survival curve of the nude mice was plot-

ted with survival time (day) as the abscissa and survival rate

as the ordinate.

2.13. Statistical analysis

Statistical analysis was conducted using data from at

least 3 independent experiments. SPSS or SigmaStat 3.5

(Systat Software) was used for the analysis. P < 0.05 was
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considered to indicate statistical significance. Data are pre-

sented as the mean § standard deviation (SD).

3. Results

3.1. Construction and identification of PC-3-luc

The cells were seeded into 96-well plates at 5£ 103 cells

per well, and after 48 hours, luciferase activities of different

clones were determined. The two clones with the highest

RLU were Clone 17 and Clone 21 (Fig. 2A); these two

clones were retained for luciferase stability assay.

Clone 17 and Clone 21 were amplified and passaged,

and the RLU was tested every fifth generation. Clone 17

had the highest RLU when it was passed to the 40th genera-

tion, and the RLU measured by this clone in the 40th pas-

sage was not significantly different from the initial value

(P > 0.05) (Fig. 2B), which indicated that Clone 17 could

stably express luciferase after 40 passages.

Clone 17 was sequentially diluted and seeded into a 96-well

plate at a ratio of 1:2. After the addition of the fluorescein sub-

strate, the bioluminescence intensity and cell number of PC-3-

luc presented a certain linear relationship (R2 = 0.9982), and

the number of cells that could be detected was less than 100.

The luminescence intensity increased with the increase in cell

number of cells, further proving that Clone 17 could stably

express luciferase (Fig. 2C andD).

3.2. Characterization of PC-3-luc

PC-3 cells and PC-3-luc cells were seeded in 96-well

plates, and the OD values of PC-3-luc cells and PC-3 cells

were detected by adding WST-1 solution at different time

points. As shown in Fig. 2E, the growth trend of PC-3 cells

and PC-3-luc cells was similar, and the growth curve was

basically consistent, indicating that the construction process

had no significant effect on the growth characteristics of the

cells (P > 0.05) (Fig. 2E).

The collected PC-3-luc cells and PC-3 cells were per-

meabilized, stained with PI/RNase, and then placed in a

flow tube and the cell cycle was detected by flow cytome-

try. The results showed that both cells were mainly in G1

phase, and the proportion of G2 phase and S phase was also

basically the same, with no significant differences in the

cell cycle between the 2 cell types (P > 0.05) (Fig. 2F and

G). Furthermore, we used western blot to detect cell cycle

regulators of PC-3 and PC-3-luc cells. The results showed

that there was no significant difference in the expression

levels of Cyclin D1 and CDK2 in PC-3 and PC-3-luc cells

(P > 0.05) (Fig. 2H).

3.3. Inhibitory effect of recombinant adenoviruses on the

proliferation of human prostate cancer cells

First, we used crystal violet staining to verify whether

the recombinant adenoviruses could inhibit PC-3-luc cell
proliferation. Recombinant adenoviruses Ad-VT, Ad-T,

Ad-vp3, and Ad-Mock were infected into PC-3-luc cells,

separately, and stained with 0.4% crystal violet. As shown

in Fig. 3A, recombinant adenoviruses Ad- VT, Ad-T, and

Ad-vp3 significantly inhibited cell proliferation relative to

Ad-mock, in a dose- and time-dependent manner. The

inhibitory effect was strongest in the order Ad-VT >Ad-T
> Ad-vp3, indicating that Ad-VT, Ad-T, and Ad-vp3 have

a certain killing effect on PC-3-luc cells.

Subsequently, we performed a quantitative experiment

on the cell inhibition rate using the MTS assay. PC-3-luc

cells were inoculated with recombinant adenoviruses Ad-

VT, Ad-T, Ad-vp3, and Ad-Mock, separately, and added to

MTS at 24, 48, 72, and 96 hours for detection. As shown in

Fig. 3B, at 4 different time points (24, 48, 72, and 96

hours), Ad-VT, Ad-T, and Ad-vp3 inhibited PC-3-luc cell

proliferation, while Ad-Mock had no inhibitory effect on

the cells; at 1 MOI, the inhibitory effects of Ad-VT, Ad-T,

and Ad-vp3 on PC-3-luc cells did not change significantly

with increased infection time (P > 0.05); at 10 MOI, the

inhibitory effect of Ad-VT, Ad-T, and Ad-vp3 on PC-3-luc

cells increased with increased infection time, showing a

certain time effect (P < 0.05). From 48 to 72 hours, the

inhibition of PC-3-luc proliferation by Ad-VT fluctuated

between 25% and 38%, while the inhibition of Ad-T and

Ad-vp3 on PC-3-luc cells was less than 25%. In general,

the inhibition of cell proliferation by these 3 recombinant

adenoviruses increased with increasing infection time; at

100 MOI, the inhibitory effect of Ad-VT, Ad-T, and Ad-

vp3 on cells increased significantly with time, showing an

obvious time effect (P < 0.05). During infection, the per-

cent inhibition of PC-3-luc proliferation by Ad-VT and

Ad-T were the highest (55%−65 % and 40%−50 %,

respectively) at 72 hours, while the inhibition induced by

Ad-vp3 was the highest at 96 hours (about 30 %). The

strongest inhibition was observed in the order: Ad-VT >
Ad-T > Ad-vp3 at the 4 different time points (24, 48, 72,

and 96 hours). At the same time, the extent of inhibition by

Ad-VT, Ad-T and Ad-vp3 increased with increasing infec-

tion dose (100 MOI >10 MOI >1 MOI), showing a signifi-

cant dose-effect relationship. The results showed that

Ad-VT has a very significant tumor killing effect, and the

killing effect has a time- and dose-effect relationship.

3.4. Recombinant adenoviruses induces selective apoptosis

of prostate cancer cells

Hoechst is a dye that can enter the cell freely and combine

with cell nucleic acid to display blue fluorescence, which

effectively shows changes of the nucleus. The staining

results at different time points are shown in Fig. 4A. PC-3-

luc cells were infected with Ad-VT, Ad-T, Ad-vp3, and Ad-

Mock, and the nuclei of PC-3-luc cells infected with Ad-VT,

Ad-T, and Ad-vp3 presented different degrees of bright

blue hyperchromatism or fragmentation, while the nuclei of

Ad-mock group showed uniform blue fluorescence. This



Fig. 2. Screening and identification of PC-3-luc cells.

(A) After transfection of the pGL4.51 plasmid, the two cell clones with the highest luciferase activity were screened with 800 mg/ml of G418. (B) The

luciferase activity of each cell clone was detected using a ONE-GloTM Luciferase Assay System. Subsequently, the luciferase activity (RLU) of cell clones

was detected every five generations using the luciferase assay kit to observe whether the luc gene was stably expressed. (C and D) The cell clone with the

highest luciferase activity was inoculated in 1:2 ratio into a 96-well plate. After adding fluorescein, the relationship between bioluminescence intensity and

cell number was observed. The cell bioluminescence intensity increased with the increase of cell number, and proved that Clone 17 could stably express

luciferase. (E) The PC-3 and PC-3-luc cells were cultured in 96-well cell culture plates, and cell growth trends were detected at 1, 2, 3, 4, 5, 6, and 7 days.

(F) The PC-3 and PC-3-luc cells were cultured in 12-well cell culture plates, and cell cycles were detected using flow cytometry. (H) Western blotting analysis

of PC-3 and PC-3-luc cells extracts for Cyclin D1 and CDK2.
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Fig. 3. Effect of the four recombinant adenovirus strains on the cell proliferation in human prostate cells (PC-3-luc).

(A) Confluent monolayers of PC-3-luc cells in 12-well plates were infected with Ad-VT, Ad-T, Ad-vp3, and Ad-mock, and then stained with 0.4% crystal

violet at 24, 48, 72, and 96 hours. The Ad-VT, Ad-T, and Ad-vp3 could inhibit PC-3-luc cell proliferation. (B) PC-3-luc cell viability was determined using

the MTS assay after Ad-VT, Ad-T, Ad-vp3, and Ad-mock treatment at various concentrations (1, 10, and 100 MOI) for 24, 48, 72, and 96 hours. All measure-

ments were performed in triplicate. Data are presented as the means § standard deviation (SD). In PC-3-luc cells, Ad-VT, Ad-T, and Ad-vp3 infections

induced significant growth inhibition. * P < 0.05, ** P < 0.01, *** P < 0.001, compared with that induced by Ad-mock.
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demonstrated that the cells showed certain apoptotic charac-

teristics after infection with recombinant adenovirus. Other

strong evidence for the induction of apoptosis by the recom-

binant adenovirus in PC-3-luc cells was the Annexin V anal-

ysis. As shown in Fig. 4B, the 3 recombinant adenoviruses

Ad-VT, Ad-T, and Ad-vp3 could induce apoptosis of PC-3-

luc at 3 different time points (24, 48, and 72 hours), but the
degree of apoptosis varied. Fig. 4B shows that the apoptosis

rates of Ad-VT, Ad-T, and Ad-vp3 at different time points

are: Ad-VT > Ad-T > Ad-vp3, in which Ad-VT induced the

highest apoptosis rate at all 3 time points; Ad-VT- and Ad-

T-induced apoptosis had a significant time effect (P < 0.05).

The apoptosis rate of Ad-vp3 group was highest at 48 hours

and decreased slightly at 72 hours. In summary, the



Fig. 4. Identification of PC-3-luc cell apoptosis induced by recombinant adenovirus using Hoechst and Annexin V staining.

(A) Morphological changes under fluorescence microscopy after Hoechst staining. PC-3-luc cells were treated with Ad-VT, Ad-T, Ad-vp3, and Ad-mock

for 24, 48, and 72 hours and compared with untreated cells. After the cells were infected with the recombinant adenovirus, in addition to the mock group, the

phenomenon of nuclear thickening and nuclear fragmentation increased significantly with the prolongation of time. (B) The PC-3-luc cells were analyzed by

flow cytometry after Annexin-V and PI staining. We quantified the percentage of apoptotic cells: The PC-3-luc cells infected with Ad-VT, Ad-T, and Ad-vp3

all showed overt apoptosis. Data are shown as the mean § SD. * P < 0.05, ** P < 0.01, compared with the control.
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recombinant adenovirus Ad-VT induced apoptosis in PC-3-

luc cells specifically.

3.5. Recombinant adenovirus induces apoptosis through

the mitochondrial pathway

The activation of caspases was then determined

(Fig. 5C). Infection of PC-3-luc cells with Ad-VT, Ad-T,

and Ad-vp3 caused a marked increase in the levels of cas-

pases−3, 6, and 7. We also evaluated the effects of recom-

binant adenoviruses on the MMP. The 4 recombinant

adenoviruses, Ad-VT, Ad-T, Ad-vp3, and Ad-Mock, were

inoculated into PC-3-luc cells, respectively, and stained

with JC-1 at 24, 48, and 72 hours, respectively.

As shown in Fig. 5A and B, compared with the ad-mock,

the inhibitory effect of Ad-VT, Ad-T, and Ad-vp3 on PC-3-

luc cells was demonstrated by changes in the MMP at dif-

ferent time points. The different recombinant adenoviruses

have varying abilities to induce apoptosis, as reflected in

the different degrees of MMP depolarization. The ability of

Ad-VT and Ad-T to induce apoptosis increased with time.

The apoptotic cells gradually increased, and the JC-1 grad-

ually changed from the initial red aggregate to the green

monomer. By 72 hours, the number of apoptotic cells was

the largest, and the ratio of red fluorescence to green fluo-

rescence was the most significant (P < 0.05). However, the

ability of Ad-vp3 to induce apoptosis did not change signif-

icantly with increased time. At 48 hours, the number of

apoptotic cells was the largest, that is, the ratio of red fluo-

rescence to green fluorescence decreased, but at 72 hours,

the ratio of red fluorescence to green fluorescence increased

slightly. At all 3 different time points, the ratio of red fluo-

rescence to green fluorescence is: Ad-VT < Ad-T < Ad-

vp3 < Ad-Mock. Ad-VT had the strongest ability to induce

apoptosis through MMP changes, with the highest number

of apoptotic cells and the most significant decrease in the

red/green fluorescence ratio.
3.6. Recombinant adenovirus inhibits migration and

invasion of prostate cancer cells

After the scratches were formed, photographs were

taken at different time points (0, 24, and 48 hours) (at the

same position), and the width of the scratch was calculated.

The cell mobility was reflected by the change in the scratch

width. The changes were studied to investigate the effect of

the 4 recombinant adenoviruses on the migration of PC-3-

luc cells. As shown in Fig. 6A-C, the migration of cells

infected with Ad-VT and Ad-T was significantly lower

than that of cells infected with Ad-vp3 and Ad-Mock;

Ad-VT induced the strongest inhibition of cell migration,

and at 48 hours, the migration of PC-3-luc cells was

12.11%, which was significantly lower (P < 0.05) than that

of Ad-Mock group and the control group. Inhibition of

migration was strongest in the order: Ad-VT > Ad-T > Ad-

vp3 > Ad-Mock. The cell scratch assay demonstrated that

the migration ability of PC-3-luc cells was inhibited after

infection with recombinant adenovirus. In the transwell

migration assay, PC-3-luc cells were treated with 4 recom-

binant adenoviruses for 24 hours and 48 hours, respectively,

and then transferred into the chamber. At each time point,

we stained the chamber with crystal violet, observed the

cell adherence on the bottom wall of the chamber, and cal-

culated the number of cells. As shown in Fig. 7A-C, Ad-

VT, Ad-T, and Ad-vp3, but not Ad-Mock, could inhibit the

migration ability of PC-3-luc cells, and the extent of inhibi-

tion was different. At 24 hours or 48 hours after infection,

the inhibitory effect of Ad-VT and Ad-T on cell migration

ability showed a significant dose effect (P < 0.05), and the

inhibition of migration was strongest in the order: Ad-VT >
Ad-T > Ad-vp3 > Ad-Mock. At 100 MOI and 10 MOI,

cells infected with Ad-VT, Ad-T, and Ad-vp3 showed a

lower cell migration rate at 48 hours than at 24 hours, indi-

cating a time effect relationship. Similar results were also

observed in the Transwell invasion assay (Fig. 8A-C).



Fig. 5. Analysis of mitochondrial membrane potential of recombinant adenovirus-treated PC-3-luc cells by JC-1 staining and analysis of caspase

activation in PC-3-luc cells treated with the recombinant adenoviruses.

(A) Changes in red and green cells under fluorescence microscopy after JC-1 staining. Increased apoptosis results in a decreased ratio of red fluorescence/

green fluorescence. (B) We analyzed the change in the ratio of red to green after JC-1 staining quantitatively. Ad-VT, Ad-T, and Ad-vp3 can cause changes

in the mitochondrial membrane potential, and Ad-VT had the strongest ability to induce apoptosis by affecting the mitochondrial membrane potential. (C)

Cells were treated with the four kinds of recombinant adenoviruses for 48 hours at an MOI of 100. The vertical coordinate for the content of caspases was in

units of mg/ml. Data are the mean § SD. * P < 0.05, ** P < 0.01, compared with the control.
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The invasion result demonstrated that Ad-VT had strongest

ability to inhibit PC-3-luc cells invasion. These results indi-

cated that Ad-VT could significantly inhibit the migration

and invasion of PC-3-luc cells in a short period of time.

3.7. Antitumor effect of recombinant adenovirus in vivo

We examined the antitumor potential of recombinant

adenovirus in a PC-3-luc tumor model.

From the week 0 after the injection of the viruses, the

change in the bioluminescence intensity of the tumor was

observed using a living body imaging system, and was con-

tinuously observed for 5 weeks. The results are shown in

Fig. 9A and B. At 0 to 2 weeks, there was no significant dif-

ference in the average bioluminescence intensity of the
tumors in each treatment group (P > 0.05); at 2 to 3 weeks,

the average bioluminescence intensity of the tumors in the

Ad-VT treatment group, the Ad-T treatment group, and the

Ad-vp3 treatment group increased slightly, but with no sig-

nificant difference (P > 0.05), while the average biolumi-

nescence intensity of the Ad-Mock treatment group and the

control group increased rapidly. At 3 to 5 weeks, the aver-

age bioluminescence intensity of the Ad-VT treatment

group was always lower than that of the other treatment

groups; at 4 to 5 weeks, the average bioluminescence inten-

sity of the Ad-VT and Ad-T treatment groups was signifi-

cantly lower than that of Ad-Mock treatment group and the

control group (P < 0.05).

After subcutaneous tumor formation, the tumor size was

measured continuously for 5 weeks. The results are shown



Fig. 6. Identification of PC-3-luc cell mobility induced by recombinant adenovirus with cell scratch assay.

(A and B) The PC-3-luc cells were infected with recombinant adenovirus at 1 and 10 MOI. The width of the scratches in the cell layer at each time point

was measured. All measurements were performed in triplicate. (C and D) The cell migration rate was calculated according to the following formula: Cell

mobility = (0 hour scratch width¡ 24/48 hours scratch width)/0 hour scratch width. Data are presented as the means § standard deviation (SD). * P < 0.05,

** P < 0.01, compared with the control.
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Fig. 7. Migration suppression effects on PC-3-luc cells assessed using the Transwell assay.

(A) The migration suppression of PC-3-luc cells infected with 10 and 100 MOI recombinant adenovirus at 24 and 48 hours. (B and C) Cells that had

migrated through the membrane were counted under a microscope after they were fixated with carbinol and stained with crystal violet. Cells infected with

Ad-VT showed the lowest migration at 24 and 48 hours. Data are presented as the means § standard deviation (SD). * P < 0.05, ** P < 0.01, *** P < 0.001,

compared with the control.
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in Fig. 9C and D. The average tumor growth rate between

the control group and the Ad-Mock treatment group was

not significantly different (P > 0.05); the tumor growth rate

of the Ad-T treatment group and Ad-vp3 treatment group

became slower at 3 to 4 weeks, and had no significant

difference (P > 0.05). After 4 weeks, the average growth

rate of the tumor in the Ad-T treatment group was slower;

however, the average growth rate of tumors in the Ad-vp3

treatment group did not slow down, and was always larger

than that in the Ad-T treatment group. Compared with the
Ad-Mock treatment group and the control group, the aver-

age growth rate of the Ad-VT treatment group was signifi-

cantly lower at 4 to 5 weeks (P < 0.05). The average

growth rate of the Ad-VT treatment group was always

lower than that of the other groups at 3 to 5 weeks, indicat-

ing that Ad-VT could effectively inhibit the growth of PC-

3-luc tumors.

From the tumor growth inhibition curve, it can be seen

that the average tumor inhibition rate of the control group,

Ad-Mock treatment group, and Ad-vp3 treatment group



Fig. 8. Invasion suppression effects on PC-3-luc cells assessed using the Transwell assay.

(A) The invasion suppression of PC-3-luc cells infected with 10 and 100 MOI recombinant adenovirus at 24 and 48 hours. (B and C) Cells that had passed

through the membrane were counted under a microscope after they were fixated with carbinol and stained with crystal violet. Cells infected with Ad-VT

showed the lowest invasion at 24 and 48 hours. Data are presented as the means§ standard deviation (SD). * P < 0.05, ** P < 0.01, *** P < 0.001, compared

with the control.
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showed no significant change at 0 to 5 weeks (P > 0.05);

at 2 to 5 weeks, the average tumor inhibition rate of the

Ad-VT treatment group was always higher than that of

the other groups; the average tumor inhibition rate of the

Ad-VT treatment group was significantly higher than that

of the Ad-Mock treatment group and the control group at 3

to 5 weeks (P < 0.05); and at 5 weeks, the average tumor

inhibition rate of the Ad-VT treatment group was as high

as 66%, indicating that Ad-VT has a significant tumor inhi-

bition effect.
After inducing subcutaneous tumors, the survival of

each group of nude mice was continuously recorded. As

shown in Fig. 9E, compared with the other 3 treatment

groups (Ad-VT, Ad-T, and Ad-vp3), the mice of the control

group and the Ad-mock treatment group began to die from

about 23 days after the formation of the subcutaneous

tumors, and their average survival times were about 30.8

days and 31.2 days, respectively, with no significant differ-

ence (P > 0.05). Compared with the Ad-vp3 treatment

group, the Ad-Mock treatment group, and the control



Fig. 9. Effect of recombinant adenovirus on prostate cancer in a BALB/c nude mice model.

(A and B) The xenograft models were established via subcutaneous injection of PC-3-luc cells (1£ 106/100 ml) into the right legs of the mice (n = 10 per

group). Beginning after tumor formation, in vivo bioluminescent imaging was used to continuously monitor changes in tumor bioluminescence intensity. (C and

D) The length and width of the xenograft tumors were measured weekly using Vernier calipers from 0 week, and continuously measured to 5 weeks. The % tumor

inhibition was calculated using the formula: (1 - treatment group tumor weight/control tumor weight)£ 100%. (E) After successfully establishing xenograft mod-

els in nude mice, the survival of the mice was recorded every day, and 6 weeks was recorded continuously. The average % tumor inhibition of the Ad-VT group

was significantly higher than that of the other groups, reaching 66%. Similarly, the survival rate of the Ad-VT group was also the highest, reaching 66.67%. Data

are presented as the means§ standard deviation (SD). * P < 0.05, ** P < 0.01, *** P < 0.001, compared with the control (Fig. 9D, compared with the Ad-mock).
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group, the average survival time of the Ad-VT and Ad-T

treatment groups was about 38 days and 36.1 days, respec-

tively, that is, the survival time was significantly prolonged

(P < 0.05). The survival time of the Ad-VT treated group
was longer than that of the Ad-T treated group, and at

42 days, the survival rate of the Ad-VT treated mice was

66.67%. This indicates that Ad-VT can increase the sur-

vival rate of mice and significantly prolong their survival.
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4. Discussion

Cancer is one of the leading causes of death in developed

and developing countries [36]. Prostate cancer is the most

common cancer among men. The genetic and epigenetic

instability of tumor cell is potential driver for malignant pro-

gression, which includes evasion of growth inhibition sig-

nals, sustainment of replication, inhibition of cell death,

stimulation of angiogenesis, cell migration and invasion,

reprogramming of energy metabolism and avoidance of

immune cells, which are known as "Hallmarks of Cancer"

[37,38]. Currently, many researches are focusing on onco-

lytic virus as a gene therapy for treatment of cancer, how-

ever, the main challenge is to monitor and track the effects

of gene therapy [39]. With the introduction of molecular

imaging technology, these challenges can be overcom.

Molecular imaging technology has many advantages which

enable to monitor various physiological and pathological

changes in a noninvasive and real-time approach.

BLI is based on luciferase-labeled cells or DNA. In the

presence of O2, Mg2+, and adenosine triphosphate, the

expression product can catalyze the oxidation of fluorescein

and release photons, which is a self-luminescence phenom-

enon. It does not require excitation light, has high sensitiv-

ity, and a low signal-to-noise ratio. It is used to detect

subtle changes of deep tissue in a holistic and noninvasive

manner, and can quantify the bioluminescence intensity

and its correlation with cell number or tumor volume can

be analyzed [40−42]. The most widely used is firefly lucif-

erase, whose main advantages are: A very low level of

luciferase can be detected with a simple instrument with

high sensitivity; light emission can be detected in cuvettes,

microplates, and petri dishes, and can be tested in vivo; and

adenosine triphosphate is the energy currency of all living

cells [43,44]. In the present study, the plasmid pGL4.51

was used to transfect cells to construct tumor cells that sta-

bly expressed luciferase (PC-3-luc).

In this study, the relationship between the luminescence

intensity of PC-3-luc cells and the number of cells was ana-

lyzed using in vitro imaging experiments, which indicated

that there is a linear relationship between the luminescence

intensity and the number of cells, for which the correlation

coefficient was R2 = 0.9982. Cell luminescence increased

with the increase in cell number, indicating that the biolumi-

nescence intensity in region of interest could reflect the

number of cells in this region, and there was a positive cor-

relation between the cell number and bioluminescence

intensity, providing a cytological basis for establishing a

tumor model that could be observed by the living imaging

system. Subsequently, the biological characteristics of PC-

3-luc cells and PC-3 cells were compared. The results

showed that PC-3-luc cells and PC-3 cells have similar

growth trends and cell cycles. In mice, PC-3-luc cells could

be used to replace PC-3 cells to establish a tumor model,

and the tumor growth and metastasis, and the antitumor

drug effect, were studied through the living imaging system.
Viral protein 3 (VP3) from CAV, which induces apopto-

sis in chick thymocytes, was named as "Apoptin" because it

can induce apoptosis of various cells [21,45,46]. Apoptin

selectively induces apoptosis in a variety of cancer cells,

but has no effect on normal cells [30,47−51]. Studies have
shown that apoptin has different nuclear localizations in

tumor cells and normal cells, explaining its ability to selec-

tively kill tumor cells. Mutating the nuclear localization

signal of apoptin suggested that its nuclear localization is

closely related to the induction of tumor cell apoptosis [52].

Studies have also shown that apoptin in cells has a tropism,

transporting from high to low concentrations, and the abil-

ity to induce apoptosis is dose-related [53]. Other studies

have shown that apoptin mainly accumulates in the nuclei

of tumor cells and causes cell death, including in cells with

a P53 mutation or Bcl-2 overexpression [54].

Telomerase is responsible for the extension of the ends

of chromosomes in DNA synthesis, which occurs in germ

cells as well as in most malignant cells. The constitutive

expression of hTR and hTEP1 of the telomerase is mainly

dependent on the transcription of hTERT. In the former, the

expression is abnormal and the activity is high, while in the

latter, it is almost not expressed and the activity is low.

In most cancers, up-regulation of TERT mRNA expression

and down-regulation of tumor suppressor genes, such as Rb

and p16, may maintain the immortalization of cancer cells

[54]. Human hTERT act as tumor specific promoter for

oncolytic adenoviruses. hTERT promoter fragment, which

in the context of replication-conditional adenovirus Adeno-

hTERT-E1A recapitulated high telomerase promoter-based

E1A expression and viral activity in cancer cells [55].

In this study, the inhibitory effect of recombinant adeno-

viruses on PC-3-luc cells was investigated by crystal violet

staining and MTS assays. The results showed that Ad-VT,

Ad-T, and Ad-vp3 all had different degrees of inhibitory

effect on PC-3-luc cells, with the order of strength and weak-

ness as Ad-VT > Ad-T > Ad-vp3, and had a certain time and

dose effect; the inhibition induced by Ad-vp3 was the highest

at 96 hours and reached 30%, and it is significantly higher

than the Ad-mock. On the other hand, at 100 MOI, the inhi-

bition rate of Ad-VT on PC-3-luc cells was the highest at 72

hours and reached 62.74%, while that of Ad-T was the high-

est at 72 hours (47.77%). From the above results, we could

see that the expression of apoptin protein played a very sig-

nificant role in the inhibition effect of recombinant adenovi-

ruses on PC-3-luc cells; although Ad-vp3 did not have the

ability to replicate in tumor cells, but it expressed apoptin

protein; the inhibition effect of Ad-vp3 was significantly

higher than that of Ad-mock on PC-3-luc cells. While both

Ad-VT and Ad-T contained the hTERT promoter, and there-

fore both had the ability to replicate in tumor cells. It was

found that the inhibitory effect of Ad-VT was significantly

higher than that of Ad- T on PC-3-luc cells, possibly because

Ad-VT has the ability to continuously express apoptin.

Subsequently, the inhibition pathway of recombinant

adenovirus on PC-3-luc cells was analyzed using JC-1
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staining, Hoechst staining, and Annexin V-FITC/PI flow

assay. The results showed that Ad-VT, Ad-T, and Ad-vp3

could induce apoptosis to produce cytotoxicity. The

Annexin V flow cytometry results showed that at 100 MOI

and 72 hours, the apoptosis rate of Ad-VT group was

58.48%, and the apoptosis rate of Ad-T group was 44.13%,

which was consistent with MTS results, further demonstrat-

ing that Ad-VT, Ad-T, and Ad-vp3 exert their inhibitory

effects mainly by inducing apoptosis. The effects of the

recombinant adenoviruses on the migration and invasion

of PC-3-luc cells were investigated using a scratch assay,

Transwell migration, and invasion assay. The results

showed that Ad-VT, Ad-T, and Ad-vp3 could decrease cell

migration, invasion, and inhibition in the order Ad-VT >
Ad-T > Ad-vp3, and the main reason was that Ad-VT, Ad-

T, and Ad-vp3 could kill the cells or decreased the activity

of some proteolytic enzymes, which could weaken cell

migration and invasion. The specific mechanisms by which

the adenoviruses affect cell migration and invasion require

further research. In conclusion, Ad-VT, mainly by inducing

apoptosis, inhibited the growth, migration, and invasion of

PC-3-luc cells, to a greater extent than Ad-T and Ad-vp3,

which is related to its specific replication and specific kill-

ing ability. Ad-vp3 cannot specifically replicate in PC-3-luc

cells, therefore, it can only produce a certain inhibitory

effect over a short period.

In this study, a subcutaneous tumor-bearing model of

nude mice labeled with luciferase was successfully estab-

lished. The in vivo inhibitory effect of recombinant adeno-

virus on PC-3-luc-induced tumors was investigated using a

living imaging system. The results of in vivo imaging in

nude mice showed that the average bioluminescence inten-

sity of the tumors in the Ad-VT treatment group was always

lower than that in the other groups at 2 to 5 weeks. The

average tumor growth curve and the average tumor inhibi-

tion curve showed that Ad-VT had a significant antitumor

effect, with the inhibition rate reaching 66% at 5 weeks.

The survival curve of nude mice showed that the Ad-VT

treatment group could significantly prolong the survival of

mice: The survival rate was 66.67% at 6 weeks. These

results showed that Ad-VT has antitumor effect and signifi-

cantly prolongs mouse survival.

In short, through a series of in vitro and in vivo experi-

ments demonstrated that Ad-VT has a significant inhibitory

effect on the prostate cancer cell line PC-3.

5. Conclusions

In this study, we constructed the human prostate cancer

PC-3-luc cells with a stable expression of the luciferase

gene and it was have the same biological characteristics as

PC-3 cells, so PC-3-luc cells can replace PC-3 cells for in

vivo and in vitro experiments. Ad-VT has the characteris-

tics of tumor-specific replication and specific tumor killing,

and through a variety of in vitro and in vivo experiments, it

was confirmed that Ad-VT has a significant inhibitory
effect on PC-3 cells, indicating that Ad-VT has potential

clinical development value to treat prostate cancer.
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