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Abstract. Autophagy and apoptosis both promote cell death; 
however, the relationship between them is subtle, and they 
mutually promote and antagonize each other. Apoptin can 
induce apoptosis of various tumor cells; however, tumor 
cell death is not only caused by apoptosis. Whether apoptin 
affects tumor cell autophagy is poorly understood. Therefore, 
the present study aimed to explore the potential mechanisms 
underlying the effects of apoptin using recombinant adenovi-
ruses expressing apoptin. Reverse transcription-quantitative 
polymerase chain reaction, immunoblotting, flow cytometry, 
fluorescence microscopy and proteomics analyses revealed 
that apoptin could induce autophagy in MCF-7 breast 
cancer cells. The results also suggested that apoptin affected 
autophagy in a time- and dose-dependent manner. During the 
early stage of apoptin stimulation (6 and 12 h), the expression 
levels of autophagy pathway-associated proteins, including 
Beclin-1, microtubule-associated protein 1A/1B-light 
chain 3, autophagy-related 4B cysteine peptidase and 

autophagy‑related 5, were significantly increased, suggesting 
that apoptin promoted the upregulation of autophagy in MCF-7 
cells. Conversely, after 12 h of apoptin stimulation, the expres-
sion levels of apoptosis-associated proteins were decreased, 
thus suggesting that apoptosis may be inhibited. Therefore, it 
was hypothesized that apoptin may enhance autophagy and 
inhibit apoptosis in MCF-7 cells at the early stage. In conclu-
sion, apoptin-induced cell death may involve both autophagy 
and apoptosis. The induction of autophagy may inhibit apop-
tosis, whereas apoptosis may inhibit autophagy; however, 
occasionally both pathways operate at the same time and 
involve apoptin. This apoptin-associated selection between 
tumor cell survival and death may provide a potential thera-
peutic strategy for breast cancer.

Introduction

Apoptin was originally identified as an apoptosis‑inducing 
protein derived from chicken anemia virus (CAV), which is 
a single-stranded DNA virus of the Gyrovirus genus (1). The 
CAV genome contains three partially overlapping open reading 
frames encoding viral proteins from a single polycistronic 
mRNA: VP1 (capsid protein), VP2 (protein phosphatase, 
scaffold protein) and the death-inducing protein VP3 (2). The 
expression of VP3 alone has been reported to be sufficient 
to trigger cell death in chicken lymphoblastoid T cells and 
myeloid cells, but not in chicken fibroblasts; therefore, this 
protein has been renamed apoptin (3). The gene encoding 
apoptin was among the first tumor‑selective anticancer genes 
to be isolated, and has become a focus of cancer research due 
to its ability to induce apoptosis of various human tumor cells, 
including melanoma, lymphoma, colon carcinoma and lung 
cancer, while leaving normal cells relatively unharmed (4-7). 
It may be hypothesized that apoptin senses an early event 
in oncogenic transformation and induces cancer-specific 
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apoptosis, regardless of tumor type; therefore, it represents a 
potential future anticancer therapeutic agent.

The length and viability of human telomerase reverse 
transcriptase (hTERT) are associated with cell senescence 
and immortalization. Telomerase is a ribonucleoprotein that 
can process telomere repeats (TTAGGG) at the ends of chro-
mosomes (8). Telomerase activity is regulated by the signal 
transduction system and the apoptotic pathway, and its activity 
is a marker of immature cell differentiation and immortaliza-
tion. The hTERT promoter is inactive in most normal cells; 
however, it exhibits high activity in several types of human 
cancer (9). Previous studies revealed that targeting to tumor 
cells and efficient expression of the protein of interest is 
also dependent on the high efficiency and specificity of the 
hTERT promoter, thus providing novel prospects for tumor 
therapy (10,11). In our previous study, using the character-
istics of apoptin and the hTERT promoter, a tumor‑specific 
replication recombinant adenovirus expressing apoptin 
(Ad-Apoptin-hTERTp-E1a; Ad-VT) was constructed (12), 
which allows the adenovirus to specifically replicate in tumor 
cells, and enables the apoptin protein to be expressed in a large 
amount in tumor cells, thereby playing an effective role in 
tumor cell death. Our previous studies have demonstrated the 
marked tumor-killing effect of the recombinant adenovirus on 
various tumor cells (13-16).

Autophagy, which is described as ‘self-eating’, constitutes 
a self-degradation process, and is a critical mechanism 
underlying the cytoprotection of eukaryotic cells (17). It is a 
catabolically driven process whereby stressed cells form cyto-
plasmic, double-layered, crescent-shaped membranes, known 
as phagophores, which mature into complete autophagosomes. 
The autophagosomes engulf long-lived proteins and damaged 
cytoplasmic organelles, in order to provide cellular energy 
and building blocks for biosynthesis (18). However, in the 
context of cancer, autophagy appears to serve an ambiguous 
role. In association with apoptosis, autophagy can act as a 
tumor suppressor. Conversely, defects in autophagy, alongside 
abnormal apoptosis, may trigger tumorigenesis and therapeutic 
resistance (19,20).

The role of autophagy as an alternative cell death mecha-
nism remains a controversial issue. It was previously reported 
that dying cells exhibit autophagic vacuolization (21), which 
led to the suggestion that cell death is mediated by autophagy. 
However, to the best of our knowledge, there is no concrete 
evidence that autophagy is a direct mechanism used to 
execute cell death. Numerous studies have suggested that 
autophagy may lead to apoptosis or necroptosis as a result of 
a failure to adapt to starvation (22-24). Therefore, autophagy 
may constitute an adaptive response to counteract cell 
death under lethal stress conditions, rather than a cell death 
mechanism (21,25). The autophagic response is activated in 
response to ATP depletion to restore the metabolic state and 
to prevent necroptosis (26-28). In addition, autophagy ensures 
cell metabolism, promotes tumor cell survival, and prevents 
cancer cells from accumulating dysfunctions (29). Therefore, 
inhibition of autophagy could induce a metabolic crisis that 
leads to the induction of necroptosis (30,31).

The recombinant adenovirus Ad-VT can specifically 
kill tumor cells; however, it remains to be determined as 
to whether Ad-VT affects another form of programmed 

cell death from apoptosis, such as autophagy. In addition, 
if it does affect autophagy, it is unclear how. In the present 
study, MCF-7 breast cancer cells and MCF-10A normal 
breast epithelial cells were used. The levels of autophagy 
were detected using monodansylcadaverine (MDC). Western 
blotting and reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR) were used to assess the expres-
sions levels of autophagy-associated proteins, including 
Beclin-1, microtubule-associated protein 1A/1B-light chain 3 
(LC3), autophagy-related 4B cysteine peptidase (ATG4b), 
autophagy-related 5 (ATG5), P62 and BIF-1. Cell morphology 
was observed by transmission electron microscopy (TEM) 
following infection with recombinant adenoviruses expressing 
apoptin. A proteomics experiment was also conducted 
to observe alterations in the levels of autophagy pathway 
proteins. The results revealed that the recombinant adeno-
viruses expressing apoptin altered autophagy in the MCF-7 
breast cancer cell line, but had no effect on MCF-10A normal 
mammary epithelial cells. These findings suggested that 
autophagy in MCF-7 cells may exert protection against the cell 
death-inducing effects of apoptin.

Materials and methods

Cells and viruses. The MCF-7 human breast cancer cells and 
MCF-10A human normal mammary epithelial cells were 
cryopreserved cells purchased from the Shanghai Institute of 
Biology Cell Bank (Shanghai, China). MCF-7 cells were main-
tained in RPMI 1640 medium supplemented with 10% fetal 
bovine serum (FBS), 50 U/ml penicillin and 50 U/ml strepto-
mycin at 37˚C in an atmosphere containing 5% CO2. MCF-10A 
cells were maintained in Dulbecco's modified Eagle's medium 
supplemented with 10% FBS, 50 U/ml penicillin and 50 U/ml 
streptomycin at 37˚C in an atmosphere containing 5% CO2. 
All reagents for cell culture were purchased from HyClone; 
GE Healthcare Life Sciences (Logan, UT, USA).

Recombinant adenoviruses Ad-VT, Ad-Apoptin (Ad-VP3) 
and Ad-MOCK were constructed and preserved in our labo-
ratory (Laboratory of Molecular Virology and Immunology, 
Institute of Military Veterinary Medicine, Academy of 
Military Medical Science, Changchun, China) (Fig. 1) (12).

Cell viability assay. MCF-7 and MCF-10A cells were seeded 
in 96-well plates (5x103 cells/well). After 24 h of culture, 
the cells were infected with various concentrations of the 
recombinant adenoviruses [50, 100 and 200 multiplicity of 
infection (MOI)], and blank control wells were set. After 
6, 12, 24, and 48 h, 10 µl WST-1 solution (cell proliferation 
assay reagent; cat. no. 11644807001; Roche Applied Science, 
Mannheim, Germany) was mixed with 100 µl cell culture 
medium and was added to each well; cells were then incu-
bated at 37˚C in an atmosphere containing 5% CO2 for 
1 h and 20 min. Subsequently, absorbance was measured 
at 450 nm. Cell viability was calculated as follows: Cell 
viability = 100 x (absorbance of virus-treated wells/absorbance 
of control wells).

Measurement of apoptosis by flow cytometry. MCF-7 and 
MCF-10A cells were infected with the recombinant adenovi-
ruses (100 MOI). After 24 h, the cells (2x105) were harvested, 
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resuspended in binding buffer and stained with fluorescein 
isothiocyanate (FITC)-labeled Annexin V (Annexin V-FITC 
Apoptosis Detection kit; BioVision, Inc., Milpitas, CA, USA), 
according to the manufacturer's protocol. To exclude late 
apoptotic and necrotic cells, propidium iodide (PI; 50 µg/ml) 
was added to the FITC-Annexin V-stained samples and incu-
bated at room temperature for 20 min. The samples were then 
examined by flow cytometry (FACSCalibur; BD Biosciences, 
Franklin Lakes, NJ, USA) for apoptosis analysis (Cell Quest 
Pro 5.2.1; BD Biosciences).

3-Methyladenine (3-MA; cat. no. M9281; Sigma-Aldrich; 
Merck KGaA, Darmstadt, Germany) was dissolved in PBS 
and stored at ‑20˚C. Prior to use, 3‑MA solution was heated to 
56˚C to completely dissolve it, and was then added to MCF‑7 
and MCF‑10A cell culture media at a final concentration of 
50 mmol/l and incubated for 2 h. Following 3-MA treatment, 
MCF‑7 cells underwent flow cytometry and western blotting, 
whereas MCF‑10A cells underwent flow cytometry.

Cell cycle analysis. Cells were infected with recombinant 
adenoviruses (100 MOI) for 24 h. After washing with PBS, the 
cells were harvested and fixed overnight in 70‑80% ethanol. 
The next day, cells were washed with 1X PBS and were centri-
fuged at 175 x g for 10 min at room temperature, after which, 
the supernatant was discarded. Cells were then mixed with 
0.09% NaN3 Stain Buffer (2% FBS), washed and centrifuged 
at 175 x g for 10 min at room temperature, and the supernatant 
was discarded. Finally, 500 µl PI/RNase (PI/RNase Staining 
Buffer; cat. no. 550825; BD Pharmingen; BD Biosciences) 
staining solution was used to stain the cells for 1 h at room 
temperature. Flow cytometry was performed using a 
FACSCalibur instrument and Cell Quest Pro 5.2.1 software.

MDC detection. Cells (2x105 MCF-7 cells) were placed in 
each well of 6-well plates for 24 h. Following infection with 
recombinant adenoviruses (100 MOI) for 6 h, autophagic 
vacuoles were labeled with 0.05 mmol/l MDC (cat. no. 30432; 

Sigma‑Aldrich; Merck KGaA) in cell culture medium at 37˚C 
for 15 min. The cells were then washed three times with PBS. 
Autophagic vacuoles in MCF-7 cells were observed under 
a fluorescence microscope (BX-60; Olympus Corporation, 
Tokyo, Japan) and analyzed using MetaMorph 6.2.6 software 
(Molecular Devices, LLC, Sunnyvale, CA, USA). Notably, 
>5 fluorescent spots were considered to indicate positive 
fluorescence, and 100 cells were counted to calculate the rate 
of autophagy.

Enhanced green fluorescent protein‑LC3 plasmid (p‑EGFP‑ 
LC3) transfection. MCF-7 cells (2x105/well) in 12-well plates 
with microscope cover glasses (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) were transfected with 5 µg pEGFP-LC3 
(2.92 µg/µl; cat. no. 24920; Addgene, Inc., Cambridge, MA, 
USA) using 5 µl X-tremeGENE™ HP DNA Transfection 
Reagent (cat. no. 6366236001; Roche Applied Science) for 
24 h. Subsequently, cells were fixed with 4% paraformaldehyde 
in PBS and cellular images were obtained under a fluorescence 
microscope (BX-60; Olympus Corporation) using MetaMorph 
6.2.6 software.

TEM. TEM is considered the most reliable approach to monitor 
autophagy (32). MCF-7 cells were cultured in 6-well plates for 
24 h and infected with recombinant adenoviruses (100 MOI) 
for 6 h. Cells were then collected and cells were fixed in 2.5% 
glutaraldehyde at 4˚C for 8 h. Ultrathin sections (50 nm) were 
cut using an ultramicrotome, stained with 2% (w/v) uranyl 
acetate for 15 min and with lead citrate for 10 min at room 
temperature, and examined under a JEM-100cxII electron 
microscope (JEM-1010; JEOL, Ltd., Tokyo, Japan).

RNA isolation and RT‑qPCR analysis. RNA was isolated from 
cells using TRIzol® (Invitrogen; Thermo Fisher Scientific, 
Inc.). RT was performed using RT reagents (M-MLV Reverse 
Transcriptase; cat. no. M1705; Promega Corporation, Madison, 
WI, USA), as follows: 42˚C for 50 min followed by 75˚C for 

Figure 1. Schematic diagram of the three recombinant adenovirus vectors constructed using shuttle vectors. (A) Ad-VT, Ad-VP3 and Ad-MOCK. (B) MCF-7 
cells were infected with Ad-VT and Ad-VP3 at 50, 100 and 200 MOI, and the protein expression levels of apoptin were detected. Ad-VP3, Ad-Apoptin; Ad-VT, 
Ad-Apoptin-hTERTp-E1a; MOI, multiplicity of infection.
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15 min. The mRNA expression levels of human LC3, Beclin-1, 
GAPDH and P62 were measured by qPCR using the GoTaq 
qPCR Master Mix (cat. no. A6002; Promega Corporation) 
on a StepOne Real-Time PCR System (7500 Real-Time PCR 
system; Applied Biosystems; Thermo Fisher Scientific, Inc.). 
All protocols were performed according to the manufacturers' 
protocols. The PCR reaction conditions were as follows: 95˚C 
for 5 min followed by 40 cycles at 95˚C for 15 sec, 60˚C for 
30 sec and 72˚C for 30 sec, and a final extension step at 72˚C 
for 10 min. The primers used in the present study were as 
follows (5'-3'): Beclin-1, forward (F) CCG TGG TAA CCT TGT 
TCA TCC, reverse (R) GCT CTG TCT TCA GCG ACT TCC; 
LC3-II, F AAT AGA AGG CGC TTA CAG, R GAC AAT TTC 
ATT CCC GAA C; P62, F GG ACA AAC GGC TCA CTC T, and 
R TGC CAG TTC CCT CAT TCT; and GAPDH, F AAC GGA 
TTT GGT CGT ATT G and R GGA AGA TGG TGA TGG GAT T. 
The 2‑ΔΔCq method was used to quantify the PCR results (33).

Cell extracts and western blotting. Certain autophagy-asso-
ciated proteins were detected by immunoblotting. Briefly, 
whole cell lysates were prepared from treated MCF-7 cells at 
the indicated time points using 1X radioimmunoprecipitation 
assay (RIPA) buffer (cat. no. P0013; Beyotime Institute of 
Biotechnology, Haimen, China), according to the manufac-
turer's protocol. In addition, 10 mM phenylmethanesulfonyl 
fluoride (PMSF; cat. no. ST506-2; Beyotime Institute of 
Biotechnology) was generated and stored at ‑20˚C. Prior to cell 
lysis, PMSF was added RIPA buffer to a final concentration of 
1 mM PMSF. Four-fold volume of RIPA cleaved cells. Cleaved 
cells were sonicated at 4˚C (15 cycles, 30 sec/cycle, 60 Hz) 
using a Bioruptor UCD-300 device (Diagenode SA, Seraing, 
Belgium). The protein concentration was measured using the 
bicinchoninic acid protein assay (cat. no. P0010s; Beyotime 
Institute of Biotechnology). Proteins were loaded into each 
lane and separated by 10% SDS-PAGE, and were then elec-
trotransferred onto nitrocellulose (NC) membranes (0.45 µm 
NC; cat. no. 10600002; Amersham; GE Healthcare, Chicago, 
IL, USA). The membranes were blocked with 5% non-fat 
dried milk in PBS supplemented with 0.1% Tween 20 (PBST; 
cat. no. 170653; Bio-Rad Laboratories, Inc., Hercules, CA, 
USA) at room temperature for 2 h, and were then incubated 
overnight with the corresponding primary antibodies (1:1,000) 
at 4˚C overnight. The blots were then incubated with a 
secondary antibody (1:2,000) for 2 h at room temperature 
after three washes with PBST. The membranes were further 
washed three times with PBST before being developed using 
Clarity Western ECL Blotting Substrate (cat. no. 32209; 
Pierce; Thermo Fisher Scientific, Inc.). Images were collected 
following development of photographic paper (X-OMAT BT 
Film; cat. no. 045602811; Carestream Health, Inc., Rochester, 
NY, USA).

Antibodies for western blotting. The following primary 
antibodies were used: Rabbit anti-GAPDH (cat. no. 5174), 
rabbit anti-B-cell lymphoma 2 (Bcl-2; cat. no. 3498), rabbit 
anti-Bcl-2-associated X protein (Bax; cat. no. 5023), rabbit 
anti-LC3 (cat. no. 12741), rabbit anti-Beclin-1 (cat. no. 3495), rabbit 
anti-ATG4b (cat. no. 13507) rabbit anti-BIF-1 (cat. no. 4467), 
rabbit anti-ATG5 (cat. no. 12994), and rabbit anti-tubulin 
(cat. no. 2148) (all from Cell Signaling Technology, Inc., 

Danvers MA, USA), and rabbit anti-sqstm1/P62 (cat. no. p0067; 
Sigma-Aldrich; Merck KGaA). The following secondary 
antibody was used: Peroxidase-conjugated goat anti-rabbit 
immunoglobulin G (H+L) (cat. no. ZB2301; OriGene 
Technologies, Inc., Beijing, China).

Total (phospho) proteome workflow. Approximately 2x104 
adenovirus-infected MCF-7 cells were rinsed with PBS and 
lysed with RIPA buffer. Cells were collected in a 1.5 ml centri-
fuge tube and were centrifuged at 4˚C and 1,950 x g for 5 min. 
The supernatant was discarded and 4-fold volume RIPA [8 M 
urea + phosphatase inhibitor (10X)] was added to the sample, 
according to the volume of the precipitate. Cells were then 
sonicated on ice (20 kHz; ultrasound for 1 sec, stop for 2 sec; 
total, 60 sec), maintained for 20 min at 4˚C and centrifuged at 
16,000 x g for 5 min. Proteins in the supernatant were assessed 
using the Bradford reagent. After protein quantification, 1 mg 
protein solution was treated with dithiothreitol (10 mM; 
cat. no. 0281; Amresco, LLC, Solon, OH, USA) in a water 
bath was 30 min. Subsequently, iodoacetamide (20 mM; 
cat. no. I1149; Sigma-Aldrich; Merck KGaA) was added at 
room temperature was 30 min and alkylation was carried 
out. After alkylation, the protein solution was centrifuged for 
15 min at 14,000 x g, and the waste liquid was discarded. 
The protein sample was washed with 8 M urea, centrifuged at 
14,000 x g for 15 min and the waste liquid was discarded; this 
step was repeated twice. For enzymatic hydrolysis, 50 mM 
sodium bicarbonate and 1.6 µg trypsin (mass ratio 1/50) were 
added, the sample was agitated and digestion was conducted 
at 37˚C for 16 h. For peptide segment collection, the sample 
was centrifuged for 10 min at 14,000 x g and the peptide solu-
tion was collected; subsequently, 200 µl high-performance 
liquid chromatography-H2O was added to the solution, which 
was centrifuged for a further 10 min at 14,000 x g and this 
second peptide solution was collected. Finally, the collected 
peptide segment solutions were combined, freeze-dried and 
stored at ‑80˚C.

(Phospho) proteomic data mining. The choice of database 
was based on the required species, and the completeness 
and reliability of the database annotation. In the present 
study, the Uniprot database (www.uniprot.org) was used. 
MaxQuant 1.5.8.3 software (Max-Planck-Institute of 
Biochemistry, Planegg, Germany) was used to retrieve and 
quality control the tandem mass spectrum, remove contami-
nating proteins and conduct reverse decoy database analysis, 
normalize data and provide log2 values. The numerical values 
were inputted directly into The R Project for Statistical 
Computing (version 3.5.1; www.r-project.org/), and the 
pheatmap function was selected for classification analysis, 
resulting in the generation of a thermal graph and hierarchical 
clustering. The pathways associated with the differential 
proteins were determined using Kyoto Encyclopedia of Genes 
and Genomes (KEGG; www.kegg.jp/kegg) pathway analysis.

Statistical analysis. Statistical analysis was conducted 
using data from at least three independent experiments. 
SPSS 20.0 (SPSS, Inc., Chicago, IL, USA) or SigmaStat 3.5 
(Systat Software, Inc., San Jose, CA, USA) were used for 
statistical analysis. The results were statistically analyzed by 
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Student's t-test or one-way analysis of variance (ANOVA); 
when one-way ANOVA results were P<0.05, further multiple 
comparisons were performed using the Student-Newman-Keuls 
test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Antiproliferative effect of recombinant adenoviruses on 
MCF‑7 and MCF‑10A cells. The antiproliferative activity 
of recombinant adenoviruses on MCF-7 and MCF-10A 
cells was investigated using the WST-1 assay, which is a 
sensitive colorimetric assay to determine cell viability that 
measures dehydrogenase activity in living cells (Fig. 2). 
Post-infection with Ad-VT, Ad-VP3 and Ad-MOCK for 
6, 12, 24 and 48 h, MCF-7 cell proliferation was inhibited 
in a time- and dose-dependent manner (Fig. 2A and C); 
however, the recombinant adenoviruses exhibited no obvious 
inhibitory effect on MCF-10A cells (Fig. 2A). In addition, 
Annexin V-FITC/PI double staining was conducted to detect 
the levels of apoptosis (Fig. 3A-D). The apoptotic rate of 
MCF‑7 tumor cells was significantly increased in response 
to the recombinant adenoviruses Ad-VT and Ad-VP3 over 
24 h (Fig. 3A and C). When the recombinant adenoviruses 
Ad-VT or Ad-VP3 were combined with the autophagy inhib-
itor 3-MA, the apoptotic rate of tumor cells was increased 
compared with when cells were infected with Ad-VT or 
Ad-VP3 alone; therefore, it was suggested that inhibition of 
autophagy may increase the apoptosis of MCF-7 cells infected 
with recombinant adenoviruses over 24 h (Fig. 3A and C). In 
addition, no significant alterations in apoptosis were detected 
in MCF-10A normal human breast cells (Fig. 3B and D). In the 
present study, the early stage of apoptosis (24 h) was selected, 
which was not very strong; in order to more clearly discover 
the effect of autophagy. The results revealed that the addition 
of an autophagy inhibitor increased the rate of apoptosis, and it 
was hypothesized that apoptin-induced autophagy in the early 
stage of apoptosis may inhibit the occurrence of apoptosis.

Inhibition of autophagy increases the Bax/Bcl‑2 ratio. 
Following inhibition of autophagy with 3-MA, MCF-7 cells 
were infected with Ad-VT and Ad-VP3 at 100 MOI for 12 h, and 
the expression levels of apoptosis-associated proteins Bcl-2 and 
Bax were detected by western blotting. As shown in Fig. 3E, 
the autophagy inhibitor 3-MA was used to investigate the asso-
ciation between autophagy and apoptosis following infection 
of MCF-7 cells with recombinant adenoviruses. Compared 
with in the blank control group, the expression levels of Bcl-2 
were decreased in the Ad-VP3, Ad-VT, Ad-VP3 + 3-MA and 
Ad-VT + 3-MA groups, and it was suggested that Ad-VP3 and 
Ad-VT gradually induced apoptosis at 12 h. The expression 
levels of Bcl-2 in the Ad-VP3 + 3-MA and Ad-VT + 3-MA 
groups were significantly lower than in the Ad-VP3 and 
Ad-VT groups (P<0.01), thus indicating that inhibition of 
autophagy can further induce apoptosis of tumor cells induced 
by the recombinant adenoviruses. In addition, compared with 
in the Ad-VP3 and Ad-VT groups, the expression levels of 
the proapoptotic protein Bax were significantly increased in 
the Ad-VP3 + 3-MA and Ad-VT + 3-MA groups (P<0.01 and 
P<0.05), and the ratio of Bax/Bcl-2 was increased. These 

findings indicated that inhibition of autophagy, alongside 
infection with the recombinant adenoviruses, promoted the 
occurrence of apoptosis at 12 h. This early autophagy may 
protect MCF-7 cells from apoptosis.

Recombinant adenoviruses induce cell cycle arrest at 
G1 phase in MCF‑7 cells. The cell cycle is a repeating 
series of events that take place in a cell leading to its divi-
sion and DNA replication, thus resulting in the production 
of two daughter cells. Disturbance of the cancer cell cycle 
may inhibit cell growth and activate autophagy. To explore 
the potential tumor suppressive mechanism of recombinant 
adenoviruses, their effects on cell cycle progression were 
determined. Representative results for MCF-7 cells infected 
with the control and recombinant adenoviruses are shown in 
Fig. 3F. Flow cytometry revealed that, compared with in the 
control group (uninfected cells), Ad‑VT infection significantly 
decreased the number of MCF-7 human breast cancer cells in 
G2/M phase after 24 h (from 9.93 to 0.88%; P<0.01; Fig. 3F), 
and it was hypothesized that Ad-VT may arrest MCF-7 cells 
at a certain cell cycle phase. Notably, it was observed that cells 
infected with Ad-VT and Ad-VP3 were delayed in S phase; 
however, this was not significant. In addition, the amount of 
Ad-VT-infected cells in the G1 phase was higher. Therefore, 
it was suggested that Ad-VT infection for 24 h may block 
MCF-7 cells in G1 phase, whereas Ad-VP3 and Ad-MOCK 
had no effect on the proportion of cells in G1 phase.

Recombinant adenoviruses induce autophagy in MCF‑7 
cells. Autophagy is a lysosomal degradation process for 
cytoplasmic constituents under stress conditions. To examine 
whether the recombinant adenoviruses affected autophagy 
in MCF-7 cells, several autophagic assays were performed. 
Firstly, MDC staining was used to detect autophagic vacuoles. 
MDC is a specific dye that emits green fluorescence, which is 
absorbed by cells and selectively binds to autophagic vacuoles; 
therefore, it is known as a tracer for autophagic vesicles (34). 
When autophagy occurs in cells, the fluorescence of MDC 
staining is enhanced, and the dot-like structure (autophagic 
vacuoles) in a single cell is increased. Using fluorescence 
microscopy, it was revealed that the fluorescence intensity of 
MDC staining was significantly enhanced post‑infection with 
Ad‑VT or Ad‑VP3, and punctate MDC‑positive fluorescent 
particles were observed in the cytoplasm. Notably, >5 fluores-
cent spots were considered to indicate positive fluorescence, 
and 100 cells were counted to calculate the rate of autophagy. 
As shown in Fig. 4A, apoptin induced the accumulation of 
MDC-labeled vacuoles in the cytoplasm. The accumulation 
of autophagic corpuscles in the cytoplasm was increased in 
the Ad-VP3 and Ad-VT groups compared with in the control 
group and the Ad-MOCK group. The percentage of autophagic 
corpuscles in 100 MCF-7 cells after 6 h is presented.

The LC3 protein is widely distributed in cells. When 
autophagy occurs, LC3 accumulates on the surface of autopha-
gosomes, and LC3-I proteins are cleaved into LC3-II proteins. 
In the present study, LC3 was detected using pEGFP-LC3. 
When autophagy is induced, the majority of autophagosomes 
exhibit a punctate distribution. Conversely, when autophagy is 
inhibited, GFP-LC3 diffuses throughout the cell. Therefore, 
transfected GFP plasmid was used to observe the aggregation 
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of GFP, in order to determine whether alterations in autophagy 
had occurred. Ad-VT and Ad-VP3 were tested at three 
concentrations (50, 100, and 200 MOI) for 6 h. No obvious 
green fluorescent spots were detected in the cells infected 
with Ad‑VT and Ad‑VP3 at 50 MOI. Green fluorescent dot 
aggregation in the 100 and 200 MOI groups was obvious, 

and the number of aggregated GFP points was increased in 
a concentration-dependent manner. Ad-VT and Ad-VP3 at 
200 MOI exhibited the most obvious punctate green fluores-
cence. Conversely, GFP staining in the negative control group 
was diffuse. These results indicated that the recombinant 
adenoviruses could cause marked alterations in autophagy in 

Figure 2. Recombinant adenoviruses inhibited the proliferation of MCF-7 cells. (A) MCF-10A and MCF-7 cell viability was determined using the WST-1 
assay post-infection with various concentrations of Ad-VT, Ad-VP3 and Ad-MOCK (50, 100, and 200 MOI) for 6, 12, 24 and 48 h. (B) MCF-7 cell viability 
was determined using WST-1 assay after post-infection with Ad-VT, Ad-VP3 and Ad-MOCK (100 MOI) for various durations (6, 12, 24 and 48 h). Data are 
presented as the means ± standard deviation, representative of three independent experiments (n=3). *P<0.05, **P<0.01, compared with Ad-MOCK. (C) MCF-7 
cell viability was determined using the WST-1 assay post-infection with various MOIs of Ad-VT, Ad-VP3 and Ad-MOCK for different durations (6, 12, 24 
and 48 h). Data are presented as the means ± standard deviation, representative of three independent experiments (n=3). *P<0.05, **P<0.01, compared with the 
control (0 h). Ad-VP3, Ad-Apoptin; Ad-VT, Ad-Apoptin-hTERTp-E1a; MOI, multiplicity of infection.
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MCF-7 cells, in a concentration-dependent manner (Fig. 4B). 
Similarly, an indirect immunofluorescence assay using fluo-
rescence microscopy was conducted to detect the autophagy 
marker protein LC3‑II; the present study also verified that 
Ad-VT and Ad-VP3 increased the expression levels of the key 
protein LC3-II (Fig. 4C).

TEM observation assays. TEM is the gold standard for detec-
ting autophagosome formation, since autophagosomes have 

a characteristic double membrane or multi-membrane struc-
tures. These structures were notably accumulated in MCF-7 
cells infected with 100 MOI Ad-VT and Ad-VP3, indicating 
the formation of autophagosomes (Fig. 4D). As shown in the 
electron micrographs, markedly more autophagic vesicles 
containing subcellular materials were observed following 
Ad-VT and Ad-VP3 infection for 6 h compared with in the 
control group. The size of the autophagic vacuoles containing 
remnants of organelles was ~2 µm in diameter.

Figure 3. Analysis of cell death and cell cycle distribution of MCF-7 cells. (A) Scatter plot of Annexin V-FITC/PI staining, which was used to evaluate 
apoptosis of MCF-7 cells infected with Ad-VT and Ad-VP3 (100 MOI), in the presence or absence 3-MA for 24 h. (B) Scatter plot of Annexin V-FITC/PI 
staining, which was used to evaluate apoptosis of MCF-10A cells infected with Ad-VT and Ad-VP3 (100 MOI), in the presence or absence of 3-MA for 24 h. 
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Alterations in autophagy at the mRNA level. The results of 
the RT-qPCR analysis demonstrated that the recombinant 
adenoviruses induced significant alterations in autophagy in 

MCF-7 cells. The results revealed that the mRNA expression 
levels of the autophagy-associated proteins LC3 and Beclin-1 
were increased after 6 and 12 h of infection with Ad-VT 

Figure 3. Continued. Analysis of cell death and cell cycle distribution of MCF-7 cells. (C) Apoptotic ratio, using Annexin V-FITC/PI staining, which was 
used to evaluate apoptosis of MCF-7 cells infected with Ad-VT and Ad-VP3 (100 MOI), in the presence or absence 3-MA for 24 h. (D) Apoptotic ratio, using 
Annexin V-FITC/PI staining, to evaluate apoptosis of MCF-10A cells infected with Ad-VT and Ad-VP3 (100 MOI), in the presence or absence of 3-MA 
for 24 h. (E) Western blotting of MCF-7 cell extracts for Bcl-2 and Bax. MCF-7 cells were infected with Ad-VT and Ad-VP3 (100 MOI) alone, or, after 2 h 
treatment with 3-MA, Ad-VT and Ad-VP3 was added to the cells for 12 h. (F) Flow cytometric analysis of cell cycle distribution of MCF-7 cells, illustrating 
the effects of infection with Ad-VT, Ad-VP3 and Ad-MOCK (100 MOI) for 24 h. Data are presented as the means ± standard deviation, representative of three 
independent experiments (n=3). *P<0.05, **P<0.01, compared with Ad-MOCK. Ad-VP3, Ad-Apoptin; Ad-VT, Ad-Apoptin-hTERTp-E1a; Bax, Bcl-2-associated 
X protein; Bcl‑2, B‑cell lymphoma 2; FITC, fluorescein isothiocyanate; MOI, multiplicity of infection; PI, propidium iodide.
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and Ad‑VP3. In particular, LC3 expression was significantly 
increased after 6 h (P<0.001; Fig. 5A). After 24 h, the expres-
sion levels of LC3 and Beclin-1 were decreased compared with 
in the blank control group. After 48 h, the expression levels of 
Beclin-1 were markedly increased again, whereas LC3 exhib-
ited the opposite trend (Fig. 5A). In addition, post-infection 
with Ad-VP3, the mRNA expression levels of P62 exhibited 
the opposite trend to LC3 at different time periods (Fig. 5A).

Alterations in autophagy at the protein level. The results of 
western blotting also indicated that the expression levels of 
LC3-II were increased in response to 100 MOI Ad-VT and 
Ad-VP3 compared with 1 and 10 MOI adenoviruses (Fig. 5B). 
The amount of LC3-II/I has been reported to be proportional 
to the number of autophagic vacuoles (35). In the present 
study, the ratio of LC3-II/I gradually decreased from 6 h and 
reached its lowest point at 48 h (Fig. 5B). Beclin-1 protein 
expression was not significantly altered in response to Ad‑VT 
and Ad-VP3 (Fig. 5C). P62 is a polyubiquitin-binding protein 
that contains an LC3-interacting motif and ubiquitin-binding 
domain. By linking ubiquitinated substrates with the autophagic 
machinery, P62 is incorporated into complete autophagosomes 
and is then degraded in autolysosomes, together with its bound 

proteins (36). Therefore, protein levels of P62 show the opposite 
trend to the protein levels of LC3. At 6 h, this phenomenon was 
noticeable in the present study (Fig. 5B and D). Therefore, it 
may be hypothesized that at 6 h, infection of MCF-7 tumor 
cells with Ad-VT and Ad-VP3 may promote autophagy. It 
was suggested that apoptin-induced autophagy may be closely 
related to the autophagy pathway involving the LC3 protein, 
and may also be associated with Beclin-1 and P62 protein 
levels.

Proteomics analysis of the pathways involved in apoptin‑ 
induced autophagy. Post-infection of MCF-7 cells with 
recombinant adenoviruses, the quantity of numerous proteins 
was altered compared with in the control group (Fig. 6). The 
present study focused on the upregulated and downregulated 
proteins (marked by a red arrow in Fig. 6A). The results of 
cluster analysis revealed that for total protein abundance, 48 h 
Ad-VT and 48 h Ad-VP3 were initially clustered together, 
which were then clustered together with 6 h Ad‑VP3 and finally 
clustered with 6 h Ad‑VT. These findings indicated that the 
total protein abundance of the 48 h Ad-VT and 48 h Ad-VP3 
samples were relatively closer than the total protein abundance 
of the 6 h Ad-VT and 6 h Ad-VP3 samples. With regards to 

Figure 4. Apoptin induces autophagy in MCF-7 cells. (A) To evaluate autophagic vacuoles, MCF7 cells were infected with Ad-MOCK, Ad-VT, and Ad-VP3 
(100 MOI) for 6 h and stained with MDC. The graph shows the percentage of MDC-stained autophagic corpuscles in MCF-7 cells in the various groups after 
6 h (magnification, x40). (B) MCF‑7 cells were transfected with pEGFP‑LC3B for 24 h and then infected with carious concentrations Ad‑VT or Ad‑VP3 (50, 
100, and 200 MOI) for 6 h. pEGFP‑LC3 signals were observed by fluorescence microscopy (magnification, x40).
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levels of phosphorylation, 6 h Ad-VT and 6 h Ad-VP3 were 
initially clustered together, which were then clustered with 

48 h Ad‑VP3 and finally clustered with 48 h Ad‑VT. These 
findings indicated that the phosphorylation modification levels 

Figure 4. Continued. Apoptin induces autophagy in MCF‑7 cells. (C) Representative images of immunocytochemistry. Visualization of LC3 by fluorescence 
microscopy. MCF-7 cells were infected with Ad-MOCK, Ad-VT and Ad-VP3 (100 MOI) for 6 h and stained with an antibody recognizing LC3 for 18 h 
post-treatment. The control cells exhibited diffuse cytosolic LC3 distribution. Ad-VP3-infected cells exhibited an increase in the number of cells with LC3 dots, 
whereas the number of cells with LC3 dots was further increased upon Ad‑VT exposure. Red fluorescence indicates the presence of the LC3 protein (magnifi-
cation, x40). (D) Transmission electron microscopy revealed autophagosome ultrastructures in the enlarged images following infection of cells with Ad-VT or 
Ad‑VP3 for 6 h. Control: magnification, x5,000; Ad‑VT and Ad‑VP3: magnification, x10,000. Ad‑VP3, Ad‑Apoptin; Ad‑VT, Ad‑Apoptin‑hTERTp‑E1a; LC3, 
microtubule‑associated protein 1A/1B‑light chain 3; MDC, monodansylcadaverine; MOI, multiplicity of infection; pEGFP‑LC3, enhanced green fluorescence 
protein-LC3 plasmid.
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of the 6 h Ad-VT and 6 h Ad-VP3 samples were closer than the 
phosphorylation modification levels of the of the 48 h Ad‑VT 
and 48 h Ad-VP3 samples. Therefore, it may be suggested that 
the recombinant adenovirus Ad-VP3, which only contains 
apoptin, promoted autophagy at 6 h in MCF-7 tumor cells via 
the same activation pathway as Ad-VT, which contains apoptin 
plus the tumor‑specific promoter hTERT. These findings are 
mainly due to the effect of apoptin on tumor cells (Fig. 6B). 
In addition, the elevated proteins in the autophagy pathway 
were identified by KEGG (Fig. 6D) and were further verified 
using western blotting. The results revealed that ATG4B, 
ATG5 and BIF-1 (Fig. 6C), and LC3 (Fig. 5C) were mark-
edly increased, and the levels of phosphorylated ATG4 and 
synaptosome associated protein 29 (SNAP29) were obviously 
increased (Fig. 6C and D).

Discussion

Autophagy is a process of self-degradation that may serve a 
dual role in cancer as a way of inducing cell death. Autophagy 
can inhibit cancer in the early stages, and can lead to drug 
resistance in cancer cells in the late stage (37-39). Increasing 
evidence has suggested that autophagy and apoptosis can 

be synergistic or antagonistic in determining cell fate. The 
observed cancer-selective toxicity of apoptin (4,40) has 
intrigued researchers, as this viral protein targets the molecular 
basis of the transformed phenotype. Targeted cancer therapies 
interfere with malignant cell growth and division at various 
points during the development, growth and spread of cancer. 
The present study examined the effects of apoptin on MCF-7 
human breast cancer cells and MCF-10A normal mammary 
epithelial cells. The present study investigated whether 
recombinant adenoviruses expressing apoptin could affect 
autophagy in MCF-7 human breast cancer cells. Firstly, the 
results revealed that infection with adenoviruses containing 
apoptin led to significant apoptosis of MCF‑7 cells, as verified 
by Annexin V-FITC/PI staining, which has also been observed 
in another study (41). However, these adenoviruses had no 
effect on MCF-10A normal mammary gland cells. In addition, 
Ad-VT only induced G1 arrest in MCF-7 human breast cancer 
cells, whereas Ad-VP3 and Ad-MOCK had no significant 
effect on cell cycle progerssion.

In the present study two apoptin-containing recombinant 
adenoviruses, Ad-VT and Ad-VP3, were constructed. In 
Ad-VT, apoptin was stably and highly expressed and the tumor 
specific promoter hTERT was also expressed in a human type 

Figure 5. RT-qPCR and western blotting of MCF-7 cell extracts. GAPDH was used as a loading control. (A) Ad-VT and Ad-VP3 inhibited autophagy-mediated 
gene expression. The mRNA expression level of the genes encoding Beclin-1, LC3 and P62 were detected in MCF-7 cells using RT-qPCR. (B) Western blot 
analysis of LC3 expression in MCF-7 cells following infection with adenoviruses at various durations (6, 12, 24 and 48 h), or with different concentrations 
of adenoviruses (1, 10, and 100 MOI) for 6 h. (C) Western blot analysis of Beclin-1 expression in MCF-7 cells. (D) Western blot analysis of P62 expression in 
MCF-7 cells. Data are presented as the means ± standard deviation, n=3. *P<0.05, **P<0.01, ***P<0.001 vs. the control group. Ad-VP3, Ad-Apoptin; Ad-VT, 
Ad-Apoptin-hTERTp-E1a; LC3, microtubule-associated protein 1A/1B-light chain 3; MOI, multiplicity of infection; RT-qPCR, reverse transcription-quanti-
tative polymerase chain reaction.
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5 adenovirus; therefore, Ad-VT can replicate in tumor cells. 
Conversely, Ad-VP3 did not have the ability to continuously 
replicate in cells, since it only contained apoptin. In the 
process of autophagy, a phagophore from the endoplasmic 
reticulum or plasma membrane forms autophagosomes, which 
depend on Beclin-1 and LC3-II (42,43). In the present study, 
the formation of autophagosomes was determined by TEM, 
and autophagic vesicles containing subcellular materials 
were observed post-infection with Ad-VT and Ad-VP3 for 
6 h. In addition, an increase in Beclin-1 and LC3-II protein 
levels and a decrease in P62 protein levels was observed by 
RT-qPCR and western blotting, particularly post-infection 
with Ad-VP3 at 6 h. Autophagy decreased cell survival by 
destroying the cytosol and organelles, leading to cell death. In 

addition, proteomics analysis revealed a significant increase 
in the phosphorylation of ATG4B in response to apoptin. 
The biosynthesis of autophagospores involves two successive 
steps, one involving ATG12-ATG5 and the other involving 
ATG8-phosphatidyl-ethanolamine (PE) (44,45). For the 
latter, the ATG4 cysteine protease cleaves the newly synthe-
sized ATG8 to reveal glycine residues and membrane-bound 
PE (lipid binding) binding. ATG4 can also remove PE from 
ATG8 (delipidation). In humans, LC3B is the best characteristic 
ATG8 subtype (44,46-48). In addition, ATG4B, but not three 
other ATG4 subtypes, exhibit a highly selective preference for 
LC3B (49). A mouse model of genetic engineering was used to 
study the importance of ATG4B in normal development and 
disease. The results indicated that an ATG4B deficiency may 

Figure 6. Proteomics confirmed that apoptin induces autophagy in MCF‑7 cells. (A) Venn diagrams illustrating the identification of all proteins in MCF‑7 cells. 
(B) Hierarchical clustering of unbiased total protein expression and hierarchical clustering of phosphorylated proteins. The pathways identified by proteomics 
suggested that apoptin induces autophagy. (C) Protein expression levels of ATG4b, ATG5 and BIF-1 were detected using western blotting.
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lead to a reduction in autophagy (50). In cancer, ATG4B and 
LC3 have been implicated with the regulation of autophagy, as 
a biomarker and potential therapeutic target.

Apoptosis and autophagy are two different forms of cell 
death, which are independent of each other and restrict each 
other. Numerous genes serve an important role in the mutual 
transformation of the two different forms, including Beclin-1 
and Bcl-2. Members of the Bcl-2 family have an important 
role in the regulation of mammalian cell apoptosis, targeting 
upstream of irreversible cell damage, and working primarily at 
the mitochondrial level. According to the structure and func-
tion of family members, they are divided into anti-apoptotic 
proteins, including Bcl-2 and Bcl-extra large, and proapoptotic 
proteins, including Bax. A recent study revealed that dihy-
droartemisinin has antitumor activity in cholangiocarcinoma 
and can reduce the interaction of Beclin-N1 with Bcl-2 while 
promoting its interaction with Phosphatidylinositol 3-kinase 
catalytic subunit type 3 (51). Similar results were revealed in 
the present study. To investigate the role of apoptin-induced 
autophagy in apoptosis, the autophagy‑specific inhibitor 3‑MA 

was used to suppress autophagy and to investigate the relation-
ship between autophagy and apoptosis in MCF-7 cells. It has 
previously been reported that the autophagy inhibitor 3-MA 
can enhance endoplasmic reticulum stress-induced apoptosis 
of nasopharyngeal carcinoma cells (52). In the present study, 
western blotting results revealed that the expression levels 
of the apoptosis‑associated protein Bcl‑2 were significantly 
decreased when Ad-VP3 or Ad-VT infection was combined 
with 3-MA treatment, whereas the expression levels of the 
proapoptotic protein Bax were significantly increased. There 
was no significant difference between cells treated with 3‑MA 
alone and the control group. Therefore, it was hypothesized 
that inhibition of autophagy could increase the apoptosis of 
MCF-7 cells infected with recombinant adenoviruses.

To the best of our knowledge, the present study is the first 
to reveal that recombinant adenoviruses expressing apoptin 
may significantly affect autophagy in MCF‑7 breast cancer 
cells. The results indicated that the recombinant adenoviruses 
may enhance protective autophagy at the early stage (6 h) in 
MCF-7 breast cancer cells, such that cell damage by apoptosis 

Figure 6. Continued. Proteomics confirmed that apoptin induces autophagy in MCF‑7 cells. (D) Proteomic data revealed components of the autophagy 
signaling pathways. Proteins more abundant in Ad-VT-infected MCF-7 cells are shown in red (the ratio of Ad-VT/control was >10) and those that are a little 
more abundant in Ad-VT-infected MCF-7 cells are shown in pink (the ratio of Ad-VT/control was >1, but <10). Markedly elevated proteins are surrounded 
by a frame, indicating an increase in expression following Ad-VT and Ad-VP3 stimulation; when the left-hand side of the protein is framed this represents 
an increase in response to Ad-VT stimulation compared with the control group, whereas when the right-hand side of the protein is framed this represents an 
increase in response to Ad-VP3 compared with the control group. +p and +pp indicate the degree of phosphorylated protein expression; compared with the 
control group, +pp is more significant than +p. Ad‑VP3, Ad‑Apoptin; Ad‑VT, Ad‑Apoptin‑hTERTp‑E1a; MOI, multiplicity of infection.
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is inhibited. However, with the prolongation of apoptin treat-
ment duration, autophagy began to decrease. It was therefore 
hypothesized that apoptosis may gradually dominate following 
extended treatment with apoptin. It remains to be determined 
how apoptin interacts with autophagy and apoptosis of MCF-7 
cells. In conclusion, the present study demonstrated that 
recombinant adenoviruses expressing apoptin inhibited the 
early growth of breast cancer cells via a mechanism associ-
ated with the induction of autophagy. Our future study aims 
to analyze more breast cancer cell lines alongside mammary 
epithelial cells as a control. These results may lead to novel 
strategies to prevent and treat breast cancer.
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