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Abstract
Cancer virotherapy provides a new strategy to treat cancer that can directly kill cancer cells by oncolysis. Insertion of therapeutic genes 
into the genome of a modified adenovirus, thereby creating a so-called gene-virotherapy that shares the advantages of gene therapy 
and virotherapy. In this study we investigated whether a strategy that combines the oncolytic effects of an adenoviral vector with the 
simultaneous expression of the autophagy gene Beclin-1 offered a therapeutic advantage for chronic myeloid leukemia (CML) cells with 
resistance to chemotherapy and evaluated the synergistic effects of SG511-BECN and doxorubicin (Dox) in human CML cells in vitro. 
Oncolytic virus SG511-BECN was constructed through introducing the Beclin-1 gene into the oncolytic adenoviral backbone. SG511-
BECN displayed significantly improved antileukemia activity on multidrug-resistant CML cell line K562/A02, which was mediated via 
induction of autophagic cell death. Furthermore, Dox could synergize with SG511-BECN to kill the CML cells by improving the infectious 
efficiency of the oncolytic adenovirus without causing significant damage to normal human mononuclear cells. The results demonstrate 
that targeting the autophagic cell death pathway and combination of a chemotherapy agent with oncolytic adenovirus may be a novel 
strategy for the treatment of leukemia with chemotherapy resistance.
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Introduction
Cancer virotherapy provides a new strategy to treat cancer as 
biotherapeutic agents that lack cross-resistance with currently 
available treatments [1-2] and represents a novel approach for 
gene therapy[3-4].  Results from preclinical studies with several 
viral types are promising, among which conditionally replicat-
ing adenoviruses (CRAds) are attractive because of several of 
their attributes, including lytic replication, efficient genome 
transfer, and excellent patient safety in clinical trials[4-5].  

To enhance the therapeutic index of CRAds, two main strate-
gies are currently being used to engineer CRAds to make them 
more selective and cytotoxic to tumor cells.  The first approach 
is the creation of chimeric vectors, where the whole fiber or 
only the knob region is replaced with that of another serotype 
of adenovirus (Ad), leading to decreased hepatotoxicity fol-

lowing virus administration attributed to less liver tropism, 
and increased infectivity of the target tumor by coxsackie 
adenovirus receptor (CAR)-independent transduction[6-8].  
Another strategy is based on the insertion of therapeutic genes 
into the genome of a modified CRAd, thereby creating a so-
called gene-virotherapy.  Gene-virotherapy shares the advan-
tages of gene therapy and virotherapy, which not only can 
directly kill cancer cells by oncolysis but also augment the cop-
ies of therapeutic genes by replication of the virus, resulting in 
longer transgene expression within tumors and potent activity 
against cancers [9-10].  We previously generated a series of E1B-
55K-deleted CRAds armed with different pro-apoptotic genes, 
such as tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL), p53, and interleukin-24, and demonstrated 
that the combination of pro-apoptotic or tumor suppressor 
genes and viral oncolysis yielded an additive cytotoxic effect 
on cancer cells.  These viruses also proved more effective than 
the unarmed control vector at suppressing tumor growth in vivo 
and prolonged survival in tumor or leukemia models [8, 11-12].

Cancer is a complex disorder associated with defects in 
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multiple signaling pathways that confer resistance to apop-
tosis, suggesting the need for other innovative strategies[12-13].  
Recent studies have demonstrated that autophagic cell death 
may serve as a novel way to eliminate tumor cells with defec-
tive apoptosis[14-18].  Therefore, we reasoned that arming 
CRAds with the genes inducing autophagic cell death could 
effectively kill cancer cells, especially cancer cells resistant to 
apoptosis, and represent an attractive prospect.  Indeed, in 
our previous study[19], we have demonstrated that combined 
Beclin-1 gene therapy that induces autophagic cell death and 
the SG511 vector (a new Ad5/11 fiber chimeric CRAd) showed 
enhanced anti-leukemia activities.

Current therapeutic approaches for CML mainly include 
Bcr-Abl-targeted drug or cytotoxic agents and stem cell trans-
plantation[20].  Although the efficacy of Bcr-Abl tyrosine kinase 
inhibitors (TKIs) is undoubtedly for CML therapy, resistance 
remains a challenge[21].  Causes of the drug resistance include 
P-glycoprotein (P-gp) up-regulation, Abl kinase domain muta-
tions, and Bcr-Abl overexpression[22].  Thus, novel approaches 
must be adopted to reverse drug resistance and enhance the 
therapeutic efficacy.  

In this study, we combined the Beclin-1 gene therapy that 
induces autophagic cell death with the SG511 vector.  The 
results showed that overexpression of Beclin-1 significantly 
enhanced the killing effect of the virus in multidrug-resistant 
CML cells, in which the cytotoxic activity of the parental virus 
without the Beclin-1 gene was weak overall.  Next, we evalu-
ated whether the combination treatment of SG511-BENC 
plus Dox performed robust synergistic killing in CML cells.  
We further studied the mechanism of enhanced cytotoxicity 
induced by the combination therapy focusing on the alteration 
of the virus infectious efficiency and autophagy/apoptosis-
associated proteins, suggesting targeting the autophagic cell 
death pathway may be a novel strategy for the treatment of 
leukemia with chemotherapy resistance.

Materials and methods
Normal bone marrow samples, cell lines and reagents
Normal bone marrow samples from healthy volunteers were 
obtained after informed consent and with the approval of the 
Ethics Committee of the First Affiliated Hospital of Zhejiang 
University (Hangzhou, China).  Bone marrow mononuclear 
cells (MNCs) were isolated by gradient centrifugation using 
lymphocyte cell separation medium.  The human CML cell 
line K562 was obtained from the American Type Culture Col-
lection (ATCC, Rockville, MD, USA).  K562/A02, the doxoru-
bicin-resistant CML cell line, was kindly provided by the Insti-
tute of Hematology, Chinese Academy of Medical Sciences 
(Tianjin, China).  The cell lines were authenticated by com-
paring the immunophenotype, the karyotype, and molecular 
markers.  All the cell lines were used within 6 months after 
documentation and were cultured as previously described [10].  
Dox was purchased from Sigma (St Louis, MO, USA).  All pri-
mary antibodies used in this study were purchased from Cell 
Signaling Technology (Beverly, MA, USA), except for anti-
Beclin-1 (Novus Biologicals), anti-LC3 (Novus Biologicals), 

and anti-actin (Santa Cruz Biotechnology, Santa Cruz, CA, 
USA).

Construction of recombinant viruses
The complete cDNA sequence of the Beclin-1 gene was ampli-
fied by quantitative real-time-PCR (qPCR) using the upstream 
primer (5’-CCG GAA TTC ACC ATG GAA GGG TCT AAG 
ACGTCC AAC-3’) and downstream primer (5’-ACG CGTCGA 
CTT ATC ATT TGT TAT AAA ATT GTG AGG-3’).  The syn-
thetic DNA was released with EcoRI and SalI (New England 
Biolabs, Beverley, MA, USA) and ligated into plasmid pENTR-
12 to generate pENTR12-BECN.  After sequence confirmation, 
the pENTR12-BECN construct was then recombined using the 
LR reaction (Invitrogen, Carlsbad, CA, USA) into the pPE11 to 
form pPE11-BECN.  pPE11 is an adenovirus packaging plas-
mid constructed by replacing the Ad5 fiber with the Ad5/11 
chimeric fiber[3].  Finally, pPE11-BECN was transfected into 
HEK293 cells using Lipofectamine 2000 transfection reagent 
(Invitrogen) together with plasmid pSG500[2].  The obtained 
CRAds was named SG511-BECN.  The enhanced green flores-
cence protein (GFP) gene was cloned into SG511 to construct 
SG511-GFP as previously described [10].  

Cell proliferation assay
Cell proliferation was determined by the MTT-based cytotox-
icity assay (Sigma), as previously described[16].  Briefly, cells 
were treated with various concen trations of Dox, SG511, or 
SG511-BECN for 48 h.  Upon termination, the medium was 
replaced with fresh medium containing 0.5 mg/mL MTT.  The 
cells were incubated for an additional 4 h at 37 °C.  Following 
removal of the medium and MTT, DMSO (200 μL) was added 
to each well, and the absor bance was measured at 570 nm by 
spectrophotometry.

Flow cytometric analysis
After treatment with SG511-BECN and/or Dox for 48 h, cells 
were harvested and washed with PBS buffer containing 5 
mmol/L EDTA and then were incubated at 37°C for 30 min.  
Cell death was determined by staining cells with annexin 
V-FITC and propidium iodide (PI) using the annexin 
V-FITC apoptosis detection kit (BD Pharmingen, San Diego, 
CA, USA) and then analyzed using a FACScan flow cytometer 
and CELL Quest software (Becton Dickinson, Franklin Lakes, 
NJ, USA).

Detection of autophagosome formation with acridine orange
To detect the presence of AVOs, leukemic cells were treated 
with SG511 or SG511-BECN.  After 48 h, the cells were stained 
with the vital dye acridine orange (1 μg/mL; Molecular 
Probes, Eugene, OR, USA) and then were examined imme-
diately by florescence microscopy (IX71; Olympus, Tokyo, 
Japan) with a red filter (excitation, 560 nm; emission, 645 nm).

Autophagosome staining with GFP-LC3
K562 cells stably expressing GFP-LC3 were established as 
previously described[12].  The cells were treated with SG511 
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or SG511-BECN at an MOI of 40 for 48 h.  The florescence 
of GFP-LC3 was viewed under a florescent microscope, and 
photographs were taken.  The cells with GFP-LC3 vacuoles 
(autophagosomes) were counted by image analysis using 
ImageJ software (National Institutes of Health, Bethesda, MD, 
USA).

Western blot analyses
Western blot analyses were performed as previously 
described [12].  Briefly, equal amounts of total cell lysates were 
separated on sodium dodecyl-sulfate (SDS)-polyacrylamide 
gels containing 8%–12% acrylamide gradients and then were 
transferred to polyvinylidene difluoride membranes (Milli-
pore, Bedford, MA, USA).  Non-specific binding was blocked 
with 10 mmol/L Tris-HCL buffered saline plus 0.05% Tween-
20 containing 5% skimmed milk powder for 1 h at room tem-
perature.  Membranes were incubated with the primary anti-
body overnight at 4°C, followed by incubation with secondary 
antibodies conjugated with the fluorescent dyes for 2 h at 
room temperature.  After washing three times, the membranes 
were incubated with anti-rabbit/mouse IgG conjugated to 
horseradish peroxidase.  The results were visualized with the 
ECL detecting kit.  The primary antibodies used here were as 
follows: caspase-8/-9/-3, LC3, BECN-1 and β-actin.  

Transmission electron microscopy
CML cells were harvested after treatment with the oncolytic 
viruses or Dox and then were fixed with 2.5% phosphate-
buffered glutaraldehyde, followed by postfixation in 1% phos-
phate-buffered osmium peroxide and embedding in Spurr’s 
resin.  The ultrathin sections (0.12 µm) were cut and then were 
double stained with uranyl acetate and lead citrate.  Represen-
tative areas were chosen and viewed with a Philips TECNA10 
TEM at an accelerating voltage of 80 kV.

Statistical analysis
Statistical analysis of the experimental results was conducted 
by Student's t-test.  A P-value <0.05 was considered to indicate 
a statistically significant difference.  Synergisms in the com-
bination treatments were analyzed using CalcuSyn software 
(Biosoft, Cambridge, UK).  According to this method, synergy 
was expressed as log10 (CI) vs fraction affected, and log10 
(CI) <0 indicates synergy; log10 (CI) = 0 indicates an additive 
effect; and log10 (CI) >0 indicates antagonism.

Results
Oncolytic virus SG511-BECN mediates multidrug-resistant cell 
killing in an apoptotic-independent manner
It has been shown that SG511-BECN could induce leukemia 
cell death in our previous studies[19].  We first examined the 
effect of SG511-BECN on CML cell lines K562 and K562/A02 
(a doxorubicin-resistant cell line).  As shown in Figure 1B and 
Figure 1C, CML cells were exposed to 40 MOI of SG511-BECN 
virus for 48 h, and the viability of K562 and K562/A02 cells 
was reduced by 39.33% and 54.67%, respectively, indicating 
that K562/A02 cells were more sensitive to SG511-BECN.  

However, the doses of Dox that inhibited 50% proliferation 
(IC50) at 48 h in the two types of cells were approximately 
0.17 and 2.51 μmol/L, respectively.  These data indicate that 
SG511-BECN is a potential oncolytic virus that will kill chemo-
therapy-sensitive and -resistant CML cells.

To further clarify whether the anti-proliferative activity of 
SG511-BECN was related to induction of apoptosis, Annexin 
V-FITC and PI double staining was performed.  Treatment 
of K562 and K562/A02 cells with 40 MOI of SG511-BECN for  
48 h resulted in 11.6% and 10.9% apoptotic (annexin V+ and 
PI+) cells, respectively (Figure 2A).  There was no significant 
difference between the response to SG511-BECN and SG511.  
While 0.2 μmol/L Dox induced 20.2% of apoptotic in K562 
cells, Dox cytotoxicity against K562/A02 was not significantly 
induced by 2 μmol/L Dox, suggesting that the killing of CML 
cells by SG511-BECN bypassed apoptotic pathway.

To further confirm that the anti-proliferative effect of SG511-
BECN occurred in an apoptotic-independent way, apoptotic 
signaling elements were analyzed by Western blotting.  As 
shown in Figure 2B, treating CML cells with 40 MOI of SG511-
BECN did not significantly increase the levels of cleaved forms 
of caspase-9, -3, and PARP compared with treating K562 cells 
with 0.2 μmol/L Dox.  

Taken together, these data suggest that the killing of che-
motherapy-sensitive and -resistant CML cells by SG511-BECN 
occurs via an apoptotic-independent pathway.

SG511-BECN virus induces autophagic cell death in CML cells
To investigate whether the infection of CML cells with SG511-
BECN can produce Beclin-1 protein, K562 and K562/A02 cells 
were exposed to 40 MOI of virus for 48 h and were subjected 
to Western blot analysis.  Beclin-1 protein showed increased 
expression obviously in the SG511-BECN group but not in the 
SG511 and Dox treatment groups.

Autophagy is characterized by the formation of AVOs 
and the location of microtubule-associated protein LC3 on 
autophagosomes[15].  Thus, we detected autophagy by mea-
suring the following: (1) conversion of LC3-I to LC3-II by 
Western blotting; (2) formation of GFP-LC3-labeled vacuoles 
by transfection and fluorescence microscopy; (3) formation of 
AVOs by florescence microscopy; and (4) electron microscopy 
(EM) of AVOs.  As expected, sharp up-regulation of LC3-II 
was observed in SG511-BECN-treated cells but not in PBS- 
or Dox-treated cells; however, weak up-regulation of LC3-II 
was observed in cells infected with SG511 (Figure 3A).  Fur-
thermore, SG511-BECN also resulted in the significant forma-
tion of GFP-LC3-labeled vacuoles (Figure 3B) and induced 
AVO formation in CML cells over a 48-h time course (Figure 
3C), whereas the SG511 vector did not (data not shown).  In 
agreement with those results, EM showed many autophagic 
vacuoles in the cells treated with SG511-BECN (Figure 3D).  
By contrast, these vacuoles were not seen in the PBS-, Dox- or 
SG511-treated cells (data not shown).  

Based on the overexpression of Beclin-1 and induced 
autophagy in SG511-BECN-infected cells, while activation 
of the caspase pathway was not observed, we conclude that 
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SG511-BECN could effectively induce autophagic cell death in 
chemotherapy-sensitive and -resistant CML cells.

SG511-BECN functions synergistically with Dox to inhibit 
multidrug-resistant CML cell growth
To improve the anti-leukemic efficacy of Dox in CML cells, 
especially in chemotherapy-resistant cells, we determined 
whether SG511-BECN enhanced Dox-mediated cell death.  
The effects of SG511-BECN and Dox alone, as well as SG511-
BECN plus Dox, on the growth of K562 and K562/A02 cells 
were analyzed.  K562 and K562/A02 cells were infected with 
SG511-BECN at an MOI ranging from 5 to 40 in 96-well plates 
and then were treated with various concentrations of Dox 
(25–200 nmol/L for K562 cells; 0.25–2 μmol/L for K562/A02 
cells).  Cell survival was determined at 72 h by the MTT assay.  
As shown in Figure 4A and Figure 4B, cell death induced 

by SG511-BECN in combination with Dox was significantly 
increased.  CI analysis revealed that the CI for K562 and 
K562/A02 was <0, suggesting that SG511-BECN and Dox co-
treatment was highly synergistic in CML cells.  By contrast, 
SG511-GFP significantly enhanced Dox-mediated cell death in 
K562 cells (Figure 4C), but not in K562/A02 cells (Figure 4D).

Mechanism of enhanced cell death induced by the combination 
therapy
We investigated the potential molecular mechanism of the sen-
sitization of CML cells to the SG511-BECN/Dox combina tion 
by examining possible alterations in the infectious efficiency 
of SG511-BECN in CML cells when under Dox chemotherapy, 
and then assessed the expression levels of autophagic and 
apoptotic signaling molecules.  

The leukemic cells were easily transduced by the oncolytic 

Figure 1.  Anticancer activity of the oncolytic virus SG511-BECN to Dox-resistant CML cell lines.  Schematic diagram of SG511-GFP and SG511-BECN (A).  
The oncolytic viruses have an E1B 55-kDa deletion and Ad5/F11 chimeric fiber.  Beclin-1 or GFP was cloned into the E3 region.  The CML cell line K562 (B) 
and Dox-resistant CML cell line K562/A02 (C) were exposed to Dox at the indicated concentrations, SG511 (40 MOI), or SG511-BECN (40 MOI) for 48 h.  
Cell viability was determined by the MTT assay.  The results are representative of three independent experiments and are expressed as the mean±SD.
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adenovirus, which was described in our previous study [19].  As 
demonstrated in Figure 5A, FACS analysis showed the aver-
age portion of GFP-positive cells was obviously increased at 
2 days post-infection (MOI=40) in the SG511-GFP/Dox com-
bination group compared with that in the SG511-GFP-alone 
group, suggesting the infectious efficiency of the oncolytic 
adenovirus was enhanced when the cancer cells were in the 
context of chemotherapy.

To further investigate the underlying molecular mechanism 
by which SG511-BECN functions synergis tically with Dox 
to induce cell death in CML cells, several signaling proteins 
involved in the autophagic and apoptotic pathway were 
observed.  As shown in Figure 5B and Figure 5C, combined 
treatment for 48 h resulted in significantly increased levels 
of Beclin-1 and LC3-II proteins, while the levels of apoptotic 
pathway protein expression (caspase-9, -8 and -3) were not 
altered.  These results confirmed that SG511-BECN functions 
synergistically with Dox to induce cell death in CML cells in 

an autophagy-targeted manner.

Effect of Dox combined with SG511-BECN on normal human cells
Next, we examined the effects of Dox combined with SG511-
BECN on normal human MNCs.  The results showed that 
treating cells with 0.2 μmol/L of Dox or 40 MOI of SG511-
BECN resulted in 6% and 8% cell growth inhibition after 48 
h, while the combination of Dox and SG511-BECN resulted in 
10% cell growth inhibition (Figure 5D).  Our results suggest 
that Dox combined with SG511-BECN had limited cytotoxicity 
to normal human MNCs.

Discussion
Autophagy is a highly conserved catabolic program for the 
degradation and recycling of cellular components, including 
long-lived proteins and organelles, and has been recognized 
as an important regulatory mechanism in cell fate decisions.  
Accumulating evidence has indicated that autophagic cell 

Figure 2.  Oncolytic virus SG511-BECN-mediated multidrug-resistant cell-killing effect via an apoptotic-independent way.  (A) CML cell lines K562 and 
K562/A02 were harvested at 48 h after treatment with 40 MOI of SG511/SG511-BECN virus or different concentrations of Dox.  Cells were stained via 
annexin V/PI staining and were analyzed by flow cytometry.  The results are representative of three independent experiments and are expressed as the 
mean±SD.  (B) CML cell lines K562 and K562/A02K562 were treated with 40 MOI of SG511/SG511-BECN virus or different concentrations of Dox for 
48 h.  Whole-cell lysates were subjected to Western blotting analysis to examine the protein levels of caspase-9, caspase-3 and PARP.  Actin was used 
as a loading control.  The results are representatives of three independent experiments.
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death plays an important role in the generation of anticancer 
activity in apoptosis-defective cells[15-17].  This process is acti-
vated in cancer cells in response to stress or therapeutic agents, 
which has been implicated as the main mechanism by which 
some antileukemia agents produce their antileukemic activi-
ties[23-26].  Interestingly, the induction of autophagy not only 
mediates cell death induced by dexamethasone in lymphoid 
leukemia but is also required for leukemic cells to overcome 
glucocorticoid resistance[23,26].  These studies raise the possibil-
ity that genes that induce autophagy could act as sensitizers of 
leukemia cells to the killing effects of oncolytic virus.  

In the present study, we investigated whether the antitumor 
effect of SG511-BECN, a chimeric CRAd armed with Beclin-1, 

effectively kills human leukemia cell line K562.  Additionally, 
K562/A02 cells were utilized to examine the effect of SG511-
BECN on multidrug-resistant cells.  The results revealed that 
the chimeric CRAd plus Beclin-1 achieved superior antileuke-
mia effects compared with the group treated with SG511 virus 
or Dox alone.  Next, we validated the induction of autophagy 
by our Beclin-1-armed viruses, as indicated by the forma-
tion of the autophagic vesicles detected by four independent 
approaches: LC3-I to LC3-II conversion by Western blotting, 
LC3 translocation to vacuoles in GFP-LC3-transfected K562 
cells, AVO staining and TEM respectively.  Consistent with 
these results, we found that ATG5 and ATG7 knockdown res-
cued the cells from SG511-BECN-induced growth inhibition 

Figure 3.  SG511-BECN virus induced autophagic cell death in CML cells.  (A) CML cell lines K562 and K562/A02 were infected with the indicated 
viruses at an MOI of 40 or different concentrations of Dox (0.2 μmol/L for K562 and 2 μmol/L for K562/A02).  Cell lysate was immunoblotted with 
anti-Beclin-1, anti-LC3, and anti-actin antibodies at day 2 of the experiment.  (B) Formation of GFP-LC3 vacuoles (dots) was determined after K562 
cells were stably transfected with the GFP-LC3 vector and were treated with 40 MOI of SG511 or SG511-BECN for 48 h.  (C) Formation of AVOs was 
determined after CML cells were infected with or without SG511, or SG511-BECN at an MOI of 40 for 48 h.  (D) CML cell lines K562 and K562/A02 
were treated with SG511 and SG511-BECN, respectively and were observed under TEM (×4200 and ×12500).  There are two types of vacuoles in the 
cytoplasm of SG511-BECN-treated cells: dense multilamellar bodies and inclusion bodies.  A representative of two separate experiments is shown.
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in our previous studies[19], demonstrating that autophagic cell 
death contributed to the enhanced cytotoxicity of the virus 
against leukemia cells.

Several clinical studies have revealed that enhanced and 
even synergistic antitumor activity can be achieved when 
oncolytic adenoviruses are used in combination with chemo-
therapy[27-29] and suggested that the design of CRAd given in 
combination with cytotoxic chemotherapies will maximize 
the potential of oncolytic adenovirus and optimize the patient 
benefit.  We previously demonstrated that SG235-TRAIL, a 

new oncolytic adenovirus harboring an Ad5/F35 chimeric 
fiber and armed with an antitumor gene TRAIL, acted syn-
ergistically with homoharringtonine in human leukemia cell 
lines[30].  In this work, the effects of Dox combined with SG511-
BECN on CML cells were investigated, and the synergistic 
effect was identified by the calculation of the CI.  The combi-
nation therapy was found to significantly inhibit the prolifera-
tion of CML cells compared with each agent alone, suggesting 
that Dox could be used in combination with SG511-BECN in 
the treatment of leukemia patients.

Figure 4.  Synergetic cytotoxicity of SG511-BECN or SG511-GFP combined with Dox to inhibit CML cell growth.  (A) Dose response of CML cells to SG511-
BECN, Dox, and SG511-BECN combined with Dox.  CML cells were seeded into 96-well plates and were treated with SG511-BECN, Dox alone, or SG511-
BECN combined with Dox at the dosages indicated.  After 72 h, cell viability was measured by the MTT assay.  The mean values and standard errors of 
results from three independent experiments are shown.  (B) Synergy was quantified by combina tion index (CI) analysis and was expressed as log10 (CI) 
vs fraction affected.  Where calculable, 95% confidence intervals are shown.  (C) The CML cell line K562 and (D) Dox-resistant CML cell line K562/A02 
were exposed to 40 MOI of SG511-GFP, Dox, or SG511-GFP combined with Dox for 48 h, and then cell viability was determined by the MTT assay.  The 
results are representative of three independent experiments and are expressed as the mean±SD.
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Figure 5.  Enhanced infectious efficiency synergizes the autophagic response to combined treatment with Dox and SG511-BECN.  (A) K562 and K562/
A02 cells were treated with 40 MOI of SG511-GFP or/and Dox for 24 h and then collected for analysis by FACS.  (B) K562 and K562/A02 cells were 
infected with the indicated viruses at an MOI of 40 or different concentrations of Dox (0.2 μmol/L for K562 and 2 μmol/L for K562/A02).  Cell lysates 
were immunoblotted with anti-Beclin-1, anti-LC3, and anti-actin antibodies at day 2 of the experiment.  (C) CML cell lines K562 and K562/A02 cells 
were treated with 40 MOI of SG511-BECN virus and/or different concentrations of Dox (0.2 μmol/L for K562 and 2 μmol/L for K562/A02) for 48 h.  
Whole-cell lysates were subjected to Western blotting analysis to examine the protein levels of caspase-9, caspase-8, caspase-3 and PARP.  Actin was 
used as a loading control.  The results are representative of three independent experiments.  (D) Normal human mononuclear cells were treated with 
SG511-BECN virus and/or different concentrations of Dox.  Cells that received PBS served as a negative control.  After 72 h, cell viability was measured 
by the MTT assay.  The standard error was calculated from three independent experiments.
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 To investigate the potential molecular mechanism of the 
sensitization of CML cells to the SG511-BECN/Dox combina-
tion, we detected possible alterations in the infectious effi-
ciency of SG511-BECN in CML cells when under Dox chemo-
therapy and then observed the expression levels of autopha-
gic/apoptotic signaling molecules.  Notably, an interesting 
finding was that the infectious efficiency of the oncolytic 
adenovirus was enhanced when the cancer cells were in the 
context of chemotherapy; however, its underlying mechanism 
remains vague.  The cause might be that chemotherapy agents 
alter the structure of the cell membrane, making it more sus-
ceptible to oncolytic adenovirus infection.  The detection of 
signaling proteins involved in the autophagic and apoptotic 
pathway confirmed that SG511-BECN functions synergisti-
cally with Dox to induce cell death in CML cells in an autoph-
agy-targeted manner.

In summary, we have demonstrated, for the first time, that 
by introducing the Beclin-1 gene into the oncolytic adenoviral 
backbone, the antileukemia activity of the virus on multidrug-
resistant cell lines can be significantly improved.  Furthermore, 
Dox could synergize with SG511-BECN to kill CML cells by 
improving the infectious efficiency of the oncolytic adenovirus 
without causing significant damage to normal human mono-
nuclear cells.  These data suggest that expressing the Beclin-1 
gene may offer a novel promising gene-virotherapy for the 
treatment of CML with chemotherapy resistance via a unique 
mechanism of action distinct from apoptosis, and the combina-
tion therapy with chemotherapy agents and oncolytic adeno-
virus could represent a rational approach for the treatment of 
CML.
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