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Background: The development of drug resistance and the persistence of leukemia stem

cells are major obstacles for the use of tyrosine kinase inhibitors (TKIs) in the treatment of

chronic myeloid leukemia (CML). The induction of autophagic death in tumor cells repre-

sents a new route for leukemia treatment. Our previous study showed that infection of CML

cells with oncolytic viruses carrying the autophagy gene Beclin1 downregulated BCR/ABL

protein expression and significantly increased the killing effect of the oncolytic viruses on

CML cells via autophagy activation. However, the specific molecular mechanisms under-

lying the regulation of BCR/ABL and Beclin1-dependent CML cell killing remain unclear.

Methods: A physical interaction between BCR/ABL and Beclin1 was characterized via

GST-pulldown, co-IP and dual-luciferase reporter assays. Cell proliferation was examined

via CCK-8 and clone formation assays. The expression levels of the related proteins were

measured via Western blotting. Autophagosomes were observed under transmission electron

microscopy. Lentiviral vectors carrying Atg7/UVRAG shRNA or the Beclin1 gene were used

to modulate the expression levels of the indicated genes. Immunofluorescence were per-

formed to examine colocalization of BCR/ABL and p62/SQSTM1. CD34+CD38− cells were

isolated from bone marrow samples from CML patients via fluorescence-activated cell

sorting.

Results: In this study, we observed that Beclin1 directly interacts with BCR/ABL. Beclin1

inhibited the activity of the BCR/ABL promoter to downregulate the level of BCR/ABL

protein and to promote the downstream colocalization of p62/SQSTM1 and BCR/ABL to

autolysosomes for degradation via activation of the autophagy signaling pathway. In CML

cell lines, primary cells and CD34+CD38− leukemia stem cells, Beclin1 overexpression

significantly inhibited cell growth and proliferation and induced autophagy.

Conclusion: Taken together, our results suggest that autophagy induction via Beclin1

overexpression might offer new approaches for treating TKI-resistant CML and for promot-

ing the clearance of leukemia stem cells, both of which have important clinical implications.
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Introduction
Chronic myeloid leukemia (CML) is a clonal proliferative neoplasm derived from

pluripotent hematopoietic stem cells. This cancer is characterized by aberrant

expression of the BCR/ABL oncogene, which is created via the chromosomal

translocation t(9;22)(q34;q11). The BCR/ABL fusion protein possesses constitutive

tyrosine kinase activity and causes uncontrolled myeloid cell proliferation.1 The

advent of tyrosine kinase inhibitors (TKIs), eg, imatinib, greatly improved the
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prognosis and survival of CML patients.2 However, TKI

resistance, which mainly results from BCR/ABL point

mutations, gene amplification, or BCR/ABL-independent

mechanisms, is now a major clinical problem for CML

treatment.3 Although second-generation TKIs, such as

nilotinib and dasatinib, have overcome most of the chal-

lenges stemming from drug resistance conferred by BCR/

ABL mutations, the treatment of CML patients harboring

the BCR/ABL T315I mutation is still ineffective.4 More

importantly, TKIs cannot clear leukemia stem cells (LSCs)

from CML patients.5 Therefore, studying and elucidating

new targets and strategies for CML treatment still have

important implications.

Autophagy is a lysosomal degradation pathway that is

essential for survival, differentiation, development, and

homeostasis. This process principally plays an adaptive role

to protect organisms against diverse pathologies; therefore,

abnormal autophagy is closely associated with the develop-

ment and progression of many diseases, including tumors.6

Autophagy is a complex process that plays dual roles in

cancer, as it can have both tumor suppressive and oncogenic

effects under different conditions.7 On the one hand,

autophagy is a pro-survival mechanism when organisms

experience environmental stress, and it is also associated

with drug-resistance in tumor cells (ie, protective

autophagy).7,8 For example, as imatinib can induce protec-

tive autophagy in CML cells, the application of autophagy

inhibitors can significantly enhance its antitumor effects.9,10

On the other hand, autophagy is also a type of antitumor

mechanism. Previous studies have shown that deficiencies or

low expression levels of autophagy-related genes, such as

Beclin1, UVRAG, and Atg7, promote the development and

progression of many tumors, including myeloid leukemia,

and such genetic dysregulation is associated with poor

prognosis.11–15 Recent research has shown that inducing

autophagy may overcome drug resistance and exert an antil-

eukemia effect,16,17 indicating that autophagy stimulation

might offer a new treatment strategy for CML patients.

Beclin1 is a very important initiator and regulatory factor

of autophagy.18 Beclin1 expression is generally downregu-

lated in leukemia cells;19,20 however, the induction of high

Beclin1 expression can exert an antitumor effect via autop-

hagy activation.21,22 Our previous work showed that treating

CML cells with chimeric oncolytic adenoviruses carrying

Beclin1 induced autophagy, inhibited BCR/ABL expression,

and significantly enhanced the killing effect of the oncolytic

viruses in leukemia cells.23 The present study aimed to

further investigate and elucidate the mechanisms underlying

this BCR/ABL downregulation and the killing of leukemia

cells, especially LSCs, via Beclin1-mediated autophagy.

Materials and methods
Cell lines
The human K562 and HEK 293T cell lines were obtained

from the China Center for Type Culture Collection (CCTCC,

Wuhan, China). The murine leukemic 32D cells carrying the

T315I-mutant BCR/ABL (32Dp210-T315I) allele were

kindly provided by Professor L. Qiu (Harbin Institute of

Hematology and Oncology, Harbin, China). The cells were

grown in RPMI-1640 medium (Gibco, Grand Island, NY,

USA) containing 10% fetal bovine serum (FBS) and were

maintained at 37 °C in a humidified atmosphere with 5%

CO2. The Ethics Committee of the First Affiliated Hospital

of Zhejiang University (Hangzhou, China) approved the

human cell lines used in the current study.

Primary cells
Bone marrow (BM) samples were obtained from patients

during CML blast crisis (CML-BC, including those carry-

ing the T315I mutation) prior to the initiation of chemother-

apy. Mononuclear cells (MNCs) were isolated from the BM

samples via Ficoll-Paque (Haoyang Biotech, Tianjin,

China) density gradient centrifugation according to the

manufacturer’s instructions. CD34+CD38− cells were iso-

lated from theMNCs via fluorescence-activated cell-sorting

(FACS), as previously described.24 The CD34-FITC and

CD38-PE antibodies were purchased from BD

Biosciences (San Jose, CA, USA). The CD34+CD38−-

enriched populations were usually greater than 95% pure.

CD34+CD38− primary cells were incubated in Iscove’s

modified Dulbecco’s medium (IMDM; Gibco) supplemen-

ted with 10% FBS and containing stem cell factor (SCF;

100 ng/ml), interleukin (IL)-3 (20 ng/ml), IL-6 (20 ng/ml),

and granulocyte-macrophage colony-stimulating factor

(GM-CSF; 100 ng/ml) in a humidified atmosphere with 5%

CO2, as previously described.25 Cytokines were obtained

from PeproTech (Rocky Hill, NJ, USA). The Ethics

Committee of the First Affiliated Hospital of Zhejiang

University approved the use of human specimens in the

current study, and written informed consent was obtained

from all patients.

GST pull-down assay
The plasmid encoding the GST-tagged isoform of BCR/

ABL (pLEF GST- BCR/ABL, p210) was obtained from
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Addgene (plasmid #38158; Cambridge, MA, USA). The

GST-tagged BCR/ABL recombinant protein was expressed

in Escherichia coli and purified using Glutathione-

Sepharose 4B beads (GE Healthcare, Uppsala, Sweden).

The Flag-Beclin1 plasmid was kindly provided by Prof.

Jie Jin from Zhejiang University. The Beclin1 mutants

(Beclin1ΔN50, Beclin1ΔN100, Beclin1ΔN300,
Beclin1ΔC50, Beclin1ΔC100, Beclin1ΔC150, and

Beclin1ΔC200) were generated using a PCR-based muta-

genesis method. Equal amounts of GST or the GST fusion

proteins bound to Glutathione-Sepharose beads were incu-

bated with lysates from HEK 293T cells that were

previously transfected with plasmids encoding either Flag-

tagged wild type Beclin1 or the mutated Beclin1 con-

structs using Lipofectamine 3000 (Invitrogen, Carlsbad,

CA, USA). The beads were washed three times, and the

bound proteins were then analyzed via 10% sodium dode-

cyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE). After washing, the protein bands were visualized

via autoradiography.

Coimmunoprecipitation (Co-IP) assay
The plasmid encoding HA-tagged full-length p210 BCR/

ABL was kindly provided by Prof. Rongzhen Xu from

Zhejiang University. The plasmids encoding Flag-Beclin1

and the mutated constructs are described above. K562

cells were electrotransfected with the plasmids carrying

the HA- and Flag-tagged constructs using the Gene

Pulser Xcell electroporation system (Bio-Rad, Hercules,

CA, USA). After incubation for 24 h, the cells were

washed with phosphate-buffered saline (PBS) and then

lysed in CHAPS lysis buffer (20 mM Tris-HCl, pH 7.5,

137 mM NaCl, 2 mM EDTA, 10% glycerol, and 2%

CHAPS) containing protease inhibitors. The total cell

lysate (5 mg of protein) was precleared with 20 µl of

protein A/G-Plus Agarose beads (Santa Cruz

Biotechnology, Santa Cruz, CA, USA) for 3 h; then, the

supernatants were collected via centrifugation at

3,000 rpm for 3 min at 4 °C. The supernatants were

incubated with the indicated antibodies overnight at 4 C

with gentle agitation. After three washes with CHAPS

buffer, the immunocomplexes were mixed with 2× SDS

sample buffer, boiled for 5 min, and then subjected to

Western blot analysis.

Stable Beclin1 overexpression
The recombinant lentiviral vector carrying Beclin1 (LV-

Beclin1) and the negative control (LV-NC) vector were

purchased from Hanheng Biotech (Shanghai, China). Cells

were transfected with the lentiviruses at a multiplicity of

infection (MOI) of 100, cultured at 37 °C for 48 h, and

then selected with puromycin (Gibco). Cellular Beclin1

expression was evaluated via Western blot analysis.

Dual luciferase reporter assay
The pGL3-BCR/ABL promoter constructs were prepared

as described in the previous report by Marega et al26 K562

cells overexpressing Beclin1 (K562-Beclin1) and the

negative control cells (K562-NC) were transfected with

the pGL3-BCR/ABL promoter construct via electropora-

tion for 24 h. Luciferase activity was measured using

a Dual-Luciferase Assay Kit (Promega Corporation,

Madison, WI, USA) according to the manufacturer’s

instructions.

Cell viability assay
Cell viability was measured with the Cell Counting Kit-8

(Dojindo, Tokyo, Japan). K562-NC and K562-Beclin1

cells were incubated for 24 h with 3-methyladenine

(3-MA; Selleck Chemicals, Houston, TX, USA) or epox-

omicin (Epo; Merck Millipore, Billerica, MA, USA) and

plated in 96-well plates (5×104 cells/ml). 32Dp210-T315I-

Beclin1 cells were also plated in 96-well plates (5×104

cells/ml) and incubated for 0, 24, 48 and 72 h. The absor-

bance at 450 nm was measured with a microplate spectro-

photometer (Bio-Rad).

Western blot analysis
Total proteins were extracted from the collected cells.

Equal amounts of protein were separated via SDS-PAGE

and then transferred onto polyvinylidene fluoride (PVDF)

membranes (Merck Millipore). The membranes were sub-

sequently blocked for 2 h in Tris-buffered saline contain-

ing 0.1% Tween and 5% nonfat dry milk and then

incubated with primary antibodies overnight at 4 °C.

After incubation with horseradish peroxidase-conjugated

secondary antibodies (1:5000; Multi Sciences Biotech,

Hangzhou, China), the PVDF membranes were visualized

using chemiluminescence (ECL; Biological Industries,

Beit Ahemeq, Israel). The specific Caspase-3 inhibitor

Z-DEVD-FMK (DEVD) and the tyrosine kinase inhibitor

imatinib were obtained from Selleck Chemicals. The pri-

mary antibodies used were as follows: anti-Beclin1, anti-

cleaved PARP, anti-cleaved Caspase-3, anti-Atg5, anti-Atg

7, anti-UVRAG, anti-p-BCR/ABL (Tyr177), anti-Flag,

anti-HA, and anti-GAPDH, purchased from Cell
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Signaling Technology (Beverly, MA, USA), and anti-BCR

/ABL, anti-p62/SQSTM1, and anti-LC3 I/II, purchased

from Abcam (Cambridge, UK).

Transmission electron microscopy
Cultured cells were washed twice in PBS and fixed over-

night in 2.5% glutaraldehyde in PBS (pH 7.4). The sam-

ples were treated with 1.0% osmium tetroxide, dehydrated

via washes with a series of solutions with graduated etha-

nol concentrations (50%, 70%, 90%, and 100%), and then

embedded in durcupan resin. Ultrathin sections (65 nm)

were cut with an ultramicrotome, poststained with 1%

uranyl acetate and 0.1% lead citrate, and examined with

a TECNAI 10 electron microscope (Philips Electronic

Instruments, Mahwah, NJ, USA) at 60 kV.

Gene knockdown via short hairpin RNA
Recombinant lentiviral vectors carrying specific short hair-

pin RNAs (shRNAs) against Atg7 and UVRAG and

a negative control shRNA (scramble) were purchased

from Hanheng Biotechnology. The cells were infected

with the lentivirus for 48 h and then selected with puro-

mycin. Cell lines with stable gene knockdown were col-

lected for further experiments.

Immunofluorescence studies
K562-NC and K562-Beclin1 cells were incubated with or

without CA074 (Calbiochem, Darmstadt, Germany) for

24 h and then fixed with 4% formaldehyde. After permea-

bilization with 0.3% Triton X-100 and incubation with

goat serum (Dawen Biotech, Hangzhou, China), the cells

were incubated with the indicated primary antibodies over-

night at 4 °C. Next, the cells were incubated with Alexa

Fluor 488 (green) or 647 (red) dye-labeled secondary

antibodies (Abcam). After washing with PBS, the nuclei

were counterstained with DAPI (Southern Biotech, AL,

USA). The fluorescence was observed under

a fluorescence microscope (Leica Microsystems, Wetzlar,

Germany).

Colony-forming cell (CFC) assay
CML cells infected with LV-Beclin1 or LV-NC were pla-

ted in complete methylcellulose medium (MethoCult

H4434; StemCell Technologies, Vancouver, BC, Canada)

according to the manufacturer’s instructions. The cells

were cultured in a humidified incubator at 37 °C with 5%

CO2 for 14 days. Granulocyte-macrophage colony-

forming units (GM-CFUs) were counted under a light

microscope (Olympus, Tokyo, Japan) and recorded for

statistical analysis.

Statistical analysis
The experimental results are presented as the mean ± stan-

dard deviation. The differences between groups were eval-

uated via analysis of variance (ANOVA) and Student’s

t-test. P<0.05 was considered significant.

Results
Beclin1 and the BCR/ABL fusion protein

directly interact
First, bioinformatics predictions of the interaction between

Beclin1 and BCR/ABL were performed using the STRING

database (http://string-db.org/cgi/input.pl), and the prediction

results are shown in Figure 1A. Under the high confidence

condition (0.700), Beclin1 and the antiapoptotic protein Bcl-

2 were predicted to directly interact. Under the medium

confidence condition (0.400), Beclin1 interacted with BCR/

ABL, perhaps via Bcl-2 (Figure 1A). The interaction

between these two proteins was then examined in vitro

using a GST pull-down experiment. Several mutant Beclin1

constructs, including amino-terminal (N-terminal) or car-

boxyl-terminal (C-terminal) deletions, were generated

(Figure 1B) to clarify the specific regions of Beclin1 that

interact with BCR/ABL. Deletion of the N-terminal 1-300

amino acids of Beclin1 did not affect the interaction between

Beclin1 and GST-BCR/ABL (Figure 1C), whereas deletion

of the C-terminal 1-150 or 1-200 amino acids significantly

affected the interaction (Figure 1C). These results suggest

that the binding site for the interaction between Beclin1 and

BCR/ABL is in the C-terminal 1-150 amino acids of Beclin1.

Next, the interaction between Beclin1 and BCR/ABL in cells

was further studied using a co-IP assay. Flag-labeled Beclin1

and the mutant constructs were used to precipitate HA-

labeled BCR/ABL protein. Deletion of the C-terminal

1-150 amino acids of Beclin1 (Beclin1△C150) resulted in

a loss of its ability to precipitate BCR/ABL protein, whereas

deletion of the C-terminal 1-100 amino acids of Beclin1

(Beclin1△C100) did not affect this ability (Figure 1D).

These results further confirm that the region of Beclin1

required for its interaction with BCR/ABL protein is located

in its C-terminal 100-150 amino acids. Next, a dual-

luciferase reporter assay showed that the luciferase activity

from the BCR/ABL promoter in Beclin1-overexpressing

K562 cells was significantly decreased compared to that of

the control group (P<0.01) (Figure 1E), indicating that
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Beclin1 downregulates BCR/ABL protein expression by

inhibiting its promoter activity.

Beclin1 overexpression downregulated

BCR/ABL expression in CML cells,

inhibited cell growth and proliferation,

and induced autophagy
To examine whether Beclin1 overexpression in CML cells

inhibits BCR/ABL expression and induces autophagic

death, K562 cells were transfected with a lentiviral vector

carrying the Beclin1 gene to robustly increase the Beclin1

protein level (Figure 2A). Western blot analysis suggested

that the BCR/ABL level in Beclin1-overexpressing cells

was significantly decreased (Figure 2A). Apoptosis of

CML cells can be accompanied by caspase-dependent

BCR/ABL degradation.27 Our results show that Beclin1

overexpression did not induce the cleavage and activation

of caspase-3 and PARP, which lie downstream in the apop-

tosis pathway, and the caspase-3 inhibitor DEVD did not

reverse BCR/ABL downregulation (Figure 2A). These

results suggest that the BCR/ABL downregulation mediated

by Beclin1 overexpression is not associated with cell apop-

tosis. Based on the results of CCK-8 detection assays, it was

clear that Beclin1 overexpression inhibited K562 cell

growth and had a synergistic effect with the proteasome

inhibitor Epo (which can be used as an autophagy

activator28,29), whereas the autophagy inhibitor 3-MA30

reversed, at least partially, the inhibitory effect of Beclin1

overexpression on cell growth. These results suggest that
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the mechanism underlying the inhibition of K562 cell sur-

vival by Beclin1 overexpression is closely associated with

autophagy (Figure 2B). We also used TEM to show that

Beclin1 overexpression promoted autophagosome forma-

tion in cells and that it had a synergistic effect with Epo

that could be partially reversed by 3-MA (Figure 2C).

Western blot analysis showed that Beclin1 overexpression

induced the expression of the autophagy-related genes

Atg5, Atg7, and UVRAG and promoted an increase in the

conversion of LC3-I into LC3-II downstream in the autop-

hagy pathway, while downregulating the p62/SQSTM1

level (Figure 2D), suggesting the occurrence of autophagy.

These phenomena were enhanced by Epo and partially

reversed by 3-MA (Figure 2D), and these observations are

consistent with those of the TEM and CCK-8 experiments.

However, neither 3-MA nor Epo had significant effects on

the BCR/ABL downregulation induced by Beclin1 over-

expression, and these observations require further study.

Beclin1 overexpression induced

autophagy-dependent Atg7 and UVRAG

expression and the colocalization of BCR/

ABL and p62/SQSTM1 to autolysosomes

for degradation
Atg7 is an important regulatory factor of autophagy, and it

forms protein complexes with Beclin1 to activate the clas-

sical autophagy signaling pathway.31 Furthermore, as

a Beclin1-binding protein, UVRAG mediates the activa-

tion of the Beclin1-PI(3)KC3 complex to promote autop-

hagy and to further inhibit tumor cell growth and

proliferation.12 Our previous results confirmed that the
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Figure 2 Beclin1 overexpression in K562 cells induces BCR/ABL downregulation and promotes cell death via autophagic stimulation. (A) K562-NC or K562-Beclin1 cells

were subjected to Western blot analysis to assess the levels of BCR/ABL, cleaved caspase-3 and cleaved PARP. The specific caspase-3 inhibitor DEVD was used to inhibit

caspase-dependent apoptosis. (B) The indicated cells were cultured with or without the autophagy inhibitor 3-MA (5 mM) or the proteasomal inhibitor Epo (500 nM) for

24 h. Cell viability was measured using the CCK-8 assay. Data are presented as the mean ± SD of three independent experiments; *P<0.05, **P<0.01. (C) Representative

TEM photomicrographs of K562-Beclin1 and control K562 cells treated with 3-MA (5 mM) or Epo (500 nM) for 24 h and untreated cells. Arrows, autophagic vacuoles. Scale

bars, 0.5 μm. (D) Western blot analysis of the levels of BCR/ABL and other autophagy-related proteins in K562-Beclin1 and K562-NC cells. Cells were pretreated in the

absence or presence of 3-MA (5 mM) or Epo (500 nM) for 24 h. The results are representative of three independent experiments.

Abbreviations: NC, negative control; 3-MA, 3-methyladenine; Epo, epoxomicin; DEVD, Z-DEVD-FMK.
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autophagy induced by Beclin1 overexpression was accom-

panied by upregulation of the Atg7 and UVRAG levels.

Next, the effects of Atg7 and UVRAG downregulation

were investigated. Hanheng Biotechnology synthesized

three specific shRNAs targeting Atg7 or UVRAG and

constructed lentiviral vectors for infecting K562 cells.

The shRNAs with the highest interference efficiency

were selected for subsequent experiments (Figure 3A).

The downregulation of either Atg7 or UVRAG signifi-

cantly reversed the LC3-II upregulation mediated by

Beclin1 overexpression, suggesting that autophagy was

inhibited. Moreover, these results show that the silencing

of Atg7 or UVRAG expression partially reversed Beclin1-

mediated BCR/ABL downregulation, suggesting the influ-

ence of some autophagy-related factors (Figure 3B).

Arsenic trioxide (As2O3) induces autophagy in CML

cells. As2O3 also promotes the formation of a protein com-

plex between p62/SQSTM1 and BCR/ABL that leads to

their colocalization in autolysosomes for degradation via

the cathepsin B protease.32 Immunofluorescence experi-

ments showed that Beclin1 overexpression caused perinuc-

lear localization of BCR/ABL in K562 cells, resulting in an

obvious colocalization phenomenon with p62/SQSTM1.

Further experiments showed that the cathepsin B inhibitor

CA074 significantly inhibited BCR/ABL and p62/SQSTM1

colocalization (Figure 3C). Therefore, we speculate that with
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Figure 3 Beclin1 overexpression-induced autophagy requires Atg7 and UVRAG in K562 cells and promotes BCR/ABL degradation via an interaction with p62/SQSTM1. (A)

The knockdown efficiency of Atg7 or UVRAG by lentiviral vectors in K562 cells was determined via Western blotting. (B) The BCR/ABL and LC3-I/II expression levels in

Atg7- and UVRAG-silenced K562 cells were assessed using Western blotting. (C) Fluorescence images showing p62/SQSTM1 (green) and BCR/ABL (red) in the indicated

cells (K562-NC, K562-Beclin1, and K562-Beclin1 cells treated with 10 μM CA074 for 24 h). The nuclei were stained with DAPI (blue). The merged images show the

colocalization of p62/SQSTM1 and BCR/ABL (yellow). All experiments were repeated at least three times.

Abbreviations: NC, negative control; shRNA, short hairpin RNA.
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the help of p62/SQSTM1, BCR/ABL enters autolysosomes

for cathepsin B-dependent degradation, which might be an

important mechanism underlying the BCR/ABL downregu-

lation induced by Beclin1 overexpression.

Beclin1 overexpression downregulated

BCR/ABL, inhibited growth and induced

autophagy in TKI resistant CML cells

carrying the T315I mutation
To test the cytotoxic effects of imatinib on CML cells

harboring the T315I mutation, 32D murine myeloid cells

stably expressing T315I-mutant BCR/ABL (32Dp210-

T315I) were treated with different imatinib concentrations

for 24 h. The Western blot results showed that the expression

and activation levels of BCR/ABL did not change signifi-

cantly, indicating that the 32Dp210-T315I cells were resis-

tant to TKI treatment (Figure 4A). Next, we investigate the

effects of Beclin1 overexpression in 32Dp210-T315I cells.

The cells were transfected with the lentiviral vector carrying

Beclin1 gene. Western blot analysis suggested that Beclin1

overexpression resulted in a decreased level of BCR/ABL

expression and activation and facilitated an increase in the

conversion of downstream LC3-I into LC3-II (Figure 4B).

Bone marrow mononuclear cells (BMMCs) carrying the

T315I mutation were isolated from CML-BC patients and

also infected with the Beclin1-overexpressing lentiviruses,

and CFC assays were then performed. The results showed

that the number of GM-CFUs in the Beclin1-overexpressing

primary cells was significantly lower compared with that of

the control group, indicating that Beclin1-mediated autop-

hagy can overcome TKI-resistance and exert a significant

growth inhibition in CML (Figure 4C).

Beclin1 overexpression downregulated

BCR/ABL expression in CD34+CD38−

CML stem cells and induced autophagy
To study the effects of Beclin1 overexpression in LSCs from

CML patients, BM CD34+CD38− cells were isolated from

patients with CML-BC using Ficoll density gradient centrifu-

gation and FACS. After cell identification, the purity was

96.37±1.6%, indicating that the cells could be used for sub-

sequent experiments (Figure 5A). The CD34+CD38− cells

were infected with Beclin1-overexpressing lentivirus, and

the effect of high Beclin1 expression on the colony formation
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Figure 4 Beclin1 overexpression in T315I mutant CML cells induces BCR/ABL downregulation and promotes autophagic cell death. (A) 32Dp210-T315I cells were cultured

with different imatinib concentrations for 24 h, and the expression and activation of BCR/ABL protein were assessed via Western blotting. (B) Western blot analysis of BCR/

ABL, p-BCR/ABL, Beclin1 and LC3-I/II levels in Beclin1-overexpressing or negative control 32Dp210-T315I cells. (C) CFC assays were performed with BMMCs derived from

CML-BC patients with T315I mutant BCR/ABL. The primary cells were infected with LV-Beclin1 or LV-NC. After 14 days of culture in methylcellulose medium, GM-CFUs

were observed. All experiments were repeated at least three times.

Abbreviations: BMMCs, bone marrow mononuclear cells; NC, negative control; GM-CFUs, granulocyte-macrophage colony-forming units.
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ability of the LSCs was investigated via CFC assays. The

number of GM-CFUs in the Beclin1-overexpressing

CD34+CD38− group was significantly lower than that in the

control group, suggesting that Beclin1 overexpression exerts

significant growth inhibition in LSCs in CML (Figure 5B).

Next, we performed Western blots to analyze the effects of

Beclin1 overexpression on the levels of BCR/ABL and autop-

hagy pathway proteins in CD34+CD38− cells. As shown in

Figure 5C, Beclin1 overexpression significantly inhibited

BCR/ABL protein expression in LSCs. Furthermore, we

observed higher levels of the autophagy-related proteins

Atg5, Atg7, and UVRAG, a significant increase in down-

stream LC3-II levels, and a reduction in the p62/SQSTM1

level. These results suggest that Beclin1 overexpression

induces autophagy in CD34+CD38− CML stem cells.

Discussion
The BCR/ABL fusion protein is the most critical disease-

causing factor of CML. The inhibition or clearance of BCR/

ABL is considered the most effective method for CML

treatment.1 Although TKIs have achieved great success in

CML treatment, increasing TKI resistance and the persis-

tence of LSCs remain major challenges.2,3,5 Many recent

studies have indicated that inhibition of BCR/ABL gene

transcription and induction of BCR/ABL protein degradation

may be new routes for CML treatment.33–35 Some drugs,

such as As2O3 or imatinib, promote autolysosomal BCR/

ABL degradation by inducing autophagy.10,32,36 Currently,

the specific mechanisms underlying autophagy-dependent

BCR/ABL degradation in CML cells are not clear. Our pre-

vious study confirmed that oncolytic adenoviruses carrying

the Beclin1 gene had an enhanced killing effect against CML

cells that was accompanied by BCR/ABL downregulation.23

Beclin1 is a tumor suppressor and a critical factor for autop-

hagy regulation.6 In this study, we showed that Beclin1

directly interacts with BCR/ABL and inhibits its expression

at the transcriptional level by inhibiting its promoter activity.

These findings led us to further investigate the relationship

between autophagy andCML treatment. In cancer, the role of

autophagy is complex and clearly depends on tumor stage,

type and the driving oncogene.37 In general, autophagy is

thought to promote longevity and suppress tumorigenesis in
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Figure 5 Beclin1 overexpression downregulates BCR/ABL expression and induces autophagy in CML-LSCs. (A) Representative dot plots showing the purity of the

CD34+CD38− LSCs collected via FACS from CML primary cells. (B) The CFC assay was performed with CML-LSCs infected with LV-Beclin1 or LV-NC. After 14 days of

culture in methylcellulose medium, GM-CFUs were observed and counted (*P<0.05). (C) Western blot analysis of the expression levels of BCR/ABL and other autophagy-

related proteins in CML-LSCs with and without Beclin1 overexpression. Three biological replicates were performed for each experiment.

Abbreviations: NC, negative control; FITC, fluorescein isothiocyanate; PE, phycoerythrin; GM-CFUs, granulocyte-macrophage colony-forming units.
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healthy individuals, mainly via its function of protecting cells

from genotoxic stress.37 However, a number of studies have

described tumor-promoting roles for autophagy after tumor

formation as well as during metastasis, where it supports

cancer cell survival.38–40 The autophagy signaling pathway

is normally defective or inhibited in leukemia cells, which

can lead to poor prognosis.19,20 These observations suggest

that the induction of autophagy may serve as a new route for

CML treatment.

Infection of a CML cell line with lentiviruses carrying the

Beclin1 gene significantly inhibited cell growth and prolifera-

tion, successfully induced autophagy, and downregulated

BCR/ABL protein expression. We further investigated the

relationship between autophagy and BCR/ABL. The results

indicated that at the initial stage of autophagy, Beclin1 inter-

acts with UVRAG to form protein complexes that promote

autophagy development.41 Furthermore, the Atg7 protein is

necessary during autophagic vacuole formation.42,43 Our study

confirmed that Beclin1-induced autophagy was accompanied

by upregulation of the Atg7 and UVRAG levels. Silencing of

Atg7 and UVRAG protein expression could significantly

reverse the increased autophagy. These results further confirm

that the development of autophagy requires the involvement of

autophagy-related proteins, such as Beclin1, UVRAG, and

Atg7. We also showed that the silencing of Atg7 and

UVRAG in Beclin1-overexpressing K562 cells partially

reversed BCR/ABL downregulation. Studies by other groups

have also indicated that Atg7 silencing reverses autophagy-

dependent BCR/ABL degradation.32,36 The downstream

autophagy factors p62/SQSTM1 and LC3 interact with each

other to participate in autophagosome formation, and the latter

fuses with lysosomes to form autolysosomes, resulting in the

degradation of the autophagic contents.44 Goussetis et al con-

firmed that treatment of CML with arsenic induced p62/

SQSTM1-assisted BCR/ABL localization to autolysosomes

for cathepsin B-dependent degradation.32 Our study also

showed that Beclin1 promoted the colocalization of p62/

SQSTM1 and BCR/ABL in K562 cells, which was reversed

by treatment with the cathepsin B inhibitor CA074. The data

from the T315I-mutant CML cell line 32Dp210-T315I further

suggest that Beclin1 overexpression can overcome TKI-

resistance and that it exerts its anti-CML effect via autophagy

induction and the promotion of BCR/ABL inactivation and

degradation. In summary, our study indicates that Beclin1

inhibits BCR/ABL expression at the transcriptional level and

induces autophagy-dependent BCR/ABL degradation.

The persistence of LSCs, which cannot be cleared by

TKIs, remains a challenge in CML treatment.2,3,5 As2O3

exerts its CML-LSC killing effect by activating autophagy.32

Our experiments showed that autophagy induced by Beclin1

overexpression could also decrease the BCR/ABL level in

CML-LSCs and that it significantly inhibited cell growth.

Taken together, these results suggest that autophagy induction

could serve as a new route to promote CML-LCS clearance.

Conclusion
In summary, defective or abnormal autophagy is closely

associated with the development and progression of leu-

kemia and drug resistance. Our study showed that Beclin1-

mediated autophagy activation in CML cell lines and

primary cells inhibited BCR/ABL gene expression, pro-

moted autophagy-dependent degradation of the BCR/ABL

protein, and killed tumor cells. Our study suggests that

autophagy activation may be a new strategy for treating

TKI-resistant CML and for promoting LSC clearance, both

of which have important clinical implications.
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