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Abstract. Acute myelogenous leukemia (AML) is frequently 
accompanied by a poor prognosis. The majority of patients with 
AML will experience recurrence due to multiple drug resis‑
tance. Our previous study reported that targeting the mTOR 
pathway may increase cell sensitivity to doxorubicin (Doxo) 
and provide an improved therapeutic approach to leukemia. 
However, the effect and mechanism of action of NVP‑BEZ235 
(BEZ235), a dual inhibitor of PI3K/mTOR, on Doxo‑resistant 
K562 cells (K562/A) is yet to be elucidated. Therefore, the aim 
of the present study was to investigate the effects of BEZ235 
on K562/A cell proliferation. K562/A cells was investigated 
using CCK‑8, flow cytometry and western blotting, following 
BEZ235 treatment. It was observed that BEZ235 significantly 
decreased the viability of K562/A cells. In addition, BEZ235 
arrested K562/A cells at the G0/G1 phase, and reduced the 
protein expression levels of CDK4, CDK6 and cyclin D1. 
Apoptotic cells were more frequently detected in K562/A 
cells treated with BEZ235 compared with the control group 
(12.97±0.91% vs. 7.37±0.42%, respectively; P<0.05). Cells 
treated with BEZ235 exhibited downregulation of Bcl‑2 and 
upregulation of Bax. Furthermore, BEZ235 treatment mark‑
edly decreased the activation of the PI3K/AKT/mTOR pathway 
and its downstream effectors. Thus, these results demonstrated 
that BEZ235 inhibited cell viability, induced G0/G1 arrest and 
increased apoptosis in K562/A cells, suggesting that BEZ235 
may reverse Doxo resistance in leukemia cells. Therefore, 

targeting the PI3K/mTOR pathway may be of value as a novel 
therapeutic approach to leukemia.

Introduction

Leukemias, presenting with increased numbers of leucocytes, 
are a group of malignant disorders. Globally, the number of 
newly diagnosed leukemia patients increased from 3,545,000 
in 1990 to 5,185,000 in 2017 (1). It is estimated there were a 
total of 4,370,000 new cases of and 3,090,000 deaths from 
leukemia worldwide in 2018 (2). Myeloid leukemia, including 
acute myelogenous leukemia (AML) and chronic myelog‑
enous leukemia (CML), is the most common hematological 
malignancy. CML, which is characterized by the Philadelphia 
chromosome (a fusion of chromosomes 9 and 22), gives rise to 
the Bcr/Abl oncogene (3,4). Although Bcr/Abl kinase inhibi‑
tors have achieved a promising clinical response in CML, 
certain patients progressing to the blast phase may develop 
resistance to Bcr/Abl kinase inhibitors  (5). Furthermore, 
AML is frequently accompanied by a poor prognosis. The 
DA regimen, mainly comprising cytarabine and doxorubicin 
(Doxo), has been the standard treatment for AML (6). However, 
the majority of the patients with AML will experience recur‑
rence due to the development of multiple drug resistance, with 
decreasing cancer cell capability for apoptosis (7). Therefore, 
novel therapeutic targets must be investigated to enhance the 
therapeutic efficacy against leukemia.

It was previously demonstrated that the mTOR pathway 
is upregulated in CML, and rapamycin can arrest cells at 
the G0/G1 phase and promote apoptosis of K562 cells (8). In 
addition, rapamycin enhances the antitumor effects of Doxo 
by downregulating the mTOR/ribosomal protein S6 kinase 
(p70S6K) pathway (9). Therefore, targeting the mTOR pathway 
may increase cell sensitivity to Doxo and serve as an effective 
therapeutic approach to leukemia. NVP‑BEZ235 (BEZ235), 
a dual inhibitor of the PI3K/mTOR pathway, was reported 
to induce cancer cell apoptosis in multiple studies  (10,11). 
It has been established that the PI3K/AKT/mTOR signaling 
pathway regulates cell survival, proliferation and metabolism 
under physiological and pathological conditions (12,13). At 
present, previous studies have revealed that BEZ235 exerts 
an inhibitory effect on cancer cell proliferation by down‑
regulating the PI3K/AKT/mTOR pathway (14‑19). Moreover, 
BEZ235 was observed to reverse chemoresistance in several 
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human cancer types, such as ovarian, pancreatic, prostate and 
gastric cancer (14‑17). BEZ235 can also induce apoptosis and 
enhance autophagic activity, as well as inhibit the proliferation 
of leukemia cells (18,19). Furthermore, BEZ235 was identi‑
fied to enhance the accumulation of Doxo in drug‑resistant 
ovarian and pancreatic cancer cells (9). However, the effect of 
BEZ235 on Doxo‑resistant K562 cells (K562/A) has not been 
extensively reported.

In the present study, the proliferation and apoptosis of 
K562/A cells were investigated following BEZ235 treatment. 
In addition, the effects of BEZ235 on the PI3K/AKT/mTOR 
signaling pathway in K562/A cells were examined, with the 
aim of determining the underlying mechanism and identi‑
fying a novel therapeutic target for clinical application in 
hematological malignancies.

Materials and methods

Chemicals and reagents. The K562 human erythromyeloblas‑
toid leukemia cell line was purchased from the Beijing Institute 
for Cancer Research, and K562/A cells were obtained from the 
Institute of Hematology and Blood Diseases Hospital, Chinese 
Academy of Medical Sciences.

The primary antibodies used in the present study included 
rabbit anti‑human AKT (1:1,000; cat.  no.  4685), phos‑
phorylated (p)‑AKT (1:2,000; cat. no. 4060), mTOR (1:1,000; 
cat. no. 2983), p‑mTOR (1:1,000; cat. no. 5536), eukaryotic trans‑
lation initiation factor 4E binding protein 1 (4E‑BP1) (1:1,000; 
cat. no. 9644), p‑4E‑BP1 (1:1,000; cat. no. 2855), p70S6K 
(1:800, cat. no. 2708) and p‑p70S6K (1:500; cat. no. 9234), 
which were purchased from Cell Signaling Technology, Inc. 
Rabbit anti‑human β‑actin (1:10,000; cat. no. AC026) mono‑
clonal antibody was purchased from ABclonal Biotech Co., 
Ltd., while rabbit anti‑human Bax (1:500; cat. no. sc‑23959) 
and mouse anti‑human Bcl‑2 (1:500; cat. no.  sc‑509) anti‑
bodies were obtained from Santa Cruz Biotechnology, 
Inc. Rabbit anti‑human CDK4 (1:5,000; cat. no. ab108357), 
CDK6 (1:20,000; cat.  no.  ab124821), cyclin B1 (1:10,000; 
cat.  no.  ab32053) and cyclin D1 (1:200; cat.  no.  ab16663) 
were purchased from Abcam. Goat anti‑mouse IgG (H&L), 
horseradish peroxidase (HRP)‑conjugated secondary anti‑
body (1:5,000; cat. no. S0002) and goat anti‑rabbit IgG (H&L), 
HRP‑conjugated secondary antibody (1:5,000; cat. no. S0001) 
were obtained from Affinity Biosciences.

Cell culture and treatment. K562 and K562/A cells were 
cultured in RPMI‑1640 (Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with penicillin (100 U/ml), streptomycin 
(100 U/ml) and 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.) at 37˚C in a humidified atmosphere containing 5% CO2. 
Doxo (cat.  no.  22386; Cayman Chemical Company) and 
BEZ235 (cat. no. 21185; Cayman Chemical Company) were 
diluted in DMSO (Merck KGaA) at a concentration of 1 mM 
as the primary stock solution and stored at 4˚C, respectively.

Cell Counting Kit‑8 (CCK‑8) assay. A CCK‑8 assay (Dojindo 
Molecular Technologies, Inc.) was used to examine the 
viability of K562 and K562/A cells, according to the manu‑
facturer's instructions. BEZ235 was dissolved in DMSO at 
a concentration of 1 mM as the primary stock solution and 

stored at 4˚C. K562 and K562/A cells were cultured at 37˚C 
and treated with various concentrations of BEZ235 (25, 50, 
100, 200, 400, 800 and 1,600 nM) for 24 h or with 200 nM 
BEZ235 for 0.5, 1, 2 and 3 days. Meanwile, the cells were 
treated with various concentrations of Doxo (31.25, 62.5, 125, 
250, 500, 1,000 and 2,000 nM) according to our previously 
published paper (9). After the cells were incubated with 10 µl 
CCK‑8 reagent at 37˚C for 4 h, the cytotoxic effect of BEZ235 
on K562/A cells was measured on a spectrophotometer 
microplate reader (BioTek Instruments, Inc.) at a wavelength 
of 450 nm. Cell viability was assayed and compared with the 
control group. Based on the results of CCK‑8 and our previous 
study, 200 nM BEZ235 and 250 nM Doxo were chosen for the 
following experiments.

Flow cytometry. K562/A cells were cultured as described 
above and treated with BEZ235 (200 nM) for 24 h, then were 
harvested in the buffer (PBS‑0.05% trypsin). K562/A cells 
were incubated with 5 µl Annexin V and 10 µl PI in the dark 
for 5 min at room temperature, and then resuspended in 1X 
binding buffer. The fluorescence of the cells was analyzed on 
a FACSCalibur (BD Biosciences). Cell apoptosis was analyzed 
using an Annexin V/PI apoptosis detection kit [Hangzhou 
Multi Sciences (Lianke) Biotech Co., Ltd.], according to 
the manufacturer's protocol. The frequency of intact cells 
(annexin V−/PI−), early apoptotic cells (annexin V+/PI−) and 
late apoptotic/necrotic cells (annexin V+/PI+) were analyzed 
using FlowJo 10 software (FlowJo LLC).

For cell cycle analysis, flow cytometry analysis with prop‑
idium iodide staining was performed on a FACSCalibur (BD 
Biosciences). After 24‑h treatment with 200 nM BEZ235, cells 
were fixed with 70% ethanol and incubated with PI/RNase 
Staining Buffer (BD Biosciences; cat. no. 550825) for 15 min 
at room temperature, according to the manufacturer's instruc‑
tions. Cells in the G2/M phases of the cell cycle have twice the 
DNA content of those in G0/G1 phases. Cells in the S phase 
have a DNA content lying between these extremes. The data 
were analyzed using FlowJo 10 software (FlowJo LLC).

Western blot analysis. K562/A were cultured as aforemen‑
tioned and treated with 200 nM BEZ235 for 24 h. Total protein 
was extracted from K562/A cells using lysis buffer (1% Triton 
X‑100; 150 mM NaCl; 2 mM EDTA; 50 mM Tris‑HCl) supple‑
mented with phosphatase inhibitor cocktail. Total protein 
concentration was measured using Gen5 1.0 software (BioTek 
Instruments, Inc.) on a spectrophotometer microplate reader 
(BioTek Instruments, Inc.). A total of 20‑50 µg protein was 
separated by SDS‑PAGE using 10‑15% gels and transferred 
onto a PVDF membrane. Following blocking non‑specific 
binding sites with 5% non‑fat dry milk in Tris‑buffered 
saline with 0.05% Tween‑20 at room temperature for 60 min, 
the membranes were incubated with primary antibodies 
at  4˚C overnight. Next, the membranes were probed with 
HRP‑conjugated secondary antibody (1:5,000) for 60 min 
at  37˚C. Subsequently, the immunoreactive membranes 
were developed using Pierce™ Electrochemiluminescent 
Western Bloting Substrate (cat. no. UC280185, Thermo Fisher 
Scientific, Inc.) on ImageQuant™ LAS 4000 (GE Healthcare 
Life Sciences) and the density was quantified and normalized 
to β‑actin.
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Reverse transcription‑quantitative PCR (RT‑qPCR) analysis. 
Total RNA was extracted using TRIzol® reagent (Thermo 
Fisher Scientific, Inc.), according to the manufacturer's 
instructions. After cDNA was obtained by GoScript™ Reverse 
Transcription System (Promega Corporation), PCR amplifica‑
tion was performed with forward and reverse primers using 
the SYBR PrimeScript RT‑PCR kit (Takara Bio, Inc.) in an 
Mx3005p instrument (Agilent Technologies GmbH). RT was 
performed under the following conditions: 25˚C for 5 min, 42˚C 
for 60 min and 70˚C for 15 min. The thermocycling condi‑
tions of PCR amplification consisted of an initial denaturation 
at 95˚C for 10 min, followed by 40 cycles of denaturation 
at 95˚C for 15 sec, annealing at 60˚C for 30 sec and elonga‑
tion at 60˚C for 30 sec. The Cq values of the test genes were 
normalized to the mean Cq values of β‑actin. Fold change was 
calculated using the 2‑ΔΔCq method (20). The primers used in 
the present study are listed in Table I.

Statistical analysis. All experiments were performed 
≥3 times. Data are presented as the mean ± standard deviation. 
Statistically significant differences were evaluated using an 
unpaired Student's t‑test or the comparative data among groups 
was analyzed using one‑way ANOVA followed by Tukey's 
test, using SPSS 21.0 for Windows (IBM Corp.). P<0.05 was 
considered to indicate a statistically significant difference.

Results

BEZ235 inhibits the viability of K562 and K562/A cells. 
The cytotoxic effect of BEZ235 and Doxo on K562/A cells 
was measured using a CCK‑8 assay after treating cells with 
increasing concentrations of each reagent for 24 h. The viability 
of K562 cells was significantly inhibited in the Doxo‑treated 
group from 31.25‑2,000 nM (P<0.05); however, that of K562/A 
cells was decreased in only the 1,000 and 2,000 nM treatment 
groups (P<0.05; Fig. 1C and D). In addition, cell viability was 
significantly decreased in a dose‑dependent manner in K562 

and K562/A cells treated with BEZ235 from 25‑1,600 nM 
(P<0.05; Fig. 1A and B).

Based on the aforementioned results and our previous 
study (9), 200 nM BEZ235 and 250 nM Doxo were used to 
treat K562 and K562/A cells for 0.5, 1, 2 or 3 days. At these 
concentrations, the effect of BEZ235 was observed to be 
time‑dependent (P<0.05; Fig. 1E‑G). However, Doxo exerted 
little effect on the viability of K562/A cells over time (P>0.05, 
Fig. 1H). These findings suggested that K562/A cells were 
resistant to Doxo, while BEZ235 significantly inhibited the 
viability of K562/A cells.

BEZ235 arrests K562/A cells at the G0/G1 phase. To inves‑
tigate the inhibitory effects of BEZ235 on the proliferation 
of Doxo‑resistant cells, cell cycle progression was evaluated 
following BEZ235 treatment. The proportion of K562/A cells 
at the G0/G1 phase was 52.97±0.47% in the BEZ235 treatment 
group, which was significantly higher compared with that 
in the control group (36.17±2.31%; P<0.05; Fig. 2A and B). 
Consistent with the increasing number of G0/G1 phase cells, 
the proportion of S phase cells was significantly decreased in 
the BEZ235 treatment group (P<0.05; Fig. 2A and B).

The protein and mRNA expression levels of several cell 
cycle‑related molecules were further assessed following 
BEZ235 treatment (Fig. 2C‑E). The protein expression levels 
of CDK4, CDK6 and cyclin D1 were significantly decreased in 
the BEZ235 group compared with the control group, as indi‑
cated via western blotting (P<0.05; Fig. 2D and E). However, 
cyclin B1 expression displayed no change in K562/A cells 
after incubation with BEZ235 (P>0.05). The RT‑qPCR results 
demonstrated the same trend (Fig. 2C). Thus, these observa‑
tions suggested that BEZ235 induced G0/G1 arrest in K562 
cells.

BEZ235 induces apoptosis of K562/A cells. To assess 
whether apoptosis contributed to cell proliferation inhibition 
in the BEZ235 treatment group, the effects of BEZ235 on 

Table I. Primers for reverse transcription‑quantitative PCR amplification.

Target	 Sequence	 Product length, bp

CDK4	 F: 5'‑AGTTCGTGAGGTGGCTTTAC‑3'	 162
	 R: 5'‑GCCTTGTCCAGATATGTCCTTAG‑3'	
CDK6	 F: 5'‑CTGCCTTGTTGGCAAAGTATC‑3'	 229
	 R: 5'‑CCAGGTAGAAGGACTGCATTAG‑3'	
cyclin D1	 F: 5'‑CCACTCCTACGATACGCTACTA‑3'	 219
	 R: 5'‑GGACTGAAAGTGCTTGGAAATG‑3'	
cyclin B1	 F: 5'‑GGTGTCACTGCCATGTTTATTG‑3'	 179
	 R: 5'‑CGAAGGAAGTGCAAAGGTAGA‑3'	
Bcl‑2	 F: 5'‑GCCAGGGTCAGAGTTAAATAGAG‑3'	 143
	 R: 5'‑ GCCTCTCTTGCGGAGTATTT‑3'	
Bax	 F: 5'‑GTCACTGAAGCGACTGATGT‑3'	 128
	 R: 5'‑CTTCTTCCAGATGGTGAGTGAG‑3'	
β‑actin	 F: 5'‑AGCGAGCATCCCCCAAAGTT‑3'	 285
	 R: 5'‑GGGCACGAAGGCTCATCATT‑3'	

F, forward; R, reverse.
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Figure 1. BEZ235 decreases the proliferation of K562 and K562/A cells. (A) K562 and (B) K562/A cells were treated with various concentrations of BEZ235 
(0‑1,600 nM) for 24 h, and cell viability was determined using a Cell Counting Kit‑8 assay. The percentage of viable (A) K562 and (B) K562/A cells treated 
with BEZ235 decreased in a dose‑dependent manner. (C) Doxo (0‑2,000 nM for 24 h) decreased cellular viability in treated K562 cells (D) Viability of K562/A 
cells decreased significantly following Doxo treatment (1,000 and 2,000 nM) for 24 h. The control value was measured as 100%. Viability of (E) K562 and 
(F) K562/A cells decreased in the BEZ235 (200 nM) treatment group in a time‑dependent manner. (G) Doxo (250 nM) treatment inhibited the viability of K562 
cells in a time‑dependent manner. (H) Doxo treatment exerted no effect on the viability of K562/A cells. Data are presented as mean ± standard deviation of 
triplicate experiments. *P<0.05 vs. control group. Doxo, doxorubicin; BEZ235, NVP‑BEZ235; OD, optical density.

Figure 2. BEZ235 arrests the cell cycle at the G0/G1 phase. K562/A cells were incubated with BEZ235 (200 nM) for 24 h. (A) Cell cycle at each phase of 
K562/A cells treated with BEZ235 and measured using flow cytometry. (B) Results of cell cycle analysis demonstrated a higher proportion of G0/G1 phase cells 
and a lower proportion of S phase cells in the BEZ235 treatment group compared with the control group. (C) Reverse transcription‑quantitative PCR analysis 
identified lower mRNA expression levels of CDK4, CDK6 and cyclin D1 in BEZ235‑treated cells. (D) Cell cycle‑related proteins were detected using western 
blot analysis. (E) Protein expression levels of CDK4, CDK6 and cyclin D1 were significantly decreased in K562/A cells after incubation with BEZ235. *P<0.05. 
BEZ235, NVP‑BEZ235.
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K562/A cell apoptosis were examined. The total apoptotic 
rate following treatment with BEZ235 was 12.97±0.91%, 
which was significantly higher compared with that in the 
control group (7.37±0.42%; P<0.05; Fig.  3A  and  B). In 
addition, the both rates of early and late apoptosis were 

significantly increased in BEZ235‑treated cells (P<0.05; 
Fig. 3B).

To investigate the apoptotic mechanism induced by 
BEZ235, the expression levels of Bcl‑2 and Bax, two pivotal 
apoptosis‑related proteins, were detected using western 

Figure 3. BEZ235 induces apoptosis of K562/A cells. (A) Apoptosis of K562/A cells was determined using an Annexin V/PI apoptosis detection kit. (B) BEZ235 
(200 nM) treatment significantly increased the number of early and late apoptotic cells compared with the control group. (C) Protein expression levels of Bax 
and Bcl‑2 in K562/A cells. BEZ235 significantly (D) increased the expression of Bax and (E) decreased the expression of Bcl‑2. (F) mRNA expression levels 
of Bcl‑2 and Bax in K562/A cells after BEZ235 treatment. (G and H) A significantly lower Bcl‑2/Bax ratio was observed in the BEZ235‑treated cells. Data are 
presented as mean ± standard deviation, and experiments were performed in triplicate. *P<0.05. BEZ235, NVP‑BEZ235.

Figure 4. BEZ235 downregulates the PI3K/AKT/mTOR signaling pathway in K562/A cells. Cells were cultured with BEZ235 (200 nM) for 24 h. Total protein 
was extracted, followed by immunoblotting with the antibodies against the PI3K/AKT/mTOR pathway. Experiments were repeated three times and data are 
presented as mean ± standard deviation. (A) Protein expression levels of AKT, mTOR, 4E‑BP1 and p70S6K, and their phosphorylation levels were detected in 
K562/A cells using western blot analysis. (B) Semi‑quantification of the results demonstrated lower expression levels of p‑AKT (Ser‑473), p‑mTOR (Ser‑2448), 
p‑p70S6K (Thr‑389) and p‑4E‑BP1 (Thr37/46) in K562/A cells with BEZ235 treatment. (C) Ratio of p‑/total protein were significantly downregulated in 
BEZ235 treated cells, as compared with the control group. *P<0.05. BEZ235, NVP‑BEZ235; 4E‑BP1, eukaryotic translation initiation factor 4E binding 
protein 1; p‑, phosphorylated; p70S6K, ribosomal protein S6 kinase.
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blotting and RT‑qPCR analysis. Downregulation of Bcl‑2 and 
upregulation of Bax were observed in the BEZ235 treatment 
group (P<0.05; Fig. 3C‑F). Thus, compared with the control 
group, a significantly lower Bcl‑2/Bax ratio was observed in 
the BEZ235‑treated cells (P<0.05, Fig. 3G and H), indicating 
that BEZ235 may induce cell apoptosis by downregulating 
the Bcl‑2/Bax ratio in K562/A cells. Therefore, these findings 
demonstrated that BEZ235 could inhibit K562/A cell prolif‑
eration via inducing apoptosis.

BEZ235 downregulates the PI3K/AKT/mTOR pathway and its 
downstream proteins in K562/A cells. The effects of BEZ235 
on the PI3K/AKT/mTOR pathway in K562/A cells were also 
investigated using western blot analysis. The phosphorylation 
levels of AKT (Ser473) and mTOR (Ser‑2448) were signifi‑
cantly lower in the BEZ235 group compared with those in 
the control group (P<0.05; Fig. 4A and B). The two major 
downstream targets of mTOR, p70S6K and 4E‑BP1, were 
examined, and the expression levels of p‑p70S6K (Thr‑389) 
and p‑4E‑BP1 (Thr37/46) were significantly decreased in 
K562/A cells treated with BEZ235 (P<0.05; Fig. 4A and B). 
Furthermore, the ratio of p‑/total protein for these factors 
were significantly downregulated in BEZ235‑treated 
cells, compared with the control group (P<0.05; Fig. 4C). 
Collectively, the results demonstrated that BEZ235 inhibits 
cell proliferation via downregulating the PI3K/AKT/mTOR 
pathway in K562/A cells.

Discussion

Despite Doxo‑induced rapid and durable responses in patients 
with myelogenous leukemia, a proportion of patients will 
develop drug resistance and therefore treatment failure (21). 
Thus, it is important to identify an alternative novel target 
that can achieve a satisfactory clinical response in patients 
who experience relapse and have a poor prognosis. In the 
present study, a Doxo‑resistant cell line (K562/A) was selected 
and the viability of K562/A cells after Doxo treatment was 
detected. The results demonstrated that K562/A cells exhibited 
lower sensitivity to Doxo, which provided an opportunity to 
search for new drugs that are potentially effective against 
Doxo‑resistant leukemia cells.

PI3K/AKT/mTOR is a central signaling pathway involved 
in the regulation of cell proliferation, differentiation and 
survival (12,13). Moreover, the BCR/ABL protein encoded 
by the Bcr/Abl oncogene can activate PI3K/AKT/mTOR via 
its regulatory subunit  (22). mTOR activation further phos‑
phorylates its two downstream targets, p70S6K and 4E‑BP1. 
Phosphorylated p70S6K affects cell proliferation by inducing 
protein synthesis and cell survival, while 4E‑BP1 phosphory‑
lation results in the release of the eukaryotic initiation factor 
4E  (23,24). Our previous study reported that the mTOR 
pathway was upregulated in CML, and rapamycin arrested 
cells at the G0/G1 phase and increased apoptosis in K562 
cells (8). In addition, a mTOR inhibitor, everolimus is currently 
being investigated as an anticancer agent due to its potential 
action by inhibiting tumor cell proliferation, and has been 
used in clinical trials (25‑27). However, it has been reported 
that everolimus plus only or Imatinib demonstrate limited 
activity in progressing advanced cancer types (28,29), and 

the clinical application of everolimus does not exert the same 
effect as that in in vitro experiments. Thus, this may explain 
why inhibition of mTOR complex 1 (mTORC1), which is sensi‑
tive to rapamycin, may paradoxically enhance the PI3K/AKT 
axis  (30,31). Therefore, a dual PI3K/mTOR inhibitor may 
have improved anticancer activity compared with a mTORC1 
inhibitor alone (32,33). It was reported that BEZ235 inhibits 
the activity of PI3K, mTOR and Rad3‑related protein, as well 
as possesses an anticancer potential (34). Therefore, BEZ235 
has been used to reverse temozolomide resistance in glioma 
and to suppress paclitaxel‑resistant gastric cancer (35,36). In 
the present study, BEZ235 was found to significantly inhibit 
the viability of K562/A cells, which suggested that BEZ235 
may reverse Doxo resistance of leukemia cells.

To identify the mechanism via which BEZ235 regulates 
cell proliferation, the present study further detected cell cycle 
progression following BEZ235 treatment of K562/A cells. The 
present results demonstrated that BEZ235 arrested K562/A 
cells at the G0/G1 phase. In addition, the expression levels of 
several cell cycle‑related proteins, including CDK4, CDK6 
and cyclin D1, were significantly decreased in BEZ235‑treated 
cells, indicating that BEZ235, as an inhibitor of PI3K/mTOR, 
blocked cell cycle progression from the G1 to the S phase, 
ultimately arresting cell proliferation. To assess whether 
apoptosis contributes to cell proliferation inhibition following 
BEZ235 treatment, cell apoptosis was further investigated. 
The present study identified an increase in apoptotic K562/A 
cells following treatment with BEZ235. Moreover, signifi‑
cantly lower Bcl‑2 and higher Bax expression levels were 
observed in BEZ235‑treated cells. Bcl‑2 family members are 
key regulators of cell apoptosis, and an increasing Bax expres‑
sion and/or decreasing Bcl‑2 expression have been reported 
to induce apoptosis (37). Therefore, in the current study, it 
was suggested that BEZ235 may induce cell apoptosis by 
downregulating the Bcl‑2/Bax ratio in K562/A cells. These 
findings indicated that BEZ235 may reverse Doxo resistance 
via inducing cell apoptosis and G0/G1 arrest.

The present study demonstrated that p‑AKT and 
p‑mTOR expression levels were significantly decreased in 
BEZ235‑treated K562/A cells, as well as those of p‑4E‑BP1 
and p‑p70S6K compared with the control group. These find‑
ings suggested that BEZ235 inhibited the PI3K/mTOR pathway 
and decreased the phosphorylation levels of its downstream 
proteins. Previous studies have revealed that suppression of 
AKT/mTOR pathway activation, acting additively or synergis‑
tically with trastuzumab, carboplatin and Doxo, may suppress 
cancer cell proliferation in vitro (38‑40). In addition, rapamycin 
may enhance the antitumor effects of Doxo by inhibiting 
mTOR/p70S6K (9). Collectively, the present results suggested 
that BEZ235 can inhibit the proliferation of Doxo‑resistant 
leukemia cells by downregulating the PI3K/mTOR pathway, 
and thus targeting PI3K/mTOR may be a novel approach to 
leukemia treatment.

In conclusion, the present findings indicated that BEZ235 
inhibited cell proliferation, induced apoptosis and G0/G1 
arrest and decreased PI3K/mTOR signaling in K562/A cells, 
suggesting that BEZ235 may reverse resistance of K562/A 
cells to Doxo by inhibiting the PI3K/mTOR pathway. One 
limitation of the study is that the results were derived from 
in vitro studies rather than an appropriate animal model of 
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leukemia. Moreover, the mechanism related to PI3K/mTOR in 
leukemia remains unclear. Nevertheless, the present findings 
may provide insight into the underlying mechanism and iden‑
tification of a novel therapeutic target for clinical application 
in myelogenous leukemia.
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