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Abstract. Multidrug resistance (MDR) is a major reason for 
the failure of acute myeloid leukemia (AML) therapy. Agents 
that reverse MDR and sensitize AML cells to chemotherapy 
are of great clinical significance. The present study developed 
Adriamycin (Adr)‑resistant cell lines, namely K562/Adr200 
and K562/Adr500, which exhibited MDR. The upregulation 
of ATP‑binding cassette subfamily B member 1 (ABCB1) was 
confirmed as the mechanism of resistance by reverse transcrip-
tion‑quantitative polymerase chain reaction and western blot 
analyses. Subsequently, the role of the mammalian target of 
rapamycin (mTOR) kinase inhibitor, WYE‑354, in sensitizing 
the K562/Adr200 and K562/Adr500 cell lines to Adr was eval-
uated. At sub‑cytotoxic concentrations, WYE‑354 increased 
Adr cytotoxicity in the K562/Adr200 and K562/Adr500 cells. 
WYE‑354 restored Adr sensitivity in the resistant cells by 
inhibiting ABCB1‑mediated substrate efflux, thereby leading 
to an accumulation of Adr, an increase in Adr‑mediated G2/M 
cell cycle arrest and the induction of apoptosis. Furthermore, 
WYE‑354 stimulated the ATPase activity of ABCB1, which 
was consistent with in silico predictions using a human ABCB1 
mouse homology model, indicating that WYE‑354 is a potent 
substrate of ABCB1. WYE‑354 did not regulate the expres-
sion of ABCB1 at the concentrations used in the present study. 
These findings indicate that WYE‑354 may be a competitive 
inhibitor of ABCB1‑mediated efflux and a potential candidate 
in combination with standard chemotherapy for overcoming 
MDR. Further clinical investigations are warranted to validate 
this combination in vivo.

Introduction

The treatment of acute myeloid leukemia (AML) is hampered 
by the development of resistance to chemotherapy. Multidrug 
resistance  (MDR) is a phenomenon by which cancer cells 
become simultaneously resistant to several structurally and 
functionally distinct molecules, rendering them ineffec-
tive. Resistance to anticancer therapy can arise via different 
contributing mechanisms, including metabolic inactivation 
of drugs, alteration of drug targets, increased drug efflux, 
evasion of cell death, increased repair of damaged DNA, 
epithelial‑mesenchymal transition, and epigenetic mechanisms 
including DNA methylation and histone modification (1,2). 
Cancer cell heterogeneity and the tumor microenvironment 
are also involved in the development of acquired resistance 
to chemotherapeutics  (3). Drug efflux is an evolutionarily 
conserved mechanism observed in microbes, which is also 
exhibited by cancer cells. The efflux of substrates is an impor-
tant protective mechanism in normal cell physiology, which 
prevents the accumulation of toxins and is an integral property 
of the blood‑brain barrier (4).

Members of the ATP‑binding cassette (ABC) transporters 
serve a key role in mediating the extracellular pumping of 
substrates (5). ABC subfamily B member 1 (ABCB1) is the 
first member of the ABC superfamily of transporters to be 
implicated in MDR (6). Structurally, it consists of two homolo-
gous arms, each comprising six transmembrane domains 
connected to an ATP‑binding domain via flexible polypeptide 
linkers. ABCB1 substrates include an array of hydrophobic 
compounds, including anthracyclines, Vinca alkaloids, 
epipodophyllotoxins, taxanes and several tyrosine kinase 
inhibitors (7). The inhibition of ABCB1‑mediated drug efflux 
is a relevant therapeutic approach for overcoming MDR (8). 
In this regard, several generations of ABCB1 inhibitors have 
been developed but have failed to produce the desired clinical 
response and are associated with systemic toxicity. Therefore, 
there is an urgent requirement for agents capable of modu-
lating the activity of ABCB1 and producing therapeutically 
relevant inhibition without exerting adverse effects. Small 
molecule inhibitors, such as alectinib, bafetinib, trametinib 
and quizartinib, which target specific molecules in oncogenic 
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signaling, have been reported to modulate ABC pumps and 
reverse resistance by acting as substrates/inhibitors (9‑12).

The phosphoinositide 3‑kinase (PI3K)/AKT/mammalian 
target of rapamycin (mTOR) signaling pathway constitutes 
the central axis of intracellular growth signaling, which 
is commonly deregulated in cancer. In total, 50‑70% of 
patients with AML exhibit abnormal/hyperactivated PI3K 
signaling  (13). The therapeutic inhibition of mTOR has 
resulted in anticancer effects in vitro and in vivo in various 
cancer types, including AML. Several mTOR inhibitors have 
been approved by the USA Food and Drug Administration and 
are currently used as a single agent or in combination (14‑17). 
Furthermore, inhibitors of mTOR have been demonstrated to 
overcome chemoresistance (18‑20). Classical mTOR inhibi-
tors, including rapamycin and its analogs (rapalogs), are only 
modestly effective as anticancer agents as they only partially 
suppress the PI3K/AKT/mTOR signaling pathway, leading to 
a compensatory overactivation of the pathways via a negative 
feedback loop (21). The mechanistic insufficiency of rapalogs 
in completely deactivating PI3K signaling is overcome by a 
novel class of ATP‑competitive mTOR inhibitors that target 
the kinase domain of mTOR, thereby effectively repressing 
mTOR complex (mTORC)1 and mTORC2 (22). WYE‑354 is 
a synthetic mTOR kinase inhibitor, which has demonstrated 
robust anticancer activity via dual inhibition of the mTORC1 
and mTORC2 complexes in several cell lines (23‑25). The 
present study evaluated WYE‑354 as a potent chemosensi-
tizing agent and assessed its role in reversing MDR mediated 
by ABCB1. Furthermore, the present study attempted to 
elucidate the mechanisms by which WYE‑354 causes chemo-
sensitization and aimed to understand its interaction with the 
ABCB1 protein using in silico methods.

Materials and methods

Cell culture and reagents. The Adriamycin (Adr)‑resistant 
cell lines K562/Adr200 and K562/Adr500 were generated 
by culturing K562 cells (CLS Cell Lines Service GmbH, 
Eppelheim, Germany) in step‑wise incremental doses of Adr, 
ranging between 0.002 and 0.5 µM over a period of 2 months 
at 37˚C with 5% CO2 in a humidified incubator. Resistant 
clones were selected upon plating of the cells in methylcel-
lulose semi‑solid medium (MethoCult™ H4230; Stemcell 
Technologies, Inc., Vancouver, BC, Canada). The resistant 
cells were maintained without Adr for >2  weeks prior to 
experimentation. The cells were cultured in RPMI medium 
supplemented with 10% fetal bovine serum and ciprofloxacin 
(10 µg/ml) and were maintained at 37˚C with 5% CO2 in a 
humidified incubator. All cell culture reagents were purchased 
from Thermo Fisher Scientific, Inc. (Waltham, MA, USA).

Adr, daunorubicin, idarubicin, etoposide and WYE‑354 
were purchased form Selleck Chemicals (Houston, TX, USA). 
Verapamil and cisplatin were purchased from Merck KGaA 
(Darmstadt, Germany). The CellTiter®‑Blue Cell Viability 
assay was acquired from Promega Corporation (Madison, WI, 
USA). The RNeasy Mini kit was purchased from Qiagen GmbH 
(Hilden, Germany). The SuperScript VILO cDNA Synthesis 
kit was acquired from Thermo Fisher Scientific, Inc. and 
Power SYBR®-Green PCR Master Mix was from Applied 
Biosystems; Thermo Fisher Scientific, Inc. The primers used to 

amplify ABCB1 and GAPDH were purchased from Metabion 
International AG (Planegg, Germany). Mammalian Cell Lysis 
kit was obtained from Sigma‑Aldrich; Merck KGaA. Protein 
concentration was determined using the DC Protein Assay 
Reagents Package from Bio‑Rad Laboratories, Inc. (Hercules, 
CA, USA). NuPAGE® gels and buffers, in addition to the 
Invitrogen WesternBreeze™ chemiluminescent kit for western 
blotting, were purchased from Thermo Fisher Scientific, 
Inc. The antibody against ABCB1 (cat. no.  MA‑126529) 
was obtained from Thermo Fisher Scientific, Inc., whereas 
anti‑β‑tubulin (cat. no. MAB8527), anti‑human phosphory-
lated (p)‑p70S6K (T389) (cat. no. MAB8963) and anti‑p70S6K 
(cat. no.  MAB8962) antibodies were purchased from 
R&D Systems, Inc. (Minneapolis, MN, USA). The Pgp‑Glo™ 
assay system was purchased from Promega Corporation. The 
BD Pharmingen APC‑Annexin V kit from BD Biosciences 
(San Jose, CA, USA) was used for the analysis of apoptosis.

Cell viability assay. The cells (104/well) were incubated with 
a concentration gradient of chemotherapeutic drugs ranging 
from 0.01 to 100 µM, alone or in combination with WYE‑354 
(0.2 or 1 µM) or Verapamil (5 µM) in 96‑well plates for 48 h 
at 37˚C. Subsequently, 20 µl CellTiter®‑Blue Cell Viability 
reagent was added to each well and incubated for an additional 
2 h for the development of fluorescence. The fluorescence 
emission was measured at 590 nm using the SpectraMax® i3x 
Multi‑Mode microplate reader (Molecular Devices, LLC, 
San Jose, CA, USA) and plotted against drug concentrations 
to determine the mean inhibitory concentration of the drug 
combination producing 50% decrease in cell viability (IC50).

Adr accumulation assay. The cells (105) were counted, seeded 
in a 6‑well plate and incubated with 10 µM Adr for 2 h at 37˚C 
to allow drug uptake to occur. Subsequently, the cells were 
washed twice with 1X ice‑cold PBS and immediately analyzed 
on a BD FACSAria III (BD Biosciences). Adr florescence was 
measured using the 561‑nm excitation laser line and the emis-
sion was acquired using a 582/15‑nm filter. A minimum of 
10,000 events were acquired for analysis.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Primer‑BLAST (National Center for 
Biotechnology Information; National Institutes of Health, 
Bethesda, MD, USA) was used to design primer oligonucleotide 
sequences for the ABCB1 gene. The messenger RNA (mRNA) 
expression levels of ABCB1 were determined using the following 
forward and reverse primer sequences, respectively: 5'‑TTGCTG 
CTTACATTCAGGTTTCA‑3' and 5'‑AGCCTATCTCCGTC 
GCATT‑3'. The primer pair used for GAPDH was forward, 
5'‑TGAAGGTGCCATCATTCTTG‑3' and reverse, 5'‑ATGAGC 
GACGTGGCTATTGT‑3'. RNA (100 ng) was used to prepare 
cDNA using the SuperScript® VILO™ cDNA synthesis kit as 
per manufacturer's instructions. RT‑qPCR was performed using 
1 µl cDNA in a 20 µl reaction mix containing 10 µl Power 
SYBR®‑Green PCR Master mix and 100 nM each of forward 
and reverse primers. Amplifications were performed under 
following conditions: 95˚C for 20 sec, followed by 40 cycles of 
95˚C for 15 sec, 60˚C for 60 sec and 72˚C for 15 sec. Data was 
collected at the end of the extension step (72˚C). Melt curve 
analysis was performed to ensure specificity of the amplified 
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product. Relative gene expression was calculated by the 2‑ΔΔCq 
method (26).

Western blot analysis. Total protein was extracted with RIPA 
lysis buffer containing protease and phosphatase inhibitor 
cocktails (cat. nos.  sc‑24948 and sc‑45044 respectively; 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and quanti-
fied using the DC™ Protein assay (Bio‑Rad Laboratories, Inc.) 
according to the manufacturer's protocol. A total of ~40 µg 
protein sample was prepared under reducing conditions with 
the NuPAGE reducing agent (Thermo Fisher Scientific, Inc.) 
at 37˚C for 30 min and loaded onto 4‑12% NuPAGE gradient 
gels for electrophoresis, which was performed at 200 V for 
2 h. The transfer onto a methanol‑activated 0.45‑micron PVDF 
membrane (Thermo Fisher Scientific, Inc.) was conducted 
overnight at 30 V and 4˚C with a transfer buffer containing 
0.1% SDS. Subsequently, the membrane was washed, blocked 
for 60 min at room temperature using buffers supplied with 
the WesternBreeze™ Chemiluminescent kit and probed 
with anti‑ABCB1 (dilution  1:200), anti‑β‑tubulin (dilu-
tion 1:1,000), anti‑p‑p70S6K (dilution 1:1,000) or anti‑p70S6K 
(dilution 1:4,000) antibodies overnight at 4˚C. The primary 
antibody was completely removed by washing and the 
membrane was re‑incubated with the secondary antibody 
from the WesternBreeze™ Chemiluminescent kit for 60 min 
at room temperature. The chemiluminescent agent from the 
WesternBreeze™ Chemiluminescent kit was applied upon 
washing the membrane several times, and the reaction was 
allowed to develop for 5 min prior to acquisition of the results 
on a C‑DiGit Blot Scanner (LI‑COR Biosciences, Lincoln, 
NE, USA). Western blot images were analyzed using Image 
Studio Digits version 4.0 (LI‑COR Biosciences).

Cell cycle analysis. The cells (3.5x105) were incubated with 
the corresponding drugs at 37˚C for 72 h. Subsequently, the 
cells were collected and washed twice with ice‑cold PBS (1X). 
The washed cells were fixed on ice for 20 min using a fixation 
buffer containing paraformaldehyde. Hoechst 33342 (10 µg/ml; 
Thermo Fisher Scientific, Inc.) was used for staining. The cells 
were then incubated in the dark for 30 min on ice. A total 
of 20,000 events were acquired using a BD FACSAria III. 
FlowLogic version  7.2.1 software (Inivai Technologies, 
Victoria, Australia) was used to obtain the percentages of cells 
in the G1, S and G2/M phases in the singlet‑gated population.

Apoptosis assay. The cells (1.5x105) were counted and plated in 
a 12‑well plate. Following 48 h of drug treatment, the cells were 
harvested and washed twice with PBS (1X). APC‑Annexin V 
and 7‑AAD (both from BD Biosciences) were added to the cell 
suspension according to the manufacturer's protocol. The cells 
were mixed gently on a vortex and incubated in the dark for 
20 min at room temperature. The labelled cells were analyzed 
by acquiring 10,000 events using a BD FACSAria III.

Rhodamine 6G (R6G) efflux assay. The cells  (105) were 
counted and suspended in 1 ml RPMI medium. R6G (0.5 µM) 
was added to the medium alongside 1, 5 or 10 µM WYE‑354, 
or 100 µM Verapamil as control inhibitors and incubated for 
60 min at 37˚C. Upon dye uptake, the cells were pelleted by 
centrifugation at 250 x g for 5 min at 4˚C in a cold centrifuge. 

The harvested cells were washed twice with 1X ice‑cold PBS 
and resuspended in 1 ml RPMI with the inhibitors alone, and 
reincubated for an additional 60 min at 37˚C to allow the 
efflux of R6G. The cells were subsequently washed twice with 
ice‑cold PBS and analyzed immediately on a BD FACSAria III. 
A minimum of 5,000 events were recorded for analysis.

ABCB1‑ATPase assay. The ABCB1‑ATPase assay was 
performed using the Pgp‑Glo™ assay system. Briefly, recom-
binant human ABCB1 (hABCB1)‑containing membranes 
were incubated with different concentrations of WYE‑354 
and 0.25  mM sodium orthovanadate in the presence of 
5 mM MgATP at 37˚C for 40 min. The unconsumed ATP 
was quantified by adding ATP detection buffer, and lumines-
cence was recorded after 20 min at room temperature using 
a SpectraMax® i3x Multi‑Mode microplate reader. The basal 
and drug‑stimulated ABCB1‑ATPase activities were calcu-
lated according to the manufacturer's protocol.

Docking analysis. The three‑dimensional structure of the ligand 
was generated from PubChem and Balloon (https://pubchem.
ncbi.nlm.nih.gov/ and http://users.abo.fi/mivainio/balloon/index.
php). BLASTp and HHBlits (https://blast.ncbi.nlm.nih.gov/Blast.
cgi?PAGE=Proteins; https://toolkit.tuebingen.mpg.de/#/tools/hhblits) 
were used to interrogate the human ABCB1 (UniProt ID: P08381) 
amino acid sequence against the SWISS‑MODEL (https://swiss-
model.expasy.org/) template library. Based on the target‑template 
alignment, hABCB1 mouse homology models were established 
using Promod3. CLC Drug Discovery Workbench 4.0 (Qiagen 
GmbH) was used for docking. Based on the binding scores, the 
top 100 binding conformations were selected and analyzed.

Statistical analysis. All statistical analyses were performed 
using GraphPad Prism Software version  6.07 (GraphPad 
Software, Inc., La Jolla, CA, USA). Student's t‑test was used to 
compare paired data points between each group. P<0.05 over 
a 95% confidence interval was considered to indicate a statisti-
cally significant difference.

Results

Adr‑resistant cell lines exhibit MDR and overexpress ABCB1. 
In order to screen agents capable of reversing ABCB1‑mediated 
resistance, the present study first developed Adr‑resistant 
K562 cells exhibiting varying levels of resistance. The cell 
viability assay revealed 16‑fold differences in IC50 values in the 
K562/Adr200 cells and 30‑fold differences in IC50 values in the 
K562/Adr500 cells compared with the parental cells (Fig. 1A). 
Additionally, the K562/Adr200 and K562/Adr500 cells exhib-
ited varying degrees of resistance to other chemotherapeutics 
(daunorubicin, idarubicin and etoposide), demonstrating the 
establishment of MDR cell lines  (Fig.  1B‑D and Table  I). 
To clarify the mechanism of MDR, the intracellular Adr 
concentration was quantified by determining Adr fluorescence 
levels in the parental and the two resistant cell lines using 
flow cytometry. As shown in Fig. 1E, Adr fluorescence was 
considerably reduced in the K562/Adr200 and K562/Adr500 
cells compared with the parental K562 cells. The RT‑qPCR 
analysis revealed increased mRNA levels of ABCB1 by ~70- 
and 148‑fold in the K562/Adr200 and K562/Adr500 cells, 
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respectively (Fig. 1F and Table II). Increased protein levels of 
ABCB1 were also confirmed by western blot analysis (Fig. 1G). 
The resistant cells did not show increased expression of 

ABCG2, also known to efflux Adr (data not shown). In addition, 
the cytotoxicity of cisplatin, which is not an ABCB1 substrate, 
did not differ between parental and resistant cells (Table I). 
Therefore, the overexpression of ABCB1 was recognized as the 
underlying mechanism for the observed MDR.

WYE‑354 increases Adr cytotoxicity in Adr‑resistant cell 
lines. WYE‑354 cytotoxicity (Fig. 2A) was first determined 
in the parental K562 and resistant cell lines K562/Adr200 and 
K562/Adr500 using the CellTiter®‑Blue Cell Viability assay. 
Based on the IC50 of WYE‑354 in the parental and resistant 
cell lines (>3.2 µM; Fig. 2B), two doses of WYE‑354 (0.2 and 
1 µM), producing <10 and <30% cell death respectively, were 
selected for examining Adr sensitivity in the K562/Adr200 and 
K562/Adr500 cells. As shown in Fig. 2C‑E, 0.2 µM WYE‑354 
produced a marginal decrease in Adr IC50 in the K562/Adr200 
cells, with a significant decrease in Adr IC50 observed for 
the K562/Adr500 cells. The addition of 1  µM WYE‑354 

Figure 1. Dose‑response curves of K562, K562/Adr200 and K562/Adr500 cells to drug treatment. Dose‑response curves of cells treated with increasing con-
centrations of (A) Adr, (B) daunorubicin, (C) idarubicin and (D) etoposide for 48 h demonstrating different fold resistance. (E) Adr florescence in K562/Adr200 
and K562/Adr500 cells was decreased compared with that in K562 cells following exposure to 10 µM Adr for 2 h. (F) Reverse transcription‑quantitative 
polymerase chain reaction analysis revealed increased mRNA levels of ABCB1 in K562/Adr200 and K562/Adr500 cells. (G) Western blot showing increased 
protein expression of ABCB1 in K562/Adr200 and K562/Adr500 cells. **P<0.005 compared with K562. Adr, adriamycin; ABCB1, ATP‑binding cassette 
subfamily B member 1.

Table I. IC50 values of chemotherapeutics.

	 IC50 µM (RR)
	 -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Drug	 K562	 K562/Adr200	 K562/Adr500

Adriamycin	 0.153±0.011	 2.506±0.304 (16.379)b	 4.659±0.786 (30.451)b

Daunorubicin	 0.167±0.011	 0.972±0.523 (5.834)	 2.026±0.283 (12.163)b

Idarubicin	 0.070±0.004	 0.174±0.126 (2.470)	 0.255±0.089 (3.627)a

Etoposide	 2.391±0.071	 5.193±0.155 (2.172)b	 7.892±2.658 (3.301)b

Cisplatin	 12.821±0.86	 11.942±1.71 (0.93)	 12.390±1.49 (0.97)

Data are presented as the mean ± standard deviation of three independent experiments performed in triplicate. RR was calculated by dividing 
the IC50 of the drug in the resistant cells by that in the parental cells. aP<0.05 and bP<0.005 vs. K562 control. IC50, concentration producing 
50% decrease in cell viability; RR, relative resistance.

Table II. Comparison of average Cq values for ABCB1 and 
GAPDH using SYBR-Green reverse transcription-quantitative 
polymerase chain reaction analysis.

Cell line	 ABCB1 Cq value	 GAPDH Cq value

K562	 26.45±0.08	 18.57±0.28
K562/Adr200	 20.25±0.06	 18.53±0.20
K562/Adr500	 19.54±0.26	 19.12±0.22

Cq values are presented as the mean ± standard deviation. ABCB1, 
ATP-binding cassette subfamily B member 1.
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significantly increased Adr cytotoxicity in both resistant cell 
lines by decreasing the IC50 from 2.5±0.3 to 1.3±0.2 µM in 
the K562/Adr200 cells and from 4.6±0.7 to 1.7±0.3 µM in the 
K562/Adr500 cells. Verapamil at 5 µM was used as the posi-
tive control. Of note, Adr cytotoxicity in the parental K562 
cells was unchanged by the addition of 0.2 or 1 µM WYE‑354, 
including the positive control (Table III). These results suggest 
that WYE‑354 is a potent modulator of Adr resistance in vitro.

WYE‑354 increases G2/M cell cycle arrest and apoptosis in 
combination with Adr in Adr‑resistant cell lines. To elucidate 
the mechanism by which WYE‑354 enhances Adr cytotoxicity 
in Adr‑resistant cell lines, cell cycle analysis and apoptosis 
were assessed in the K562/Adr200 cells by flow cytometry. 
A viable dose of 200  nM Adr, corresponding to  1/10 of 
the Adr IC50 for K562/Adr200 cells, was selected for the 
assays. As shown in Fig. 3A and B, treatment with 0.2 and 
1 µM WYE‑354 did not produce any significant changes in 

the cell cycle distribution of K562/Adr200 cells, which was 
comparable to that in the untreated control, however, Adr at 
200 nM produced marked G2/M cell cycle arrest. The addi-
tion of 1 µM WYE‑354 to 200 nM Adr caused a significant 
increase in G2/M cell cycle arrest in the K562/Adr200 cells. 
Similarly, 1 µM WYE‑354 significantly increased apoptosis in 
combination with 200 nM Adr (Fig. 3C and D). No significant 
difference in apoptosis was observed upon treatment of the 
K562/Adr200 cells with WYE‑354 or Adr alone.

WYE‑354 inhibits R6G efflux in Adr‑resistant cells. The effect 
of WYE‑354 on the functional export of R6G, a known substrate 
of the ABCB1 protein pump, was evaluated by flow cytometry 
in K562 and K562/Adr200 cells in the presence of increasing 
concentrations of WYE‑354. As shown in Fig. 4A and B, 
WYE‑354 dose‑dependently increased R6G retention in the 
K562/Adr200 cells. The addition of 1, 5 and 10 µM WYE‑354 
increased R6G fluorescence in the K562/Adr200 cells from 

Figure 2. Effects of WYE‑354 on Adr cytotoxicity in resistant cells. (A) Structure of WYE‑354. (B) WYE‑354 IC50 in the parent and resistant cell lines. 
Dose‑response curves of (C) K562, (D) K562/Adr200 and (E) K562/Adr500 cells following treatment with 0.01‑100 µM Adr for 48 h in the presence of 0.2 and 
1 µM WYE‑354, showing a decrease in Adr IC50 in the Adr‑resistant cell lines. Adr, adriamycin; IC50, concentration producing 50% decrease in cell viability.

Table III. Adr IC50 values in the presence of indicated doses of WYE-354.

	 IC50 µM (FR)
	 -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Drug	 K562	 K562/Adr200	 K562/Adr500

Adriamycin	 0.153±0.011 (1.000)	 2.506±0.304 (16.379)	 4.659±0.786 (30.451)
+0.2 µM WYE-354	 0.124±0.09 (0.810)	 2.230±0.661 (14.575)	 2.879±0.381 (18.816)a

+1 µM WYE-354	 0.110±0.238 (0.718)	 1.358±0.279 (8.875)a	 1.778±0.391 (11.620)a

+5 µM verapamil	 0.109±0.053 (0.712)	 1.683±0.21 (11.000)b	 2.160±0.23 (14.117)b

IC50 values are presented as the mean ± standard deviation of three independent experiments performed in triplicate. FR was calculated as 
the ratio of IC50 of Adr in cells with or without WYE-354 to the IC50 of Adr in the parental cell line. aP<0.05 and bP<0.005 vs. Adr control. 
IC50, concentration producing 50% decrease in cell viability; FR, fold resistance; Adr, adriamycin.
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3.26 to 7.64, 27.51 and 56.54%, respectively, relative to the 
K562 controls. Verapamil, a competitive ABCB1 inhibitor, 
was used as the positive control. No significant differences in 
R6G fluorescence emission was observed in the parental K562 
cells following the addition of WYE‑354 (Table IV). These 

findings clearly indicate that WYE‑354 exerts an inhibitory 
effect on the ABCB1‑mediated R6G efflux.

WYE‑354 inhibits the activity of ABCB1‑ATPase and does not 
regulate the protein expression of ABCB1. To ascertain the 
molecular interaction of WYE‑354 with the ABCB1 protein, 
an ABCB1‑ATPase assay was performed. ABCB1 is an active 
transporter and the rate of ATP hydrolysis is a direct indicator 
of its activity. As shown in Fig. 5A, WYE‑354 dose‑depend-
ently increased luminescence in cell fractions containing 
recombinant hABCB1 protein, suggesting that WYE‑354 
is a potent substrate of the ABCB1 pump. Verapamil, an 
ABCB1 substrate and a competitive inhibitor, was used as 
the positive control. Notably, WYE‑354 exhibited sub‑basal 
ABCB1 ATPase activity, corresponding to the quantity of 
ATP consumed, at concentrations <1 µM (Fig. 5B). This indi-
cates that WYE‑354 has an inhibitory effect on the ATPase 
activity of ABCB1 at low concentrations, which subsequently 
weakened as the WYE‑354 concentration increased. A 
maximum increase by 3.45‑fold in the basal ATPase activity 
of ABCB1 was observed at a concentration of 50 µM, which 
was comparable to the increase produced by verapamil at 

Figure 3. Effects of WYE‑354 on cell cycle arrest and apoptosis in Adr‑resistant cells. (A) Representative histogram of cell cycle analysis, performed with 
Hoechst 33342 staining by flow cytometry, for K562/Adr200 cells treated with indicated doses of WYE‑354 alone or with 200 nM Adr for 72 h. (B) Mean 
percentage cellular distribution in different phases of the cell cycle plotted from three independent experiments performed in duplicate. Error bars indicate the 
standard error of the mean. (C) Representative histogram of apoptosis, assessed by Annexin V‑APC‑7AAD staining by flow cytometry in K562/Adr200 cells 
treated with 200 nM Adr alone and in the presence of indicated doses of WYE‑354 for 48 h. (D) Mean percentage of total apoptotic cells following indicated treat-
ments plotted from three independent experiments performed in duplicate. Error bars represent the standard deviation. *P<0.05 vs. Adr control. Adr, Adriamycin.

Table IV. R6G mean florescence intensity. 

	 R6G mean florescence intensity
	 -----------------------------------------------------------------------------
Treatment	 K562	 K562/Adr200

Control	 39.336±3910	 1.663.3±286.61
1 µM WYE-354	 40.561±401.5	 4.142.5±1.216.16a

5 µM WYE-354	 41.636±499.5	 7.963.25±664.47a

10 µM WYE-354	 41.581±1,939.33	 25.690.25±1.817a

100 µM verapamil	 48.137±450.6	 27.540.36±609.1

Data are presented as the mean ± standard deviation of three inde-
pendent experiments performed in duplicate. aP<0.05  vs.  control. 
R6G, rhodamine 6G.
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500 µM. Furthermore, western blotting revealed no significant 
differences in protein levels of ABCB1 in the K562/Adr500 
cells following treatment with 1 µM WYE‑354 for 12, 24 
and 48 h time‑points (Fig. 5C). At 1 µM, WYE‑354 did not 
produce significant suppression of mTOR signaling, which 
was evident by the levels of p‑p70S6K. Significant downregu-
lation of p‑p70S6K was observed only at high concentrations 
(5 and 10 µM), however, the protein expression of ABCB1 did 
not differ substantially from that exhibited by the untreated 
control, even at these concentrations (Table V). This indicates 
that WYE‑354 did not regulate the expression of ABCB1 in 
the experiments.

WYE‑354 shows high affinity for the hABCB1 drug‑binding 
pocket. The mechanistic interactions of WYE‑354 at the 
drug‑binding domain of the ABCB1 transmembrane protein 
were predicted by docking using a hABCB1 mouse homology 
model (Fig. 6A). As shown in Fig. 6B, WYE‑354 exhibited high 
affinity for the drug‑binding domain of hABCB1, interacting 
with several amino acid residues, primarily via hydrophobic 

Table V. Relative ABCB1 and p-p70S6K expression detected 
by western blots.

	 Normalized relative intensities
	 as compared to controla

	 -----------------------------------------------------------
Treatment	 ABCB1	 p-p70S6K

Control	 1	 1
1 µM WYE-354 12 h	 0.82±0.09	 1.0±0.10
1 µM WYE-354 24 h	 0.95±0.12	 0.75±0.14
1 µM WYE-354 48 h	 1.22±0.13	 1.07±0.29
1 µM WYE-354 (24 h)	 1.22±0.50	 0.76±0.11
5 µM WYE-354 (24 h)	 1.02±0.26	 0.03±0.03b

10 µM WYE-354 (24 h)	 1.37±0.29	 0.04±0.04b

aABCB1 and p-p70S6K intensities were normalized to β-tubulin 
and p70s6K respectively. Data are presented as the mean ± standard 
deviation. bP<0.005 vs. control.

Figure 4. Effect of WYE‑354 on R6G efflux in Adr‑resistant cells. (A) R6G fluorescence depicted as % dye retention compared with K562 cells (control). Data are pre-
sented as the mean ± standard deviation of three independent experiments performed in duplicate. (B) Representative stacked histogram showing a dose‑dependent 
increase of R6G florescence in K562/Adr200 cells when treated with 1, 5 and 10 µM WYE‑354 for 2 h. *P<0.05 vs. untreated control. R6G, rhodamine 6G.

Figure 5. ABCB1‑ATPase activity and protein expression of ABCB1. (A) Change in RLU of ABCB1 membranes when incubated in the presence of increasing 
doses of WYE‑354 (0‑50 µM) and 500 µM verapamil in triplicate for 60 min at 37˚C. (B) ATPase activity of ABCB1 as the quantity of ATP consumed 
demonstrated the stimulatory effect of WYE‑354. (C) Western blot images showing difference in protein expression in K562/Adr500 cells when treated with 
1 µM WYE‑354 for 12, 24 and 48 h, and when treated with 5 and 10 µM of WYE‑354 for 24 h. ABCB1, ABCB1, ATP‑binding cassette subfamily B member 1.
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interactions, forming a prominent hydrogen bond with Tyr953. 
The overall binding and steric interaction scores, predicted 
using CLC Drug Discovery, for WYE‑354 were ‑85.194 and 
‑83.273, respectively, indicating that WYE‑354 is a potent 
substrate of ABCB1.

Discussion

Despite advances in cancer research, chemotherapy remains 
the first‑line treatment for AML, the efficacy of which is 
limited by the development of MDR. The overexpression of 
drug‑efflux pumps has been implicated in the failure of AML 
chemotherapy, causing disease refraction or relapse  (27). 
Therefore, substances that are capable of restoring chemo-
sensitivity are continuously being investigated to maintain 
cytotoxicity and the clinical response of chemotherapeutics. 
The role of ABCB1 in mediating MDR in cancer cells has 
been extensively documented in different types of cancer. 
The overexpression of ABCB1 is associated with poor clin-
ical response to chemotherapy in patients with AML (28). 
Therefore, the development or identification of safe and 
effective ABCB1 inhibitors is of particular interest. Besides 
specific inhibitors designed and developed to target ABCB1, 
a number of small molecule inhibitors targeting cellular 
signaling pathways have been demonstrated to interact 
with ABCB1 as substrates or inhibitors. Various ABCB1 
substrates may act as competitive inhibitors of ABCB1 efflux 
activity (8,29).

Aberrant PI3K/AKT/mTOR signaling is common 
in AML and is implicated in drug resistance  (30,31). 
First‑generation mTOR inhibitors, including rapamycin and 
its analogs, have been previously reported to reverse resis-
tance in different types of cancer (32,33). Recently, BEZ235, 
a dual PI3K/mTOR inhibitor, demonstrated potent activity 
as a resistance‑modifying agent in AML cell lines, where 
Adr‑resistant K562 and vincristine‑resistant HL60 cells were 
used to represent MDR in AML (34). The present study is 
the first, to the best of our knowledge, reporting the effects 
of the mTOR kinase inhibitor WYE‑354 on restoring Adr 

chemosensitivity in MDR K562 cells in vitro. The present 
study evaluated the cytotoxicity of WYE‑354 in combina-
tion with Adr in K562/Adr200 and K562/Adr500 cells. 
WYE‑354 significantly sensitized the two MDR cell lines 
to chemotherapy by decreasing Adr IC50. Importantly, Adr 
cytotoxicity remained unchanged in the parental cell line, 
suggesting that the mechanism may be associated with the 
acquisition of drug resistance. The fact that the overexpres-
sion of ABCB1 was identified as the mechanism underlying 
Adr resistance in K562/Adr200 and K562/Adr500 cells 
suggested that WYE‑354 may be capable of interacting 
with the ABCB1 transporter, thus modulating its activity. 
Furthermore, the combination of WYE‑354 and Adr caused 
increased apoptosis and G2/M cell cycle arrest, contributing 
to the increased chemosensitization of Adr‑resistant cells.

Adr is a well‑known substrate of ABCB1 and overexpression 
of the pump results in its increased clearance, thus preventing 
its intracellular accumulation and reducing its cytotoxicity as 
a consequence. The ABCB1 transporter activity was assessed 
based on the efflux of R6G, a florescent substrate of ABCB1. 
Detection of the natural florescence of rhodamine provides a 
robust screening platform for examining ABCB1 efflux and, 
unlike anthracyclines, quenching of florescence is not observed 
with rhodamine dyes (35). WYE‑354 potently inhibited the 
efflux of R6G in Adr‑resistant cells. This was consistent with 
the results from the cell viability assay, indicating that the 
observed chemosensitization towards Adr was in fact due to 
the inhibition of ABCB1‑mediated Adr efflux, thus leading to 
an increased intracellular accumulation of Adr. Furthermore, 
WYE‑354 dose‑dependently increased the ATPase activity 
of ABCB1, indicating that it is a potent substrate of ABCB1. 
Notably, WYE‑354 had a mild inhibitory effect on the ATPase 
activity of ABCB1 at low concentrations (≤1 µM). This also 
partially explains why the observed IC50 of WYE‑354, which 
was >3.2 µM, did not differ markedly between the parental 
and resistant cell lines, as the substrate effect is expected to 
become significant only at high concentrations. The phos-
phorylation status of downstream targets directly reflects the 
potency of an inhibitor. The present study revealed that the 

Figure 6. Affinity of WYE‑354 to hABCB1. (A) WYE‑354 interacting with the drug binding domain of the hABCB1 model. (B) WYE‑354 stabilized by 
hydrophobic and steric interactions with amino acid residues in the drug binding domain of hABCB1. Hydrogen bonding is shown between WYE‑354 and 
Tyr953 as a purple dashed line. hABCB1, recombinant human ATP‑binding cassette subfamily B member 1.
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concentration of WYE‑354 required to re‑sensitize resistant 
cell lines did not have an effect on the phosphorylation status 
of p70S6K, an effector molecule of the mTOR signaling 
pathway, even after ≤48 h of incubation. Furthermore, there 
was minimal effect on the protein expression of ABCB1 at 
high concentrations of WYE‑354 (10 µM). The molecular 
docking experiments revealed robust interactions of WYE‑354 
with the hABCB1 mouse homology model. The above find-
ings suggest that the re‑sensitization produced by WYE‑354 
is associated with the competitive inhibition of Adr efflux, 
as a result of WYE‑354 being a substrate of ABCB1. These 
findings highlight WYE‑354 as a potential resistance reversal 
agent, due to its interaction with the ABCB1 efflux pump, at 
the functional and molecular level.

In conclusion, the present study described a novel thera-
peutic application of the mTOR kinase inhibitor WYE‑354 
as a potent modulator of ABCB1‑mediated drug resistance. 
In addition, the interaction between WYE‑354 and ABCB1 
may significantly improve current understanding of drug 
availability and provide insights into possible drug interac-
tions in combination therapies. The use of WYE‑354 as a 
resistance‑modulating agent can provide added benefit due 
to its intrinsic anticancer activity. Further investigations 
using patient‑derived primary cell lines and animal models 
are warranted to validate the clinical applicability of using 
WYE‑354 to potentially attenuate chemoresistance in vivo.
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