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Abstract. Most patients with advanced leukemia eventually 
die from multidrug resistance (MDR). Chemotherapy‑resistant 
leukemia cells may lead to treatment failure and disease 
relapse. Overexpression of ATP‑binding cassette subfamily 
G member 2 (ABCG2) leads to MDR, which serves as a 
potential biomarker and target of therapeutic intervention for 
leukemia cells. Targeting ABCG2 is a potential strategy for 
selective therapy and eradicate MDR cells, thus improving 
malignant leukemia treatment. KD025 (SLx‑2119) is a novel 
Rho‑associated protein kinase 2‑selective inhibitor, which has 
been shown to inhibit adipogenesis in human adipose‑derived 
stem cells and restore impaired immune homeostasis in 
autoimmunity therapy. The present study demonstrated that 
KD025 improved the efficacy of antineoplastic drugs in 
ABCG2‑overexpressing leukemia cells and primary leukemia 
blast cells derived from patients with leukemia. Moreover, 
KD025 significantly inhibited the efflux of [3H]‑mitoxantrone 
and hence accumulated higher levels of [3H]‑mitoxantrone in 
HL60/ABCG2 cells. However, mechanistic research indicated 
that KD025 did not alter the protein levels and subcellular 
locations of ABCG2. KD025 may restrain the efflux activity 
of ABCG2 by obstructing ATPase activity. Taken together, 

KD025 can sensitize conventional antineoplastic drugs in 
ABCG2‑overexpressing leukemia cells by blocking the pump 
function of ABCG2 protein. The present findings may provide 
a novel and useful combinational therapeutic strategy of 
KD025 and antineoplastic drugs for leukemia patients with 
ABCG2‑mediated MDR.

Introduction

Combination medicine treatment typically only results in 
short‑term effects in the treatment of malignant leukemia (1). 
The combination of fludarabine, cytarabine, granulocyte 
colony‑stimulating factor and idarubicin is traditionally 
used for standard induction regimens for the treatment of 
leukemia (2). Unfortunately, the use of various chemotherapeu‑
tics for the treatment malignant leukemia has failed to improve 
the overall survival, where only 40% of patients with leukemia 
achieve 5‑year survival (3). The reason behind these modest 
results is considered to be caused by the combined use of 
multiple drugs, which eventually leads to intrinsic or acquired 
multidrug resistance (MDR) (4). MDR remains a formidable 
challenge for the successful treatment of leukemia and is the 
major cause resulting in relapse of leukemia (5). Therefore, 
MDR has become a potential target for therapeutic interven‑
tion. A number of studies reported that the most common cause 
of MDR is the abnormally high expression of ATP‑binding 
cassette (ABC) transporters in leukemia cells (6,7). In fact, it 
was shown that the overexpression of ABCB1, ABCC1 and 
ABCG2 was involved in the efflux of various antitumor agents 
out of the cells (8). These proteins have the ability to transport 
a plethora of chemotherapeutics with diverse structures and 
functions outside of the cells. Antagonizing these transporters 
has been identified to prevent drug efflux, thereby increasing 
the accumulation of the drug inside the cells and provide a 
more effective treatment for patients with leukemia  (9). 
Therefore, ABC transporters have been proposed as promising 
targets to circumvent drug resistance and enhance the thera‑
peutic efficacy of chemotherapeutics.

Recently, ABCG2 has received increasing attention due 
to its mutable pharmacological binding sites (10). Evidence 
suggested that the upregulation of the ABCG2 gene may be 
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closely associated with the high recurrence rate and adverse 
therapeutic response of hematological malignancies (11). For 
instance, the latest data obtained from 178 elderly patients 
with acute myeloid leukemia (AML) revealed that a subset of 
samples with the worst overall survival rate and the highest 
incidence of drug‑resistant disease had upregulated expression 
levels of ABCG2 (12). Furthermore, ABCG2 was recognized 
as a documented marker for the side population (SP) pheno‑
type, which is highly rich in leukemia stem cells (LSCs) and 
protects LSCs from antineoplastic agents (13). These results 
suggested that ABCG2 may be a potential treatment target for 
MDR in leukemia.

As a potential therapeutic target, effectively exploiting 
ABCG2 transporter inhibitors is the most commonly adopted 
approach to overcome MDR. Unfortunately, to date, the 
majority of ABCG2 inhibitors have failed in clinical trials 
due to their unfavorable side effects, insufficient therapeutic 
effects or unpredictable pharmacokinetic interactions (14). 
Thus, determining novel functions of drugs already in clinical 
use is one of the most imperative strategies for identifying 
safer and more efficient ABCG2 inhibitors. 

KD025 (also known as SLx‑2119) is a novel selective inhib‑
itor of Rho‑associated protein kinase 2 (ROCK) 2, which is 
200‑fold more selective for ROCK‑2 than ROCK‑1 (15). ROCK 
was reported to serve an important role in numerous intracel‑
lular processes and the aberrant activation of the Rho‑kinase 
pathway has been proven to contribute to cardiovascular, renal 
and neurological disorders in non‑hematopoietic cells (16). In 
addition, a study reported that KD025 could restrain adipogen‑
esis in 3T3‑L1 cells by regulating key pro‑adipogenic factors; 
the results further implied that KD025 may be a potential 
obesity agent (17). Data from Zanin‑Zhorov et al (18) indicated 
that KD025 may restore impaired immune homeostasis and 
serve a role in autoimmunity therapy.

Upon screening for novel ABCG2 inhibitors in leukemia 
cells, KD025 was discovered to markedly potentiate 
the efficacy of conventional chemotherapeutic agents in 
ABCG2‑overexpressing leukemia cells and primary leukemia 
blast cells derived from patients with leukemia. In addition, 
KD025 significantly inhibited the efflux of [3H]‑mitoxantrone 
and the accumulation of higher levels of [3H]‑mitoxantrone in 
HL60/ABCG2 cells. Thus, the present study aimed to deter‑
mine the effects of KD025 on the protein expression levels 
and cellular location of ABCG2 in leukemia cells. The find‑
ings of the current study may provide a novel perspective for 
overcoming MDR in malignant leukemia.

Materials and methods

Chemicals and reagents. KD025 was purchased from Selleck 
Chemicals. Mitoxantrone, topotecan, cisplatin and fumitrem‑
orgin C (FTC) were purchased from Sigma‑Aldrich (Merck 
KGaA). RPMI 1640, bovine serum albumin (BSA), fetal bovine 
serum (FBS), penicillin/streptomycin and 0.25% trypsin were 
purchased from HyClone (Cytiva). Primary monoclonal anti‑
body against ABCG2 (cat. no. MAB4145; clone BXP‑34) and 
AlexaFluor488‑conjugated goat anti‑mouse IgG secondary 
antibody (cat. no. A‑10684) were purchased from Thermo 
Fisher Scientific, Inc. HRP‑conjugated rabbit anti‑sheep IgG 
secondary antibody (cat. no. AP147P) was purchased from 

Sigma‑Aldrich (Merck KGaA). Primary antibody against 
GAPDH (cat. no. KC‑5G4) was purchased from Aksomics 
Inc. [3H]‑mitoxantrone (4 Ci/mmol) was purchased from 
Moravek Biochemicals Inc. DMSO, MTT, DAPI and para‑
formaldehyde were purchased from Sigma‑Aldrich (Merck 
KGaA). Mitoxantrone, topotecan and FTC were used in place 
of KD025 as positive controls to confirm the mechanism of 
drug resistance in leukemia cell line models. Cisplatin (a 
non‑substrate of ABCG2) was used as a negative control.

Cell lines and culture. The human leukemia cell lines HL60 
and K562 were purchased from the Institute of Hematology 
& Blood Diseases Hospital, Chinese Academy of Medical 
Sciences & Peking Union Medical College. P388 cell lines 
were purchased from the Cell Bank, Institute of Cell Biology, 
Chinese Academy of Sciences. HL60/ABCG2, K562/ABCG2, 
and P388/ABCG2 cells (which overexpress ABCG2) were 
established by the transduction of HL60, K562 and P388 
cells, respectively, with a Ha‑breast cancer resistant protein 
(BCRP) retrovirus that carried Myc‑tagged human BCRP 
(ABCG2) cDNA in the Ha retrovirus vector (19,20). HL60, 
HL60/ABCG2, K562 and K562/ABCG2 cell lines were 
cultured in RPMI 1640 containing 10% FBS, 100 U/ml peni‑
cillin and 100 U/ml streptomycin at 37˚C with 5% CO2.

Cytotoxicity evaluation by MTT assay. MTT (purity 99.59%) 
reagent was used to determine the cell sensitivity to drugs 
with minor modifications as described previously (21). The 
IC50, which was defined as the drug concentration resulting 
in 50% cell death, was calculated from survival curves 
using the Bliss method. Cells were collected and seeded in 
96‑well plates with appropriate density (5x103 cells/well in 
160 µl medium). After plating for 24 h at 37˚C, cells were 
pre‑incubated with 0.25, 0.5 and 1 µM KD025 for another 
72 h at 37˚C. Subsequently, the cells were treated with a 
range of concentrations of chemotherapeutic agents by 2‑fold 
dilution (mitoxantrone range, 0.5‑50 µM; topotecan range, 
0.5‑50 µM; and cisplatin range, 0.5‑50 µM) for another 68 h 
at 37˚C, and 5 mg/ml MTT (20 µl/well) was added to the 
cells and further incubated for 4 h  (37˚C). Subsequently, 
the medium was discarded, and 200 µl DMSO was added 
to each well to dissolve the formazan product formed from 
the metabolism of MTT. The absorbance was determined 
at a wavelength of 540 nm with a background subtraction 
at 670 nm using a Model 550 microplate reader (Bio‑Rad 
Laboratories, Inc.)  (22). The resistance fold‑change was 
calculated by dividing the IC50 values of substrates in the 
presence or absence of the inhibitor by the IC50 of the parental 
cells without inhibitor treatment (23). 

Patient samples. The present study was approved by the Ethics 
Review Committee of Sun Yat‑Sen University. Bone marrow 
blood (3 ml) was obtained from nine patients diagnosed with 
AML or acute lymphoblastic leukemia (ALL) according to 
FAB classification (24). All patients provided written informed 
consent. Leukemia blasts were isolated using Ficoll‑Hypaque 
density gradient centrifugation and cultured in RPMI‑1640 
medium containing 20% FBS  (25). Western blotting was 
performed to determine ABCG2 expression levels in patient 
samples.
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[3H]‑mitoxantrone accumulation and efflux assays. Following 
treatment for 12 h with or without 0.25, 0.5 or 1 µM KD025, 
0.2 µM [3H]‑mitoxantrone was added into the and incubated 
for another 2 h at 37˚C. Subsequently, the cells were washed 
three times with ice‑cold PBS and lysed in 10 mM lysis buffer. 
The radioactivity of the cells was measured using a Packard 
TRI‑CARB® 1900CA liquid scintillation analyzer from 
PerkinElmer, Inc.

Following the accumulation assay, the cells were 
incubated in the presence or absence of 0.25, 0.5 or 1 µM 
KD025 and 2.5 µM FTC overnight. Subsequently, the cells 
were suspended in PRMI 1640 medium containing 0.2 µM 
[3H]‑mitoxantrone with or without reversal agent at 37˚C for 
2 h. After washing three times with ice‑cold PBS, the cells 
were collected at various time points (0, 60, 120 and 240 min). 
Each sample was placed in scintillation fluid and the radioac‑
tivity was analyzed as described previously (26).

Western blotting. Western blotting was performed to test 
the expression levels of ABCG2 protein after treatment with 
0.25, 0.5 or 1 µM KD025 for 48 h or with 2.5 µM KD025 
for 0, 24, 36, 48 and 72 h (27). Following 12 h of incubation 
with 0.25, 0.5 or 1 µM KD025, whole cells were harvested and 
washed twice with ice‑cold PBS. Cell extracts were collected 
using a cell lysis buffer (PBS containing 1% Nonidet P‑40, 
0.5% sodium deoxycholate, 0.1% SDS, 100 mg/ml PMSF, 
10 mg/ml aprotinin and 10 mg/ml leupeptin). Protein concen‑
tration was determined using a BCA Protein assay (Thermo 
Fisher Scientific, Inc.). Equal amounts of protein (60 µg/lane) 
were separated via 10% SDS‑PAGE. The separated proteins 
were subsequently transferred onto nitrocellulose membranes 
and blocked with TBS‑Tween‑20 (TBST) buffer (10 mmol/I 
Tris‑HCl, 150 mmol/I NaCl and 0.1% Tween‑20; pH 8.0) for 
2 h at room temperature. The membranes were then incu‑
bated overnight at 4˚C with primary monoclonal antibodies 
against ABCG2 (1:200) or GAPDH (1:1,000). After washing 
three times with TBST, the membranes were incubated with 
HRP‑conjugated secondary antibody (1:5,000) for 2  h at 
room temperature. The protein‑antibody complexes were then 
washed with TBST, and protein bands were visualized using 
an enhanced chemiluminescence detection system (Phototope 
TM‑HRP Detection kit; Cell Signaling Technology, Inc.). The 
protein bands were analyzed using Scion Image 4.0.3 soft‑
ware (Scion Corporation). The protein expression levels were 
quantified using gray value analysis software (Image Lab 3.0; 
Bio‑Rad Laboratories, Inc.) GAPDH was used as a loading 
control.

Immunofluorescence staining. Following overnight incuba‑
tion in 24‑well plates, 2.5  µM KD025 was added to the 
cells and incubated for 72 h. The cells were then fixed in 
4% paraformaldehyde for 15 min and permeabilized using 
0.1% Triton  X‑100 for 10  min both at room temperature, 
before blocking with 6% BSA for 1 h at room temperature. 
Subsequently, the cells were incubated overnight at 4˚C with 
a monoclonal antibody against ABCG2 (1:500). Following 
incubation, the cells were washed with ice‑cold PBS and incu‑
bated with AlexaFluor488‑conjugated goat anti‑mouse IgG 
secondary antibody for 1 h (1:1,000). Cell nuclei were dyed 
with 1 µg/ml DAPI for 72 h at 4˚C (Sigma‑Aldrich; Merck 

KGaA). Immunofluorescence images were captured using an 
inverted confocal microscope in 6‑8 random microscopic fields 
(magnification, x400; model IX70; Olympus Corporation) with 
IX‑FLA fluorescence and a Charge‑Coupled Device camera. 

Statistical analysis. Statistical analysis was performed using 
SPSS 16.0 (SPSS, Inc.). Data are presented as the mean ± SD 
of 3‑5 independent experimental repeats. Statistical differ‑
ences between the data were determined using one‑way 
ANOVA and Student's t‑test. One‑way ANOVA was used to 
assess significant differences between the means of multiple 
groups, followed by Dunnett's post hoc test. Significant differ‑
ences between two groups were evaluated using the unpaired 
Student's t‑test. P<0.05 was considered to indicate a statisti‑
cally significant difference.

Results 

KD025 markedly enhances the cytotoxicity of antitumor drugs 
in leukemia cells overexpressing ABCG2. HL60/ABCG2 and 
K562/ABCG2 cell lines were established by transfecting 
HL60 and K562 cells with a HaBCRP retrovirus, which were 
subsequently selected for treatment with 4.0 µM mitoxantrone 
for 7 days. Prior to investigating the cytotoxicity of KD025, the 
expression levels of the ABCG2 protein in the transfected cell 
lines used in the study were confirmed using western blotting 
analysis, respectively. The protein expression levels of ABCG2 
were overexpressed in K562/ABCG2 and HL60/ABCG2 cell 
lines compared with their parental cell lines HL60 and K562, 
respectively (Fig. 1A and C).

MTT assays were subsequently performed to deter‑
mine the cytotoxicity of KD025 treatment in different 
leukemia cell lines. As shown in Fig. 1B and D, >70% of 
the ABCG2‑overexpressing cell lines, HL60/ABCG2 and 
K562/ABCG2, and their parental cell lines, HL60 and K562, 
survived 1 µM KD025 treatment, indicating that KD025 may 
be used as a treatment up to a concentration of 1 µM. Therefore, 
all following antineoplastic drug combination assays were 
performed with ≤1 µM KD025. Based on these findings, the 
IC50 of various drugs in leukemia‑sensitive cells and in their 
resistant counterparts with or without the accompanying treat‑
ment with different concentrations of KD025 were determined 
(Tables I and II). The IC50 values of mitoxantrone and topotecan 
in HL60/ABCG2 and K562/ABCG2 cell lines were markedly 
higher than their respective values in HL60 and K562 cell lines 
(P<0.05). Following treatment with KD025, the cytotoxicity 
of mitoxantrone and topotecan significantly increased in both 
ABCG2‑overexpressing HL60/ABCG2 and K562/ABCG2 
cell lines compared with cell lines without KD025 treatment, 
but not in their parental HL60 or K562 cell lines. The IC50 
of mitoxantrone in both HL60/ABCG2 and K562/ABCG2 
cells reduced from 17.217±1.058 to 0.891±0.042 µM and from 
23.581±0.59 to 0.992±0.040 µM, respectively. Meanwhile, the 
IC50 of topotecan in HL60/ABCG2 and K562/ABCG2 cells 
decreased from 18.726±1.054 to 0.975±0.039 µM and from 
17.995±0.661 to 0.781±0.022 µM, respectively. In addition, the 
effect of KD025 was similar to that of 2.5 µM FTC, which 
was sensitive to ABCG2‑overexpressing cells and used as a 
positive control inhibitor of ABCG2. Conversely, KD025 
treatment did not alter the IC50 value of cisplatin, which is not 
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a substrate of ABCG2. These results suggested that KD025 
may significantly potentiate the cytotoxicity of mitoxantrone 

and topotecan in ABCG2‑overexpressing leukemia cell lines 
in a concentration‑dependent manner.

Table I. Effects of KD025 on reversing ABCG2‑mediated MDR in HL60 and HL60/ABCG2 cells.

	 IC50 ± SD (µM) (Resistance fold)
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Treatment	 HL60 	 HL60/ABCG2

Mitoxantrone	 0.942±0.067 (1.00)	 17.217±1.058 (18.23)
  + 0.25 µM KD025 	 0.980±0.083 (1.04)	 4.404±0.089 (4.29)b

  + 0.5 µM KD025 	 0.928±0.074 (0.99)	 1.862±0.050 (1.98)b

  + 1 µM KD025	 0.937±0.081 (0.99)	 0.891±0.042 (0.95)b 
  + 2.5 µM FTC	 0.506±0.039 (0.54)a	 0.825±0.031 (0.88)b 
Cisplatin	 13.416±0.094 (1.00)	 20.173±0.920 (1.50)
  + 1 µM KD025	 14.003±0.113 (1.04)	 19.251±0.908 (1.43)
Topotecan	 0.75±0.035 (1.00)	 18.726±1.054 (24.97)
  + 0.25 µM KD025	 0.648±0.030 (0.86)	 5.631±0.085 (7.51)b

  + 0.5 µM KD025 	 0.601±0.025 (0.80)	 3.022±0.064 (4.03)b

  + 1 µM KD025 	 0.475±0.017 (0.63)	 0.975±0.039 (1.30)b

  + 2.5 µM FTC 	 0.248±0.018 (0.33)a	 0.860±0.024 (1.15)b

Cisplatin	 14.002±0.097 (1.00)	 18.566±1.079 (1.33)
  + 1 µM KD025 	 16.051±0.147 (1.15)	 19.805±1.093 (1.41)

Cell survival was determined using an MTT assay. Date are expressed as the mean ± SD of at least three independent experiments. The 
resistance fold of MDR was calculated by dividing the IC50 for substrates in the presence or absence of inhibitor by the IC50 of parental cells 
without inhibitor. aP<0.05 and bP<0.01 vs. values obtained in absence of KD025. ABCG2, ATP‑binding cassette transporter ABCG2; MDR, 
multidrug resistance; SD, standard deviation.

Table II. Effects of KD025 on reversing ABCG2‑mediated MDR in K562 and K562/ABCG2 cells.

	 IC50 ± SD (µM) (Resistance fold)
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Treatment	 K562	 K562/ABCG2

Mitoxantrone	 1.536±0.027 (1.00)	 23.581±0.59 (15.16)
  + 0.25 µM KD025	 1.604±0.031 (1.04)	 7.041±0.098 (4.58)b

  + 0.5 µM KD025 	 0.946±0.015 (0.62)	 2.809±0.047 (1.83)b 
  + 1 µM KD025	 0.633±0.014 (0.41)a	 0.992±0.040 (0.65)b 
  + 2.5 µM FTC 	 0.482±0.018 (0.31)a	 1.057±0.013 (0.69)b 
Cisplatin	 16.517±1.815 (1.00)	 17.092±1.659 (1.04)
  + 1 µM KD025 	 14.672±1.539 (0.89)	 16.590±1.731 (1.00)
Topotecan	 0.953±0.017 (1.00)	 17.995±0.661 (18.88)
  + 0.25 µM KD025	 0.841±0.021 (0.88)	 6.118±0.069 (6.42)b 
  + 0.5 µM KD025 	 0.710±0.013 (0.75)	 2.35±0.037 (2.47)b

  + 1 µM KD025 	 0.551±0.013 (0.58)a	 0.781±0.022 (0.82)b 
  + 2.5 µM FTC 	 0.630±0.014 (0.66)a	 0.740±0.014 (0.78)b

Cisplatin	 13.915±1.489 (1.00)	 17.620±1.857 (1.27)
  + 1 µM KD025 	 15.481±1.693 (1.11)	 16.729±1.319 (1.20)

Cell survival was determined using an MTT assay. Date are expressed as the mean ± SD of at least three independent experiments. The 
resistance fold of MDR was calculated by dividing the IC50 for substrates in the presence or absence of inhibitor by the IC50 of parental cells 
without inhibitor. aP<0.05 and bP<0.01 vs. values obtained in absence of KD025. ABCG2, ATP‑binding cassette transporter ABCG2; MDR, 
multidrug resistance; SD, standard deviation. 
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KD025 significantly increases the cytotoxicity of mitoxan‑
trone in patient‑derived leukemic blast cells. ABCG2 is 
widely expressed in patients with AML and ALL (28). Thus, 
the expression levels of ABCG2 and the cytotoxicity of 
mitoxantrone with or without KD025 treatment in leukemia 
blast cells derived from patients with leukemia were analyzed 
(Fig. 2). The results demonstrated that 4 of 9 patient samples 
displayed detectable ABCG2 expression (patient nos. 1, 5, 6 
and 7); the expression levels of ABCG2 in patient nos. 5 and 7 
were significantly higher than the average of ABCG2 expres‑
sion in the four samples, while the leukemic blast cells derived 
from patient nos. 1 and 6 with low expression levels of ABCG2 
were excluded from subsequent analyses due to possible 
experimental errors (P<0.05; Fig. 2A and B). Treatment of 
leukemic blast cells with 2.5 µM KD025 effectively increased 
their sensitivity to the cytotoxicity of mitoxantrone in leukemic 
blast cells derived from patient nos. 5 and 7 (Fig. 2C and D, 
respectively). The results suggested that the combined use 
of KD025 and mitoxantrone may result in effective clinical 
effects.

KD025 increases the accumulation of [3H]‑mitoxantrone and 
antagonizes its efflux in ABCG2‑overexpressing leukemia 
cell lines. Transporter inhibitors typically enhance anticancer 
activity through preventing transporter‑mediated efflux, which 
leads to an increase in the accumulation of the intracellular 
drug (29). To investigate the potential mechanism of KD025 

sensitizing ABCG2‑overexpressing leukemia cells to antineo‑
plastic drugs, the intracellular levels of [3H]‑mitoxantrone were 
analyzed in the presence or absence of KD025 treatment. KD025 
treatment significantly increased the intracellular accumulation 
levels of [3H]‑mitoxantrone in HL60/ABCG2 cells (Fig. 3B). 
Meanwhile, the accumulative effect of [3H]‑mitoxantrone 
following 1 µM KD025 treatment was similar to that with 
2.5  µM FTC. In addition, KD025 treatment significantly 
reduced the efflux of [3H]‑mitoxantrone in HL60/ABCG2 
cells compared with in cells without KD025 treatment 
(Fig. 3E). Similarly, pretreatment of KD025 also effectively 
improved the intracellular levels of [3H]‑mitoxantrone and 
decreased its efflux in K562/ABCG2 cells (Fig. 3B, D and F). 
However, KD025 treatment did not significantly alter the 
efflux or accumulation of [3H]‑mitoxantrone in the parental 
HL60 or K562 cells (Fig. 3A and C). These results indicated 
that KD025 treatment may increase the intracellular accu‑
mulation of [3H]‑mitoxantrone and antagonize its efflux in 
ABCG2‑overexpressing leukemia cell lines in a concentra‑
tion‑dependent manner. 

KD025 does not alter the expression levels and subcellular 
locations of ABCG2. To determine the effect of KD025 
treatment on the expression levels and subcellular locations 
of ABCG2, western blotting and immunofluorescence assays 
were performed on HL60/ABCG2 cells. ABCG2 protein 
expression levels were not altered following 72 h of treatment 

Figure 1. Cytotoxicity of KD025 in drug‑resistant cell lines and their parental drug‑sensitive cell lines. Expression levels of ABCG2 and cell viability of 
(A and B) K562 and 562/ABCG2 and (C and D) HL60 and HL60/ABCG2 cells. Data are expressed as the mean ± standard deviation. Each result was calculated 
from three independent experiments. ABCG2, ATP‑binding cassette transporter ABCG2.
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Figure 3. Effects of KD025 on intracellular levels and efflux of [3H]‑mitoxantrone. Accumulation levels of [3H]‑mitoxantrone in (A) HL60 and its 
ABCG2‑overexpressing cell line (B) HL60/ABCG2 upon treatment with 0.25, 0.5 and 1 µM KD025 and 2.5 µM FTC. Accumulation levels of [3H]‑mitoxantrone 
in (C) K562 and its ABCG2‑overexpressing cell line (D) K562/ABCG2 upon treatment with 0.25, 0.5,1 µM KD025 and 2.5 µM FTC. (E and F) The effects of 
KD025 on the efflux [3H]‑mitoxantrone in drug‑resistant and their parental drug‑sensitive cell lines. Data are expressed as the mean ± standard deviation of 
three independent experiments. *P<0.05 vs. control. ABCG2, ATP‑binding cassette transporter ABCG2; FTC, fumitremorgin C.

Figure 2. KD025 enhances the cytotoxicity of mitoxantrone on patient‑derived ABCG2‑overexpressing leukemia blast cells. Bone narrow samples were 
collected from 9 patients newly diagnosed with leukemia. (A) ABCG2 expression levels in leukemia blast cells derived from patients were detected by western 
blotting. (B) Patient nos. 1, 5, 6 and 7 displayed detectable ABCG2 expression. Samples from two patients (nos. 5 and 7) exhibited higher levels of ABCG2 
protein than the average of ABCG2 expression in the four samples (patient nos. 1, 5, 6 and 7). The expression levels of GAPDH were used as loading controls. 
The protein expression levels were quantified using gray value analysis software. Enhancement by KD025 on mitoxantrone cytotoxicity in primary cultures 
of leukemia blasts from (C) patient no. 5 and (D) patient no. 7 with high ABCG2 levels. Data are expressed as the mean ± standard deviation from three 
independent experiments. *P<0.05 vs. the average of ABCG2 expression in patient nos. 1, 5, 6 and 7 (represented by a dotted line). ABCG2, ATP‑binding 
cassette transporter ABCG2. 
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with 2.5 µM KD025 or with treatment of different concentra‑
tions KD025 for 48 h in HL60/ABCG2 cell lines (Fig. 4A). In 
addition, there were no significant changes identified in the 
cellular localizations of the ABCG2 transporters following the 
treatment with 1 µM KD025 for up to 72 h in HL60/ABCG2 
cell lines (Fig. 4B). The present results suggested that the 
reversal effects of KD025 were not accomplished by altering 
the expression levels nor changing the intracellular localiza‑
tion of ABCG2 in HL60/ABCG2 cell lines.

Discussion

Chemotherapy is the most effective therapeutic method for 
patients with malignant leukemia, and the development of stan‑
dard induction therapy has resulted in complete hematological 
remission (2). However, in recent decades, the survival rate 
of leukemia has remained very low (30), without any signifi‑
cant improvements being made. The main cause is that most 
patients with leukemia are either resistant to any initial treat‑
ment or acquire resistance to chemotherapy (31). Thus, MDR, 
which is described as the resistance to structurally and func‑
tionally unrelated drugs, remains a challenge to the successful 
treatment of patients with malignant leukemia undergoing 
chemotherapy (32). MDR that occurs at the molecular level 
has been reported to be more difficult to overcome due to the 
reduced toxicity of intracellular antitumor drugs (33). One 
mechanism of cellular MDR is the overexpression of the ABC 
superfamily of membrane transporters; aberrant activation of 
the drug efflux pumps of the ABC protein effectively reduce 
intracellular concentration of antineoplastic drugs  (34). It 
was reported that ABCB1 (also known as P‑glycoprotein 
and MDR1), ABCC1 (MRP1) and ABCG2 (BCRP) were 

closely associated with MDR in numerous types of cancer 
cells, such as high‑grade serous ovarian carcinoma, refrac‑
tory acute lymphoblastic leukemia and anaplastic lymphoma 
kinase‑rearranged lung cancer (35). These transporters have 
the ability to efflux a large number of antitumor drugs from 
the cells, but each transporter has its own unique substrates (4). 
Therefore, inhibiting the efflux function of these proteins may 
provide more promising therapeutic effects for patients with 
leukemia.

Notably, the BCRP gene encoding ABCG2 has demon‑
strated enhanced clinical significance in malignant leukemia. 
For example, a study on AML revealed that 33% of AML blasts 
had upregulated BCRP expression levels and were inversely 
correlated with disease prognosis and overall survival (36). In 
addition, ABCG2 has been widely recognized as a promising 
therapeutic target for eradication of LSCs, since ABCG2 
is highly enriched in LSCs and serves a crucial role in the 
differentiation, proliferation and self‑renewal of LSCs (37). 
Although intensive methods and drugs have been designed to 
inhibit ABCG2, unfortunately, even with the most advanced 
treatments to date, the reversal of ABCG2‑mediated MDR 
remains unsatisfactory and the relapse risk of patients with 
leukemia remains high in the first two years (38). Furthermore, 
as of yet, appropriate inhibitors of ABCG2 are lacking, since 
these agents are not very potent or are toxic, and their ability 
to inhibit ABCG2 has not been verified in patients (4). Thus, 
exploiting effective and safe ABCG2 transporter inhibitors is 
currently the considered method to improve the clinical effi‑
cacy of leukemia chemotherapy.

ROCK1 and ROCK2, and their isoform‑mediated signals, 
have been reported to be responsible for cell morphology, 
adhesion and migration (39). Furthermore, the ROCK pathway 
was also discovered to serve an important role in physiological 
conditions and the abnormal activation of myeloproliferative 
diseases  (40). A previous study demonstrated that ROCK 
inhibition effectively reduced leukemic cell proliferation (41). 
Therefore, the deregulation of ROCK signaling is emerging as 
a potential key target in leukemia. KD025 is a highly selective 
inhibitor of ROCK2 and has entered Phase I clinical trials 
for psoriasis (15), idiopathic pulmonary fibrosis and systemic 
sclerosis (42). A previous study revealed that KD025 treatment 
inhibited the adipocyte differentiation at the intermediate 
stage in 3T3‑L1 preadipocytes (43). Moreover, KD025 was 
suggested to restore impaired immune homeostasis and 
serve a role in autoimmunity therapy (44). The present study 
indicated that KD025 treatment may be an effective inhibitor 
for reversing MDR in leukemia cell lines. These results were 
consistent with other previous studies on the ROCK signaling 
pathway in leukemia (41,45). However, the reversal efficiency 
and mechanism of KD025 treatment in ABCG2‑mediated 
MDR remains unclear.

Data from the present study revealed that KD025 treatment 
may interact with ABCG2 in leukemia cells. Cytotoxicity 
assays demonstrated that KD025 treatment significantly 
altered the sensitivity of the ABCG2 substrates mitoxantrone 
and topotecan in ABCG2‑overexpressing leukemia cells in a 
dose‑dependent manner. However, KD025 treatment did not 
increase the cytotoxicity of cisplatin, which is not a substrate 
of ABCG2. Furthermore, no significant changes were identi‑
fied in the antitumor effects in the drug‑sensitive parental 

Figure 4. Effects of KD025 on expression levels and subcellular localiza‑
tion of ABCG2 protein in HL60/ABCG2 cells. (A) Western blotting was 
performed to detect ABCG2 expression. HL60/ABCG2 cells were treated 
with different concentrations KD025 for 48 h or 2.5 µM KD025 for up to 
72 h. (B) Immunofluorescence staining (magnification, x400) was used to 
investigate the subcellular localization of ABCG2 in HL60/ABCG2 cells 
treated with 2.5 µM KD025 for 0 or 72 h. ABCG2 staining is shown in 
red. Fluorescent DAPI (blue) was used to counterstain the nuclei. ABCG2, 
ATP‑binding cassette transporter ABCG2. 
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leukemia HL60 and K562 cell lines. These data suggested 
that the combination of KD025 treatment with chemothera‑
peutic drugs may exert a preferable antineoplastic effect. 
Moreover, the present study also investigated the efficiency 
of KD025 in patient‑derived leukemia blast cells. The results 
indicated that KD025 treatment enhanced the cytotoxicity 
of mitoxantrone in ABCG2‑overexpressing samples. The 
significant inhibitory effects of KD025 treatment on leukemia 
cells also prompted the determination of its underlying 
mechanism. The drug accumulation assay demonstrated 
that KD025 treatment effectively improved the intracellular 
accumulation of mitoxantrone and antagonized its efflux in 
ABCG2‑overexpressing leukemia cells. It has been previ‑
ously proposed that ABCG2 inhibitors are divided into 
two subtypes: Those only inhibiting ABCG2 activity (most 
ABCG2 inhibitors) and those that inhibit ABCG2 activity 
in addition to reducing the expression levels of ABCG2 (for 
example afatinib) (46). Thus, the present study investigated 
the effects of KD025 treatment at different concentrations 
on the protein expression levels and intracellular locations 
of ABCG2 in leukemia cells through western blotting 
and immunofluorescence assays, respectively. The results 
revealed that KD025 treatment did not alter the expression 
levels or location of ABCG2 in HL60/ABCG2 cell lines. 
Therefore, KD025 may exert its reversal effect by directly 
inhibiting ABCG2 activity. Generally, ABCG2 exerts its 
efflux functions depending on the ATPase activity, of which 
the ATPase activity of ABC transporters is stimulated in the 
presence of transport substrates (29,32). Most reversal drugs 
block drug transport by acting as competitive substrates that 
occupy the valid sites to prevent the drug transport out of 
the cell (9,47). A recent report suggested that KD025 may 
decrease the activity of ATP in pulmonary microvascular 
endothelial cells  (48). Thus, KD025 treatment may exert 
an inhibitory effect on ABCG2 in leukemia cells through 
competitive substrate transport blockade.

In conclusion, the results of the present study suggested that 
KD025 treatment may significantly improve the sensitivity of 
leukemia cells to chemotherapeutics by antagonizing the efflux 
function of ABCG2. Therefore, KD025 treatment combined 
with ABCG2 substrate antitumor drugs may be beneficial 
for the treatment of MDR in patients with leukemia. While 
the anti‑tumor efficacy of the drug combination has been 
demonstrated, further studies are still warranted to determine 
whether KD025 exerts effects on LSCs or has any cell type or 
tissue specificity.
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