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ABSTRACT To target the pivotal BCR/ABL oncoprotein in chronic myeloid leukemia 
(CML) cells, tyrosine kinase inhibitors (TKIs) are utilized as landmark achievements 
in CML therapy. However, TKI resistance and intolerance remain principal obstacles 
in the treatment of CML patients. In recent years, drug repositioning provided al-
ternative and promising perspectives apart from the classical cancer therapies, and 
promoted anthelmintic mebendazole (MBZ) as an effective anti-cancer drug in 
various cancers. Here, we investigated the role of MBZ in CML treatment including 
imatinib-resistant CML cells. Our results proved that MBZ inhibited the prolifera-
tion and induced apoptosis in CML cells. We found that MBZ effectively suppressed 
BCR/ABL kinase activity and MEK/ERK signaling pathway by reducing p-BCR/ABL 
and p-ERK levels with ABL1 targeting ability. Meanwhile, MBZ directly targeted the 
colchicine-binding site of β-tubulin protein, hampered microtubule polymerization 
and induced mitosis arrest and mitotic catastrophe. In addition, MBZ increased DNA 
damage levels and hampered the accumulation of ataxia-telangiectasia mutated  
and DNA-dependent protein kinase into the nucleus. This work discovered that an-
thelmintic MBZ exerts remarkable anticancer effects in both imatinib-sensitive and 
imatinib-resistant CML cells in vitro and revealed mechanisms underlying. From the 
perspective of drug repositioning and multi‐target therapeutic strategy, this study 
provides a promising option for CML treatment, especially in TKI-resistant or intoler-
ant individuals.

INTRODUCTION
Chronic myeloid leukemia (CML) is a clonal hematopoietic 

stem cell disorder with a characteristic Philadelphia chromo-
some and the presence of the bcr-abl fusion gene, which results 
from a reciprocal t(9;22) chromosomal translocation and encodes 
the principal pathogenetic protein BCR/ABL with constitutive 
tyrosine kinase activity [1,2]. The BCR-ABL oncoprotein hijacks 

downstream signaling pathways, including the JAK2/STAT, RAS/
MEK/ERK, and PI3K/AKT pathways, which promote prolifera-
tion, inhibit differentiation, and maintain resistance to cell death 
[3]. Since being approved for CML treatment in 2001, tyrosine 
kinase inhibitors (TKIs) achieved remarkable treatment effi-
ciency and significantly expanded the lifespan of CML patients 
[4]. However, approximately 40% of patients require a higher dose 
of imatinib (IM) or alternative agents after a period due to a lack 
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of drug tolerance or resistance [5]. For years, there is always need 
for alternative therapy regimens for CML patients with TKI resis-
tance or intolerance.

Drug repositioning is an attractive drug development strategy 
that aims to exploit the potentialities of existing drugs for alterna-
tive applications [6]. Belongs to benzimidazole broad-spectrum 
anthelmintics, mebendazole (MBZ) has been commonly pre-
scribed for the treatment of intestinal helminthiasis since 1974 
[7]. Increasing data in past decades has demonstrated that MBZ 
serves as an effective drug in preventing the aberrant tumori-
genic characteristics of cancers including non-small lung cancer, 
colorectal cancer, breast cancer, head and neck cancer, neuro-
blastoma and leukemia in vitro, in vivo or in silico [8,9]. Recently, 
MBZ has entered clinical trials for the treatment of brain tumors 
and gastrointestinal cancer, and it is utilized to improve glioma 
cell sensitivity to traditional chemotherapy and radiotherapy 
while maintaining satisfactory tolerability [9-12]. Probable mech-
anisms and potential targets for MBZ have been investigated as 
research progressed. MBZ blocked microtubule organization 
and triggered G2/M arrest in various malignancies, similar to its 
action mechanisms in anti-parasite treatment. Moreover, MBZ 
could inhibit the Hedgehog pathway in the brain [13] and breast 
cancer [14], NOTCH1 signaling in T cell acute lymphoblastic 
leukemia cells [15], MEK/ERK pathway in hepatocellular carci-
noma [16], melanoma [17] and acute myeloid leukemia [18]. These 
findings demonstrated that MBZ has a cell-type-specific function 
in anti-cancer efficacy, demanding additional investigation in 
specific cancers. Although MBZ has shown proliferative suppres-
sion in CML cells, the particular target has yet to be determined 
[18,19]. Interestingly, in-silico analysis [20] and kinase activity 
experiments [21-23] provide clues that MBZ can bind and inhibit 
ABL1 kinase activity, implying that MBZ can compromise BCR/
ABL kinase activity.

In this study, we focused on the anti-cancer effect of MBZ on 
CML cells and investigated probable mechanisms. In vitro ex-
periments were conducted using IM-sensitive K562 cells and IM-
resistant K562/G01 cells as models. We tested the effects of MBZ 
on CML cells as well as the signaling pathways in CML cells. 
Based on our findings, we attempted to find out whether MBZ 
could potentially be employed as an alternative and supplemen-
tary medication in CML therapy, particularly in IM-resistant and 
intolerant individuals.

METHODS

Chemicals and antibodies

MBZ (Cat. No. M2523, ≥ 98% purity) was purchased from Sig-
ma-Aldrich. Paclitaxel (Cat. No. T0968, ≥ 99% purity) and colchi-
cine (Cat. No. T0320, ≥ 99% purity) were purchased from Target-
mol. N, N′-ethylenebis(iodoacetamide) (EBI) (Cat. No. 7250-43-3, 

≥ 99% purity) was purchased from Aladdin Industrial. MBZ, pa-
clitaxel and colchicine were dissolved in 100% dimethyl sulfoxide 
(DMSO) at a concentration of 10 mM and stored at −80°C. The 
related antibodies were described below. Anti-Caspase3, anti-
PARP, anti-c-abl, anti-phospho-c-abl, anti-STAT5, anti-phospho-
STAT5, anti-p21, anti-c-Myc, anti-γH2AX, anti-ATM, anti-
DNA-PKcs and anti-β-actin were purchased from Cell Signaling 
Technology. Anti-Bcl-2, anti-Bax, anti-Bcl-XL, anti-RAS, anti-
phospho-RAF, anti-MEK, anti-phospho-MEK, anti-ERK, anti-
phospho-ERK, anti-Cyclin B1, anti-α-tubulin, anti-β-tubulin, 
anti-GAPDH and anti-Lamin B1 were provided by Huabio.

Cell culture

Chronic myeloid cell line K562 and its IM-resistant derivative 
K562/G01 cell line (Cell Bank of Shanghai Institute of Cell Biol-
ogy, Chinese Academy of Sciences) were maintained in RPMI-
1640 medium (Gibco). Compared with the parental K562 cells, 
K562/G01 cells gained resistance through incubation with IM fol-
lowing the laboratory routine protocol [24]. Human bone marrow 
stromal cell line HS-5 (American Type Culture Collection) was 
cultured in Dulbecco's Modification of Eagle's Medium medium 
(Gibco). All cells were supplemented with 10% fetal bovine serum 
(Gibco) and 1% streptomycin/penicillin (Beyotime) and kept in a 
humidified 5% CO2 chamber at 37°C.

Detection of proliferation by CCK-8 assay

Cell proliferation was analyzed using CCK-8 assay. K562, K562/
G01, and HS-5 cells were seeded into a 96-well plate at a density 
of 4 × 103 cells/well and exposed to different concentrations of 
MBZ for 48 h. Following the incubation, 10 μl of CCK-8 solu-
tion was added to each well and the plates were incubated for 3 h. 
The optical density (OD) value at 450 nm was measured using a 
microplate reader (Bio-Tek). The MBZ concentrations resulting 
in a 50% inhibitory effect (IC50) were determined based on these 
OD values. Results were expressed as a percentage of cell viability 
referred to the OD value measured in untreated cells, and the IC50 
values were calculated with GraphPad Prism 8.0 software.

Colony formation assay

Cell self-renewal and proliferation ability were analyzed by 
colony formation assay. 100 cells were seeded into each well of 96 
well plates and incubated with different concentrations of MBZ. 
After 7 days, colonies were counted, and the representative colony 
patterns were captured with a microscope.

Morphological alternations

Cell morphology was assessed using refined Wright’s stain-
ing—Liu’s staining. CML cells in each group were collected, 
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resuspended and plated onto glass slides. Then, the slides were 
left to dry at room temperature (RT) and stained with Liu’s stain-
ing solution (Baso) according to the instructions. The slides were 
washed with tap water and air-dried before observation and pho-
tographed using a light microscope (Olympus) at a magnification 
of 400×. To quantitative analyze the degree of mitotic arrest, the 
mitotic index was represented as the ratio of mitosis cells to total 
cells, and at least 100 cells were counted in at least two random 
fields.

Western blot

After being treated with MBZ for 24 or 48 h, K562 and K562/
G01 cells were lysed by RIPA buffer (Beyotime) with protease in-
hibitor PMSF (1%), phosphatase inhibitors NaF (1%) and Na3VO4 
(1%), followed by centrifugation. Total protein concentrations 
were quantified using a Bicinchoninic Acid assay kit (Beyotime), 
and proteins were loaded on 8%–12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred 
onto a PVDF membrane (Millipore). The membranes were 
blocked with 5% (w/v) fat-free milk and subsequently incubated 
with 1:1,000 dilution of specific primary antibodies at 4°C over-
night and corresponding secondary antibodies at RT for 1.5 h. 
Detection was performed using an enhanced chemiluminescence 
system (Biosharp). The densities of bands were analyzed using 
ImageJ software (National Institutes of Health).

Cell cycle and apoptosis analysis

Cell Cycle Assay Kit and Annexin V-FITC/PI Apoptosis Kit 
(Elabscience) were used to detect the cell cycle distribution and 
the percent of apoptotic cells, respectively. K562 and K562/G01 
cells (1 × 106) were planted into 6-well plates and treated with 
identified concentrations of MBZ for 24 h. To detect the cell cycle 
distribution, cells were collected and washed twice with phos-
phate-buffered saline (PBS), followed by fixed in 70% ethanol at 
4°C overnight. Then genomic DNA was stained with propidium 
iodide (PI) reagent (50 μg/ml). The strength of red fluorescence 
was recorded in 488 nm using flow cytometer (CytoFLEX) and 
analyzed by CytExpert software v2.4.0.28 (Beckman Coulter In-
dustry). For apoptosis analysis, cells were stained by Annexin V-
FITC and PI staining (50 μg/ml) and subsequently measured by 
flow cytometer (CytoFLEX).

Immunofluorescence (IF) assay

Cells were fixed with 4% paraformaldehyde, permeabilized 
with 1% Triton X-100 for 15 min at RT, and blocked with goat se-
rum at 4°C for 1 h. The cells were incubated with anti-α-tubulin 
or anti-γH2AX at 4°C overnight, followed by incubation with 
the Cy3 or FITC-labeled secondary antibody (Introvigen) and 
4′,6-diamidino-2-phenylindole. Lastly, the slides were sealed with 

an anti-fading mounting medium (Solarbio). The representative 
photographs were acquired by a fluorescence confocal micro-
scope (Nikon).

Tubulin polymerization assay

Polymerized (P) tubulin and soluble (S) tubulin were obtained 
as previously described [25]. After incubation, the cells were lysed 
in lysis buffer containing 20 mM Tris HCl (pH 6.8), 140 mM 
NaCl, 2 mM EDTA, 1 mM MgCl2, 0.5% NP-40, and protease 
inhibitor PMSF and centrifuged at 13,000g for 10 min at RT to 
separate polymerized (P) tubulin from soluble (S) tubulin. Then 
the pellet containing polymerized (P) tubulin was re-suspended 
and lysed in RIPA buffer (Beyotime) and centrifuged at 13,000g 
for 15 min at 4°C, the supernatant containing depolymerized (S) 
tubulin was transferred to a new tube. Proteins were loaded, sepa-
rated by 12% SDS-PAGE, and analyzed using western blotting 
with anti-α-tubulin antibody and anti-β-actin. The percentage 
of polymerized tubulin (%) was determined by dividing the band 
intensity values of polymerized tubulin by total tubulin.

Cellular thermal shift assay (CETSA)

CETSA was performed according to the experimental protocol 
[26]. In brief, after incubated with 10 μM MBZ or vehicle (DMSO) 
at 37°C for 1 h, K562, and K562/G01 cells were collected, rinsed, 
and resuspended in 1 ml PBS with protease inhibitor PMSF and 
heated with a range of temperature endpoints. The cells were sub-
sequently lysed by three rounds of snap-freezing using liquid ni-
trogen and 25°C in a thermal cycle. After centrifuging at 13,000g 
for 20 min at 4°C, the supernatant was collected and used for 
western blotting. This experiment was performed at least three 
times, each on different days.

EBI competition assay

EBI competition assay was used to verify that MBZ interacts 
with the colchicine-binding site of β-tubulin. EBI can cross-link 
two cysteine residues at positions 239 and 354 of β-tubulin within 
the colchicine-binding site, thereby forming an EBI/β-tubulin 
adduct that can be distinguished from normal β-tubulin. EBI 
competition assay was performed according to the experimental 
protocol [27]. In brief, 6-well plates were seeded with either K562 
and K562/G01 cells at 1 × 106 cells per well and incubated with 
MBZ and colchicine for 2 h, respectively. Then, EBI was added, 
and cells were treated with 100 μM EBI at the same conditions 
without changing the culture medium. After 1.5 h, cells were har-
vested to do a western blot analysis. GAPDH was utilized as the 
loading control of protein samples.
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ABL1 kinase activity assay

The inhibitory activity of MBZ against the ABL1 kinase was 
determined by Caliper Mobility Shift Assays. Staurosporine was 
used as the reference drug. MBZ was prepared as 10 mM stock 
in 100% DMSO, followed by diluted in 100% DMSO to 100× 
final concentration. 5 μl of each DMSO was mixed with 95 μl 
1× Kinase buffer (50 mM HEPES, 10 mM MgCl2, 2 mM DTT 
and 0.01% Brij-35) for 10 min. In a 384-well plate, 5 μl of the di-
luted compound at varying concentrations (final concentrations 
0.00000001-100 μM) were added in duplicate. 10 μl of enzyme 
solution (containing 2.25 nM ABL1) in 1× Kinase buffer was then 
added into each well and incubated at RT for 10 min. 10 μl of pep-
tide solution containing FAM-labelled peptide (final concentra-
tion 3 μM FAM-P2) and ATP (final concentration 12 μM) in 1× 
Kinase buffer was added to each well to initiate the reaction, and 
then the mixture was incubated at 28°C. After one hour, the reac-
tion was terminated by the addition of 25 μl stop buffer (100 mM 
HEPES, 50 mM EDTA, 0.2% Coating Reagent No. 3 [Caliper Life 
Science] and 0.015% Brij-35). These samples were then analyzed 
using Caliper EZ Reader II (Caliper Life Science) to collect con-
version data.

Molecular docking

The initial crystal structures of tubulin complexed with colchi-
cine (PDB: 4O2B) and BCR/ABL complexed with IM (PDB: 1IEP) 
were obtained from the RCSB Protein Data Bank [28]. Marvin-
Sketch v23.11.0 software (Chemaxon) was used to build chemi-
cal structures for ligands, which were energetically minimized 
with UFF forcefield in Avogadro v1.2.0 software and prepared 
for docking in AutoDock tools. The possible binding sites and 
docked conformations were obtained when the ligand poses with 
the lowest docking energy using AutoDock Vina v1.1.2 software. 
Then, a protein-ligand interaction profiler was utilized to analyze 
the non-covalent interactions between the ligand and its target, 
which was visualized using PyMOL (http://pymol.org) [29]. Red-
ocking reference ligands into their co-crystallized structure was 
performed before docking prediction. The root mean square de-
viation (RMSD) value between the crystallography conformation 
and predicted pose of the co-crystallized ligands were less than 
1 angstrom (Å) without superimposing, which validates the reli-
ability of the docking protocol and the accuracy of experimental 
results.

Nuclear extraction assay

Cytoplasmic protein and nuclear protein extraction were ob-
tained using the Nuclear Protein Extraction Kit (Beyotime) ac-
cording to the manufacturer’s instructions. The cytoplasmic and 
nuclear components were then subjected to western blot. Expres-
sion of β-tubulin and Lamin B1, as loading control for cytoplasm 

and nucleus, was assessed using their specific monoclonal anti-
bodies.

Statistical analysis

Statistical analysis was performed by GraphPad Prism 8.0. All 
data were presented as the mean and standard deviation of at least 
three independent experiments with essentially the same results. 
Student’s t-test was conducted to assess the statistical difference 
between two groups and one-way ANOVA was used among mul-
tiple groups. p-values < 0.05 were considered statistically signifi-
cant.

RESULTS

MBZ inhibits proliferation and induces apoptosis of 
CML cells

We used the CCK-8 assay to compare the antiproliferative ef-
fects of MBZ and IM on the IM-resistant CML cell line K562/
G01 and its parental K562. When both cells were treated with IM, 
there was dose-dependent inhibition of cell viability (Fig. 1A, B), 
but the IC50 for K562/G01 cells was ten times higher than IM-sen-
sitive parental K562 cells. Close to the IC50 of IM (0.35 μM), MBZ 
exhibited a cytotoxic effect against K562 cells with an IC50 at 0.38 
μM. Meanwhile, MBZ presented an IC50 at 0.84 μM against IM-
resistant K562/G01 cells, which is six times lower than the IC50 of 
IM in the same cell group (5.44 μM) (Fig. 1C). Using the normal 
bone marrow mesenchymal stem cell line HS-5 as a control, even 
when its concentration reached 10 μM for 48 h, MBZ showed lim-
ited cellular toxicity (Fig. 1D). Similarly, MBZ showed an obvious 
inhibitory effect on the number and size of colonies formed by 
K562 and K562/G01 cells (Fig. 1E, F), which was consistent with 
the data in Fig. 1C.

To evaluate drug-induced apoptosis in CML cells, we con-
ducted annexin-V-FITC/PI labeling and flow cytometry assays. 
As shown in Fig. 1G, H, after the co-incubation of K562 and 
K562/G01 with MBZ at 0.5 μM or 1.0 μM for 24 h, apoptosis was 
detected. At the same concentrations, the cleavages of Caspase-3 
and its substrate PARP were also detected with immunoblotting 
(Fig. 1I). Moreover, because of upregulated pro-apoptotic protein 
Bax and downregulated anti-apoptotic Bcl-2 and Bcl-XL (Fig. 1J), 
Bcl-2/Bax ratio were reduced in both cells (Fig. 1K).

MBZ suppresses BCR/ABL kinase activity and 
downstream signaling pathways by binding the ATP-
binding site of BCR/ABL kinase

MBZ was demonstrated to inhibit ABL1 kinase activity [21-23] 
and target the ATP-binding site in BCR/ABL in previous studies 
[20]. As depicted in Fig. 2A, CML cells treated with 0.5 μM and 1.0 

http://pymol.org
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Fig. 1. Mebendazole (MBZ) inhibits proliferation and induces apoptosis of CML cells. (A–C) Dose-response curve for IM and MBZ in K562 and 
K562/G01 using CCK-8 assay after incubation for 48 h. (D) Dose-response curve for MBZ in bone marrow stromal cell line HS-5 using CCK-8 assay after 
incubation for 48 h. (E) The cell proliferative activity of CML cells treated with MBZ for 7 days was assessed using a colony formation assay. The scale 
bar represents 25 μm. (F) The colony formation rate was calculated and statistically analyzed. (G) The apoptosis levels of CML cells were evaluated 
using annexin-V-FITC/PI labeling and FCM after MBZ treatment for 24 h. (H) The cell apoptosis rate was analyzed based on the FCM results. (I) The pro-
tein expression levels of PARP, Caspase-3, and their corresponding cleaved bands were measured using a western blot. (J, K) The expression levels of 
Bax, Bcl-2, and Bcl-XL were detected by western blot, and the ratio of Bcl-2/Bax was calculated. The values are the mean and SD of three independent 
experiments. CML, chronic myeloid leukemia; IM, imatinib; PI, propidium iodide; FCM, flow cytometry; ns, no significance. *p < 0.05, **p < 0.01, ***p < 
0.001 and ****p < 0.0001 vs. the control group.
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μM MBZ downregulated p-BCR/ABL and p-STAT5 with stably 
expressed BCR/ABL and STAT5. Moreover, treatment with MBZ 
significantly decreased the expression of RAS and p-ERK1/2 in 
both cells (Fig. 2B).

To investigate the association between MBZ and BCR/ABL, 
we first assessed MBZ's kinase inhibition ability against BCR/
ABL using ABL1 kinase activity assay. In Fig. 2C, MBZ strongly 
suppressed ABL1 kinase activity with an IC50 of 1.78 μM, indicat-
ing MBZ could regulate ABL1 kinase activity. Then, a molecular 
docking assay was performed to estimate the possible binding 

mode between MBZ (Fig. 2D) and BCR/ABL (PDB code: 1IEP). 
The RMSD value of the highest-ranked orientation of IM (Fig. 
2E) from its crystallography conformation was found to be 0.87 
Å (Fig. 2F), validating the available docking protocol in this study 
[30]. The docking results showed that MBZ fitted within the 
ATP-binding site of BCR/ABL (−9.0 kcal/mol) and underwent 
hydrogen bonding with GLU-286 and van der Waals interactions 
with the surrounding amino acid residues LEU-248, ALA-269, 
VAL-299, PHE-317, LEU-370 and PHE-382 (Fig. 2G). In addi-
tion, aromatic rings of MBZ were predicted to make π-stacking 

Fig. 2. Mebendazole (MBZ) suppresses BCR/ABL kinase activity and downstream signaling pathways by binding the ATP-binding site of BCR/
ABL kinase. (A, B) Western blot was used to measure protein expression of BCR/ABL, p-BCR/ABL, STAT5, p-STAT5 and signaling molecules in the RAS/
RAF/MEK/ERK signaling pathway after MBZ treatment for 24 h. (C) In vitro validation of protein kinase inhibition by MBZ. Staurosporine was used as a 
positive control to inhibit the kinase activity of ABL1. The values are the mean ± SD of three independent experiments. (D) The molecular structure of 
MBZ. (E) The molecular structure of imatinib. (F) The binding pose and interactions of imatinib (magenta) with co-crystallized BCR/ABL kinase in the 
crystal structure (PDB ID: 1IEP) and predicted docking orientation of imatinib (yellow) in silico docking analysis. (G) The predicted binding pose of MBZ 
(red) in BCR/ABL tyrosine kinase (green, PDB ID: 1IEP) with a binding affinity of −9.0 kcal/mol. Key amino acid residues are visualized in sticks. Hydro-
gen bonds (green), hydrophobic interactions (pink), π-stacking (cyan) and salt bridges (yellow) are indicated as dashed lines.
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Fig. 3. Mebendazole (MBZ) induces aberrant mitosis and multinucleation in CML cells. (A, B) Cell cycle distribution was measured and analyzed 
using FCM. (C) The expression levels of cell cycle-associated proteins c-MYC, p21 and Cyclin B1 in CML cells treated with MBZ for 24 h were detected by 
western blot. (D, F) Morphological changes were observed by Liu’s staining after incubation with MBZ for 24 h (D) and 36 h (F). The scale bar represents 
10 μm. (E, G) Mitotic index was determined by the proportion of mitotic cells after treatment with MBZ for 24 h and multi-nucleated cells were counted 
after 48 h (in a total of at least 100 cells in at least two random fields). The values are represented as the mean ± SD of three independent experiments. 
CML, chronic myeloid leukemia; FCM, flow cytometry; ns, no significance. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs. the controls.
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interaction with the aromatic ring from TYR-253 and PHE-382, 
respectively.

MBZ induces aberrant mitosis and multinucleation in 
CML cells

Flow cytometry was performed to explore how MBZ affects cell 
cycle progression. We found that MBZ increased the CML cells in 
the G2/M phase (Fig. 3A, B). The results were consistent with the 
upregulation of the cell-cycle inhibitor p21 and the downregula-
tion of cyclin B1 and c-MYC (Fig. 3C).

To determine which phase CML cells were mainly blocked in, 
we explored the morphological changes following MBZ incuba-
tion. Some MBZ-treated CML cells exhibited a prophase-like 
morphology, with agglutinated chromosomes and vanished nu-
clear envelope (Fig. 3D), which implied chromosome congression 
and segregation errors were triggered. As shown in Fig. 3E, 2% of 
cells were in mitosis in the untreated control, which increased to 
30% in K562 cells and 20% in K562/G01 cells following 24 h of 
exposure to 0.5 or 1.0 μM MBZ (Fig. 3E).

According to previous research, mitotic catastrophe is fre-
quently accompanied by mitosis arrest and generates unique 
nuclear modifications that result in multinucleation and/or mi-
cronucleation, which are regarded as critical morphological signs 
for detection [31]. Microscope inspection after 36 h of treatment 
revealed that diploid and polyploid cells were significantly ac-
cumulated in K562 cells following incubation with 0.5 μM MBZ, 
and to a greater extent with 1.0 μM (Fig. 3F). In K562/G01 cells, 
there was a lesser but still significant accumulation of multi-
nucleated cells (Fig. 3G).

MBZ disrupts microtubule organization and leads to 
tubulin polymerization

Since mitosis is a cell-cycle event that is extremely dependent 
on the normal functional microtubule, we used IF and confocal 
microscopy to examine the effects of MBZ on α-tubulin protein 
distribution and microtubule network. We found, in untreated 
controls, a well-assembled network containing microtubule pro-
tein typically spread in the cytoplasm (Fig. 4A, E). However, after 
24 h of treatment with 0.5 μM (Fig. 4C, G) or 1.0 μM (Fig. 4D, H) 
MBZ, the microtubule network displayed significant abnormal 
arrangement and α-tubulin was unevenly distributed in CML 
cells.

Furthermore, a fragmented nuclear area appeared in exposed 
cells, similar to the cytomorphology alternations shown in Liu's 
staining (Fig. 3D), and was surrounded by aggregated α-tubulin 
protein and aberrant multipolar α-tubulin structures with dis-
rupted microtubular organization (Fig. 4C, D and Fig. 4G, H), but 
no difference in α-tubulin total protein levels was observed (Fig. 
4I). The inhibitory effect of MBZ on tubulin assembly dynamics 
was then investigated further by measuring the levels of polymer-

ized and depolymerized α-tubulin. As positive controls, paclitaxel 
increased α-tubulin polymerization while colchicine decreased it. 
Results showed that MBZ treatment decreased the level of polym-
erized α-tubulin at 0.5 and 1.0 μM in CML cells (Fig. 4J-M).

MBZ effectively interacts with the colchicine-binding 
site of ββ-tubulin

We guessed that MBZ could depolymerize tubulin by bind-
ing with it, which was preliminarily confirmed by the CETSA. 
After preincubated for 1 h with 10 μM MBZ, the thermostability 
of the β-tubulin protein was increased, and noticeable shifts in 
the melting curves were observed (Fig. 5A, B). Then, a molecular 
docking assay was performed to estimate the possible dock-
ing orientation between MBZ (Fig. 2D) and tubulin (PDB code: 
4O2B). The RMSD value between the highest-ranked orientation 
and the initial position of colchicine (Fig. 5C) was found to be 
0.090 Å (Fig. 5D), suggesting this docking protocol was valid. The 
docking results exhibited that MBZ displayed a perfect fitting 
pose within the colchicine-binding site of α/β-tubulin heterodi-
mer (−10.1 kcal/mol) and undergoes hydrogen-bonding and van 
der Waals interactions with the surrounding amino acid residues 
(Fig. 5E). More precisely, the carbamate–benzimidazole moiety 
was expected to make five hydrogen bonds with ASN-101, SER-
140, GLY-143, GLU-183 and LEU-24`8, and both aromatic rings 
of MBZ was also predicted to form five hydrophobic interactions 
with LEU-248, LYS-254, ASN-258 and LYS-352.

Furthermore, the EBI competition assay was performed in a 
cellular context to assess the binding of MBZ to the colchicine-
binding site. Incubation with a colchicine-binding site inhibitor 
prior to EBI could prevent the formation of the EBI/β-tubulin ad-
duct [27]. As the results showed, the formation of EBI: β-tubulin 
adducts was prevented in CML cells after preincubation with 10 
or 20 μM MBZ before EBI incubation (Fig. 5F), suggesting MBZ 
effectively interacts with β-tubulin at the colchicine-binding site 
in CML cells.

MBZ enhances DNA damage by hindering the 
recruitment of ataxia-telangiectasia mutated (ATM) 
and DNA-dependent protein kinase (DNA-PKcs) in 
the nucleus

Mitotic catastrophes can be effectively triggered by not only de-
layed mitosis but also DNA damage [32]. To check whether MBZ 
can cause DNA damage in CML cells, we employed immunoblot-
ting and IF and observed dramatically elevated protein expres-
sion and nucleus location of γH2AX, an established marker of 
DNA damage, after 24 h treatment with 0.5 and 1.0 μM MBZ (Fig. 
6A, B). Given the crucial role of inducible endogenous reactive 
oxygen species (ROS) in DNA damage, we measured ROS levels 
in MBZ-treated CML cells using DCFH-DA fluorescent probe 
labeling and flow cytometry detection, but there was no signifi-
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cant increase in both cells (Fig. 6C). Meanwhile, we evaluated 
the expression of the DNA repair proteins ATM and DNA-PKcs, 
which are important DNA damage repair players in homologous 
recombination and non-homologous end-joining, respectively, 
but there was no significant decrease in both of proteins (Fig. 

6D). We questioned if ATM and DNA-PKcs constantly recruited 
into the nucleus following MBZ-induced DNA damage for 24 
h. Then, nuclear and cytoplasmic protein extraction assays and 
western blot assay results showed that MBZ treatment resulted in 
enhanced cytoplasm distribution of ATM and DNA-PKcs at 0.5 

Fig. 4. Mebendazole (MBZ) disrupts microtubule organization and leads to tubulin polymerization. (A, E) DMSO; (B, F) 0.1 μM MBZ; (C, G) 0.5 
μM MBZ; (D, H) 1.0 μM MBZ. CML cells were treated with the indicated concentrations of MBZ for 24 h, and the alternation of microtubule organiza-
tion and distribution was observed by fluorescence confocal microscopy. The scale bar represents 10 μm. (I) The protein level of α-tubulin in CML cells 
was detected by western blot. Tubulin polymerization assay was utilized to evaluate the polymerized (P) and soluble (S) α-tubulin in K562 cells (J) and 
K562/G01 cells (K) after incubated with MBZ, colchicine (Col), or paclitaxel (PTX) at indicated concentrations. The percentage of polymerized α-tubulin 
in K562 cells (L) and K562/G01 cells (M) was determined using the formula: %P = P/(P + S). The values are the mean ± SD of four independent experi-
ments. CML, chronic myeloid leukemia; DMSO, dimethyl sulfoxide; ns, no significance. *p < 0.05 and **p < 0.01 vs. the controls.
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Fig. 5. Mebendazole (MBZ) effectively interacts with the colchicine-binding site of β-tubulin. (A, B) β-tubulin protein levels in CML cells were 
detected using CETSA and the quantitative data were shown on the right. The values are the mean ± SD of three independent experiments. (C) Mo-
lecular structures of colchicine. (D) The binding pose of colchicine (orange) with tubulin in the crystal structure (PDB ID: 4O2B) and predicted orienta-
tion of colchicine (green) in silico docking analysis. (E) The predicted binding orientation and interactions of MBZ (red) in the α/β-tubulin heterodimer 
(purple, PDB ID: 4O2B) with a binding affinity of −10.1 kcal/mol. Key amino acid residues are visualized in sticks. Hydrogen bonds (green), and hydro-
phobic interactions (pink) are indicated as dashed lines. (F) The levels of active β-tubulin and EBI: β-tubulin adduct were detected by CETSA and west-
ern blot. CML, chronic myeloid leukemia; CETSA, cellular thermal shift assay; EBI, N, N′-ethylenebis(iodoacetamide); DMSO, dimethyl sulfoxide.
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Fig. 6. Mebendazole (MBZ) enhanced DNA damage by hindering the recruitment of ATM and DNA-PKcs in the nucleus. (A, B) The alternation 
of the cellular location and protein levels of γH2AX in CML cells after treatment with MBZ for 24 h was screened by immunofluorescence and western 
blot. The scale bar represents 10 μm. (C) The levels of ROS were evaluated by FCM. *p < 0.05 vs. the control group. (D) The expression levels of DNA 
repair protein ATM and DNA-PKcs were assessed by western blot. (E, F) Nuclear and cytoplasmic protein extraction assay was performed and followed 
by western blot to analyze the cellular accumulation of ATM (E) and DNA-PKcs (F) in the cytoplasm (C) and nucleus (N) in K562/G01 cells. ATM, ataxia-
telangiectasia mutated; DNA-PKcs, DNA-dependent protein kinase; CML, chronic myeloid leukemia; ROS, reactive oxygen species; FCM, flow cytom-
etry; ns, no significance.
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and 1.0 μM (Fig. 6E, F).

DISCUSSION
CML is a myeloproliferative disease defined by the formation 

of BCR/ABL oncoprotein, which is the primary target of IM, an 
established TKI. Although IM has been widely used for CML 
treatment and has significantly enhanced life expectancy, there 
is an increased rate of recurrence and resistance, prompting the 
development of second and third-generation TKIs. TKI resistance 
and intolerance, on the other hand, remain major obstacles to 
CML treatment. As a result, finding an alternative therapy for 
TKI-resistant or intolerant CML patients is crucial. In this study, 
we discovered that anthelmintic MBZ exhibited a notable inhibi-
tory effect on both IM-sensitive and IM-resistant CML cells. 
From the perspective of drug repurposing, this study provides a 
promising option for CML treatment in TKI-resistant or intoler-
ant individuals.

The anthelmintic MBZ was formerly thought to be a promising 
repurposing medicine due to its potent anticancer effect in vari-
ous cancers, despite the fact that anticancer mechanisms differ 
between cancer types. Here we demonstrated that MBZ exerts 
a remarkable anticancer effect in IM-sensitive and IM-resistant 

CML cells through several synergistic mechanisms (Fig. 7). MBZ 
inhibits CML cell proliferation by suppressing BCR/ABL kinase 
activity and its downstream MAPK signaling pathways by target-
ing the ATP-binding site of BCR/ABL. Furthermore, MBZ binds 
to the colchicine-binding site of β-tubulin, causing aberrant mi-
crotubule function, arresting CML cells in the mitotic phase, and 
triggering a mitotic catastrophe event.

As the characterized oncoprotein of CML, BCR-ABL is always 
a major target for treatment and has an activation effect on down-
stream signaling pathways, including STAT5, RAS/MEK/ERK, 
and PI3K/AKT, to enhance malignancy features [3]. Previous re
searches have shown that MBZ can inhibit ABL1 kinase activity 
and directly bind to the ATP-binding site of the BCR/ABL protein 
[20-23], which is consistent with our data. Nevertheless, MBZ’s 
inhibition effect on BCR/ABL kinase activity and its downstream 
signaling pathways remains unidentified. Our findings showed 
that MBZ greatly decreases the phosphorylation levels of BCR/
ABL and STAT5. Although the major resistance mechanism of 
K562/G01 pertains to BCR/ABL overexpression, we failed to 
observe a substantially different inhibitory impact in the same 
concentration when compared to K562. The result suggested that 
MBZ could exert a potent inhibitory effect on the phosphoryla-
tion level of BCR-ABL at least at the dose of 0.5 μM. Furthermore, 
MBZ reduced RAS protein expression and increased p-RAF level. 
Previous studies have indicated that MBZ could downregulate 
protein levels by affecting several different molecular biology pro-
cesses. Chen et al. [33] showed that MBZ reduced deubiquitinase 
USP5 expression, leading to increased levels of oncogenic tran-
scription factor c-Maf ubiquitination and subsequent degradation 
of the c-Maf. Moreover, Freisleben et al. [34] demonstrated that 
MBZ could attenuate GLI transcription factors promoter activity 
and promote the proteasomal degradation of GLI via inhibition 
of HSP70/90 chaperone activity. Considering these challenges in 
directly targeting RAS and the complex regulatory mechanisms 
of its post-translational modifications [35,36], we hypothesize 
that the altered RAS protein level may be an indirect result of 
regulatory impact of MBZ, including reduced promoter activ-
ity, abnormal protein modification, and disturbed proteasomal 
degradation pathways. This hypothesis needs to be further ver-
ifed by subsequent experiments. Previously, Hentschel et al. [37] 
showed that RAF was BCR/ABL- and RAS-independent activated 
in IM-resistant CML cells. Similarly, Ma et al. [38] revealed IM-
resistant K562 cells had sustained p-RAF expression and MEK/
ERK pathway after IM treatment. Therefore, it is possible that 
increased p-RAF expression is a response to inhibited BCR/ABL 
kinase activity and help cells escape from apoptosis by sustain-
ing downstream MEK/ERK pathway after MBZ treatment. 
However, although p-RAF expression appeared to be restored 
by some RAS-independent mechanism, and the protein levels of 
MEK and ERK remained intact, ERK1/2 phosphorylation was 
stably and efficiently inhibited. A study by Younis et al. [16] found 
that MBZ blocked the RAS/RAF/MEK/ERK pathway at the last 

Fig. 7. Schematic diagram of the function and mechanisms of MBZ 
in CML cells. The anticancer effect of MBZ is mediated by at least two 
processes: one involving downregulated p-BCR/ABL and its down-
stream signaling pathways, and the other involving disrupted microtu-
bule dynamics. This molecule downregulates p-BCR/ABL, p-STAT5 and 
MAPK signalling pathway, thereby inhibiting the growth of CML cells. 
MBZ blocks microtubule polymerization, results in cell cycle arrest at 
mitosis and triggers mitotic catastrophe event, which induces apopto-
sis in CML cells. In addition, MBZ triggers substantial DNA damage by 
delaying repair processing, leading to enhanced genomic instability 
and mitotic catastrophe. MBZ, mebendazole; CML, chronic myeloid leu-
kemia; ATM, ataxia-telangiectasia mutated; DNA-PKcs, DNA-dependent 
protein kinase.
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step (ERK1/2 phosphorylation) in hepatocellular cancer. As a 
result, we hypothesized that MBZ might reduce the amount of p-
ERK1/2 by the indirect effect of defective BCR/ABL oncoprotein 
and direct suppression of MBZ, which needs to be confirmed in 
future investigations.

Our findings showed that MBZ generated aberrant α-tubulin 
distribution and defective α-tubulin structures in both CML cells. 
However, no difference in α-tubulin protein levels was identified. 
Therefore, we predicted that MBZ could influence tubulin state 
alternation between polymerization and depolymerization. We 
found that MBZ depolymerized α-tubulin, implying that MBZ 
altered microtubule dynamic instability and impeded α-tubulin 
polymerization in the cellular environment. Recent studies sug-
gest that MBZ can hinder tubulin polymerization and induce 
mitotic arrest in brain tumors, ovarian cancer, and triple-negative 
breast cancer [25,39,40], which is consistent with our findings. 
The CETSA revealed that preincubating β-tubulin with MBZ 
improved its thermal stability, revealing a possible interaction 
between MBZ and β-tubulin. Hence, we speculated that MBZ 
interrupted tubulin polymerization by directly binding tubulin. 
The molecular docking analysis of MBZ and tubulin heterodimer 
suggested that MBZ might dock into the β-tubulin colchicine-
binding site. To verify the docking result, an EBI-competition 
assay was carried out and the results exhibited that preincubation 
with MBZ could inhibit the formation of EBI: β-tubulin adduct. 
These data demonstrate that MBZ acts as an effective tubulin po-
lymerization inhibitor by targeting the colchicine-binding site of 
β-tubulin.

Docking models of MBZ bound to BCR/ABL and tubulin were 
also studied to understand the structural properties of the dual-
targeting agent. In previous studies, it was found that methyl 
benzimidazole carbamates inhibitors fungicides, such as carben-
dazim, could bind to the β-tubulin of pathogenic bacteria [41]. 
Here, binding mode analyses also revealed that benzimidazole 
carbamates moiety of MBZ engaged in the formation of hydrogen 
bonds with the surrounding residues, which seems to make the 
most significant contribution toward stabilizing MBZ in the col-
chicine-binding sites, implying the potential interaction between 
benzimidazole carbamates moiety and tubulin. Besides, in order 
to help stabilize the binding of MBZ, both aromatic rings of MBZ 
were predicted to make hydrophobic interactions with nonpolar 
residues in both binding mode, and formed π-stacking interac-
tions in the ATP-binding sites of BCR/ABL. These computational 
findings may provide insight into the design of new potent dual-
target inhibitors as anti-cancer drugs through de novo design and 
Structure-Activity Relationships studies based on the MBZ scaf-
fold.

MBZ has previously been used in combination with DNA-
damaging agents or ionizing radiation to improve the efficacy of 
chemotherapy or radiotherapy in newly diagnosed high-grade 
or temozolomide-resistant glioma [42], malignant meningioma 
[43], and IR-resistant triple-negative breast cancer [44]. It sug-

gested that MBZ could be able to sensitize tumor cells to DNA 
damage-inducing agents. In this work, we discovered that MBZ 
significantly enhanced the quantity of γH2AX and promoted its 
nuclei recruitment, suggesting the accumulation of DNA dam-
age. Considering the crucial role of inducible endogenous ROS in 
DNA damage and DNA damage repair protein ATM and DNA-
PKcs, we evaluated the ROS levels and the total protein levels of 
ATM and DNA-PKcs, but no significant increase was observed 
in both cell lines. The protein levels of key DNA damage repair 
molecules can be maintained in the nucleus to ensure normal 
and efficient DNA repair processing. Hence, we explored the dis-
tribution of DNA repair molecules in CML cells and found MBZ 
could impede the rapid recruitment of ATM and DNA-PKcs after 
significant DNA damage accumulation. Markowitz and his col-
leagues [44] studied that MBZ could radiosensitize glioma cells 
by disturbing the trafficking of DNA damage repair proteins 
NBS1 and CHK2. Their study verified that MBZ disrupted the 
trafficking of DNA damage repair molecules in an interphase cell 
after radiosensitization. In this study, we demonstrated that dra-
matically enhanced genome instability could be observed in CML 
cells under the monotherapy of MBZ. However, whether MBZ 
can prevent ATM and DNA-PKcs from recruiting into DNA re-
pair sites in the next interphase requires additional investigation.

Drug repurposing has recently come under the spotlight to 
maximize the benefits of current medical resources, minimize 
expenses, and shorten the research period. This study extensively 
investigated the association between MBZ and CML in vitro, 
manifested the potential of substitute therapeutic strategies in 
IM-resistant CML cells, as well as the efficiency of MBZ as an 
anti-cancer agent, and notably, revealed various molecular targets 
and anti-cancer mechanisms. According to the drug repurpos-
ing concept, our findings establish a foundation for the future 
application of MBZ for CML patients, particularly for overcom-
ing IM resistance or serving as the late-line treatment following 
TKI resistance. By embracing different anti-tumor mechanisms 
of MBZ, we widen rather than constrain our horizons on multi-
target therapy.

In conclusion, our studies revealed that MBZ inhibited the 
BCR/ABL and its downstream MAPK signaling pathways with 
BCR/ABL kinase suppressive activities in IM-sensitive and IM-
resistant CML cells. MBZ bound to the colchicine-binding site 
of β-tubulin, blocking microtubule polymerization, resulting in 
cell cycle arrest at mitosis, and leading to mitotic catastrophe. In 
addition, MBZ triggered substantial DNA damage in CML cells, 
leading to enhanced genomic instability during aberrant mitotic 
progression. This study lays a foundation for clinical validation 
of MBZ as a possible drug for CML patients confronted with IM 
resistance or intolerance.
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