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Abstract. Activation of BCR::ABL1 tyrosine kinase is the 
main pathogenic mechanism underlying chronic myeloid 
leukemia (CML) in 90% of affected patients. The prog‑
nosis for individuals with CML who receive treatment 
with BCR::ABL1 tyrosine kinase inhibitors (TKIs) such as 
imatinib, is promising, with a 5‑year survival rate of >90%. 
However, unfortunately, 20‑30% of patients who are treated 
with imatinib may become resistant to the BCR::ABL1 TKIs. 
The objective of the present study was to determine whether 
inhibitors of E3 ubiquitin‑protein ligase Mdm2 (MDM2), 
a regulator of p53 that promotes apoptosis and is highly 
expressed in CML, could induce cell death in imatinib‑resis‑
tant CML cells. Apoptosis and cell viability were evaluated 
using Annexin‑V‑positive cell count and caspase‑3 activity, 
as well as trypan blue dye exclusion assay. Expression levels 
of MDM2, p53, Bax, Puma, Noxa, p21, and cleaved caspase‑3 
were determined via western blotting. MDM2 levels in both 
the cytoplasm and nucleus were found to be ~3‑fold higher in 
K562/IR cells compared with K562 cells, while the levels of 
p53 in both cell structures were markedly lower. In addition, 
an examination of a publicly accessible database revealed that 
the levels of MDM2 were evidently greater in patients who did 
not respond to imatinib compared with those who did respond 
to the drug. NSC‑66811 and Nutlin‑3, MDM2 inhibitors, 

increased the percentage of Annexin‑positive cells in K562/IR 
cells by 43 and 62% at concentrations of 10 and 25 µM, respec‑
tively. Furthermore, the MDM2 inhibitors increased the levels 
of Bax, Puma, Noxa, and p21 by increasing the expression of 
p53 and decreasing the expression of MDM2 in K562/IR cells. 
Additionally, pifithrin‑α, a p53 inhibitor, suppressed MDM2 
inhibitor‑induced cell death in K562/IR cells. Overall, the 
findings of the present study highlight the therapeutic potential 
of MDM2 inhibitors for imatinib‑resistant CML.

Introduction

Chronic myeloid leukemia (CML) is caused by the prolifera‑
tion of abnormal blood cells due to hematopoietic stem cell 
abnormalities. Global incidence of CML is 1.6‑2 per 100,000 
individuals, accounting for 15‑20% of all leukemia cases. The 
expected increase in the incidence of CML in the United States, 
as estimated from 2010 to 2050, ranges from 70,000 cases to 
180,000 cases (1‑3). The Philadelphia chromosome is detected 
in >90% of patients with CML, and BCR::ABL1 tyrosine 
kinase encoded by this chromosome is a major factor in CML 
pathogenesis (4).

Imatinib, initially introduced as a BCR::ABL1 tyrosine 
kinase inhibitor (TKI), has become a primary treatment 
option (5). Prior to the development of BCR::ABL1 inhibitors, 
CML was mainly treated using interferon α, busulfan, and 
hydroxyurea therapy or allogeneic hematopoietic stem cell 
transplantation, resulting in a median survival of 10 years, 
and a 3‑6 year survival rate of 10‑20%, or a 5‑year survival 
rate of 40‑60%. Notably, development of BCR::ABL1 
inhibitors, including imatinib, has significantly increased 
the 5‑year survival rate to >90% (2,6). However, 20‑30% of 
patients with CML acquire resistance to BCR::ABL1 TKIs, 
including imatinib (7). BCR::ABL1 TKI resistance can be 
categorized into two types: BCR::ABL1‑independent and 
BCR::ABL1‑dependent resistance. A major BCR::ABL1-
dependent resistance mechanism involves point mutations, 
accounting for 40‑60% of BCR::ABL1 inhibitor resistance 
cases (8). The BCR::ABL1‑independent resistance mechanism 
includes the activation of bypass pathways, such as the Janus 
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tyrosine kinase/signal transducer and activator of transcription, 
phosphatidylinositol‑3 kinase (PI3K)/Akt, WNT/β‑catenin, 
and mitogen activated protein kinase kinase/extracellular 
regulated protein kinase pathways (8‑10). However, the detailed 
mechanisms of BCR::ABL1 TKI resistance remain unclear.

MDM2 is associated with p53 via its N‑terminus to prevent 
p53 transcriptional activity, and acts as an E3 ubiquitin ligase 
for p53, promoting the cytoplasmic localization of p53 and 
its degradation in proteasomes (11). MDM2 expression has 
been revealed to increase with disease progression in CML 
and to facilitate self‑renewal of CML stem cells by reducing 
p53 expression (12,13). MDM2 inhibitors have been demon‑
strated to enhance the sensitivity to nilotinib and ABT‑737, 
a BH‑3 mimetic, in CD34‑positive and progenitor cells of 
patients with CML (14). JNJ‑26854165, an MDM2 inhibitor, 
was shown to trigger cell death in BCR::ABL1 T315I muta‑
tion‑harboring 32D cells (15). However, the specific effects 
of BCR::ABL1‑independent resistance on imatinib‑resistant 
CML cells remain unclear.

The aim of the present study was to assess whether MDM2 
inhibitors can trigger cell death in BCR::ABL1‑independent 
imatinib‑resistant CML cells.

Materials and methods

Reagents. Nutlin‑3 (Selleck Chemicals), NSC‑66811 
(Calbiochem; Merck KGaA), and pifithrin‑α (Tokyo Kasei 
Kogyo Co., Ltd.) were solubilized in dimethyl sulfoxide 
(DSMO; FUJIFILM Wako Pure Chemical Corporation) and 
dispersed in phosphate‑buffered saline (0.05 M, pH 7.4). The 
maximum final concentration of DMSO used to dissolve the 
reagents was 0.2, and 0.2% DMSO was added to the control 
(0 µM) to which no MDM2 inhibitor was added.

Cell culture. The human CML cell line, K562 (cat. no. 
JCRB0019), was obtained from the Japanese Cancer 
Research Resources Bank. K562/IR and K562/DR cells were 
previously established at the laboratory of the Division of 
Pharmacotherapy, Department of Pharmacy, Kindai University 
(Higashi‑Osaka, Japan) (9,10). Both cell lines were maintained 
in the RPMI‑1640 (Merck KGaA) supplemented with 100 µg/ml 
penicillin, 100 U/ml streptomycin, and 10% fetal bovine serum 
(Thermo Fisher Scientific, Inc.) in a 5% CO2 atmosphere.

Cell survival analysis. Effects of NSC‑66811 and Nutlin‑3 on 
cell viability were assessed utilizing the trypan blue dye exclu‑
sion assay (16,17). Briefly, cells were seeded in 96‑well plates 
at 2x103 cells/well and cultured for 24 h and 37˚C. NSC‑66811 
and Nutlin‑3 were then added to the cells at 0.5, 1, 5, 10 and 
25 µM. To evaluate cell viability with a combination of 20 µM 
pifithrin‑α and MDM2 inhibitors (NSC‑66811 or Nutlin‑3), each 
MDM2 inhibitor was added 2 h after the addition of pifithrin‑α. 
Following 3 days of culture at 37˚C, cells were suspended in 
0.4% trypan blue solution at room temperature for 3 min and then 
analyzed utilizing a hematometer. Cell viability was calculated 
by assessing the live and dead cells under a light microscope.

Apoptosis analysis. Detection of apoptosis was assessed 
utilizing the Annexin V‑fluorescein isothiocyanate (FITC) 
apoptosis detection kit (cat. no. 15342‑54; Nacalai Tesque, Inc.), 

following the manufacturer's guidelines (18). Briefly, cells were 
harvested, rinsed twice with PBS, and resuspended in Annexin 
V binding buffer to achieve a concentration of 1x106 cells/ml. 
The modified cell mixture was combined with 5 µl of both 
Annexin V‑FITC and PI solutions, then allowed to incubate for 
a duration of 15 min at room temperature. Following the incu‑
bation, 400 µl of Annexin V binding buffer was introduced, 
and the sample was subsequently examined utilizing the BD 
LSR Fortessa cell analyzer (Becton‑Dickinson and Company) 
and analyzed by Flow Jo software (Ver. 10; Flowjo LLC).

Caspase‑3 activity analysis. Caspase‑3 activity was 
assessed utilizing the caspase‑3/CPP32 fluorometric assay 
kit (cat. no. K105‑25; BioVision, Inc.), following the manu‑
facturer's guidelines. Cells were exposed to NSC‑66811 
(10 and 25 µM) and Nutlin‑3 (10 and 25 µM) for 2 days at 
37˚C, washed with PBS, and processed with the lysis buffer 
included in the kit. The lysate was incubated with 1 mM 
Asp‑Glu‑Val‑Asp‑7‑amino‑4‑trifluoromethylcoumarin (AFC; 
included in the kit) at 37˚C for 1 h. The levels of AFC (excitation 
wavelength, 400 nm; emission wavelength, 505 nm) emitted 
from the substrate were analyzed utilizing a fluorescence 
spectrophotometer (F‑4500; Hitachi, Ltd.). Records were 
calibrated for lysate protein concentration and represented as 
the change in proteolytic cleavage (pM) of the substrate per 
hour per milligram of protein. The protein concentrations in 
the lysates were measured utilizing a BCA protein assay kit 
(cat. no. T9300A; Takara Bio, Inc.).

Western blotting. The extraction of cells was carried out 
utilizing the ProteoExtract Subcellular Proteome Extraction 
Kit from MilliporeSigma (cat. no.  539790), following the 
manufacturer's guidelines, and the analysis was performed 
through western blotting, as previously reported (10). Briefly, 
using the ProteoExtract Subcellular Proteome Extraction Kit, 
the extracted cytoplasmic and nuclear fractions (20 µg) were 
blotted to polyvinylidene difluoride (PVDF) membranes (cat. 
no. IPVH00010; MilliporeSigma) after electrophoresis on a 
10% sodium dodecyl sulfate‑polyacrylamide gel. The PVDF 
membranes were then treated with 3% skim milk at room 
temperature for 30 min, followed by overnight reaction at 4˚C 
with the primary antibodies listed below. The membranes were 
then washed three times with 0.1% TBS‑T (cat. no. 207‑18061; 
FUJIFILM Wako Pure Chemical Corporation) for 5  min 
and reacted with horseradish peroxidase (HRP)‑conjugated 
secondary antibody for 1 h at room temperature. Then, after 
washing three times with 0.1% TBS‑T for 5 min, the antibody 
was reacted with ImmobilonForte (cat. no. WBLUF0500; 
MilliporeSigma) for 5 min at room temperature, and visual‑
ized by CS analyzer (Ver 3.0; ATTO Corporation). The 
protein concentrations in the lysates were measured utilizing 
a BCA protein assay kit (Takara Bio, Inc.). The following 
antibodies were employed for the assay: Anti‑lamin A/C (cat. 
no. sc‑376248; dilution 1:1,000), anti‑MDM2 (cat. no. sc‑965; 
dilution 1:1,000), anti‑p53 (cat. no. sc‑126; dilution 1:1,000), 
anti‑Puma (cat. no. sc‑377015; dilution 1:1,000), anti‑Bax (cat. 
no. sc‑7480; dilution 1:1,000), anti‑Noxa (cat. no. sc‑56169; 
dilution 1:1,000), anti‑p21 (cat. no. sc‑6246; dilution 1:1,000), 
anti‑caspase‑3 (cat. no. sc‑56053; dilution 1:1,000) (all from 
Santa Cruz Biotechnologies, Inc.), anti‑β‑actin (cat. no. A2228; 
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dilution 1:3,000; MilliporeSigma), HRP‑conjugated 
anti‑mouse antibody (cat. no.  7076; dilution 1:3,000) and 
anti‑rabbit antibody (cat. no.  7074; dilution 1:3,000) (Cell 
Signaling Technology, Inc.).

Gene expression omnibus (GEO) datasets. MDM2 expression 
was analyzed utilizing GSE14671 (19) and GSE33224 (20) 
obtained from the GEO database of the National Center 
for Biotechnology Information (http://www.ncbi.nlm.
nih.gov/geo/). In GSE14671, MDM2 expression in each 
patient was detected on the Affymetrix microarray plat‑
form (GPL570), and MDM2 expression in the 24 imatinib 
responders and 12 imatinib non‑responders was evaluated. In 
GSE33224, MDM2 expression in each patient was detected 
on the Agilent microarray platform (GPL4133), and MDM2 
expression was assessed in 12 imatinib responders and 8 
imatinib non‑responders (without the BCR::ABL1 mutation). 
To evaluate GSE14671 and GSE33224 collectively, MDM2 
expression in imatinib non‑responders was detected when the 
mean number of imatinib responders was set at one.

Statistical analysis. Statistical analysis was performed 
utilizing SPSS version 21.0 software (IBM, Inc.). The results 
are expressed as the mean ± standard deviation. Analysis was 
conducted utilizing one‑way analysis of variance (ANOVA), 
followed by Dunnett's post hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Downregulation of p53 and overexpression of MDM2 expres‑
sion in K562/IR cells. Protein levels of p53 and MDM2 in 
K562/IR and K562 cells were examined. The expression levels 
of MDM2 were elevated in both nuclear and cytoplasmic 

fractions in K562/IR cells, whereas the expression levels of 
p53 were decreased in K562/IR cells compared with K562 
cells (Fig.  1A). Next, the GEO datasets, GSE14671 and 
GSE33224, were used to determine the association between 
MDM2 expression and imatinib resistance in patients with 
CML. In GSE33224, MDM2 expression tended to be higher 
in imatinib non‑responders than in imatinib responders, and 
in GSE14671, MDM2 expression was found to be significantly 
higher in the imatinib non‑responders than in the imatinib 
responders (Fig. 1B). In the combined analysis of GSE14671 
and GSE33224 datasets, MDM2 expression was significantly 
higher in imatinib non‑responders than in imatinib responders 
(Fig.  1C). These results indicated that MDM2 is a target 
molecule for BCR::ABL1‑independent resistance.

Inhibition of MDM2 by NSC‑66811 and Nutlin‑3 induces 
the apoptosis of K562/IR cells. Next, it was assessed whether 
NSC‑66811 and Nutlin‑3 promote cell death in K562/IR 
cells. Both NSC‑66811 and Nutlin‑3 induced cell death in 
K562/IR cells in a concentration‑dependent manner (Fig. 2A). 
Additionally, NSC‑66811 and Nutlin‑3 did not induce cell 
death in K562 cells at concentrations that induced cell death in 
K562/IR cells (Fig. S1A). NSC‑66811 and Nutlin‑3 adequately 
potentiated the cell death‑inducing effects of imatinib, cyta‑
rabine, and busulfan (Fig. S1B‑D). NSC‑66811 and Nutlin‑3 
increased the expression of cleaved caspase‑3 and activation 
of caspase‑3, respectively (Figs. 2B and 3B). Furthermore, 
the percentages of early/late apoptotic or necrotic cells by 
treatment with NSC‑66811 and Nutlin‑3 were 36.4/6.27 and 
0.12% (10 µM NSC‑66811), 15.4/47.79 and 0.92% (25 µM 
NSC‑66811), 36.9/7.07 and 0.071% (10 µM Nutlin‑3), 15.5/47.1 
and 1.32% (25 µM Nutlin‑3), respectively (Fig. 2C) and admin‑
istration with NSC‑66811 and Nutlin‑3 increased the number 
of Annexin V‑positive cells in K562/IR cells (Fig. 2C). These 

Figure 1. Increased expression levels of MDM2 and decreased expression levels of p53 in K562/DR cells. (A) Following incubation for 2 days, cell lysates 
were assessed via immunoblotting with antibodies against MDM2, p53, β‑actin, and lamin A/C. MDM2 and p53 levels were normalized to those of β‑actin or 
lamin A/C. Results are representative of three independent experiments. *P<0.01 vs. K562 cells. (B) Comparison of MDM2 levels between imatinib responders 
and non‑responders using the GSE33224 [Responders (N=12) and Non‑responders (N=8)] and GSE14671 [Responders (N=24), and Non‑responders (N=12)] 
datasets. (C) MDM2 expression in imatinib non‑responders in GSE33224 and GSE14671 [Responders (N=36) and Non‑responders (N=20)] datasets, with a 
mean value of 1 for imatinib responders. MDM2, E3 ubiquitin‑protein ligase Mdm2.
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results indicated that NSC‑66811 and Nutlin‑3 induced apop‑
tosis in K562/IR cells and potentiated the cell death‑inducing 
effects of imatinib, cytarabine, and busulfan.

A previous study demonstrated that the activation of 
the MET pathway is involved in the BCR::ABL1 inhibitor 
resistance mechanism in K562/IR cells (10). To investigate 
whether MDM2 inhibitors also induce cell death in cells with 
BCR::ABL1 inhibitor resistance mechanisms other than this 
pathway, dasatinib‑resistant K562/DR cells with BCR::ABL1 
resistance mechanisms were analyzed by activating ERK1/2 
via MOS and TPL2 overexpression (9). First, the protein levels 
of p53 and MDM2 in the K562/DR and K562 cells were exam‑
ined, and it was found that MDM2 expression was elevated 
in K562/DR cells, both in the nuclear and cytoplasmic frac‑
tions, whereas p53 expression levels were lower than those in 
K562 cells (Fig. S2A). In addition, NSC‑66811 and Nutlin‑3 
significantly induced the death of K562/DR cells and potenti‑
ated the cell death‑inducing effects of dasatinib (Fig. S2B). 
These results indicated that MDM2 inhibitors induce cell 
death in CML cells with BCR::ABL1 resistance mechanisms, 
at least those involving MET pathway activation and ERK1/2 
activation through MOS and TPL2 overexpression.

NSC‑66811 and Nutlin‑3 increase Bax, Puma, Noxa, and p21 
levels by enhancing p53 expression and decreasing MDM2 
expression in K562/IR cells. To confirm the mechanisms under‑
lying the apoptosis‑inducing effects of NSC‑66811 and Nutlin‑3, 

MDM2 and p53 levels in cells were examined. NSC‑66811 and 
Nutlin‑3 increased the levels of p53 and decreased the levels 
of MDM2 in the cytoplasm of K562/IR cells (Fig. 3A). Bax, 
Puma, and Noxa, which are activated by p53, are BH‑3‑only 
proteins that are involved in the intrinsic apoptotic pathway 
in the mitochondria and p53 increases the expression of p21 
via promoted transcription of p21 (21,22). In the present study, 
the alterations in these apoptosis‑related factor levels after 
the treatment of K562/IR cells with NSC‑66811 and Nutlin‑3 
were examined. NSC‑66811 and Nutlin‑3 increased the levels 
of Bax, Puma, Noxa, and p21 in K562/IR cells (Fig. 3B). These 
results indicated that NSC‑66811 and Nutlin‑3 increase Bax, 
Puma, Noxa, and p21 levels by promoting p53 expression and 
inhibiting MDM2 expression in K562/IR cells.

To investigate whether the increased expression of p53 is 
involved in the induction of cell death of K562/IR cells by 
MDM2 inhibitors, cell viability was examined when p53 inhib‑
itor pifithrin‑α was combined with NSC‑66811 or Nutlin‑3. 
The results revealed that NSC‑66811 and Nutlin‑3 decreased 
MDM2 expression and increased p53 expression, whereas 
pifithrin‑α did not alter MDM2 expression and decreased p53 
expression (Fig. 4A). MDM2 expression in combination with 
MDM2 inhibitor and pifithrin‑α was comparable to that of 
MDM2 inhibitor alone, whereas p53 expression was reduced 
compared with MDM2 inhibitor alone and comparable to that 
of no treatment (Fig. 4A). Additionally, pifithrin‑α suppressed 
NSC‑66811‑ and Nutlin‑3‑induced cell death in K562/IR cells 

Figure 2. NSC‑66811 and Nutlin‑3 induce the apoptosis of K562/IR cells. (A) Following treatment of K562/IR cells with NSC‑66811 and Nutlin‑3, cell 
viability was determined via trypan blue dye exclusion assay. The cells were treated with the indicated concentrations of NSC‑66811 and Nutlin‑3 for 3 days. 
Results are representative of five independent experiments. *P<0.01 vs. untreated cells (0.1% DMSO). (B) K562/IR cells were treated with the indicated concen‑
trations of NSC‑66811 and Nutlin‑3 for 3 days. Caspase‑3 activity was determined using the caspase‑3/CPP32 fluorometric assay kit. Results are representative 
of four independent experiments. *P<0.01 vs. untreated cells (0.1% DMSO). (C) K562/IR cells were treated with the indicated concentrations of NSC‑66811 
and Nutlin‑3 for 3 days and apoptosis was detected using the Annexin V‑fluorescein isothiocyanate apoptosis detection kit. Results are representative of four 
independent experiments. *P<0.01 vs. untreated cells (0.1% DMSO).
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(Fig. 4B). These results indicated that the MDM2 inhibitor 
promoted cell death by decreasing the expression of MDM2 
and increasing the expression of p53.

Discussion

In present study, it was demonstrated that BCR::ABL1-
independent imatinib‑resistant K562/IR cells and 
dasatinib‑resistant K562/DR cells exhibited higher MDM2 
levels and lower p53 levels in the cytoplasm and nucleus 
than imatinib‑sensitive and dasatinib‑sensitive K562 cells. 
Moreover, imatinib non‑responders with CML had markedly 
higher MDM2 levels than the imatinib responders with CML. 
Mutations in MDM2 promoter induce MDM2 overexpres‑
sion, accelerating the shift from chronic to blast crisis phase, 
thereby worsening the prognosis of patients with CML (23). 
Inactivation of p53 has been revealed to be correlated with 
low imatinib sensitivity in vitro, in vivo, and in patients with 
CML (24). Therefore, the MDM2/p53 axis has been demon‑
strated to contribute to BCR::ABL1 TKI resistance in CML, 
suggesting the potential of agents modulating the MDM2/p53 
axis for CML therapy.

In the present study, NSC‑66811 and Nutlin‑3 enhanced 
the number of Annexin V‑positive cells, caspase‑3 activity, and 
cleaved caspase‑3 expression, thereby inducing apoptosis in 
K562/IR cells. Additionally, NSC‑66811 and Nutlin‑3 potenti‑
ated the cell death‑inducing effects of imatinib, cytarabine, 

and busulfan in K562/IR cells, and the cell death‑inducing 
effect of dasatinib in K562/DR cells. Moreover, NSC‑66811 
and Nutlin‑3 increased Bax, Puma, Noxa, and p21 levels by 
decreasing MDM2 expression and increasing p53 expression 
in K562/IR cells. Furthermore, pifithrin‑α, a p53 inhibitor, 
attenuated the NSC‑66811‑ and Nutlin‑3‑inducing cell death in 
K562/IR cells. Imatinib‑resistant CML cells have been shown 
to exhibit lower p53 and Bax levels and higher MDM2 levels 
than imatinib‑sensitive CML cells (25). Nilotinib‑resistant 
acute lymphocytic leukemia cells were revealed to overexpress 
MDM2; MDM2 inhibition using PI3K/mammalian target of 
rapamycin dual inhibitors overcame nilotinib resistance in 
these cells (26). MDM2 inhibitors have been demonstrated to 
induce apoptosis by increasing the levels of BAX, PUMA, and 
NOXA, the target genes of p53, in CML blast crisis cells with 
or without the BCR::ABL1 T315I mutation (27). Moreover, 
MDM2 inhibitor and BCR::ABL1 TKI combination treatment 
reduced the viability of CML stem cells (12). These findings 
indicate the therapeutic effects of MDM2 inhibitors against 
BCR::ABL1 TKI resistance.

It has been reported that mepacrine induces cell death via 
increased p53 expression, and that an MDM2 inhibitor poten‑
tiates BCR::ABL1 TKI‑induced cell death in CML leukemic 
stem cells  (28). Additionally, activation of BCR::ABL1 
increased the expression of MDM2, thereby abrogating p53 
activation in CML cells (13). It has also been indicated that 
BCR::ABL TKI enhances the expression of the TP53 gene 

Figure 3. NSC‑66811 and Nutlin‑3 increase the expression levels of p53 and decrease the expression levels of MDM2 in K562/IR cells. K562/IR cells were 
treated with the indicated concentrations of NSC‑66811 and Nutlin‑3 for 3 days. (A) Cell lysates were assessed via immunoblotting with antibodies against 
MDM2, p53, and β‑actin. MDM2 and p53 expression levels were normalized to those of β‑actin. Results are representative of three independent experiments. 
*P<0.01 vs. untreated cells (0.1% DMSO). (B) Cell lysates were assessed via immunoblotting with antibodies against Bax, Puma, Noxa, p21, cleaved caspase‑3, 
and β‑actin. The expression levels of Bax, Puma, Noxa, p21, and cleaved caspase‑3 were normalized to those of β‑actin. Results are representative of three 
independent experiments. *P<0.01 vs. untreated cells (0.1% DMSO). MDM2, E3 ubiquitin‑protein ligase Mdm2.
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in the serum of patients with chronic phase CML, and drugs 
that activate p53 may potentiate the efficacy of BCR::ABL1 
TKIs (29). Mutations in MDM2 have also been shown to be risk 
factors for developing CML (30). Clinical trials of RG7112, a 
derivative of Nutlin‑3, in CML, chronic lymphocytic leukemia, 
acute lymphocytic leukemia, and acute myeloid leukemia have 
shown grade 3 and 4 neutropenia in 22% of the patients. Of 
the 30 patients, 5 achieved complete and partial responses, 
while RG7112 was not effective as treatment in CML, chronic 
lymphocytic leukemia, acute lymphocytic leukemia, or acute 
myeloid leukemia (31). Therefore, a combination therapy with 
MDM2 inhibitors and other anticancer agents may be neces‑
sary. Furthermore, it has been previously reported that Nutlin‑3 
enhanced the apoptosis‑inducing effect of nilotinib in CML 
stem/progenitor cells, indicating that MDM2 inhibitors such 
as Nutlin‑3 may be effective against BCR::ABL1 TKI primary 
resistance in CML stem/progenitor cells (14). In the present 
study, MDM2 inhibitors potentiated the death‑inducing effects 
of imatinib, cytarabine, busulfan, and dasatinib in K562/IR 
and K562/DR cells, demonstrating that MDM2 inhibitors are 
valuable against BCR::ABL1 TKI‑acquired resistant CML 
cells. These findings indicate that MDM2 inhibitors that 
induce p53 activation may be valuable as concomitant agents 
for BCR::ABL1 TKI, cytarabine, and busulfan, and as agents 
to overcome acquired resistance to BCR::ABL1 TKI.

It has been reported that K562 cells have a single‑base inser‑
tion mutation between codons 135 and 136, indicating a lack 
of function (32). However, imatinib resistance was revealed to 

be correlated with low p53 expression in K562/G cells (25). 
Additionally, the mutant p53 harbored in K562 cells recov‑
ered wild‑type p53 function in 12‑O‑tetradecanoylphorbol 
13‑acetate‑resistant K562 cells (33). In the present study, it 
was observed that MDM2 inhibitors induced cell death in 
K562/IR and K562/DR cells, but not in K562 cells, at the 
same concentrations. These findings suggest that BCR::ABL1 
TKI‑resistant K562 cells may convert mutant p53 into p53 
with wild‑type function, which needs to be elucidated in 
subsequent studies.

In the present study, 5, 10 and 25 µM were used as admin‑
istered concentrations of Nutlin‑3. Although Nutlin‑3 has not 
been clinically evaluated in humans, a derivative of Nutlin‑3, 
RG‑7112, has been clinically studied in liposarcoma, with 
steady‑state plasma levels of ~12 µM, partial responses in 1 out 
of 20 patients, and stable disease in 14 patients (34). Nausea 
and vomiting, as well as thrombocytopenia were also concerns 
in this clinical trial as adverse events (34). Furthermore, oral 
administration of 200 mg/kg of Nutlin‑3 in mice has been 
shown to produce a plasma Cmax of ~60 µM and to be well 
tolerated in mice at this dose (35). Based on these findings, it is 
possible that Nutlin‑3 may be well tolerated in humans at a high 
concentration (25 µM), but a lower concentration than 10 µM 
may be better considering the clinical trial of RG‑7112 (34). 
Therefore, if the plasma concentration of Nutlin‑3 can be 
maintained at ~5 µM, it may be viable in combination with 
BCR::ABL1 TKI and conventional anticancer agents for 
the treatment of CML. However, whether 5 µM of Nutlin‑3 

Figure 4. Pifithrin‑α attenuates MDM2 inhibitor‑inducing cell death in K562/IR cells. K562/IR cells were treated with the indicated concentrations of 
NSC‑66811, Nutlin‑3, and pifithrin‑α for 3 days. Each MDM2 inhibitor was added 2 h after the addition of pifithrin‑α. (A) Cell lysates were assessed via 
immunoblotting with antibodies against MDM2, p53, and β‑actin. The expression levels of MDM2 and p53 were normalized to those of β‑actin. Results are 
representative of three independent experiments. *P<0.01 vs. untreated cells (0.2% DMSO). (B) K562/IR cells were treated with NSC‑66811 or Nutlin‑3 in 
combination with pifithrin‑α, and cell viability was determined via trypan blue dye exclusion assay. Cells were treated with the indicated concentrations of 
NSC‑66811, Nutlin‑3, or pifithrin‑α for 3 days. Results are representative of five independent experiments. *P<0.01 vs. untreated cells (0.2% DMSO). MDM2, 
E3 ubiquitin‑protein ligase Mdm2.
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can actually be maintained in human plasma needs to be 
investigated in the future.

Although it was demonstrated that MDM2 inhibitors 
induce apoptosis via p53 activation in imatinib‑resistant CML 
cells, the present study has several limitations. First, as afore‑
mentioned, the p53 gene status in K562/IR cells could not be 
confirmed nor could the plasma concentrations in humans or 
mice treated with Nutlin‑3 be measured. Second, the effects of 
MDM2 inhibitors on tumor growth in K562/IR cell‑bearing 
mice were not examined. Third, the cell death‑inducing effects 
of MDM2 inhibitors in CML cells from patients with imatinib 
non‑responder CML were not confirmed. These are crucial 
factors for the clinical application of MDM2 inhibitors and 
should be investigated in future studies.

In conclusion, the expression levels of MDM2 were 
increased in patients with CML who were non‑responders 
to imatinib and in imatinib‑resistant CML cells. However, 
MDM2 inhibition induced the apoptosis of imatinib‑resistant 
CML cells by increasing the expression levels of Bax, Puma, 
and Noxa via p53 activation. It was previously found that acti‑
vation of the MET pathway and enhancing expression of TPL2 
and MOS are associated with BCR::ABL1 inhibitor resistance 
in CML cells, and that HIF‑1α inhibition promotes cell 
death in BCR::ABL1 inhibitor‑sensitive and ‑resistant CML 
cells (9,10,36). Overall, these findings, along with previous 
research by the authors, highlight MDM2 as a therapeutic 
target to treat imatinib‑resistant CML.
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