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Abstract. Chronic myeloid leukemia (CML) accounts for 
approximately 15% of new adult leukemia cases. The fusion 
gene BCR‑ABL is an important biological basis and target for 
CML. In the present study, a novel compound, ND‑09, was 
developed and its inhibitory effect and mechanism of action on 
CML growth were evaluated using RT‑PCR and western blot 
analysis. The results showed that ND‑09 demonstrated a high 
level of inhibitory action toward CML cells overexpressing 
BCR‑ABL and induced K562 cell apoptosis through the mito‑
chondrial pathway. Notably, combined ND‑09 and BCR‑ABL 
siRNA treatment could better inhibit cell proliferation and 
induce apoptosis in K562 cells. Furthermore, this growth 
effect of BCR‑ABL siRNA could be fully rescued by trans‑
fection with BCR‑ABL. ND‑09 exhibited a good fit within 
BCR‑ABL and occupied its ATP‑binding pocket, thus altering 
BCR‑ABL kinase activity. Therefore, ND‑09 downregulated 
the phosphorylation of BCR‑ABL and ABL, ultimately inhib‑
iting the downstream signaling pathways in K562 cells. These 
findings suggest that ND‑09 induces growth arrest in CML 
cells by targeting BCR‑ABL.

Introduction

Chronic myeloid leukemia (CML) is a hematopoietic stem 
cell disorder that affects the blood and bone marrow and 

accounts for about 15% of newly diagnosed adult leukemia 
cases (1). CML is a myeloproliferative disease comprising 
three stages, including a chronic phase, accelerated phase, and 
lymphatic/myeloid blast phase, and is characterized by the 
Philadelphia chromosome. The Ph chromosome is a specific 
CML diagnostic marker and is present in more than 95% of 
patients (2,3). This chromosome is the result of a transloca‑
tion between chromosomes 9 and 22, leading to the generation 
of a chimeric gene product of the breakpoint cluster region 
(BCR) and the Abelson murine leukemia (ABL), a fusion gene 
known as BCR‑ABL  (4,5). The BCR‑ABL fusion gene can 
form a chimeric protein, resulting in a constitutively active 
ABL kinase, which can transform hematopoietic stem cells 
into leukemic stem cells and actuate the overproduction and 
expansion of leukocytes in the bone marrow (6,7). Thus, the 
BCR‑ABL fusion protein is an important molecular basis for 
CML pathogenesis.

The oncogenic BCR‑ABL fusion protein has persistent 
kinase activity, resulting in the uncontrolled proliferation 
of myeloid cells through multiple downstream pathways (2). 
BCR‑ABL phosphorylates several substrates that activate a 
number of aberrant kinase‑dependent pathways, including 
the Ras‑mitogen‑activated protein kinase (MAPK) pathway, 
which results in increased proliferation; the Janus‑activated 
kinase/signal transducer and activator of transcription 
(JAK/STAT) pathway, which impairs transcriptional activity, 
and the phosphatidylinositide 3‑kinase/protein kinase  B 
(PI3K/AKT) pathway, which leads to enhanced survival (8‑10). 
Thus, BCR‑ABL has been recognized as the most important 
target for CML treatment.

CML therapy has seen impressive advances with the 
development of tyrosine kinase inhibitors (TKIs) against 
the BCR‑ABL pathway (11), revolutionizing CML manage‑
ment and resulting in a 10‑year overall survival rate of 
more than 90% (12). In terms of CML treatment, nilotinib 
(a second‑generation TKI) has certain advantages over the 
first‑generation TKI imatinib, such as improved response 
kinetics, a significant progression rate reduction, and deeper 
molecular responses  (13,14). Although existing TKIs are 
highly effective in CML patients, many patients develop drug 
resistance. Therefore, the development of novel kinase inhibi‑
tors in an effort to overcome drug resistance is crucial (15).

ND‑09 (4‑methoxyl‑3‑[[4‑(3‑pyridyl)‑2‑pyrimidinyl]
amino] benzoic acid pyrimidin‑2‑ylamino‑benzamides) is a 
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novel compound developed by our group (16). The aim of the 
present study was to investigate whether ND‑09 could regulate 
BCR‑ABL signaling to suppress CML growth.

Materials and methods

Chemicals and reagents. ND‑09 (Fig. 1A) was developed in 
the Research and Engineering Center for Natural Medicine, 
Xi'an Jiaotong University (Shaanxi, China). K562, HUT78 and 
JURKAT cells were obtained from the Shanghai Institute of 
Cell Biology in the Chinese Academy of Sciences (Shanghai, 
China). Iscove's modified Dulbecco's medium (IMDM) and 
RPMI‑1640 medium were purchased from Sigma‑Aldrich. 
3‑(4,5‑Dimethylthiazol‑2‑yl)‑2.5‑diphenyl‑2H‑tetrazolium brom-
ide (MTT) were purchased from Sigma‑Aldrich. Fetal bovine 
serum (FBS) was obtained from ExCell Bio Co., Ltd.

Thermal Cycle Dice Real time system, PrimeScript RT 
Master Mix Perfect Real Time kit, and SYBR® Premix Ex 
TaqTM II were obtained from Takara Biotechnology. Annexin 
V‑FITC cell apoptosis detection kit was obtained from Pioneer 
Biotechnology Co., Ltd. RNase and propidium iodide (PI) 
were obtained from Sigma‑Aldrich. Opti‑MEM medium 
was purchased from Gibco. Lipofectamine 2000 reagent was 
obtained from Invitrogen. Phosphatase and protease inhibitors 
were obtained from Roche Tech. The BCA kit, RNAfast200 
kit, and RIPA lysis buffer were obtained from Pioneer 
Biotechnology Co., Ltd. BCR‑ABL and control siRNA were 
obtained from Shanghai GenePharma Co., Ltd.

The mcl‑1 (monoclonal, 66026‑1‑Ig), Bad (monoclonal, 
67830‑1‑Ig), Bcl‑2 (monoclonal, 60178‑1‑Ig), Bak (poly‑
clonal, 14673‑1AP), Bax (monoclonal, 60267‑1‑Ig), CDC2 
(monoclonal, 67575‑1‑Ig), Cyclin D1 (monoclonal, 60186‑1‑Ig), 
Cyclin  E (polyclonal, 11554‑1‑AP), CDK2 (monoclonal, 
60312‑1‑Ig), Cyclin A2 (monoclonal, 66391‑1‑Ig), and Cyclin B1 
(monoclonal, 67686‑1‑Ig) antibodies were purchased from 
Protein Technology Group. The phospho‑BCR‑ABL (poly‑
clonal, Tyr177), BCR‑ABL (monoclonal, L99H4), phospho‑ABL 
(monoclonal, 73E5), ABL (polyclonal, 2862), phospho‑BCR 
(polyclonal, Tyr177), and BCR (polyclonal, 3902) antibodies 
were obtained from Cell Signaling Technology. The JAK2 
(monoclonal, D2E12), phospho‑JAK2 (monoclonal, D15E2), 
JAK3 (monoclonal, D1H3), phospho‑JAK3 (monoclonal, D44E3), 
STAT3 (monoclonal, D3Z2G), phospho‑STAT3 (monoclonal, 
D3A7), STAT5 (monoclonal, D3N2B), and phospho‑STAT5 
(monoclonal, D47E7) antibodies were obtained from Cell 
Signaling Technology. The p53 (polyclonal, 10442‑1‑AP), p38 
(monoclonal, 66234‑1‑Ig), and PTEN (monoclonal, 60300‑1‑Ig) 
antibodies were obtained from the Protein Technology 
Group. The phospho‑p38 (monoclonal, D3F9), PI3K‑p110α 
(monoclonal, C73F8), PI3K‑p110β (monoclonal, C33D4), 
PI3K‑p110γ (monoclonal, D55D5), PI3K‑p85 (monoclonal, 
19H8), and phospho‑PI3K‑p85/p55 (monoclonal, E3U1H) 
antibodies were obtained from Cell Signaling Technology. The 
AKT (monoclonal, C67E7), phospho‑AKT (monoclonal, D9E), 
PLCγ (monoclonal, D9H10), phospho‑PLCγ (monoclonal, 
D6M9S), Erk1/2 (monoclonal, 137F5), phospho‑Erk1/2 
(monoclonal, Tyr202/204), MEK1/2 (monoclonal, D1A5), 
phospho‑MEK1/2 (monoclonal, 166F8), mTOR (mono‑
clonal, 7C10), and phospho‑mTOR (monoclonal, D9C2) 
antibodies were obtained from Cell Signaling Technology. 

Rabbit anti‑GAPDH (monoclonal, 60004‑1‑lg) was obtained 
from Protein Technology Group. The working solution for the 
primary antibodies was 1:1000, except for the Bad and Cyclin 
E antibodies, which was 1:500. HRP‑conjugated goat anti‑rabbit 
IgG (secondary antibody, dilution: 1:20,000) was obtained 
from Pierce Biotechnology. Enhanced Chemiluminescent Plus 
Reagent was obtained from Biotech Co., Ltd.

Cell culture. K562 and HUT78 cells were cultured in IMDM 
medium containing 10% FBS, 100  U/ml penicillin, and 
100  U/ml streptomycin. JURKAT cells were cultured in 
RPMI‑1640 medium containing 10% FBS, 100 U/ml peni‑
cillin, and 100 U/ml streptomycin. All cell lines were grown at 
37˚C in a 95% humidified atmosphere with 5% CO2.

Cell viability assay. K562, JURKAT and HUT78 cells were 
seeded in 96‑well plates and cultivated in complete medium for 
24 h. Then cells were treated with ND‑09 (0.39, 0.78, 1.56, 3.12, 
6.25, 12.5, 25, and 50 µM) for 48 h. Then, 20 µl MTT solution 
(5 mg/ml) was added to each well and incubated at 37˚C for 
4 h. Subsequently, the cells were enriched at the bottom of each 
well using a plate spinner (4,192.5 x g for 5 min at 25˚C) and 
the medium was slowly removed from each well. Then, 150 µl 
DMSO was added in each well for 15 min. The absorbance was 
recorded by a microplate reader (Bio‑Rad) at 490 nm.

Flow cytometric analysis of cell apoptosis. Cells were seeded 
in 6‑well plates and treated with ND‑09 for 48 h, after which 
the cells were collected by centrifugation (4,192.5 x g for 
5 min at 25˚C), washed, and resuspended in PBS. According to 
the instructions, Annexin V‑FITC and PI double staining were 
used to detect the apoptotic rate. Then, Cell Quest software 
was used for flow cytometry and data analysis.

Determination of mitochondrial transmembrane potential 
(Δψm). Cells were seeded in 6‑well plates and treated with 
ND‑09 for 48 h, after which the cells were washed with complete 
medium, followed by incubation with 1 mM Rhodamine 123 
at 37˚C in the dark for 30 min. Then BD FACSCalibur Flow 
cytometer was used to perform flow cytometric analysis and 
analyze data.

Flow cytometric analysis of cell cycle. Cells were seeded in 
6‑well plates, treated with ND‑09 for 48 h, and then fixed in 
ice‑cold 70% ethanol at 4˚C overnight. Then, the cells were 
washed with cold PBS and stained with RNase and PI for 
30 min in the dark. Cell Quest software was used to perform 
flow cytometric analysis and analyze data.

RNA extraction and RT‑PCR assay. Cells were seeded in 
6‑well plates and treated with ND‑09 for 48 h. According to 
the manufacturer's protocol, total RNA from K562, JURKAT 
and HUT78 cells was extracted using RNAfast200 kit 
(Pioneer Biotechnology Co., Ltd). RT‑PCR was performed 
using PrimeScript RT Master Mix Perfect Real Time kit and 
was performed using SYBR® Premix Ex Taq™ II and Thermal 
Cycle Dice Real time system. GAPDH was considered the 
reference gene. The primer sequences used were: GAPDH 
forward: 5'‑GCA​CCG​TCA​AGG​CTG​AGA​AC‑3' and reverse: 
5'‑TGG​TGA​AGA​CGC​CAG​TGG​A‑3'; BCR‑ABL forward: 
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5'‑CAT​TCC​GCT​GAC​CAT​CAA​TAA​G‑3' and reverse: 5'‑GAT​
GCT​ACT​GGC​CGC​TGA​AG‑3'.

Threshold cycle (Ct) values of BCR‑ABL in each 
sample were normalized with the GAPDH expression. The 
ratio of BCR‑ABL versus the corresponding GAPDH of 
each sample was determined on the basis of the equation 
BCR‑ABL/GAPDH=2Cq(GAPDH)‑Cq(BCR‑ABL).

SiRNA transfection. K562 cells were seeded in cell culture 
dishes at a density of approximately 50%. According to the 
manufacturer's protocol, Lipofectamine 2000 reagent was used 
to transfect anti‑BCR‑ABL siRNA or control siRNA (100 nM) 
into cells for 24 h. Then, transfected cells were immediately 
seeded to perform subsequent assays.

Plasmid transfection. K562 cells were seeded into 6‑well 
plates at the density of 2x105 per well. After 24 h, transfection 
of EphB4 plasmid into BCR‑ABL‑depleted K562 cells was 
performed using Lipofectamine 2000 reagent. The ratio of 
Lipofectamine 2000 (µl) to BCR‑ABL plasmid (µg) was 2:1.

Molecular docking (MD). SYBYL‑X 1.1 was used to conduct 
docking studies to understand the binding mode of ND‑09 
and BCR‑ABL domain (PDB ID: 1IEP). The substrate was 
constructed by Sybyl/Sketch modul and optimized by Powell's 
method. Tripos force field and Gasteiger‑Hückel charges were 
used to minimize energy, the convergence criterion was set 
at 0.005 kcal/(Å mol), and the maximum value was set at 
1,000 iterations. To explore intramolecular interactions, the 
non‑bonded cut‑off distance was set to 8 Å.

Kinase assay. Firstly, BCR‑ABL kinase (2 µl, 5 ng/µl) and 
substrate (2 µl, 10 µM) were added to 384‑well plates, and then 
drugs (4 µl) were added to the test plate at different concentra‑
tions (0.016, 0.008, 0.040, 0.20, 1.02, 5.12, 25.60, 128.00, and 
640 nM). ATP solution (2 µl, 1 mM) was added and the system 
was incubated at 37˚C for 30 min. TK‑Antibody (5 µl, 1,000 
tests, reconstituted with 5 ml of HTRF® detection buffer) and 

streptavidin‑XL665 (5 µl, 125 nM) were then added to the test 
plate at room temperature for 1 h.

Western blot analysis. Cells treated with ND‑09 were seeded 
in 6‑well plates. RIPA buffer with protease and phosphatase 
inhibitor were used to extract protein from cells. The cell 
lysate was then concentrated at 12,000 x g for 10 min at 4˚C. 
Protein (40 µg) quantified by using BCA kit was then loaded 
to 10% SDS‑PAGE gel, after which protein was transferred 
to polyvinylidene difluoride membranes. The membranes 
with protein were blocked with Tris‑buffered saline for 1 h 
at room temperature. Subsequently, the primary antibody 
was incubated overnight at 4˚C, and the secondary antibody 
was incubated at room temperature for 1 h. The blot was then 
exposed to the Enhanced Chemiluminescent substrate. Band 
intensity was quantified by densitometric analysis using an 
image quantitative analysis system (Image‑Pro Plus 5.1; Media 
Cybernetics Inc.).

Statistical analysis. Statistical analyses were performed using 
SPSS 18.0. All the experiments were performed at least three 
times, and the results are expressed as mean ± SD. Statistical 
analyses of differences between the groups were performed 
with ANOVA followed by the Tukey post‑hoc test. P<0.05 was 
considered statistically significant, and P<0.01 was considered 
extremely significant.

Results

Inhibitory ef fect of ND‑09 on the proliferation of 
hematologic cancer cells. In order to evaluate the inhibitory 
effect of ND‑09 on hematologic tumor cell growth, CML 
K562 cells, cutaneous T‑cell lymphoma HUT78 cells, and 
acute T‑cell lymphoma JURKAT cells were treated with 
ND‑09. As BCR‑ABL is a key factor in the myeloproliferative 
disorder of CML, BCR‑ABL expression was investigated in all 
three cell lines. The results indicated that the expression of 
BCR‑ABL in K562 cells was higher than that in JURKAT and 

Figure 1. The effect of ND‑09 on hematologic tumor cell proliferation. (A) Chemical structure of ND‑09. (B) mRNA level of BCR‑ABL in hematologic tumor 
cells. (C) An MTT assay was used to evaluate the inhibitory effect of ND‑09 on K562, JURKAT, and HUT78 cell proliferation. (D) An MTT assay was used 
to evaluate the inhibitory effect of ND‑09 on K562 cell proliferation at different time points. *P<0.05, **P<0.01 compared to the untreated control group.
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HUT78 cells (Fig. 1B). As seen in Fig. 1C, K562 cells were 
more sensitive to ND‑09 than JURKAT and HUT78 cells. 
The IC50 values of ND‑09 for K562, JURKAT, and HUT78 
cells were 6.08, 7.81, and 14.43 µM, respectively. Furthermore, 
ND‑09 inhibited the proliferation of K562 cells in a dose‑ and 
time‑dependent manner (Fig. 1D). Thus, the inhibitory effect 
of ND‑09 on K562 cell growth may be related to BCR‑ABL.

ND‑09 induces cell apoptosis. Following ND‑09 treatment of 
1.56, 3.12, and 6.25 µM, the percentage of apoptotic K562 cells 
increased to 10.17±1.03, 16.40±1.41, and 49.50±1.25%, respec‑
tively, compared to control cells (5.55±0.93%) (Fig. 2A). In 
addition, ND‑09 could induce JURKAT and HUT78 cell apop‑
tosis (Fig. 2B and C). The percentage of apoptotic JURKAT 
cells increased to 7.27±0.95, 9.03±0.83, and 54.39±1.79%, 
respectively, compared to control cells (7.29±1.02%). The 
percentage of apoptotic HUT78 cells increased to 12.14±1.15, 
17.10±1.34, and 23.98±1.67%, respectively, compared to 
control cells (11.02±0.96%). The above data indicated that the 
apoptosis‑inducing effect of ND‑09 in the two cell lines was 
relatively weaker than that in K562 cells.

Subsequently, the effect of ND‑09 on mitochondrial 
transmembrane potential was examined. Rhodamine 123 
fluorescence intensity of K562 cells exposed to ND‑09 
decreased significantly from 74.82±2.58% in the control 
group to 64.26±2.15% (1.56 µΜ), 49.98±1.69% (3.12 µΜ), and 
23.25±1.76% (6.25 µΜ) (Fig. 2D and E).

To explore the mechanism of ND‑09‑induced cell apop‑
tosis, western blot analysis was performed to detect the levels 
of apoptosis‑related proteins. Results indicated that Bak, Bax, 
and Bad levels significantly increased after ND‑09 treatment, 
while Bcl‑2 and Mcl‑1 levels decreased in a dose‑dependent 
manner (Fig. 2F).

ND‑09 induces G0/G1 phase arrest in K562 cells. ND‑09 
treatment led to a significant increase in G0/G1 phase cells 
(Fig. 3A). At increasing ND‑09 concentrations of 1.56, 3.12 and 
6.25 µM, the K562 cell population in G0/G1 phase increased 
by 25.56±1.15, 30.29±1.43, and 35.31±1.37% compared to the 
untreated cells (20.61±1.26%). A different mode of cell cycle 
arrest induction was observed in JURKAT and HUT78 cells, 
as these were arrested in the G2/M phase (Fig. 3B and C).

Figure 2. Effect of ND‑09 treatment on cell apoptosis. The proportion of apoptotic cells was determined by double staining with Annexin V/FITC and PI in 
(A) K562, (B) JURKAT, and (C) HUT78 cells after treatment with ND‑09 (0, 1.56, 3.12, and 6.25 µM). (D) Effect of ND‑09 on mitochondrial membrane 
potential (Δψm). Δψm was assessed through flow cytometry following treatment of K562 cells with ND‑09 (0, 1.56, 3.12, and 6.25 µΜ) for 48 h. (E) Quantitative 
analysis of flow cytometry data. (F) Effects of ND‑09 on apoptosis‑related protein expression in K562 cells. All results were quantified by densitometric analysis 
of the bands and were normalized to GAPDH (internal control). Samples were derived from the same experiment, and blots were processed in parallel. Values 
represent the average of three independent experiments. Data are presented as mean ± SEM (n=3). *P<0.05, **P<0.01 compared to the untreated control group.
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As ND‑09 arrested the K562 cell cycle in the G0/G1 phase, 
levels of CDK/cyclin proteins were evaluated through western 
blot analysis. Fig. 3D revealed that cyclin E and cyclin D1 
levels decreased in ND‑09‑treated K562 cells.

Role of BCR‑ABL on the effects of ND‑09 on cell growth. A 
siRNA assay was carried out to determine whether BCR‑ABL 
was a key factor for the ND‑09‑induced inhibition of K562 
cell growth. First, BCR‑ABL knockdown and BCR‑ABL rescue 
of K562 cells were successfully established (Fig. 4A and B).

Then, to assess the role of BCR‑ABL in ND‑09‑induced 
cell growth inhibition, wild‑type and BCR‑ABL‑depleted K562 
cells were treated with ND‑09. ND‑09 had a dose‑dependent 
inhibitory effect on the proliferation of the two groups, 
and combined ND‑09 and siRNA treatment resulted in an 
enhanced inhibitory effect (Fig. 4C). The IC50 values of ND‑09 
in wild‑type and BCR‑ABL‑depleted K562 cells were 6.08 
and 3.61 µM, respectively. Furthermore, this growth effect of 
BCR‑ABL siRNA could be fully rescued by transfection with 
BCR‑ABL. In addition, BCR‑ABL knockdown by siRNA led 
to increased K562 cell apoptosis, and combined ND‑09 and 
siRNA treatment enhanced this effect (Fig. 4D). These obser‑
vations suggested that BCR‑ABL was a key target for ND‑09.

Effect of ND‑09 on BCR‑ABL. An MD assay was performed 
to evaluate the affinity characteristics of ND‑09 binding to 
the active site of BCR‑ABL. The binding energy of ND‑09 
with BCR‑ABL was ‑7.07. ND‑09 bound to the BCR‑ABL 
ATP‑binding pocket through an electrostatic interaction 
(Fig.  4E‑a), hydrogen‑bond interaction (Fig.  4E‑b), and 

hydrophobic interaction (Fig. 4E‑c). Furthermore, ND‑09 may 
interact with VAL256, ALA269, LEU248, GLU288, VET290, 
VAL299, ASP381, PHE382, ALA380, LEU370, PHE359, 
ILE360, ARG362, LEU354, and HIS361 amino acid residues 
of BCR‑ABL (Fig. 4E‑d). The docking assay results demon‑
strated that ND‑09 fit well within BCR‑ABL.

Accordingly, we examined the inhibitory effect of ND‑09 
on BCR‑ABL kinase activity. ND‑09 inhibited BCR‑ABL 
kinase activity with an IC50 value of 0.57  nM (Fig.  4F). 
Furthermore, ND‑09 markedly inhibited the phosphorylation 
of BCR‑ABL and ABL in K562 cells (Fig. 4G). These data 
indicate that ND‑09 could inhibit BCR‑ABL phosphorylation 
and kinase activity.

ND‑09 regulates the BCR‑ABL downstream signaling pathway. 
As shown in Fig. 5, ND‑09 was found to significantly inhibit 
the phosphorylation of JAK/STAT signaling pathway members 
(JAK2, JAK3, STAT3, and STAT5). Furthermore, ND‑09 treat‑
ment led to an increase in the amount of PTEN and a decrease 
in the amount of PI3K subunits (110α, 110β, p‑p85/p55 and 
p85), as well as decreased phosphorylation of downstream 
molecules (AKT and mTOR) in K562 cells (Fig. 6). ND‑09 
upregulated p‑p38 and p53 levels and significantly inhibited the 
phosphorylation of PLC‑γ, which in turn inhibited MEK1/2 and 
ERK1/2 phosphorylation (Fig. 7).

Discussion

CML, a myeloproliferative malignancy driven by the constitutively 
active BCR‑ABL1 tyrosine kinase, is currently treated with TKIs 

Figure 3. Effect of ND‑09 treatment on the cell cycle. Representative flow cytometry DNA content histogram of (A) K562, (B) JURKAT, and (C) HUT78 cells 
after treatment with ND‑09 (0, 1.56, 3.12 and 6.25 µM). (D) Effects of ND‑09 on cell cycle‑related protein expression in K562 cells. All results were quantified 
by densitometric analysis of the bands and were normalized to GAPDH (internal control). Samples were derived from the same experiment, and blots were 
processed in parallel. Values represent the average of three independent experiments. Data are presented as mean ± SEM (n=3). *P<0.05, **P<0.01 compared 
to the untreated control group.
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that have proven to be clinically effective (17). However, while 
TKI treatment was initially successful, the emerging development 
of TKI resistance presents a considerable challenge (18,19). In this 
study, we developed ND‑09, which exhibited potent anticancer 
activity against CML by targeting BCR‑ABL.

K562 cells, which express high levels of BCR‑ABL, were 
most sensitive to ND‑09, suggesting that ND‑09 potentially 
inhibits cell proliferation via targeting BCR‑ABL  (Fig. 1). 
Furthermore, ND‑09 inhibited the growth of K562 cells in 
a dose‑ and time‑dependent manner. We proceeded to verify 

Figure 4. The role of BCR‑ABL in the biological activity of ND‑09 treatment. (A) BCR‑ABL mRNA expression and (B) protein expression in wild‑type, 
BCR‑ABL knockdown, and BCR‑ABL rescue K562 cells were determined by RT‑PCR analysis and western blot analysis, respectively. Cells transfected with 
a control siRNA construct served as negative controls. Samples are derived from the same experiment, and blots were processed in parallel. (C) An MTT 
assay was used to evaluate the effect of ND‑09 on cell proliferation in wild‑type, BCR‑ABL knockdown, and BCR‑ABL rescue cells. (D) Effect of ND‑09 
on apoptosis in BCR‑ABL‑depleted K562 cells. Values represent the average of three independent experiments. Data are presented as mean ± SEM (n=3). 
*P<0.05, **P<0.01 compared to the untreated control group. (E) The binding mode of ND‑09 to BCR‑ABL (PDB ID: 1IEP). a, ND‑09 in the crystal structure 
of BCR‑ABL with electrostatic coloring; b, Hydrogen bonds are depicted by dashed yellow lines; c, ND‑09 in the crystal structure of BCR‑ABL with hydro‑
phobic coloring. (F) Effect of ND‑09 on BCR‑ABL kinase activity. Values represent the average of three independent experiments. Values are presented as 
mean ± SEM (n=3). (G) Levels of BCR‑ABL, p‑BCR‑ABL, ABL, p‑ABL, BCR, and p‑BCR in K562 cells treated with ND‑09 were examined by western blot 
analysis. Results were quantified by densitometric analysis of the bands and were normalized to GAPDH (internal control). Samples were derived from the 
same experiment, and blots were processed in parallel. Values represent the average of three independent experiments. Data are presented as the mean ± SEM 
(n=3). *P<0.05, **P<0.01 compared to the untreated control group.
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Figure 5. Effects of ND‑09 on JAK/STAT signaling protein levels. (A) Protein levels of JAK2, p‑JAK2, JAK3, and p‑JAK3 in K562 cells treated with ND‑09 
were evaluated by western blot analysis. (B) Protein levels of STAT3, p‑STAT3, STAT5, and p‑STAT5 in K562 cells treated with ND‑09 were evaluated 
by western blot analysis. Results were quantified by densitometry analysis of the bands and were normalized to GAPDH (internal control). Samples were 
derived from the same experiment, and blots were processed in parallel. Values represent the average of three independent experiments. Data are presented as 
mean ± SEM (n=3). *P<0.05, **P<0.01 compared to the untreated control group.

Figure 6. Effects of ND‑09 on PI3K/AKT signaling protein levels. (A) Protein levels of PTEN, PI3K‑p110α, PI3K‑p110β, PI3K‑p110γ, p‑PI3K p85/p55, and 
PI3K‑p85 in K562 cells treated with ND‑09 were evaluated by western blot analysis. (B) Protein levels of AKT, p‑AKT, mTOR, and p‑mTOR in K562 cells 
treated with ND‑09 were evaluated by western blot analysis. Results were quantified by densitometric analysis of the bands and were normalized to GAPDH 
(internal control). Samples were derived from the same experiment, and blots were processed in parallel. Values represent the average of three independent 
experiments. Data are presented as mean ± SEM (n=3). *P<0.05, **P<0.01 compared to the untreated control group.
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whether BCR‑ABL is the target of ND‑09. The results revealed 
that combining ND‑09 with BCR‑ABL siRNA knockdown 
led to an enhanced inhibitory effect on cell proliferation, and 
this growth effect of BCR‑ABL siRNA could be fully rescued 
by transfection with BCR‑ABL (Fig. 4A‑C). Taken together, 
ND‑09 appears to inhibit K562 cell proliferation via targeting 
BCR‑ABL.

As ND‑09 targets BCR‑ABL to inhibit cell proliferation, 
MD was used to simulate the binding properties of ND‑09 
and BCR‑ABL. Notably, ND‑09 fit well within BCR‑ABL and 
occupied the BCR‑ABL ATP‑binding pocket (Fig. 4E). As a 
consequence, ND‑09 could alter BCR‑ABL kinase activity 
and inhibit the phosphorylation of BCR‑ABL and ABL 
(Fig. 4F and G). Our data strongly support the hypothesis that 
ND‑09 is a BCR‑ABL‑specific inhibitor.

Apoptosis is a major mechanism of programmed cell death. 
Findings have shown that BCR‑ABL exerts anti‑apoptotic effects 
that play an important role in the development of CML (20). 

Furthermore, the intrinsic mitochondrial pathway is one of the 
two main apoptotic pathways (21). In the current study, ND‑09 
was found to induce apoptosis in K562 cells, an effect that was 
relatively higher in K562 cells than in JURKAT and HUT78 
cells (Fig. 2A‑C). More importantly, combined ND‑09 and 
BCR‑ABL siRNA treatment led to an enhanced induction of 
apoptosis in K562 cells (Fig. 4D), indicating that ND‑09 could 
induce cell apoptosis by targeting BCR‑ABL. ND‑09 treatment 
significantly reduced Δψm in K562 cells (Fig. 2D and E). The 
mitochondrial apoptotic pathway is mainly regulated by the 
Bcl‑2 protein family, which includes the anti‑apoptotic members 
Bad, Bak, and Bax, and pro‑apoptotic members Mcl‑1 and Bcl‑2. 
Findings have shown that p53 could activate the expression of 
proapoptotic Bcl‑2 proteins, thus triggering apoptosis (12). In 
the present study, we found that ND‑09 could significantly 
upregulate p53 protein levels (Fig. 7C). Accordingly, ND‑09 
increased the protein levels of Bad, Bax, and Bak, and down‑
regulated Mcl‑1 and Bcl‑2 protein levels (Fig. 2F).

Figure 7. Effects of ND‑09 on MAPK signaling protein levels. (A) Protein levels of PLCγ and p‑PLCγ in K562 cells treated with ND‑09 were examined 
by western blot analysis. (B) Protein levels of MEK1/2, p‑MEK1/2, Erk1/2, and p‑Erk1/2 in K562 cells treated with ND‑09 were examined by western blot 
analysis. (C) Protein levels of p38, p‑p38, and p53 in K562 cells treated with ND‑09 were examined by western blot analysis. Results were quantified by densi‑
tometric analysis of the bands and were normalized to GAPDH (internal control). Samples were derived from the same experiment, and blots were processed 
in parallel. The values represent the average of three independent experiments. Data are presented as mean ± SEM (n=3). *P<0.05, **P<0.01 compared to the 
untreated control group.
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Previous findings have shown that the BCR‑ABL oncop‑
rotein plays an important role in regulating the cell cycle of 
cancer cells (22). Furthermore, silencing BCR‑ABL causes 
CML cell cycle arrest in the G0/G1 phase (23,24). Our data 
revealed that ND‑09 treatment arrested K562 cell cycle in the 
G0/G1 phase (Fig. 3A). As CDK/cyclin proteins play a critical 
role in cell cycle regulation, we examined whether ND‑09 
regulated CDK/cyclin protein levels. Results revealed that 
ND‑09 treatment resulted in a decrease in the protein levels of 
cyclin D1 and cyclin E in K562 cells (Fig. 3D).

As BCR‑ABL is a key factor for K562 cell growth, major 
downstream molecules of the BCR‑ABL pathway were 
evaluated. BCR‑ABL activates a number of signaling pathways 
(JAK/STAT, PI3K/AKT, and MAPK), promotes the prolifera‑
tion of hematopoietic stem cells, and prevents cell apoptosis (25). 
Inhibition of JAK/STAT and PI3K/AKT signals can inhibit 
CML cell growth, indicating JAK/STAT and PI3K/AKT are 
both involved in BCR‑ABL‑driven leukemias (26). BCR‑ABL 
reportedly induces Grb2‑mediated MAPK activation, which 
regulates cell proliferation, cell cycle progression, cell survival, 
differentiation, and induces leukemogenesis  (27). Our data 
revealed that ND‑09 could downregulate the phosphorylation 
of JAK/STAT signaling members, including JAK2, JAK3, 
STAT3, and STAT5 (Fig. 5). In addition, ND‑09 treatment led 
to an increase in the amount of PTEN. The main PI3K subunit 
proteins (110α, 110β, p‑p85/p55, and p85) and phosphory‑
lated AKT and mTOR were significantly decreased (Fig. 6). 
Furthermore, ND‑09 treatment led to the decreased phosphory‑
lation of PLC‑γ and subsequently inhibited the phosphorylation 
of MEK1/2 and Erk1/2, while upregulating the amount of p‑p38 
and p53 in K562 cells (Fig. 7). The aforementioned results 
suggest that ND‑09 regulated cell proliferation through modu‑
lation of JAK/STAT, PI3K/AKT, and MAPK/ERK signaling.

In conclusion, our study has established ND‑09 as a 
selective inhibitor of BCR‑ABL. The findings suggest that 
BCR‑ABL pathway downregulation by ND‑09 drives growth 
arrest in CML.
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