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Abstract. In the present study, the ability of the proteasome 
inhibitor bortezomib (BZ), an oxidative stress‑inducing 
agent, to sensitize acute myeloid leukemia (AML) cells 
to decitabine (Dacogen®, DAC; a DNA methyltransferase 
inhibitor), in terms of cell viability and differentiation, was 
investigated. Kasumi‑1 AML (M2) cells were treated with 
low‑dose DAC (10, 50, 100, 200 or 400 nΜ), with or without 
BZ (10 nM). Apoptosis and the cell cycle were evaluated 
after 24 h of treatment through fluorescence‑assisted cell 
sorting (FACS) with Annexin V/propidium iodide and DAPI 
staining, respectively. The expression levels of CD193, CD11b, 
CD13, CD14, CD15, CD16 and CD117 surface differentiation 
markers were evaluated by FACS after 6 days of treatment. 
The results indicated significant alterations in cell death and 
cell cycle phases in Kasumi‑1 cells following DAC and BZ 
combination treatment compared to untreated cells and cells 
with single treatments. Low‑dose DAC/BZ combinations 
significantly enhanced apoptosis and decreased the population 
of live Kasumi‑1 cells, with 100 and 200 nM of DAC and 
10 nM BZ appearing to have the most potent synergistic effect 
according to a combination index. Furthermore, cell cycle 
profiling revealed that DAC/BZ treatment synergistically led 
to G0/G1‑ and G2/M‑phase arrest. By contrast, DAC appeared 
to promote monocytic and granulocytic differentiation of 
Kasumi‑1 cells more effectively alone than in combination 
with BZ. BZ acted synergistically with low‑dose DAC in vitro, 
leading to enhanced apoptosis and G0/G1‑ and G2/M‑phase 
arrest in AML cells, hence prohibiting either DNA synthesis 
or mitosis. Although further in vivo investigation is necessary, 

these results provide a strong rationale for the implementation 
of a combination treatment with DAC and bortezomib in 
AML therapy, followed by DAC alone, which may achieve 
better clinical responses and possibly partially overcome the 
frequently encountered DAC resistance of patients with AML.

Introduction

Acute myeloid leukemia (AML) is a heterogeneous clonal 
hematopoietic neoplasm characterized by maturation arrest 
in the myeloid lineage. AML accounts for 70% of all cases 
of acute leukemia (1) and it is thought to be propagated by a 
subpopulation of leukemia stem cells (LSCs) with the ability to 
self‑renew, an unlimited repopulating potential and residence 
in a quiescent state in G0/G1 phase (2‑6). The standard of 
care regimen for AML has remained almost the same over 
the last 40 years, with only slight amendments, and consists 
of an anthracycline and cytarabine combination, followed by 
consolidation therapy (7,8). However, current treatments do not 
lead to long‑term complete remission. Relapse remains a major 
hurdle for successful AML chemotherapy (9), and thus, the 
discovery of effective alternative AML treatment strategies is 
a priority.

Aberrant epigenetic modifications, including DNA and 
histone methylation, as well as histone acetylation, are key 
contributors to leukemia initiation and maintenance  (6). 
Epigenome‑modifying drugs, including decitabine (Dacogen®, 
DAC; chemical name, 5‑aza‑2'‑deoxycytidine), have shown 
promise as single therapeutic agents for AML at low doses, 
while higher doses are associated with cellular differentiation 
and cytotoxicity (10‑12). DAC is a DNA methyltransferase 
inhibitor (DNMTi) leading to DNA hypomethylation, gene 
activation, cell differentiation and apoptosis (13,14), and is 
approved by the US Food and Drug Administration for the 
treatment of myelodysplastic syndrome (MDS) and AML.

Oxidative stress inducers comprise another class of 
drugs that has been strongly implicated in the targeting of 
LSCs, since increased oxidation is associated with reduced 
self‑renewal, which in turn leads to either differentiation or 
death of haemopoietic cells. However, induction of oxidative 
stress alone is not sufficient for AML treatment. Bortezomib 
(BZ) is a proteasome inhibitor approved for the treatment 

Synergistic inhibitory effects of low‑dose decitabine in 
combination with bortezomib in the AML cell line Kasumi‑1

VASSILIKI MPAKOU1,  ARIS SPATHIS2,  ANTHI BOUHLA1,  EFTHIMIA MPAZANI1,  
SOTIRIOS PAPAGEORGIOU1,  KONSTANTINOS GKONTOPOULOS1,  EIRINI GLEZOU1,  

THOMAS THOMOPOULOS1,  PERIKLIS FOUKAS2  and  VASILIKI PAPPA1

1Second Department of Internal Medicine and Research Institute; 2Second Department of Pathology, 
National and Kapodistrian University of Athens, Attikon University General Hospital, Athens 12462, Greece

Received January 20, 2020;  Accepted November 17, 2020

DOI: 10.3892/etm.2021.9628

Correspondence to: Professor Vasiliki Pappa, Second Department 
of Internal Medicine and Research Institute, National and 
Kapodistrian University of Athens, Attikon University General 
Hospital, 1 Rimini Street, Haidari, Athens 12462, Greece
E‑mail: vas_pappa@yahoo.com

Key words: acute myeloid leukemia, Kasumi‑1, decitabine, 
bortezomib



MPAKOU et al:  BORTEZOMIB SENSITIZES AML CELLS TO DECITABINE2

of multiple myeloma and mantle cell lymphoma with the 
ability to induce oxidative stress (15,16). In AML, BZ lacks 
activity as a single agent (17) but produces promising results 
when used in combination regimens (with idarubicin and 
cytarabine)  (18). Of note, in AML, BZ is also considered 
as an indirect transcriptional inhibitor, since it appears to 
disrupt the interactions among microRNA (miR)‑29b, the 
transcription factor signaling protein 1 (SP1) and NF‑κB(p65), 
affecting the expression of several genes in myeloid leukemia 
cells, including DNMTs and the receptor tyrosine kinase 
KIT (19,20). Activating KIT mutations, which are frequently 
observed in core‑binding factor (CBF) AML, have been 
indicated to induce MYC‑dependent miR‑29b repression, 
which results in increased levels of SP1 (a miR‑29b target), 
leading to NF‑κB(p65)‑mediated KIT transactivation and 
induction of its own transcription via miR‑29b. BZ targets 
the miR‑29b/SP1/NF‑κB(p65) complex‑dependent KIT 
overexpression and therefore manages to inhibit the growth of 
leukemic cells via upregulation of miR‑29b (19).

While only ~50% of patients treated with DNMTis have 
a haematological improvement (HI) or better, few alternative 
treatments exist for patients who fail to respond. Therefore, we 
investigated the possible sensitization of AML cells to DAC, 
through its combination with an oxidative stress‑inducing 
agent, namely the proteasome inhibitor BZ.

Materials and methods

Cell culture. The human CBF AML Kasumi‑1 cell line, 
carrying the t(8;21) and the KIT mutation N822 was 
purchased from the German Collection of Microorganisms 
and Cell Cultures GmbH (Leibniz Institute). Cells were 
cultured in RPMI-1640 (Gibco; Thermo Fisher Scientific, 
Inc.), supplemented with 20% fetal bovine serum (FBS; 
Gibco; Thermo Fischer Scientific, Inc.), 100 µg/ml penicillin 
(Invitrogen; Thermo Fischer Scientific, Inc.) and 100 µg/ml 
streptomycin (Invitrogen; Thermo Fischer Scientific, Inc.) in 
5% CO2 at 37˚C. The cells were passaged at a ratio of 1:4 every 
4 days.

Drug treatment. For drug treatment, Kasumi‑1 cells were 
cultured as above and treated with low doses of DAC (10, 50, 
100, 200 and 400  nΜ), (21), BZ (10  nM) (22), or their 
combination, at 37˚C in a humidified atmosphere with 5% 
CO2, for 24 h for cell apoptosis and cell cycle profiling and for 
6 days for immunophenotype analysis.

Flow cytometric analysis of cell apoptosis. Kasumi‑1 
cells were plated in 6‑well‑plates (5x105 cells/well) and 
treated with different concentrations of DAC and/or BZ, as 
described above, for 24 h. Apoptosis was estimated through 
Annexin V/propidium iodide staining (Biolegend) according 
to the manufacturer's protocol. Flow cytometric analysis was 
performed using a CyFlow ML (Partec).

Cell cycle profiling. Kasumi‑1 cells were plated in 6‑well‑plates 
(5x105 cells/well) and treated with the indicated concentrations 
of DAC and/or BZ for 24 h, harvested, washed in PBS and 
fixed in ice‑cold methanol for 10 min. Cells were then washed 
in PBS and stained with 1 µg/ml of DAPI in PBS for 15 min at 

room temperature. The cell‑cycle distribution was analyzed on 
a CyFlow ML (Partec) equipped with a violet laser.

The synergistic effect between low doses of DAC and BZ 
was evaluated by determining the combination index (CI) 
based on the Chou‑Talalay method (23). The CI value was 
calculated using the following equation: CI=(% decrease of 
viable cell number by compound A + % decrease of viable cell 
number by compound B)/(% decrease of viable cell number by 
combination of compound A and B). The combination effect 
was defined as ‘synergistic’, ‘additive’ or ‘antagonistic’ when 
CI was <1, 1 or >1, respectively (24,25).

Immunophenotypic characterization. Kasumi‑1 cells were 
plated in 6‑well‑plates (5x105 cells/well) and treated for 6 days 
with the indicated concentrations of DAC and/or BZ. DAC 
and/or BZ were administrated fresh every 24 h, along with 
fresh medium. Untreated cells were plated at a density of 
3x105 cells/well. After washing and blocking with FcBlocker 
(cat. no.  422302; BioLegend, Inc.) for 10  min at room 
temperature, cells were stained in three 4‑color tubes with 
FITC‑conjugated anti‑CD11b (cat. no. 301329; BioLegend, 
Inc.), anti‑CD14 (cat. no. CYT‑14F6; Cytognos), anti‑CD15 
(cat. no. CYT‑15F4; Cytognos), phycoerythrin (PE)‑Cyanine 
5‑conjugated anti‑CD16 (cat. no.  302010; BioLegend, 
Inc.) and anti‑HLA‑DR (cat. no. 307608; BioLegend, Inc.), 
allophycocyanin‑conjugated anti‑CD45 (cat. no. CYT‑45AP5; 
Cytognos) and PE‑conjugated anti‑CD13 (cat. no. 301704; 
BioLegend, Inc.), anti‑CD117 (cat. no. 313204; BioLegend, 
Inc.) and anti‑CD193 (cat. no. 310706; BioLegend, Inc.). The 
analysis was performed on a CyFlow ML (Partec).

Statistical analysis. Statistical analyses were performed with 
SPSS software (version 25.0; IBM Corp.). All experiments 
were performed three times and values are expressed as the 
mean mean ± standard deviation. One‑way analysis of variance 
followed by the least‑significant differences/Bonferroni's 
multiple‑comparison tests were used to compare the means 
among more than two different groups. A two‑sided P<0.05 
was considered to indicate statistical significance.

Results

BZ synergizes the apoptotic effect of low‑dose DAC on 
Kasumi‑1 cells. Initially, the possible synergistic effect of BZ 
on DAC in the induction of apoptosis in AML (M2) Kasumi‑1 
cells was assessed.

Single‑agent treatment of Kasumi‑1 cells with various 
concentrations of low‑dose DAC (10, 50, 100, 200 or 400 nΜ) 
or BZ (10 nM) for 24 h resulted in a statistically significant 
increase in the proportion of apoptotic cells from 15.15±0.21% 
in the untreated cells to 27.2±7.91 and 28.25±0.77% after 
treatment with 100 and 400 nM of DAC (P=0.037 and P=0.026, 
respectively) and 30.5±3.39% following treatment with 10 nM 
BZ (P=0.011; Fig. 1).

When Kasumi‑1 cells were subjected to DAC/BZ 
combination treatment, increased apoptotic rates compared to 
untreated cells were observed for all DAC/BZ combinations 
tested, with a higher apoptotic ratio observed after treatments 
with 100 or 400  nM of DAC with BZ (54.65±1.9 and 
55.55±11.8% of apoptotic cells, respectively; P<0.001). 
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Furthermore, compared to single DAC treatments, the DAC/BZ 
combinations significantly increased apoptosis by 101.92, 72, 
100.9, 113.12 and 96.63% (P=0.009 for 10 nM DAC; P=0.019 
for 50 nM DAC; P<0.001 for 100, 200 and 400 nM DAC; 
Fig. 1) and reduced the live cell population by 23.51, 22.21, 
54.9, 41 and 49.81% for 10, 50, 100, 200 and 400 nΜ of DAC 
in the DAC/BZ treatments, respectively (P=0.006 and P=0.011 
for 10 and 50 nM of DAC, respectively, and P<0.001 for the 
remaining ones; data not shown). Most importantly, calculation 
of the CI revealed a synergistic effect for all low‑dose DAC 
and BZ combinations (CI<1), with the 100  and 200  nM 
DAC with BZ combinations exhibiting maximum synergy 
(CI=0.636 and 0.631, respectively; Fig. 1C). Therefore, these 
results indicated that DAC/BZ combination treatment led to 

significant increases in the apoptotic rate of Kasumi‑1 cells 
compared with untreated cells and single treatments.

DAC has a higher impact on the cell cycle in combination 
with BZ and induces G0/G1‑ and G2/M‑phase arrest in 
Kasumi‑1 cells. After having demonstrated that the DAC/BZ 
combination leads to enhanced apoptosis in Kasumi‑1 cells, 
its impact on the cell cycle was next investigated. The results 
indicated a significantly increased sensitivity of Kasumi‑1 
cells exposed to DAC/BZ combinations compared to those 
subjected to single treatments. More specifically, cells 
treated with 10, 50, 100 and 200 nM DAC/BZ appeared with 
a statistically significant increase in the G0/G1 population, 
compared to single treatment, by 11.84% (P<0.001), 

Figure 1. Apoptosis of the acute myeloid leukemia cell line Kasumi‑1 following exposure to low doses of DAC and/or BZ. (A) Percentage of Annexin V‑positive 
untreated cells and cells treated with 10, 50, 100, 200 and 400 nM DAC and/or 10 nM BZ for 24 h. Comparisons between single DAC treatment and combination 
treatment with BZ, for all decitabine concentrations examined, are also presented. Values are expressed as the mean ± standard deviation of three independent 
experiments. *P<0.05, **P<0.01 as indicated or vs. untreated. (B) Representative dot plots of cells with Annexin V/PI staining for each drug treatment. Cells 
were gated on FSC/side scatter to include cells and on FSC area/FSC width to remove doublets. (C) The CI was calculated to determine drug interactions. 
Effects were defined as synergistic, additive and antagonistic when CI<1, CI=1 and CI>1, respectively. BZ, bortezomib; DAC, Dacogen®/decitabine; PI, 
propidium iodide; q, quadrant; FSC, forward scatter; CI, combination index.
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12.55% (P<0.001), 6.62% (P=0.021) and 8.38% (P=0.006), 
respectively. It should be noted that the 400 nM DAC/BZ 
combination also produced an increase by 4.68% in the 
G0/G1 population compared to single treatment, although 
this was not statistically significant (Fig. 2). A significant 
decrease in the S‑phase population was observed after all 
DAC/BZ combination treatments tested compared to single 
ones, by 36.26, 39.25, 26, 30.99 and 30.8% from the lower to 
the higher DAC concentrations (10, 50, 100, 200 and 400 nM), 
respectively (P<0.001; Fig. 2). Finally, the G2/M population 
was increased by 56.35% (P<0.001), 85.34% (P<0.001), 

34.29% (P=0.02), 81.92% (P<0.001) and 138.45% (P<0.001), 
after treatment with 10, 50, 100, 200 and 400 nM DAC/BZ 
respectively, compared with single treatment (Fig. 2). Thus, 
the DAC/BZ treatments led to an increase in the proportion 
of cells in the G0/G1 and G2/M phases, while decreasing 
the S‑phase population, suggesting the induction of cell cycle 
arrest in G0/G1 and G2/M phases.

DAC‑induced differentiation of Kasumi‑1 cells is not further 
enhanced by BZ. The impact of low‑dose DAC treatment 
on Kasumi‑1 cell differentiation was then examined by 

Figure 2. Effect of low doses of DAC and/or BZ on cell cycle progression in Kasumi‑1 cells. (A) Kasumi‑1 cells were treated with low doses of DAC (10, 50, 
100, 200 and 400 nM) and/or 10 nM BZ for 24 h. The cell‑cycle distribution was evaluated using flow cytometry. Bars represent the percentages of cells in 
G0/G1, S and G2/M phases and values are expressed as the mean ± standard deviation of three independent experiments. Comparisons between single and 
combination treatments are also provided. (B) Representative cell cycle profiles determined by flow cytometry. Cells were gated on FSC/side scatter to include 
cells and on FSC area/FSC width to remove doublets. *P<0.05 as indicated or vs. untreated. BZ, bortezomib; DAC, Dacogen®/decitabine; FSC, forward scatter.
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measuring the cell surface levels of several myeloid, monocyte 
and granulocytic antigens (Fig. 3).

FACS analysis revealed decreased expression of the myeloid 
progenitor surface antigen CD117 after all treatments, single 
or combination, compared to 6 day‑cultured untreated cells, 
which exhibited a CD117 expression ratio of 80.1±1.13%. The 
percentages of CD117‑expressing cells after the single DAC 

treatments were 21.25±0.63, 3.9±0.14, 6.15±0.21, 8.45±0.07 
and 5.6±0.28%, respectively, and 21.75±0.35, 25.55±0.49, 
3.15±0.07, 25.05±0.21 and 19.7±0.28% for the DAC/BZ 
combination treatments, respectively, from the lower to the 
higher DAC concentration (P<0.001 for all; Fig. 3A and C). 
Of note, apart from the 100 nM DAC/BZ combination, all 
other DAC/BZ combination treatments were significantly less 

Figure 3. Effect of low‑dose decitabine, bortezomib and their combination on differentiation surface markers on acute myeloid leukemia Kasumi‑1 cells. 
Cells were exposed for 6 days to 10, 50, 100, 200 or 400 nM DAC and/or 10 nM of BZ, stained with antibodies against surface markers CD117 and CD15 and 
analyzed through flow cytometry. Bars in graphs represent the percentages of cells expressing (A) the myeloid progenitor surface antigen CD117 and (B) the 
monocytic surface antigen CD15. Values are expressed as the mean ± standard deviation of three independent experiments. *P<0.05 as indicated or vs. untreated 
(6 days). (C) Representative fluorescence‑assisted cell sorting dot plots for each staining condition are presented. The expression of myeloid markers was 
evaluated in two parameter density plots by gating on CD45+dim/side scatter low‑medium blast cells. Q, quadrant; unt., untreated; BZ, bortezomib; DAC, 
Dacogen®/decitabine; PE, phycoerythrin.
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effective in reducing CD117 expression on Kasumi‑1 cells 
compared to the respective single DAC treatments.

Furthermore, FACS analysis revealed an increased 
expression of the granulocytic antigen CD15 after the 
treatments, compared to 6 day‑cultured untreated cells, which 
exhibited a CD15 antigen expression of 36.7±0.28%. The 
percentages of cells expressing CD15 from the lower to the 
higher DAC concentration (10, 50, 100, 200 and 400 nM) 
were 79.35±0.49, 82.55±0.35, 75.15±0.35, 77.05±0.21 and 
79.25±0.21% (P<0.001) for the single DAC treatments 
and 65.95±1.06, 72.75±0.35, 75.65±0.49, 62.45±0.63 and 
72.35±0.63% (P<0.001) for the DAC/BZ combination 
treatment, respectively (Fig. 3B and C). With the exception 
of 100 nM DAC, all other single DAC treatments induced a 
higher expression of CD15 in Kasumi‑1 cells compared to the 
respective DAC/BZ combinations.

Discussion

Despite the increase in the survival rates of younger 
patients with AML over the past years, the 5‑year survival 
rate of older patients (>60 years old) still remains <8% (8). 
Epigenetic alterations in leukemia constitute an attractive 
pharmacological target, mostly due to their reversible nature. 
DAC, as aforementioned, is an epigenetic modifying agent, 
used as first‑line therapy for the treatment of high‑risk MDS 
and AML, particularly for elderly patients or patients unfit 
for intensive chemotherapy (26‑29). However, in DAC‑treated 
patients, the estimated complete response rate is 30‑40%, 
while the majority of responders develop resistance within the 
following year (30‑33).

Therefore, the present study aimed to examine the in vitro 
cellular effects of the epigenetic modifying agent DAC in 
combination with BZ ‑ a proteasome inhibitor which also acts 
as an oxidative stress inducer ‑ on apoptosis, cell cycle and cell 
differentiation in the human AML cell line Kasumi‑1, carrying 
the t(8;21) and the KIT mutation N822, aiming to enhance the 
efficacy of DAC on AML cells.

The results suggested that, although both drugs were able 
to inhibit the growth of Kasumi‑1 cells, their combination 
appeared more potent in suppressing cell proliferation. 
Indeed, the present results indicated that the addition of a low 
concentration of BZ (10 nM) to low doses of DAC significantly 
enhanced apoptosis and decreased the live cell population 
of Kasumi‑1 cells, with the 100 and 200  nM DAC/BZ 
combinations, which produced the maximum drug synergy 
according to the CI values, appearing to be the most successful 
ones. Furthermore, cell cycle profiling revealed that DAC/BZ 
treatment synergistically led to G0/G1‑ and G2/M‑phase arrest, 
hence prohibiting cells to either synthesize DNA (S phase) or 
to complete mitosis.

Several studies have previously demonstrated that DNMTi 
cause tumor cell death by inducing apoptosis. DAC has also 
been reported to induce apoptosis in various leukemia cell 
lines (34‑36). Recently, Zeng et al (37) investigated the effects 
of DAC treatment on the myeloid MDS cell line SKM‑1 and 
investigated the role of FOXO3A, a potentially tumor‑suppres‑
sive transcription factor, by silencing its expression prior to 
DAC treatment. They showed that the activation of FOXO3A 
gene is responsible for SKM‑1 cell cycle arrest, apoptosis, and 

autophagy as well as for the DAC‑induced differentiation of 
SKM‑1 cells into monocytes.

Another study (38) demonstrated that apoptosis of human 
leukemic cells in response to treatment with DAC occurs 
through a mitochondria‑mediated pathway that requires 
ROS generation upstream for disruption of the mitochondrial 
membrane potential, which leads to subsequent activation of 
caspases. Zhang et al (39) indicated that treatment of K562 
leukemic cells with DAC led to a significant increase of 
G0/G1‑and G2/M‑phase populations, as well as a significant 
decrease in the S‑phase population, which is in accordance 
with the present data on Kasumi‑1 cells. Furthermore, they 
suggested that the methylation level of death receptor  4 
(DR4) gene promoters gradually decreased, while the mRNA 
expression levels of DR4 genes gradually increased, thus 
suggesting that DAC is able to inhibit the proliferation of 
leukemia cells partly by terminating the methylation effect of 
DR4 gene promoters and restoring the mRNA expression of 
DR4 genes.

The present study indicated that BZ increased apoptosis 
and caused cell cycle alterations in the CBF AML cell line 
Kasumi‑1 as compared to untreated cells, while it also displayed 
synergistic effects with DAC. These results are in line with 
the results of a previously published study, reporting that BZ 
manages to inhibit the growth of CBF AML by targeting the 
miR‑29b/SP1/NF‑κB(p65) complex‑dependent overexpres‑
sion of KIT (19). These observations are further supported by 
previous studies suggesting that BZ (either as a single agent or 
combined with other drugs, e.g., histone deacetylase inhibi‑
tors) inhibits the growth and induces apoptosis in leukemia 
cells, even with sensitivity or resistance to conventional 
chemotherapeutics (40). Relevant studies strongly suggest that 
proteasome inhibition should be considered as a therapy for 
leukemia (41,42).

The present study reported a synergistic effect of DAC 
and BZ in the CBF AML Kasumi‑1 leukemic cell line in 
terms of induction of apoptosis and inhibition of cell growth. 
Indeed, the combination of DAC and BZ has been previously 
studied in vitro in RPMI‑8226 multiple myeloma cells and was 
indicated to enhance the apoptotic rate and induce G0/G1 arrest 
compared to single‑agent therapy. Furthermore, it increased 
caspase‑3 and ‑9 activation and downregulated the expression 
levels of DNMT1 (43). Recently, another in vitro study by 
Jin et al (44) reported the synergistic antitumor efficacy of 
the combination of DAC and BZ in human multiple myeloma 
cell lines and revealed that DAC was able to synergistically 
enhance myeloma cell sensitivity to BZ by regulating 
Wnt/β‑catenin signaling. Specifically, the study proved that 
DAC demethylated and induced the re‑expression of the Wnt 
antagonists secreted frizzled‑related protein 3 and dickkopf 
WNT signaling inhibitor 1, while it also reduced glycogen 
synthase kinase 3β (Ser9) phosphorylation and decreased the 
BZ‑mediated β‑catenin accumulation in the nucleus. Thus, 
the transcription of cyclin  D1, c‑Myc and LEF/TCF was 
reduced, which synergistically inhibited cell proliferation, 
enhanced BZ‑induced apoptosis and promoted BZ‑induced 
cell cycle arrest in myeloma cells. Since the dysregulation 
of Wnt/β‑catenin signaling has been implicated in various 
hematological malignancies, including AML  (45), such a 
mechanism may also be involved in the effects of DAC/BZ 
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co‑treatment of AML Kasumi‑1 cells, further supporting the 
present observations regarding the synergistic activity of the 
two agents. Of note, a phase I clinical study by Blum et al 
(46) including 19 poor‑risk patients AML reported promising 
clinical effects of the DAC/BZ combination and suggested 
that in AML, BZ acts through downregulation of fms‑related 
receptor tyrosine kinase 3 due to upregulation of miR‑29b, 
further validating the present observations in the Kasumi‑1 cell 
line. Recently, a randomized phase 2 trial tested the efficacy 
of a 10‑day DAC treatment with a 10‑day DAC/BZ treatment, 
in previously untreated, newly diagnosed, elderly patients with 
AML (47). Although no clinical improvement was observed, 
responses were better than those in previous trials using 5‑day 
DAC cycles. Currently, an ongoing phase I trial (registered at 
www.clinicaltrials.gov as #NCT01861314) studied the side 
effects and the optimum dose of bortezomib and sorafenib to 
sylate when administered together with decitabine in patients 
with AML, although its results are yet to be announced.

Finally, the present results suggested that low doses of DAC 
induced monocytic and granulocytic differentiation of Kasumi‑1 
cells, in line with similar previous studies (13,14,37). However, 
BZ did not appear to enhance the ability of DAC to induce the 
differentiation of Kasumi‑1 cells and therefore, the synergistic 
activity of the two agents appears to rely on other mechanisms of 
action, including the induction of apoptosis and cell cycle altera‑
tions, possibly due to upstream events, such as DNA damage and 
oxidative stress production, that lead to cell growth inhibition.

In conclusion, the present study demonstrated that in 
human CBF AML Kasumi‑1 cells, low doses of DAC in 
combination with BZ synergistically induce apoptosis and lead 
to G0/G1‑ and G2/M‑phase arrest, hence prohibiting cells to 
either synthesize DNA (S phase) or complete mitosis. Although 
further in vitro investigation in other DAC‑resistant AML 
cell lines and in vivo verifications are necessary, these results 
provide a strong rationale for the integration of combination 
treatment with DAC and BZ in AML therapy, followed by DAC 
alone, which will hopefully lead to better clinical responses 
and possibly partially overcome the frequently observed DAC 
resistance in patients with AML.
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