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Abstract. The antitumor enzyme L-asparaginase (L-Asp) has
commonly been used for the treatment of acute lymphoblastic
leukemia. However, the effects of L-Asp on acute myeloid
leukemia (AML) and their underlying mechanisms have
not been fully elucidated. In the present study, the effects of
L-Asp on cell proliferation and apoptosis were investigated
using the AML cell lines U937, HL-60 and KG-1la. The
effects of combining L-Asp with mitoxantrone (MIT) and
cytarabine (Ara-c) were also analyzed. The combination of
MIT and Ara-C is known as MA therapy, and is a widely used
therapeutic regimen for the treatment of elderly patients with
refractory AML. When applied alone, L-Asp inhibited cell
proliferation and induced apoptosis in each of the cell lines
tested. Furthermore, the combined use of L-Asp with MA
therapy further potentiated the inhibition of cell proliferation
while increasing the induction of apoptosis. These findings
provide evidence for the potential antitumor effect of L-Asp in
AML, and indicate that improved efficacy maybe achieved by
combining L-Asp with MIT and Ara-c. This combination may
provide a promising new therapeutic strategy for the treatment
of AML.

Introduction

Acute myeloid leukemia (AML) is a biologically and clini-
cally heterogeneous disorder that is characterized by clonal
expansion of myeloid progenitors in the bone marrow and
peripheral blood (1). The incidence of AML increases with
age, and >60% of patients are at least 60 years old at the
time of diagnosis (2). The 5-year overall survival (OS) rate of
AML is 40% for patients younger than 60, but only 10-20%
for older patients (3,4). The majority of patients who relapse
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after complete remission (CR) do not survive for more than
5 years (5). Even though several studies have reported improve-
ments in the outcomes of younger AML patients over the last
40 years (6-8), the prognosis of patients aged =60 is poor and
has remained virtually unchanged (6).

Combination chemotherapy remains the primary choice
of AML treatment, and the achievement of CR is crucial
for the long-term survival of patients with AML. For more
than four decades, induction chemotherapy with cytarabine
and an anthracycline (‘7+3’ therapy) has been applied as the
standard chemotherapy regimen for patients newly diagnosed
with classical AML (9). However, the remission rate of ‘7+3’
therapy is not satisfactory. Although CR is achieved in 50-75%
of adult AML patients treated with the deoxycytidine analog
cytarabine (Ara-c) and an anthracycline antibiotic [including
daunorubicin or idarubicin, or anthracenedione mitoxan-
trone (MIT)], only 20-30% of patients experience long-term
disease-free survival (DFS) (10).

MA therapy, which comprises MIT combined with Ara-c,
is now widely used for the treatment of elderly patients with
AML (11-13). Ahmed et al (14) previously reported the use
of L-asparaginase (L-Asp) in combination with other conven-
tional chemotherapeutic drugs in the treatment of elderly
patients with refractory AML. The findings suggest that L-Asp
may prove effective in the treatment of AML, and that L-Asp
plus conventional chemotherapeutic drugs may offer beneficial
effects in elderly patients with refractory AML.

L-Asp has been widely used in the treatment of pediatric
leukemia since its antitumor activity was first discovered,
which significantly improves the survival rate of children with
leukemia (15). Nonetheless, the antitumor mechanism of L-Asp
remains unclear. It is generally considered that leukemia cells
lack sufficient activity of asparagine synthetase (16). Whereas,
L-Asp can potentially decompose and deplete asparagine
present in the blood surrounding the leukemia cells, leading
to the dysfunction of protein synthesis and eventual cell
death (17,18).

Autophagy is a biological process in which large molecules
and damaged organelles in the cytoplasm are degraded. Despite
being a recycling mechanism that assists cells in all eviating
nutrient stress, autophagy has been demonstrated to regulate
cell differentiation, cell death and the cell cycle (19-21).

Microtubule-associated protein 1 light chain 3 [LC3; a
homolog of autophagy-related protein 8 (Atg8)] is a protein
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normally localized to the autophagosome membrane (22).
LC3 was originally identified as a subunit of the neuronal
microtubule-associated proteins (MAPs) MAPIA and
MAPIB, and its expression can regulate the microtubule
binding activity of MAPIA and MAPIB (23). There are
three human LC3 isoforms (LC3A, LC3B and LC3C)
that undergo post-translational modifications during
autophagy (24). The C-terminus of newly synthesized
LC3 is normally cleaved by Atg4 protease to form the
cytosolic soluble LC3-I (25). Following autophagosome
formation, LC3-I is modified by shearing and ubiquitina-
tion, before being coupled with phosphatidylethanolamine
on the surface of the autophagosome membrane to form a
membrane-bound LC3-1I, located on the inner and outer
membranes of the autophagosome (24,26). Unlike other Atg
family of proteins located on autophagosome membranes,
LC3-II remains stable on autophagosome membranes until
it fuses with lysosomes, and is therefore usually used as a
marker for autophagy detection (27-29).

In a previous study, Song et al (30) reported asparagi-
nase-induced autophagic properties in chronic myeloid
leukemia (CML) cell lines K562 and KU812. Therefore, it
was hypothesized that L-Asp may exert antiproliferative
effects on AML cells by inducing autophagy. In the present
study, the effects of L-Asp on cell proliferation, apoptosis,
morphological changes and the autophagic activity of AML
cell lines U937, HL-60 and KG-1la were investigated. In
addition, the effects of combining L-Asp priming with MA
therapy were also assessed. The aim of this study was to
elucidate of the mechanism of L-Asp efficacy and to inves-
tigate whether the combination of L-Asp priming with MA
therapy could be beneficial in AML treatment.

Materials and methods

Cell culture. Human AML cell lines U937, HL-60, and
KG-1a were purchased from China Infrastructure of Cell
Line Resources (Institute of Basic Medical Sciences, Chinese
Academy of Medical Sciences). U937 cells were cultured in
RPMI-1640 medium (SH30809, Hyclone; GE Healthcare Life
Sciences) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; 10099-141; Gibco; Thermo Fisher Scientific,
Inc.), whereas HL-60 and KG-1a cells were maintained in
IMDM medium (SH30228.01B; Hyclone; GE Healthcare Life
Sciences) supplemented with 20% FBS. All cells were cultured
at 37°C under 5% CO,.

Materials and reagents. Ara-c (trade name, Cytosar) was
purchased from Pfizer Inc. and diluted in the provided water
for injection with benzyl alcohol according to the manu-
facturer's protocol. MIT (trade name, Militant) and L-Asp
(derived from Escherichia coli) were purchased from Sichuan
Shenghe Pharmaceutical Co., Ltd. and Changzhou Qianhong
Bio-Pharma Co., Ltd., respectively, and were diluted in sterile
0.9% sodium chloride solution when used.

Chloroquine (CQ; cat. no. 14774), primary antibodies for
western blotting: Rabbit LC-3A/B (D3U4C; cat. no. 12741) and
rabbit glyceraldehyde 3-phosphate dehydrogenase (GAPDH,;
14C10; Rabbit; cat. no. 2118), were all purchased from Cell
Signaling Technology (Cell Signaling Technology, Inc.).
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Treatment of AML cells U937, HL-60, and KG-1la. The cells
were cultured at a density of 5,000 cells/well in the 96-well
plates (100 pl/well) at 37°C. AML cell lines U937, HL-60 and
KG-1a were treated with Ara-c, MIT and/or L-Asp following
the attainment of steady-state exponential growth. For all cells,
when determining the half maximal inhibitory concentra-
tions (ICs,), Ara-c and MIT were applied at concentrations of
0-8 ug/ml for 24 h, and L-Asp was applied at concentrations of
0-6.4 U/ml for 48 h. In subsequent experiments, U937, HL-60
and KG-1a cells were treated with Ara-c + MIT or Ara-c +
MIT + L-Asp at their respective ICs, for 24 and 48 h. The
IC, values were calculated using GraphPad Prism version 6.0
(GraphPad Software, Inc.).

Cell proliferation analysis. Following each drug treatment
regimen, cell viability was measured using Cell Counting
kit-8 (CCK-8; CK04; Dojindo Molecular Technologies, Inc.)
according to the manufacturer's protocols. Cell growth inhibi-
tion rates were calculated as follows: Growth inhibition rate

(%) = [(Acomrol'Ablank of comrol) - (Asample'Ablank of sample)] /(Acomrol'Ablank
of contro)- A indicates the absorbance at 460 nm.

Flow cytometric analysis. AML cells (U937, HL-60 and
KG-1a) cultured at a density of 4x10° cells/well in 6 cm dishes
were separated into four different treatment groups: Control,
Ara-c + MIT, L-Asp and Ara-c + MIT + L-Asp. The control
group was cultured in media supplemented with 10% FBS
for 48 h without drug treatment. The Ara-c + MIT group
was cultured in media with 10% FBS for 24 h then treated
with Ara-c and MIT for the next 24 h. The L-Asp group was
treated with L-Asp for 48 h. The Ara-c + MIT + L-Asp group
was treated with L-Asp alone for 24 h and then together
with Ara-c and MIT for the next 24 h. At the end of their
respective treatment regimen, cells were subsequently stained
with Annexin V/FITC and propidium iodide (PI) using an
Annexin V-FITC Apoptosis Detection kit (Sigma-Aldrich;
Merck KGaA) according to the manufacturer's protocol, and
analyzed using the ACEA NovoCyte Flow Cytometer (ACEA
Biosciences; Agilent Technologies, Inc.). Each experiment
was repeated three times, and the mean values were applied
to calculate the rates of apoptosis induction for each treatment
group. FlowJo software (version 7.6.1, FlowJo LLC) was used
for analysis.

Cell imaging. AML cells from the different treatment groups
were seeded into 10-cm dishes at the density of 1x10° cells/well.
Cell morphology was assessed using Olympus BX63 (Olympus
Corporation) under x100 and x400 magnification.

Protein extraction for autophagy detection. In the present
study, U937, HL-60 and KG-1a cells were seeded into 6 cm
dishes at a density of 4x10° cells/well, and divided into
two groups: CQ+ and CQ-. The CQ+ group was treated
with 10 yM CQ for 30 min, followed by L-Asp for O,
3,6, 12,24 and 48 h. The CQ-group was directly treated with
L-Asp for 0, 3, 6, 12, 24 and 48 h without CQ pre-treatment.
For the CQ+ and CQ-groups, the concentration of L-Asp used
was determined on the basis of its IC,, value in each cell line.
At each time point, protein samples of the AML cells from
each treatment group were extracted for western blot analysis.
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Western blot analysis. Confluent AML cells grown on 6 cm
dishes were washed with ice-cold PBS. Following centrifu-
gation at 1,500 x g for 5 min to discard the medium, 10 ml
ice-cold PBS was added in and mixed well with the cells in
10 ml centrifuge tubes. After a period of 5 min, centrifugation
was performed at 1,500 x g to discard the PBS, twice before
subsequent lysisusing 2X SDS-PAGE sample buffer (100 mM
IM Tris-HCI pH 6.8, 2% 2-mercaptoethanol, 20% glycerol
and 4% SDS). Bicinchoninic acid assay (P0O010S; Beyotime
Institute of Biotechnology) was used for protein quantifica-
tion. The lysates were subjected to separation by SDS-PAGE
in 12% gels at 15 pg per lane, before the separated proteins
were transferred onto Immobilon®-P PVDF (Millipore; EMD
Millipore). Following blocking in PBS containing 5% non-fat
dried milk and 0.1% Tween-20 for 1 h at room temperature, the
membranes were incubated overnight at 4°C with the LC3A/B
antibody (14/16 kDa. #4108S; CST) using a dilution of 1:1,000.
On the same membranes, incubation with the LC3A/B anti-
body was followed by 2 h incubation at room temperature
with primary GAPDH antibody (GAPDH; 14C10; Rabbit;
cat. no. 2118) using a dilution of 1:4,000. The membranes
were subsequently incubated for 2 h with goat anti-rabbit
(cat. no. sc-2004; Santa Cruz Biotechnology, Inc.) at a dilu-
tion of 1:5,000 at room temperature. The protein bands were
visualized using an ECL-Plus kit (00161543; Thermo Fisher
Scientific, Inc.) coupled with X-ray radio graphs (038401501,
Carestream Health, Inc.).

Statistical analysis. All statistical analysis was performed in
GraphPad Prism version 6.0 (GraphPad Software, Inc.). All
data are presented as the mean + standard deviation (SD).
One-way ANOVA followed by Tukey's multiple comparison
test was used to determine statistical significance. P<0.05 was
considered to indicate a statistically significant difference.

Results

Effects of L-Asp, Ara-c and MIT alone on AML cell viability.
To determine the growth inhibitory effect of L-Asp on the
AML cell lines U937, HL-60 and KG-1a, the cells were treated
with ascending concentrations for 48 h prior to analysis.
L-Asp significantly inhibited cell proliferation in all three
AML cell lines in a dose-dependent manner, and was even
effective at 0.1 U/ml, which was the lowest concentration of
tested (Fig. 1).The 48 h IC,, values of L-Asp were calculated
to be 0.106, 0.44 and 0.098 U/ml for U937, HL-60 and KG-1a,
respectively. Additionally, the concentration-growth inhibition
rate curves of Ara-c and MIT treatments alone were produced
for each of the three AML cell lines. As presented in Fig. 2,
Ara-c inhibited cell proliferation in all three AML cell lines in
a dose-dependent manner, while the inhibition effect of MIT
would reach a threshold at certain concentrations (0.1-1 pg/ml).
For U937, HL-60 and KG-1a cells, the 24 h ICs, values of
Ara-c and MIT were calculated to be 0.809, 3.07,0.002 ug/ml
and 0.002, 0.021 and 0.068 pg/ml, respectively.

Effects of Ara-c + MIT and L-Asp + Ara-c + MIT treatments
as inhibitors of AML cell proliferation. AML cell lines U937,
HL-60 and KG-1a were first pretreated with L-Asp for 24 h
and subsequently with Ara-c and MIT additively for the next
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Table I. ICy, values of Ara-c and MIT for 24 h treatment and
L-Asp for 48 h treatment in the AML cell lines U937, HL-60
and KG-1a.

ICy, value
Cell line Ara-c (ug/ml)  MIT (ug/ml)  L-Asp (U/ml)
U937 0.809 0.002 0.106
HL-60 3.07 0.021 0.44
KG-1a 0.002 0.068 0.098

1Cy,, half maximal inhibitory concentration; Ara-c, cytarabine; MIT,
mitoxantrone; AML, acute myeloid leukemia.

24 h. Each of the three cell lines were treated with drugs at
concentrations corresponding to their respective ICs, values
(Table I). The combined effects of L-Asp pretreatment and
subsequent Ara-c + MIT treatment were analyzed in terms of
growth inhibition rates, calculated using the aforementioned
formula.

Treatment with Ara-c + MIT and L-Asp alone inhib-
ited the proliferation of U937 cells by 50.67 and 67.34%,
respectively, while the inhibition of proliferation induced
by treatment with L-Asp and Ara-c + MIT was significantly
greater at 88.84% (Fig. 3A). Anti-proliferative effects were
also observed in KG-1a cells, with the inhibition rates of
34.39, 45.70 and 67.04% for Ara-c + MIT, L-Asp alone and
Ara-c + MIT + L-Asp treatment, respectively (Fig. 3C).
Finally, treatment with Ara-c + MIT or L-Asp alone exerted
suppressive effects on HL-60 cell proliferation, with inhibi-
tion rates of 89.54 and 62.78% respectively; while combined
Ara-c + MIT + L-Asp treatment exhibited the highest inhibi-
tory effect in this cell line, with an inhibition rate of 90.78%
(Fig. 3B).

The morphological changes of AML cells from the
different treatment groups were examined using microscopy.
In the control group, U937,HL-60 and KG-1a cells all appeared
circular and bright with good refraction, whereas some of the
cells that were treated with Ara-c + MIT or L-Asp began to
exhibit irregular shapes and some granulation (Fig. 4). Notably,
normally shaped living cells could barely be observed in the
medium in the Ara-c + MIT + L-Asp treatment group (Fig. 4).

Effects of Ara-c + MIT and L-Asp + Ara-c + MIT on the
apoptosis of AML cells. Cell apoptosis was detected by flow
cytometry using Annexin V-FITC/PI dual staining. The results
indicate that all three treatment (Ara-c + MIT, L-Asp alone
and Ara-c + MIT + L-Asp) induced significant cell apoptosis
in U937, HL-60 and KG-1a cells compared with the control
(Fig. 5). However, cell apoptosis in the Ara-c + MIT + L-Asp
treatment group did not differ significantly from that of the
Ara-c + MIT treatment group or the L-Asp treatment group in
U937 cells (Fig. 5A and B). Ara-c + MIT + L-Asp demonstrated
significantly increased cell apoptosis compared with Ara-c +
MIT or L-Asp alone in HL-60 cells (Fig. SA and C); whereas
Ara-c + MIT + L-Asp treatment appeared to have potentiated
cell apoptosis compared with Ara-c + MIT treatment, but no
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Figure 1. L-Asp inhibits the proliferation of acute myeloid leukemia cells. (A) U937, (B) HL-60 and (C) KG-1a cells were treated with ascending concentrations
of L-Asp for 48 h. Each experiment was conducted three times (n=3). ““P<0.001 vs. control (0 U/ml). L-Asp, L-asparaginase.
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Figure 2. Ara-c and MIT inhibit acute myeloid leukemia cell proliferation. (A) U937, (C) HL-60 and (E) KG-1a cells were treated with ascending concentra-
tions of Ara-c for 24 h. (B) U937, (D) HL-60 and (F) KG-1a were treated with ascending concentrations of MIT for 24 h. Each experiment was conducted three

s

times (n=3).

P<0.001 vs. control (0 ug/ml). Ara-c, cytarabine; MIT, mitoxantrone.
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statistical significance was observed between Ara-c + MIT +
L-Asp and L-Asp alone in KG-1a cells (Fig. 5A and D).

Autophagy detection. To evaluate the effects of L-Asp on
autophagy on the U937, HL-60 and KG-1a cell lines, western
blot analysis was used to assess the ratio of autophagy-associ-
ated protein LC3A/B expression levels in the cells (Fig. 6A).
Each cell line was divided into two groups, namely a CQ+
group that was treated with 10 uM CQ for 3 h prior to protein
extraction, and a CQ-group that was not treated with CQ.
In both treatment groups, cells were treated with L-Asp at
a concentration of 0.1 U/ml for 0, 3, 6, 12, 24 and 48 h. A
time-dependent increase in LC3A/B-1I/I ratio following
L-Asp treatment was only observed in U937 cells, and not in
HL-60 and KG-1a cells (Fig. 6B-D).

Discussion

AML is a malignant myeloproliferative disease that is derived
from hematopoietic stem cells (HSCs). It accounts for ~70% of
acute leukemia cases and has an incidence of 2-4/100,000 (31).
Although chemotherapy, targeted therapy, and HSC transplan-
tation (32-35) have all conferred improvements in CR and
long-term DFS, the majority of AML patients ultimately relapse
and develop refractory leukemia due to primary/secondary
drug resistance, leading to treatment failure (4,5). The etiology
of AML is complex, and its pathogenesis is not completely
understood. In light of the high mortality associated with
AML and the lack of significant improvements in prognosis
over the last 30 years (36,37), novel therapeutic approaches for
AML are required.
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In the present study, it was observed that L-Asp treatment
alone inhibited cell proliferation and induced apoptosis in
the AML cell lines U937, HL-60 and KG-1a. The effects of
L-Asp + Ara-c + MIT were compared those of L-Asp alone
and Ara-c+ MIT. Combining L-Asp with Ara-c + MIT in
the treatment procedure potentiated the inhibition of AML
cell proliferation in each of the three cell lines investigated,
and resulted in greater cell apoptosis in HL-60 and KG-1la
cells. The present study investigated the effects of L-Asp on
AML cell lines, and the results support the suggestion that the
combination of L-Asp, MIT and Ara-c could be a promising
new therapeutic strategy for AML.

Autophagy is an evolutionary conserved process that
occurs throughout the eukaryotic phylogenetic tree and is
essential for cellular survival and development (38). Aside
from the maintenance of homeostasis, this catabolic process
protects organisms from conditions including neurodegenera-
tive diseases, heart disease, liver disease and aging (39).

It is generally recognized that autophagy can have
favorable and unfavorable outcomes in tumorigenesis and
metastasis (40). Previous studies demonstrated that basal
autophagy activation can modulate downstream signaling
pathways that are involved in maintaining adequate HSC
proliferation and differentiation (41). Impaired autophagy
can result in the transformation of HSCs into a preleukemic
state, increasing the likelihood of malignant leukemic trans-
formation (42). Previous studies by Karvela et al (42) and
Rothe et al (43) illustrated that autophagy may serve a carci-
nogenic role in CML. Therefore, autophagy may serve diverse
functions in leukemia physiology.

L-Asp may serve a role autophagy in AML cells. Several
studies have implicated autophagic effects of L-Asp in a

number of malignancies including leukemia. Yu et al (44) and
Song et al (45) proposed that L-Asp could induce autophagy
in ovarian cancer and CML, potentially contributing to anti-
tumor effects. Additionally, other studies have demonstrated
that suppressing autophagy may improve the antineoplastic
effect of L-Asp in glioblastoma, whereas activating this
process could overcome the L-Asp-induced immune suppres-
sion in macrophages (39); suggesting that L-Asp treatment
may induce autophagy by promoting apoptosis, and inhibiting
cell growth in AML cells.

LC3-II content or the LC3-II/LC3-I ratio is positively corre-
lated with the number of autophagosomes and the autophagic
activity of cells to some extent (46-48). In the present study,
the LC3-1I/1 ratio was used to evaluate the autophagic activity
of cells.

Since autophagy is a dynamic process, the static level of
LC-31I/T alone is not sufficient to accurately measure changes
in intracellular autophagic flux. Chloroquine (CQ), which is
a lysosome inhibitor that inhibits autophagosome-lysosome
fusion (31), is commonly used for studying autophagy and
autophagy flux. To this end, changes in autophagy, as indicated
by the LC3 A/B expression ratio, were evaluated in AML cells
treated with L-Asp with and without CQ. However, inconsistent
and in conclusive autophagic effects were observed in the three
AML cell lines following L-Asp treatment, indicating that the
L-Asp-induced effects on AML cells may be attributed to
alternative mechanisms. Also, as this time-dependent response
occurred in CQ- and CQ+ groups, the increase in LC3A/B
II/T ratio presented in Fig. 6B-D may be due to factors other
than autophagy. Therefore, whether L-Asp treatment produced
any notable changes in autophagy in the three AML cell lines
warrants further investigation. And additional experimental



CHEN et al: ANTIPROLIFERATIVE EFFECTS OF L-ASP IN AML

methods should be performed to unravel the signaling path-
ways mediating the anti-proliferative and pro-apoptotic effects
of L-Asp on AML cells.

In conclusion, data from the present study demonstrated
that L-Asp significantly suppressed cell growth while
increasing apoptosis in the AML cell lines U937, HL-60 and
KG-1a. When L-Asp was combined with Ara-c and MIT, these
physiological effects were potentiated further. These results
support the suggestion that a combination of L-Asp and MA
may be useful as an AML therapy.
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