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L-Asparaginase (L-asparagine amidohydrolase; E.C.3.5.1.1) as an anticancer agent is used to treat acute
lymphocytic leukemia (ALL), Human Burkitt's lymphoma and non-Hodgkin's lymphoma. The commercial
asparaginases are obtained from bacteria Erwinia chrysanthemi and Escherichia coli now which had many side
effects. In this study, the effects of a novel L-asparaginase from yeast Yarrowia lipolytica was investigated on
human ALL and Burkitt's lymphoma cell lines. The L-asparaginase causes metabolic stress, cytotoxicity, and
apoptosis due to the arrest of the G0 cell cycle, the activation of caspase-3 and the modulation of mitochondrial
membrane integrity. The RT-PCR analysis showed a significant increase in the pro-apoptosis genes such as Bax,
Caspase-3, Caspase-8, Caspase-9 and p53 (P b 0.05) while the anti-apoptotic marker Bcl-2 was significantly
decreased (P b 0.05). Furthermore, Y. lipolytica L-asparaginase causes autophagy and increased ROS. The L-
asparaginase has cytotoxic and anticancer effects higher than commercial asparaginase. In conclusion,Y. lipolytica
L-asparaginase shows interesting anticancer activity and it can be introduced as a neweukaryotic and therapeutic
agent and strategy for ALL and Burkitt's lymphoma treatment after the in vivo and clinical experiments.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Free amino acid L-asparagine is catalyzed by L-asparaginase into the
L-aspartate and ammonia. Bacterial L-asparaginases have been an
important chemotherapeutic drug for over four decades for the
treatment of malignant of lymphoid systems such as Hodgkin's
lymphoma, melanosarcoma and acute lymphoblastic leukemia (ALL)
[1,2]. Since the amount of ammonia produced by the L-asparaginase in
the patient's blood directly affects glutamine levels, the L-asparaginase
has been used as a diagnostic sensor [3]. L-Asparagine is an essential
amino acid for the DNA, RNA and protein synthesis in the cells. Unlike
normal cells, cancer cells do not have the ability to produce L-
asparagine amino acid and are largely dependent on external sources
of L-asparagine for survival [4] and are used in cell division in the G1
okhtarzadeh),
l.com (F. Darvishi).
phase [5]. By administration of L-asparaginase, the L-asparagine turns
into the L-aspartate and ammonia, therefore the supply of L-
asparagine to tumor cells is stopped and disrupts the metabolic
condition of the cancer cells and ultimately leads to apoptosis [6]. To
date, the microbial extracted L-asparaginase from Erwinia carotovora
and Escherichia coli are being used in clinical treatments [1]. To
elimination the immunogenic toxicity associated with clinical
treatments by the L-asparaginase with the current prokaryotic source,
new eukaryotic sources are needed to produce L-asparaginase with
the same therapeutic effects, similar properties, and structure of
human proteins. There is an interest in finding new microorganisms
and also introducing the new and better sources for production and
replacement of L-asparaginase [7]. The yeast Yarrowia lipolytica is
GRAS (generally regarded as safe) and FDA (Food and Drug
Administration) approved of non-pathogenic eukaryotic
microorganism which is used to produce human products [8,9].
Compared to the other yeasts, this yeast has many other advantages
such as high secretion efficiency, using the cost-effective medium for
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Table 1
Sequences of primers used in current study.

Name Primer sequences

Caspase-3 F 5′-TGTCATCTCGCTCTGGTACG-3′
R 5′-AAATGACCCCTTCATCACCA-3′

Caspase-9 F 5′-GCAGGCTCTGGATCTCGGC-3′
R 5′-GCTGCTTGCCTGTTAGTTCGC-3′

Caspase-8 F 5′-ACCTTGTGTCTGAGCTGGTC-3′
R 5′-GCCCACTGGTATTCCTCAGG-3′

P53 F 5′-ACTTGTCATGGCGACTGTCC-3′
R 5′-CACCCCTCAGACACACAGGT-3′

Bcl-2 F 5′-CCTGTGGATGACTGAGTACC-3′
R 5′-GAGACAGCCAGGAGAAATCA-3′

Bax F 5′-TTTGCTTCAGGGTTTCATCCA-3′
R 5′-CTCCATGTTACTGTCCAGTTCGT-3′

GAPDH F 5′-GAAGGGCTCATGACCACAGT-3′
R 5′-GGATGCAGGGATGATGTTCT-3′
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growth and metabolite production, good product yield and low over-
glycosylation. In our previous study [10], the production L-
asparaginase from Y. lipolytica and optimization of its production was
done in flask and bioreactor cultures as well as the L-asparaginase
gene was isolated and its molecular characteristics determined using
bioinformatics tools. Bioinformatics analysis of Y. lipolytica DSM3286
showed that it is a suitable new source for the production of L-
asparaginase. Hence, the anticancer effects of novel L-asparaginase of
Y. lipolytica on Burkitt's lymphoma and ALL cell lines were investigated
for the first time in the current study and also a comparative evaluation
Fig. 1. The effect of Y. lipolytica L-asparaginase on cell growth and proliferation of Raji (a) andMO
different concentrations of asparaginase was measured.
of L-asparaginase from Y. lipolytica and a commercial preparation from
bacterial source was done.

2. Materials and methods

2.1. L-Asparaginase and cell lines

Professor Farshad Darvishi prepared Y. lipolytica L-asparaginase
[10]. The ALL cell line (MOLT-4) and the human Burkitt's lymphoma
cell line (Raji) were provided by the Pasteur Institute of Tehran, Iran.
The RPMI 1640 cell culture (GIBCO, US) containing 0.5% penicillin-
streptomycin (GIBCO, US) and 10% fetal bovine serum (BIOCHROM,
UK) was used to incubate the cells at 37 °C in a humidified 5% CO2

atmosphere.
The peripheral bloodmononuclear cells (PBMCs)were isolated from

peripheral blood. Briefly, 25 ml of supernatant was carefully layered
over 15 ml of Ficoll after blending with PBS and centrifuged at
3200×g for 20minwithout brake and acceleration. After centrifugation,
the interphasewas collected and centrifuged again at 2500 ×g for 6min
[11]. Finally, they seeded in RPMImedium supplementedwith 10% fetal
bovine serum (FBS).

2.2. MTT assay

MTT assay used for the evaluation of the cytotoxic effect of Y.
lipolytica asparaginase on target cells. The 96-well-plates were used
for cell culture. In each well, 105 cells were incubated for 24 h and
LT-4 (b) cells. TheMTT analysis of Raji andMOLT-4 cells after 24 and 48 h incubationwith

Image of Fig. 1
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then the cells were treated with different concentrations of L-
asparaginase (0.5, 1, 2, 4, 6, 8, 10, 15, 20, 40, and 60 U/ml). Treatment
duration was 24 and 48 h. Cells were incubated with (2 mg/ml stock)
MTT for 3 h at 37 °C. The plates were centrifuged at room temperature
at 2500 ×g for 6 min to remove the supernatant. Finally, ELISA reader
was used for MTT assay at 570 nm [12].

2.3. Analysis of apoptosis

2.3.1. Annexin V/PI assay
Apoptosis rate evaluated by an Annexin V-FITC (EXBIO, Czech) and

flow cytometry in MOLT-4 and Raji cells. Briefly, Raji and MOLT-4 cells
with a density of 106 cells per well were seeded. After treatment
(IC50) with L-asparaginase for the 48 h, cells were harvested. Then
cells were washed twice with PBS. 10 μl of 50 mg/μl propidium iodide
and 2 μl of 25 mg/μl FITC-conjugated Annexin V was added to each
100 μl sample of cells, and the cells were placed in the dark for
20 min. The samples were subjected to flow cytometry analysis on a
MACS Quant instrument [13].

2.3.2. Cell-cycle distribution
A 6 well plates were used to seed a density of 106 cells/well and

incubated for 24 h with IC50 dose of L-asparaginase. Then, the cell
suspension was washed with 1X PBS and fixed by cold 70% ethanol for
24 h at −20 °C. After collection and washing the cells with PBS, a
solution of PBS with 10–50 μg/ml RNase A and 20 μg/ml propidium
iodide (PI) was used to resuspend the cells. Then, the cells were
Fig 2. The effect of commercial L-asparaginase on cell growth and proliferation of Raji (a) andMO
different concentrations of asparaginase was measured.
incubated at 37 °C in the dark for 30 min and finally analyzed by flow
cytometry [14,15].
2.3.3. DAPI staining
A 6 well plates were used to seed a density of 106 cells/well and

incubated for 48 hwith L-asparaginase. The cell suspensionwaswashed
with 1X PBS and fixed by 4% paraformaldehyde for 10min and then the
stained cells with DAPI (1 mg/ml) were observed using a fluorescent
microscope [16].
2.3.4. Intracellular ROS assay
Flow cytometry analysis was used to measure the cellular Reactive

oxygen species using 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH2-DA). Briefly, a 6 wells plate was used to culture 106 of cells
from both cell lines and incubate with L-asparaginase for 48 h. After
48 h incubation at 37 °C, cells were centrifuged at 2500 ×g for 8 min.
The cells were washed with PBS two times and centrifuged then
analyzed with flow cytometry. Untreated cells were considered as a
negative control [17].
2.4. Autophagy assay

A 6 well plates were used to seed a density of 106 cells/well and
incubated for 48 h with IC50 dose of L-asparaginase. Then, Cyto-ID®
Green dye was used to stain the cells at 37 °C for 15 min. Finally, the
1X PBS washed-cells were analyzed by flow cytometer [18].
LT-4 (b) cells. TheMTT analysis of Raji andMOLT-4 cells after 24 and 48 h incubationwith

Image of Fig 2
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2.5. RT-PCR

Two cell lines were cultured into 6-well dishes (1 × 106) and L-
asparaginase in IC50 dose added to each well. After 48 h, total RNA
with Trizol reagent (GENEALL, Korea) was extracted from cells.
Quantified using the nanodrop the RNA extracted concentrations are
measured. GAPDH was used as an internal control for Caspase-3,-8,-9,
P53, Bcl2, and Bax. The primer sequences were presented in Table 1.
Each sample was analyzed in triplicate. Gene expression was presented
using a modification of the 2−ΔΔCt method. RNA extracted by Trizol, in
20 μl of total volume, was subjected to reverse transcription with the
cDNA synthesis kit (GENEALL, Korea). The enzyme was inactivated for
5 min at 95 °C. The PCR was performed as follows: 95 °C for 3 min,
30 cycles of 93 °C for 30 s, 55 °C for 40 s and 72 °C for the 60 s (Rosch,
Germany) [19].

3. Results and discussion

L-Asparaginase derived from E. coli and E. chrysanthemi for over
40 years is used as an effective treatment agent for ALL. [20,21].
However, the significant side effect caused by these enzymes, including
allergic reactions, has led to finding new sources of this enzyme in
yeasts. Our team has succeeded in using Y. lipolytica Yeast as a new
source instead of current prokaryotic sources and the enzyme isolated
from this yeast, which has a more specific activity and that does not
have glutaminase activity [22]. In this study, the anticancer activity of
Fig. 3. The effect of Y. lipolytica (a) and commercial (b) L-asparaginase on cell growth and proli
different concentrations of asparaginase was measured.
the Y. lipolytica L-asparaginase is compared with the commercial L-
asparaginase. In Figs. 1, 2 and 3, different concentration of both enzymes
used to obtain IC50 are shown, which represents the possessing 50%
viability with the MTT assay. To evaluate the anticancer activity and
toxicity, we used the MTT assay and human cancer cell, MOLT-4 and
Raji cell lines. Our results revealed that the Y. lipolytica L-asparaginase
significantly inhibited the proliferation and growth of tested cancer
cells. The anticancer activity and the toxicity of the L-asparaginase
used in comparison with commercially L-asparaginase against the
cancer cell line are more and comparable. L-Asparaginase purified
from Y. lipolytica compared with the commercially available enzyme
used can be considered as a stronger and more effective chemotherapy
agent [23]. For evaluating the cytotoxic effect of Y. lipolytica L-
asparaginase, the cells were treated with 0.5, 1, 2, 4, 6, 8, 10, 15, 20, 40
and 60 IU/ml concentration of the enzyme. The untreated cells were
selected as negative control and the E. coli L-asparaginase (ASP\\C)
was used as a positive control. The 48 h IC50 value of Y. lipolytica L-
asparaginase against MOLT-4 and Raji cells was 5 and 6 IU/ml,
respectively. The IC50 value of commercial L-asparaginase exhibited 11
and 20 IU/ml against MOLT-4 and Raji cells, respectively. The obtained
results verified that the Y. lipolytica L-asparaginase has a cytotoxic effect
and anticancer activity against human cancerMOLT-4 and Raji cells and
its cytotoxic effect is higher than the commercial asparaginase (Figs. 1a,
b, 2a, b and 3a, b).

On the other hand, L-asparaginase by targeting L-asparagine in
MOLT-4 andRaji cells inducesmetabolic stress via reducing intracellular
feration of normal cells. TheMTT analysis of normal cells after 24 and 48 h incubation with

Image of Fig. 3
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ATP and ROS mediated oxidative stress mechanism, and it causes cells
shifting to the apoptosis [24]. Subsequently, apoptosis pathway
activation was confirmed by DAPI staining, Annexin-V/FITC, PI and
G1-G0 phase arrest. The results of the study on apoptotic induction in
cancer cells, using Annexin V/FITC and PI staining, show apoptosis in
Raji (10.69%) and MOLT-4 (10.16%) cells. The apoptosis induced by
Fig 4. Flow cytometry analysis of two cell lines after 48 h treatment with IC50 of asparagina
presented in bar charts MOLT-4 (a) and Raji (b). (ASP-C: Commercial asparaginase derived fro
the commercial L-asparaginase is shown to be less than Y. lipolytica L-
asparaginase. The apoptosis obtained for Raji and MOLT4 cells was
6.64% and 3.23%, respectively (Fig. 4a, b).

The main mechanism for regulating cell growth process is the
control of the cell cycle. Most anticancer drugs, by inhibiting the cell
cycle in the G0/G1, S, and G2/M phases, induce apoptosis in cancer
se and staining with Annexin V/PI. The percentages of Annexin V-positive/PI cells were
m E. coli) (⁎P b 0.05, #P b 0.001).

Image of Fig 4


Fig 5.Measurement of the IC50 dose effect of the enzyme ondifferent phases of the cell cyclewas carried out to control andpresent in the graphsMOLT-4 (a) and Raji (b) after 48 h. (ASP-C:
Commercial asparaginase derived from E. coli) (⁎P b 0.05, #P b 0.001).
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Fig 6. Fluorescent microscopic studies. The representative nuclei staining by DAPI in MOLT-4 and Raji cells treated with L-asparaginase after 48 h incubation.
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cells. By targeting the cell cycle phases by drugs and various
compounds, can be developed new anticancer drugs. Thus, we analyzed
the cell cycle profile by FACS [25]. The results of cell cycle analysis
showed that most cells significantly were stopped in the G0/G1 phase,
which included apoptotic or necrotic and autophagy cells. We suggest
that adjusting the number of protein regulators of the cell cycle, such
as cdc2, cdk2, and tumor suppressor proteins such as p53, can be
accompanied by the arrest of the cell cycle at the G0/G1 stage.
Interestingly, in Raji and MOLT-4 cells at 6 and 5 IU/ml of the enzyme
treatment, the S phase was significantly decreased, which needs more
studies. These observations showed that the Y. lipolytica L-
asparaginase arrested the cell cycle in the G0/G1 phase and then
induced apoptosis and autophagy. Therefore, the examination of the
enzyme effects on the cell cycle showed a stop of the cell cycle at the
G0/G1, S, and G2/M phase after 48 h of treatment with the L-
asparaginase. Accordingly, the cell cycle was arrested in S phase after
48 h of the treatment. Therefore, we suggest that the appeared transient
arrest at early time points of 48 h of the enzyme treatment, maybe have
caused the induced apoptosis by Y. lipolytica L-asparaginase. Some other
kinds of potential anticancer drugs have also recently shown this type of
transient arrest of the cell cycle (Fig. 5a, b).
Fig 7. The effect of asparaginase IC50 dose on the amount of reactive oxygen species was mea
(⁎P b 0.05, #P b 0.001).
DAPI stainingwas used to evaluate the nuclear changes in cancer cells
of Raji andMOLT-4which treatedwith 6U/ml and5U/ml of Y. lipolytica L-
asparaginase. As follows in Fig. 6, an unclear morphological sign of
apoptosis such as shrinkage could be seen in the cells undergoing L-
asparaginase treatment. However, the control (untreated) cells did not
show any alteration in nuclear morphology. The induced variation in
the nuclear morphology by L-asparaginase caused apoptotic cell death
of cancer cells (Fig. 6).

The ability of L-asparaginase to produce the ROS was measured by
analysis of the DCFH-DA fluorescence intensity using the FACS flow
cytometry. As indicated in Fig. 7, the fluorescence intensity in Raji and
MOLT-4 cells treated (IC50) than to untreated cells significantly
increased. Fluorescence emission of DCF the pre-treated of the MOLT-
4 and Raji cells with Y. lipolytica L-asparaginase or commercial L-
asparaginase was 3.27% and 2.61%, respectively. However, after treating
with Y. lipolytica L-asparaginase important discrepancywas found in the
ROS level in the Raji and MOLT-4 cells. Commercial L-asparaginase has
lower effects on the level of DCF. These data suggest that the Y. lipolytica
L-asparaginase could highly increase intracellular ROS generation in the
Raji and MOLT-4 cells. These findings are consistent with previous
reports of L-asparaginase antioxidant properties (Fig. 7).
sured at cellular levels after 48 h. (ASP-C: Commercial asparaginase derived from E. coli)

Image of Fig 6
Image of Fig 7


Fig 8. The effect of L-asparaginase IC50 dose on autophagy in cells was evaluated after 48 h. (ASP-C: Commercial asparaginase derived from E. coli) (⁎P b 0.05, #P b 0.001).
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In previous studies, it has been well documented that the deficiency
and inaccessibility of amino acids induce autophagy [26,27]. Previous
studieshave shown that L-asparaginase is an inhibitor ofmTORC1, a strong
protein in AML cells and that induces apoptosis [28,29]. Flow cytometry
Fig 9. RT-PCR analysis of MOLT-4 and Raji cells treated with L-asparaginase IC50 dose after
Commercial asparaginase derived from E. coli) (⁎P b 0.05, #P b 0.001).
method was used to investigate autophagy. The results of flow cytometry
showed that L-asparaginase of Y. lipolytica induces autophagy in MOLT-4
and Raji cells. The amount of autophagy caused by Y. lipolytica L-
asparaginase in MOLT-4 and Raji cells had better performance than
48 h was performed for Bax, Bcl-2, P53, Caspase-3, Caspase-9, and Caspase-8. (ASP-C:

Image of Fig 8
Image of Fig 9


201S. Mazloum-Ravasan et al. / International Journal of Biological Macromolecules 146 (2020) 193–201
commercial L-asparaginase (Fig. 8). We observed our asparaginase
significantly induce the autophagy in MOLT-4 and Raji cells. Whether
autophagy causes cell death or raise survival still needs to study [30,31].
Microscopic analysis showed more morphological changes, including
cellular shrinkage, fragmentation, and eventually death. The asparaginase
induced autophagy might play an inhibitive role in MOLT-4 and Raji cells.
We found that in the cells of MOLT-4 and Raji treated with the L-
asparaginase, apoptosis was induced. To significantly, cell treatment
with increased asparaginase induced enhanced expression caspase 3 and
P53, which induced autophagy and apoptosis.

The expression of Bax, Bcl2, P53, Caspase 3, Caspase 9 and Caspase 8
weremeasured in order to investigate the role ofY. lipolytica asparaginase
in the induction of apoptosis. As shown in Fig. 8, expression of caspase 3
and caspase 9 was markedly enhanced, but it has not seen any change in
caspase-8 levels in a time-dependent manner following Y. lipolytica
asparaginase treatment. We found that the apoptosis elicited MOLT-4
and Raji cells by Y. lipolytica asparaginase was mediated via bcl2, caspase
3 and caspase 9, but interestinglywehavenot seen any significant change
in caspase-8 levels. This suggests that the main pathway of cell death
through Y. lipolytica asparaginase occurs via the mitochondrial pathway
(intrinsic pathway) which activated by caspase 9. These findings were
in agreement with other studies that described the role of these genes
in inducing apoptosis [32]. The family of caspases plays an important
role in apoptosis cell death processes. Among the caspases, caspases 3 is
considered to be the most common executioner caspases during
apoptosis. Caspases 9 and caspase 8 investigate as the correspondence
of the intrinsic and extrinsic pathway of apoptosis, respectively.
Therefore, these results confirmed that the Y. lipolytica asparaginase
induced apoptosis in Raji and MOLT-4 cells through the activation of
the caspases 9 and caspase-3 pathway. In conclusion, the present study
suggests that the Y. lipolytica asparaginase may contain a bioactive
compound that kills MOLT-4 and Raji cells without inducing substantial
damage to normal blood cell line, thus possibly suggesting a new
potential chemotherapeutic agent for the treatment of ALL (Fig. 9).

4. Conclusions

L-Asparaginase is used as therapeutic agent for leukemia and
lymphoma treatment. However, the use of this enzyme from bacterial
sources had certain side effects. These side effectsmay be lead to allergic
reactions, hypersensitivity and anaphylactic shock. Hence, scientists are
interested in discovering new source for L-asparaginase. Overall, the
results of this study showed that the L-asparaginase produced by Y.
lipolytica has anticancer and apoptotic activities, and induce autophagy
pathway. It induces the expression of the genes involved in the
apoptosis process without any cytotoxicity effects on normal cells.
Results show that Y. lipolytica L-asparaginase has anticancer activity in
compared with bacterial and commercial L-asparaginase, so that it
may be a new therapeutic agent and strategy for ALL and Burkitt's
lymphoma treatment after the in vivo and clinical experiments.
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