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kinase 2 tyrosine kinase mutation, JAK2V617F. As there is no curative therapy, researchers
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acid oxidase from Calloselasma rhodostoma snake venom (CR-LAAO), which is a toxin capable
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of eliciting apoptosis in several tumor cell lines.

have been investigating new drugs to treat myeloproliferative neoplasms, including l-amino
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Objective: To evaluate the effects of l-amino acid oxidase from C. rhodostoma snake venom

l-Amino acid oxidase

in the apoptotic machinery of JAK2-mutated cell lines.

Calloselasma rhodostoma

Methods: The HEL 92.1.7 and SET-2 cell lines were cultured with l-amino acid oxidase and

Janus kinase 2 mutation

catalase for 12 h at 37 ◦ C in 5% carbon dioxide. The cell viability was assessed by the multitable tournament method, the level of apoptosis was measured by ﬂow cytometry, and the
expression of cysteine-dependent aspartate-speciﬁc proteases and cleaved Poly(ADP-ribose)
polymerase were analyzed by Western blotting.
Results: l-Amino acid oxidase from C. rhodostoma snake venom was cytotoxic to HEL 92.1.7
and SET-2 cells (50% inhibitory concentration = 0.15 g/mL and 1.5 g/mL, respectively) and
induced apoptosis in a concentration-dependent manner. Cell treatment with catalase
mitigated the l-amino acid oxidase toxicity, indicating that hydrogen peroxide is a key component of its cytotoxic effect.The activated caspases 3 and 8 expression and cleaved PARP
in HEL 92.1.7 and SET-2 cells conﬁrmed the apoptosis activation by CR-LAAO.
Conclusions: l-Amino acid oxidase from C. rhodostoma snake venom is a potential antineoplastic agent against HEL 92.1.7 and SET-2 JAK2V617F-positive cells as it activates the
extrinsic apoptosis pathway.
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Introduction
Myeloproliferative neoplasms (MPN) are hematological neoplasms with similar phenotypic features, preserved cell
maturation, and hyperproliferation of one or more blood cell
types. MPN comprise chronic myeloid leukemia (CML), polycythemia vera (PV), essential thrombocythemia (ET), primary
myeloﬁbrosis (PMF), chronic neutrophilic leukemia, chronic
eosinophilic leukemia, mastocytosis, and non-classiﬁable
MPN.1 Patients with PV, ET, and PMF are negative for the
Breakpoint Cluster Region-Abelson Leukemia (Bcr-Abl) oncogene,
and their hematopoietic progenitors are independent and
hypersensitive to numerous cytokines.2,3 Mutation in the
Janus kinase 2 (JAK2) tyrosine kinase is the predominant
molecular alteration in MPN; it is characterized by a guanineto-thymine transversion at nucleotide 1849 of exon 14 of the
gene (chromosome 9), resulting in the substitution of valine
for phenylalanine at position 617 (JAK2V617F).4
The amino acid exchange occurs in the JH2 pseudokinase
domain and leads to the loss of the autoinhibitory control of
the JH2 domain over the JH1 domain, and the consequent constitutive activation of the protein.5 Jekarl et al.6 reported that
the JAK2V617F mutation is found in 95% of PV patients and in
50% of patients with ET and MF. In addition to the JAK2V617F
mutation, other gene mutations such as JAK2 exon 12, MPL
and calreticulin may help in the differential diagnosis, pathogenesis, and prognosis of Philadelphia chromosome-negative
(Ph− ) MPN.7 It is well known that the pathogenesis of MPN is
also linked to genetic and epigenetic alterations and myeloid
cell resistance to apoptosis.5,8,9
Apoptosis is the physiological process of programmed cell
death that plays a role in the maintenance of cell number
and integrity, and tissue development in a variety of body systems. Activation of apoptosis occurs mainly via the intrinsic
and extrinsic pathways,10 both of which require the participation of cysteine-dependent aspartate-speciﬁc proteases
(caspases). Caspases are proteases bearing a catalytic cysteine residue that cleaves other proteins at their aspartic
acid residue. Caspases are synthesized as inactive precursors
(zymogens) that require cleavage by proteases to form active
enzymes, which in turn trigger a reaction cascade that culminates in cell apoptosis.10
Many types of stimuli can elicit the intrinsic or mitochondrial apoptosis pathway, including hypoxia, intracellular
stress, lack of growth factors, irradiation, chemotherapeutic
agents, bacteria, and viruses. These stimuli induce the release
of cytochrome c, apoptosis inducing factor (AIF), second
mitochondria derived activator of caspases/direct inhibitor of
apoptosis-binding protein with low pI (SMAC/DIABLO), which
culminates in the activation of apoptotic protease activating
factor-1 (APAF-1). The binding of APAF-1 to deoxyadenosine
triphosphate (ATP)/2 deoxy-ATP (dATP) induces the formation of the apoptosome, a multimeric complex that activates
the initiator caspase-9 and subsequently activates the executioner caspases -3, -6, and -7.11
The extrinsic apoptosis pathway is triggered by the binding
of ligands to death receptors. These include FAS (FAS/CD95),
tumor necrosis factor (TNF) death receptors 1 and 2 (TNF-R1
and R2, respectively), TNF-related apoptosis-inducing ligand
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receptors (TRAIL) R1 and R2 (DR4 and DR5, respectively); a
family of transmembrane proteins bearing a cysteine-rich
extracellular domain and an intracellular domain named
“death domain” (DD), which is responsible for transducing the
apoptotic signal. The receptor-ligand binding recruits adaptor molecules such as FADD (FAS associated with DD) and
TRADD (TNFR1 associated with DD); it also elicits intracellular
signaling pathways that activate the initiator caspases -8, -9,
and -10 and the executioner caspases -3, -6, and -7, and promotes the formation of apoptotic bodies (cell death). Finally,
macrophages phagocytose the apoptotic bodies.12
Despite extensive knowledge on the pathogenesis of MPN,
scientists have neither stratiﬁed the disease nor discovered
effective treatments to cure it yet. The current treatments
for PV, ET, and PMF rely on palliative therapies (bleeding,
hydroxycarbamide, interferon-␣, busulfan, corticoids, and
androgens), supportive therapies (blood transfusion, growth
factors, erythropoietin, and antibiotics), allogeneic bone marrow transplant, and JAK2 inhibitors.13 Bone marrow transplant
is the only treatment that can change the course of the disease; however, the success of this therapy is restricted to a
small group of young patients who receive bone marrow from
a human leukocyte antigen (HLA)-compatible donor. JAK2
inhibitors have exerted promising effects in patients with PMF,
including those who are negative for the JAK2V617F mutation. Recent studies have evidenced the beneﬁcial effects of
JAK2 inhibitors on the treatment of patients with PMF, such
as decreased spleen volume, body weight gain, delayed bone
marrow ﬁbrosis, and improved overall survival.14
In this sense, researchers have sought for new drugs
and therapies to treat and cure patients with MPN. Snake
venoms are one of the antitumor agents under investigation; these proteins exert a variety of pharmacological
activities that inﬂuence the clinical manifestations of the
disease, such as apoptosis induction.15 Snake venoms have
complex compositions with different contents of proteins,
peptides, carbohydrates, lipids, biogenic amines, nucleotides,
and amino acids. The major component of the venom of the
Calloselasma rhodostoma, a snake from Vietnam, Cambodia,
Thailand and Malaysia is l-amino acid oxidase (LAAO), which
is a ﬂavoenzyme that catalyzes the oxidative deamination of lamino acids to ␣-ketoacid and produces ammonia and H2 O2 as
byproducts.16 The secondary effects of H2 O2 seem to account
for most of the biological effects of C. rhodostoma LAAO (CRLAAO), including apoptosis induction.17
To improve the understanding on the biological activity and
pharmacological potential of LAAOs, the present study aims to
examine the effects of CR-LAAO on the apoptosis machinery
of JAK2V617F-positive cell lines obtained from MPN patients.

Method
Cell lines and culture
JAK2V617F-positive cell lines HEL 92.1.7 and SET-2 were
obtained from patients with erythroleukemia and post-ET
megakaryoblastic leukemia, respectively. The cell lines were
kindly provided by Dr. Thomas Radimerski (Novartis, Switzerland). The HEL 92.1.7 and SET-2 cells were cultured for 12 h
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with CR-LAAO, in complete RPMI 1640 medium supplemented
with 10% fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin, and 25 mM Hepes, under a
humidiﬁed 5% CO2 atmosphere at 37 ◦ C.

Determination of the enzymatic activity of the l-amino
acid oxidase
Dr. Sandro Ghisla (University of Konstanz, Germany) kindly
provided the CR-LAAO, which was obtained according to the
method described by Macheroux et al.18 The enzymatic activity of CR-LAAO was determined in 0.1 M Tris–HCl buffer pH
7.2, at 25 ◦ C. The qualitative test was performed to verify
whether the protein was active, which is a requisite for biological assays.

l-Amino acid oxidase cytotoxicity assay
The ability of living cells to reduce 3-(4,5-dimethyl-2thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) to
insoluble violet formazan crystals was used as the parameter
to determine the cytotoxicity of CR-LAAO to HEL 92.1.7 and
SET-2 cells. Both cell lines (1 × 105 cells/well) were cultured in
96-well plates, in the presence of CR-LAAO (0.03–3.0 g/mL),
25 M etoposide (VP-16; positive control), or buffer (negative
control), for 12 h under a humidiﬁed 5% CO2 atmosphere at
37 ◦ C. To assess the contribution of H2 O2 to the overall effect
of CR-LAAO, both cell lines were treated with CR-LAAO in
combination with 150 U/mL catalase.
The plates were centrifuged at 240 × g for 10 min at 4 ◦ C
and 200 L of MTT (5 mg/mL) were added to each well. After
4 h of incubation at 37 ◦ C under 5% CO2 , the formazan crystals were dissolved by adding 100 L of a lysing solution (10%
sodium dodecyl sulfate plus 0.01 M HCl) to the wells. The ﬁnal
absorbance was recorded at 540 nm. Controls in the absence of
CR-LAAO had 100% of cell viability. The percentage of cell viability was calculated and used to determine the 50% inhibitory
concentration (IC50 ) values.

Measurement of apoptosis
HEL 92.1.7 and SET-2 cells (2 × 105 cells/well) were cultured in
24-well plates in the presence of CR-LAAO (0.05–2.5 g/mL),
for 12 h under a humidiﬁed 5% CO2 atmosphere at 37 ◦ C. The
cells were washed with phosphate buffered saline at pH 7.4,
centrifuged, and suspended in 400 L of hypotonic ﬂuorescent solution (50 g/mL propidium iodide; Sigma–Aldrich, St.
Louis, MO, USA). After 45 min of incubation at 4 ◦ C in the dark,
the samples were analyzed in a FACSCanto ﬂow cytometer
(Becton-Dickinson, San Jose, CA, USA). Ten thousand events
were collected and analyzed by the Diva software and the
results are expressed as percentage of cells with hypodiploid
nuclei, which represent apoptotic cells.

Western blotting analysis of caspases -3, -8, and -9 and
cleaved Poly(ADP-ribose) polymerase
The HEL 92.1.7 and SET-2 cells (1 × 106 ) treated with CRLAAO (0.03–0.15 g/mL and 1.5–3.0 g/mL, respectively) were
suspended in 200 L of the Western blotting sample buffer

supplemented with 5% mercaptoethanol, 4% sodium dodecyl
sulfate (SDS), 20% glycerol, and 100 mM Tris–HCl at pH 6.0.
The samples were analyzed by electrophoresis and transferred
onto polyvinylidene ﬂuoride (PVDF) membranes.
The membrane was sequentially labeled overnight
with anti-caspase-3 polyclonal rabbit antibody (code
9662, Cell Signaling Technology), anti-tubulin (code T3320,
Sigma–Aldrich), anti-caspase-9 polyclonal rabbit antibody
(code 9502, Cell Signaling Technology), anti-caspase-8 mouse
monoclonal antibody (code 9746, Cell Signaling Technology),
and anti-cleaved Poly(ADP-ribose) polymerase (PARP – code
9541, Cell Signaling Technology). The antibodies had been
diluted in a blocking solution containing 5% skim milk
and 0.01% sodium azide, according to the manufacturers’
instructions.
After labeling with each primary antibody, the membrane
was incubated with the peroxidase-labeled anti-mouse or
anti-rabbit secondary antibody for 1 h at room temperature.
The labeled proteins were detected by chemiluminescence
(Amersham ECL Plus, GE Healthcare Life Science, Pittsburgh,
BREAK). Then, the membrane was washed with the stripping
buffer before being relabeled with the next primary antibody.

Statistical analysis
The percentages of cell viability and apoptosis of CR-LAAOtreated HEL 92.1.7 and SET-2 cells were statistically compared
with their respective untreated controls, using one-way analysis of variance (ANOVA) and Dunnett’s post-test. To analyze
the effect of H2 O2 on cell viability, the cell groups treated or
not with catalase were statistically compared using Student’s
t-test. Data were analyzed using the GraphPad Prism software
(v.5.0; Graph Pad Software, La Jolla, CA, USA). A p-value <0.05
was considered signiﬁcant.

Results
C. rhodostoma l-amino acid oxidase decreases the
viability of HEL 92.1.7 and SET-2 cells by releasing H2 O2
Compared with the control, CR-LAAO diminished the viability of HEL 92.1.7 and SET-2 cells in a concentration-dependent
manner, yielding the IC50 values of 0.15 and 1.5 g/mL, respectively (Figure 1). The standard compound VP-16 decreased the
viability of both cell lines by nearly 96.7%.
To assess whether H2 O2 mediates the cytotoxic effect of
CR-LAAO, the cells were treated with the toxin in combination with catalase. Catalase markedly changed the cytotoxic
proﬁle of CR-LAAO by increasing the viability of both cell lines
to 80–100% (Figure 2). Together, these results demonstrate that
(i) CR-LAAO is more cytotoxic to HEL 92.1.7 cells than to SET-2
cells, and (ii) the H2 O2 released during the enzymatic reaction
catalyzed by this oxidase mediates its cytotoxic action.

C. rhodostoma l-amino acid oxidase induces apoptosis in
HEL 92.1.7 and SET-2 cells by activating caspases
To examine the apoptosis-inducing effect of CR-LAAO, the
formation of cells with hypodiploid nuclei was investigated
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Figure 1 – Cytotoxicity of l-amino acid oxidase from Calloselasma rhodostoma snake venom (CR-LAAO) to (A) HEL 92.1.7 and
(B) SET-2 JAK2V617F positive cells. C: negative control (culture medium). VP-16: 25 M etoposide (positive control).
Results are expressed as means ± standard deviation/standard error of the mean of triplicate assays. *p-value <0.05 vs. C
(one-way ANOVA).

∗

∗

00

50

3.

00

2.

50

2.

00

0.

1.

C

00

50

3.

00

2.

50

2.

00

1.

50

1.

35

0.

25

0.

15

0.

0.

05

0
03

20

0
0.

∗

∗

40

20

0.

∗

60

50

40

∗

ns

80

1.

60

∗

100

35

∗

0.

∗

25

∗

0.

∗

∗

15

∗

05

∗

0.

∗

∗

03

∗

0.

80

SET-2
120

% of viability

∗

100

C

% of viability

B

HEL 92.1.7
120

0.

A

CR-LAAO (μg/mL)

CR-LAAO (μg/mL)
Catalase (–)

Catalase (+)

Figure 2 – l-Amino acid oxidase from Calloselasma rhodostoma snake venom (CR-LAAO) cytotoxicity, alone or in
combination with catalase to (A) HEL 92.1.7 and (B) SET-2 JAK2V617F-positive cells.
C: negative control (culture medium), ns: non-signiﬁcant. Results are expressed as means ± standard deviation/standard
error of the mean of triplicate assays. *p-value <0.05 vs. catalase + (Student’s t-test).

using ﬂow cytometry. CR-LAAO induced the formation of cells
with hypodiploid nuclei in HEL 92.1.7 cells more strongly than
in the SET-2 cell line, in a concentration-dependent manner
(Figure 3).
Next, to assess whether CR-LAAO-induced apoptosis
occurred via the intrinsic or extrinsic pathway, the activation of caspases -3, -8, -9 and cleaved PARP were analyzed
in the HEL 92.1.7 and SET-2 cell lines treated with CR-LAAO

A

for 12 h. The reduced intensity of pro-caspases -3 and -8
bands associated with the increased intensity of caspase-3
and cleaved PARP bands indicated the activation of caspases
(Figure 4).
Therefore, the activation of caspases mediates the
apoptosis-inducing effect of CR-LAAO by triggering the extrinsic pathway, which is more pronounced in HEL.92.1.7 cells
than in SET-2 cells.
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Figure 3 – Quantiﬁcation of apoptosis by determining the percentage of cells with hypodiploid nuclei induced by l-amino
acid oxidase from Calloselasma rhodostoma snake venom (CR-LAAO) of (A) HEL 92.1.7 and (B) SET-2 JAK2V617F-positive cells.
C: negative control (culture medium). VP-16: 25 M etoposide (positive control).
Results are expressed as means ± standard deviation/standard error of the mean of duplicate assays. *p-value <0.05 vs. C
(one-way ANOVA and Dunnett’s post-test).
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Figure 4 – Caspase activation in HEL 92.1.7 and SET-2 cells treated with the l-amino acid oxidase from Calloselasma
rhodostoma snake venom (CR-LAAO), detected by western-blotting. (A) Activation of caspases -3, -8 and cleaved PARP in HEL
92.1.7 cells. (B) Activation of pro-caspases 3 and 8 in SET-2 cells. C: negative control (culture medium).

Discussion
Patients with Ph− MPN such as PV, ET, and PMF can display
extramedullary hematopoiesis, hyperplasia of megakaryocytes in the bone marrow, and varying degrees of dysplasia.
Progression of these MPN types is marked by the appearance of
medullary ﬁbrosis (in patients with PV and ET) or transformation into either myelodysplastic syndrome or acute leukemia:
10% of the cases progress to acute myeloid leukemia.19
Description of the JAK2V617F mutation in 2005 prompted
the molecular study of the physiopathological mechanisms of
Ph− MPN.4 Expression of JAK2V617F induces the proliferation
of cell lines independently of their stimulation by cytokines
and growth factors. In murine experimental models, the retroviral expression of JAK2V617F in hematopoietic cells elicits the
development of a hematopoietic disease whose clinical signs
and symptoms resembles those of PV.4 The presence of the
JAK2V617F mutation correlates with the most severe clinical
and laboratory parameters in patients with PV, ET, and PMF,
which is characterized by increased hematocrit, hemoglobin
levels, leukocyte count, and neutrophil count; diminished
erythropoietin levels; hepatomegaly; splenomegaly; and elevated incidence of thromboembolic events, when compared
with JAK2V617F-negative patients.20 Although the pathogenesis of MPN are well known, scientists have still not discovered
an effective drug to treat and cure most of the patients with
PV, ET, and PMF.
Several researchers have described the resistance of
mononuclear cells to apoptosis and deregulation of the
expression of apoptosis-regulating genes in patients with PV,
ET, and PMF.9,21
Ruxolitinib, a JAK2 inhibitor, activates caspases -3, -8, and
-9 in speciﬁc cell lines,22 while diosgenin cleaves caspases -3,
-8, and -9 in HEL 92.1.7 cells.23 These reports underscore the
relevance of apoptosis activation for the antitumor effect of
new drugs against JAK2-mutated cells.
In the present study, the pro-apoptotic and cytotoxic potential of CR-LAAO was examined in HEL 92.1.7 and SET-2 cells
with the JAK2V617F mutation from patients with PV and ET
who progressed to acute leukemia.
Recent studies have demonstrated that H2 O2 accounts
for the biological effects of CR-LAAO, including apoptosis
induction, which is an interesting therapeutic strategy to
treat neoplasms.24 The increased production of H2 O2 and

other reactive oxygen species elicits apoptosis by damaging
the mitochondrial membrane and promoting the release of
cytochrome c into the cytosol.25 In the present study, a 12h treatment with CR-LAAO signiﬁcantly reduced the viability
of HEL 92.1.7 and SET-2 cells; it indicates that CR-LAAO is
cytotoxic to JAK2V617F-positive cells from patients with PV,
ET, and PMF. Catalase mitigated the cytotoxicity of CR-LAAO,
demonstrating that H2 O2 plays a central role in the cell death
process in JAK2-mutated cell lines. The fact that the HEL.92.1.7
cells were more sensitive to the cytotoxic action of CR-LAAO
than the SET-2 cells is extremely relevant because the former
is homozygous for the JAK2V617F mutation, which makes it
more leukemogenic than the SET-2 cell line. These data also
stress that analysis of the overall effect of CR-LAAO in different cellular contexts can help to predict the effect of this
toxin in other mutated cell lines and in cells obtained from
JAK2V617F-positive patients with PV, ET, and PMF.
The mononuclear cells of healthy individuals are more
resistant to the action of CR-LAAO than the HEL.92.1.7 and
SET-2 cells, which suggests that CR-LAAO selectively induces
cytotoxicity in tumor cell lines.26 Although the antitumor
potential of snake venom LAAO (SV-LAAO) has already been
reported,15 this is the ﬁrst report on the action of CR-LAAO in
cell lines obtained from patients with Ph− MPN.
CR-LAAO also elicited apoptosis in HEL.92.1.7 and SET-2
cells by activating caspases -3, -8 and cleaved PARP. Cleavage
of pro-caspase-8 can either activate caspase-3 or elicit apoptosis via the mitochondrial pathway or via BID cleavage. The
activation of pro-caspases -3 and -8 suggests activation of the
extrinsic pathway and BID cleavage. The extrinsic apoptosis
pathway is triggered by binding death receptors to their ligands FAS (FAS/CD95), TNF-R1 and -R2, TRAIL R1 (DR4) and R2
(DR5), a family of transmembrane proteins bearing a cysteinerich extracellular domain and an intracellular DD. The signal
transduction via DD activates the working caspases -3, -6, and
-7 and elicits the subsequent formation of apoptotic bodies
(cell death).12
SV-LAAOs isolated from other species such as Ophiophagus
Hannah, Bothrops atrox, and Bungarus fasciatus are cytotoxic against gastric cancer, lung adenocarcinoma, murine
melanoma, promyelocytic leukemia, and breast cancer cell
lines; the toxins elicited the intrinsic and extrinsic apoptosis
pathways.27 It has been reported previously that LAAO isolated from Bothrops pirajai snake venom elicits apoptosis and
potentiates the effect of imatinib mesylate – an inhibitor of
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Bcr-Abl tyrosine-kinase activity used to treat patients with
CML – in Bcr-Abl-positive CML cell lines.28 In line with these
data, several studies reported that SV-LAAOs exert their cytotoxic action by releasing H2 O2 , which causes oxidative stress
and consequent cell death in tumor cell lines.26,29 However,
catalase only partially inhibited the cytotoxicity of LAAO from
Bothrops leucurus.30 Therefore, not only the release of H2 O2 but
also other mechanisms may mediate the cytotoxic action of
SV-LAAO.
In agreement with the aforementioned literature, the
results of the present study show that SV-LAAOs act in H2 O2 dependent and -independent manners, depending on the
cellular context. Although the mechanism of action of CRLAAO is poorly understood, the results of the current study
indicate that this toxin is a potential antineoplastic agent
against JAK2V617F-positive cell lines, as demonstrated by its
ability to induce cytotoxicity and apoptosis of HEL 92.1.7 and
SET-2 cells. These ﬁndings may help to develop novel drugs
to treat Ph− MPN as well as to improve current knowledge on
the snake envenomation mechanism. In addition, LAAOs can
be useful tools to investigate the biochemical pathways of the
apoptosis process in tumor cells.
It is also important to point out that the present investigation showed results of a CR-LAAO cytotoxicity potential just
against JAK2V617F-positive cell lines. Thus, in order to conﬁrm
the CR-LAAO therapeutic potential against Ph− MPN, future
studies using MPN mice models and in primary samples from
myeloproliferative patients must be conducted to evaluate the
toxicity of the drug and the effect of the compound on primary
cells.
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11.

Conclusions
12.

The results of this study suggest that CR-LAAO has an antineoplastic potential against HEL 92.1.7 and SET 2-JAK2 positive
cell lines demonstrated by the activation of extrinsic apoptotic pathway, which may contribute to the description of new
drugs for the treatment the MPN.
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