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Abstract: Although it has been demonstrated that venoms and toxins from some snakes are able to
influence the growth of tumor cells, few antitumoral compounds from Bothrops leucurus venom have
been characterized. Leucurolysin-B (leuc-B) is a metalloproteinase class P-lll isolated from B. leucurus which
possesses an ECD-disintegrin domain. Both ECD-disentegrin and RGD-disintegrin are able to bind to cell
surface integrins and inhibit their adherence to their natural ligands. In the present study, the potential
efficacy and the cytotoxic effects of leuc-B on glioblastoma, breast cancer and melanoma cell lines were
analyzed. The effect of leuc-B on cancer cell survival was evaluated and its 50% inhibitory concentration
(IC,) was determined. Morphological alterations were monitored by contrast phase and fluorescent
microscopy. The results demonstrated that leuc-B has potent cytotoxic effect in a micromolar range against
all evaluated cancer cell lines. Morphologically, dying cells showed fragmentation, condensation of their
contents concomitant with shrinkage and appearance of vacuoles. This study reports for the first time the

cytotoxic effect of leuc-B from B. leucurus snake venom on tumor cells.
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INTRODUCTION

Tumor cells are characterized by uncontrolled
growth, invasion into surrounding tissues, and
metastatic spread to distant sites (1). According
to the report of the International Agency for
Research on Cancer, the increase of this disease
implies the death of 17 million people a year by
2030 (2).

Membrane receptors overexpressed in
tumor cells are promising target candidates for
development of diagnostic and therapeutic tools.
Several snake venom toxins have been referenced
as inhibiting cancer cell adhesion, migration,
tumor growth and metastasis in experimental
mice models (3).

The extracellular matrix (ECM) regulates cell
behavior and orchestrates cellular functions such
as growth, differentiation, death, shape, motility

and cell adhesion. This control is done through a
signal transduction from ECM to the cells, which
is largely mediated by integrin receptors that play
a key role in organizing the components of the
cytoskeleton. Consequently, an important change
in focal adhesion induces a variety of cellular
responses, which can lead to programmed cell
death, known as apoptosis. A particular type of
apoptosis denominated “anoikis” can be evoked by
molecules that degrade the ECM, such as matrix
metalloproteinases (MMP). Metalloproteinases
isolated from snake venoms (SVMP) can also
degrade ECM proteins and interfere in various
interactive processes between cells and the
extracellular matrix, through the inhibition of
integrin receptors (4).

ECM-controlled signaling ensures that cells
divide and differentiate only as needed by the
organism. Thus, tumor cells must remodel
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the matrix to facilitate communication and
escape control by the microenvironment (5).
Interference in cell adhesion mediated by integrin
implies the pathogenesis of many diseases
such as atherosclerosis, cancer and a variety of
inflammatory processes. These conditions make
integrins attractive targets for developing new
therapeutic agents against cancer (6, 7).

Integrins work as receptors for several types
of cell matrix proteins including collagen,
fibronectin, lamin, vitronectin, and fibrinogen
(8). These adhesive proteins possess specific
amino acid sequences containing aspartic acid,
which are important for recognizing and binding
to integrins. The most frequent and most studied
of these sequences is arginine-glycine-aspartic
acid (Arg-Gly-Asp or RGD) (9). RGD and ECD
sequences can also be found in some snake
venom components where they are denominated
disintegrins. Disintegrins are proteins that inhibit
integrin-mediated cell-cell and cell-matrix
interactions (10). For many years it has been
known that administration of soluble synthetic
peptides containing the RGD sequence inhibits
the formation of metastasis (11). However,
the inhibition of cell adhesion promoted by
disintegrins containing the RGD sequence is
more powerful than the effect of synthetic RGD
peptides (10). It has been reported that 1.5 and
3 mg of the synthetic peptide GRGDS, when
coinjected with B16F10 cells (mouse melanoma),
inhibit lung colonization in C57BL/6 mice by 50
and 90%, respectively. In contrast, contortrostatin
(snake venom disintegrin) at only 20 and 100
ug inhibits lung colonization of 5 x 10° cells by
approximately 50 and 75% in C57BL/6 mice,
respectively (10).

Thus, the study of snake venom disintegrins
is extremely important in the search for a new
anticancer therapy tool. Both ECD-disintegrin
and RGD-disintegrin are able to bind to cell
surface integrins and promote inhibition of cell
adhesion (12).

Leuc-B exhibits the characteristic motif
of  metalloproteinases, = HEXXHXXGXXH
and a methionine-containing turn of similar
conformation (“Metturn”), which form a
hydrophobic basis for the zinc ions and the three
histidine residues involved as ligands. Leuc-B
is characterized as a P-III metalloproteinase
and possesses a disintegrin-like (ECD sequence
instead of the typical RGD motif) and a cysteine-

rich C-terminal domain. This proteinase presents
anapparent molecular massof 55kDa. Theenzyme
only cleaves the Alal4-Leul5 peptide bond of
the oxidized insulin B-chain and preferentially
hydrolyzes the Aa-chain of fibrinogen and the
a-chain of fibrin. Its proteolytic activity was
completely inhibited by metal chelating agents
but not by other typical proteinase inhibitors. In
addition, its enzymatic activity was stimulated by
the divalent cations Ca** and Mg** but inhibited
by Zn** and Cu?* The catalytic action of leuc-B on
extracellular matrix proteins could readily lead to
loss of capillary integrity resulting in hemorrhage
at those sites (MHD = 30 ng in rabbit), with
alterations in platelet function (13). The goals of
this study were to identify and characterize the
cytotoxic effect of leuc-B on different tumor cells
lines.

MATERIAL AND METHODS

Reagents
All chemicals used were of analytical grade.

The Venom

Thevenom of B. leucurus, obtained from several
specimens from the state of Bahia, was a gift of
the serpentarium Ezequiel Dias Foundation, Belo
Horizonte, Minas Gerais, Brazil. The venom was
lyophilized and kept at -20° C until use.

Purification of Leucurolysin-B

The entire procedure of leucurolysin-B
purification was conducted according to the
protocol described by Sanchez et al. (13).

Cell Culture

The tumor cell lines T98 (p53 mutant
malignant glioblastoma), U87 and RT2 (p53-
wild type malignant glioblastoma), MCF7
(mammary carcinoma), EAC (Ehrlich ascites
carcinoma) and UACC (melanoma) were grown
in Dulbeccos Modified Eagle’s Medium (DMEM,
Cultilab) culture supplemented with 10% fetal
bovine serum (Cultilab, Brazil) and 50 UmL™
penicillin/10 mg/mL streptomycin (Cultilab),
cells were kept in a humidified atmosphere air/
CO, (95%/5%) at 37°C. The EAC cells were
provided by Dr. Geovanni Dantas Cassali, from
the Department of General Pathology, Institute of
Biological Sciences, Federal University of Minas
Gerais.
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Cytotoxicity Assay

Cytotoxicitywasmeasured by 3-(4,5-Dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay which measures the
cellular metabolic viability (14, 15). The U87,
T98, RT2, MCF7, UACC and Ehrlich tumor cells
were cultured in 96-well plates and, 24 hours after
incubation, they were treated with increasing
concentrations of leuc-B (0.009 - 3 uM). After 48
hours of treatment the cells were incubated with
0.5 mg/mL of MTT (Sigma Chemical Co, USA)
for four hours in darkness. Subsequently, the
formazan crystals were solubilized in dimethyl
sulfoxide (DMSO). The absorbance was measured
in a microplate reader at 570 nm. The IC,  value
(concentration of compound inducing death of
50% of cells) was determined using the program
Graphpad Prism.

Morphological Analysis

Cells were plated in 96-well plates and treated
with different concentrations of leuc-B (0.7 and
3 uM). Morphological changes were analyzed
48 hours after treatment by contrast-phase
microscopy (Nikon, USA).

DAPI Staining Assay

DAPI (4,6- diamidine- 2’- phenindole
dihydrocloride) is a fluorescent dye able to bind
specifically to double strands of chromosomal
DNA (16) . For analysis of chromosomal DNA
changes, the U87, T98, RT2, MCF7, Ehrlich and
UACC tumor cells were treated with leuc-B at
the concentration of 0.7 uM for 48 hours. Then,
cells were washed with phosphate buffer (PBS)
and fixed in methanol (70%) for 20 minutes.
Cells were incubated for 30 minutes with 0.4
ng/mL of DAPI (Sigma Chemical Co., USA).
DNA alterations were observed by fluorescence
microscopy (Nikon,USA, 385-410 nm).

Acridine Orange/Ethidium Bromide (AO/EB)
Staining Assay

Acridine orange (AO), a nucleic acid
fluorescent cationic dye, has been the subject of
extensive studies because of its metachromatic
staining properties in relation to cell constituents
(17) and can be used in conjunction with
ethidium bromide to differentiate among alive,
apoptotic, necrotic and autophagic cells. AO is
taken up by both viable and dead cells, emitting
green fluorescence as a result of intercalation

in double-stranded DNA. Ethidium bromide is
excluded from living cells. As late-phase apoptotic
or necrotic cells suffer membrane disruption
ethidium bromide intercalates into DNA and the
cells fluoresce orange (18).

AO permeates all cells and makes the nuclei
appears green. Ethidium bromide (EB) is only
taken up by cells when cytoplasmic membrane
integrity is lost, and stains the nucleus orange.
EB also overwhelms AO. Thus, live cells present
a homogeneously green nucleus; early apoptotic
cellshaveabright green nucleus with condensed or
fragmented chromatin; late apoptotic cells display
condensed and fragmented orange chromatin;
cells that have died from direct necrosis show a
structurally normal orange nucleus (19).

In order to detect cell death, the U87,
T98, RT2, MCF7, UACC and Ehrlich tumor
cells were treated with leuc-B at two different
concentrations (0.7 and 3 pM) for 48 hours. Cells
were incubated with solution of AO/EB (1 pg/
mL) (Sigma Chemical Co.) dissolved in DMEM
culture medium. Cells were observed under a
fluorescence microscope (Nikon 500, 515 nm)
with 400x amplification.

Acridine Orange Staining

During autophagy, acidic autophagic vacuoles,
also called autophagolysosomes, are formed
as a result of fusion of autophagosomes with
lysosomes and are considered a characteristic
feature of cells engaged in autophagy. Formation
of autophagolysosomes can be detected by
fluorescence microscopy following staining with
the lysomotropic agent acridine orange. Staining
of normal cells with acridine orange, a weak base,
displays green fluorescence with cytoplasmic
and nuclear components. In larger acidic
compartments such as autophagolysosomes, the
protonated form of acridine orange accumulates
and displays red fluorescence when observed by
fluorescence microscopy (20).

Cells were treated with leuc-B at two different
concentrations (0.7 and 3 uM) for 48 hours. At the
appropriate moment, cells were incubated with 1
pg/mL acridine orange (Sigma Chemical, USA)
in bovine serum (Cultilab, Brazil) for 20 minutes.
The acridine orange was removed and results
were acquired by fluorescent microphotography
using a fluorescence microscope (Nikon 500, 515
nm) with 400x amplification. The cytoplasm and
nucleus of the stained cells fluoresce bright green,
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whereas the acidic autophagic vacuoles shine
bright red.

Statistical Analysis

All experiments were performed in triplicate
and repeated at least three times in order to verify
reproducibility. Data were analyzed by ANOVA
and expressed as the mean * standard deviation
(SD) of at least three experiments. The data with
p < 0.05 were considered statistically significant.

RESULTS

Cytotoxicity Assay

The results showed that leuc-B was cytotoxic in
a dose-dependent manner to all tumor cell lines
evaluated (Figure 1). The cytotoxic effect of leuc-B
was very potent in the submicromolar range as
indicated by the concentrations that inhibit cell
survival by 50% (IC, ) (Table 1). Although RT2
and Ehrlich cell lines were slightly more sensitive
than U87, T98 (p53 mutant), MCF7 and UACC,
these differences were not significant (p > 0.05)
indicating that leuc-B has similar potency against
wild type p53 and mutant p53 tumor cells.

Morphological analysis
Cells treated with leuc-B presented significant

morphological changes such as swelling,
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irregularities in the plasma membrane and
formation of blebs (Figure 2), indicating that
leuc-B provoked cell death.

DAPI staining assay

Glioblastoma, mammary carcinoma, Ehrlich
tumor and melanoma cell lines treated with
leuc-B showed chromatin condensation and DNA
fragmentation (Figure 3). All of these chromatin
alterations occur during the apoptosis process.

Acridine Orange/Ethidium Bromide (AO/EB)
Staining Assay

Figure 4 shows the results obtained from
the AO/EB staining. Control cells presented
homogeneously stained green nuclei, indicating
viable cells. Unlike control cells, after cell
treatment with 0.7 puM leuc-B, nuclei of
glioblastoma (Figure 4 — B, E, H) and melanoma
cells (Figure 4 — Q) stained bright green
indicating condensed chromatin and no plasma
membrane disruption. When the cells were
treated with 3 pM leuc-B, nuclei were orange
with focal bright orange due to EB (Figure — 4
C, F, I, L, O, R) indicating plasma membrane
disruption, condensed chromatin and apoptotic
body formation. All these data on DNA analysis
suggest that leuc-B has a potent cytotoxic effect
on all cell lines tested.
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Figure 1. Cytotoxic effect of leuc-B on tumor cells: (A) U87,T98 and RT2, (B) Ehrlich, MCF7 and UACC. Cells
were cultured in 96-well plates and incubated for 48 hours with different concentrations of leuc-B (0.009-3
uM). Cell survival was measured by MTT. Results are presented as cell survival compared with the control

group (untreated cells), p < 0.05.
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Table 1. Cytotoxic effect of treatment with leuc-B on
tumor cells

Tumor cells IC,,
RT2 0.22 +£0.04 upM
T98* 0.54+0.07 uM
usg7 0.62 +0.02 uM
Ehrlich 0.20+0.02 pM
MCF7 0.45+0.03 pM
UACC 0.57 £0.02 uM

*p53 mutant, p < 0.05

Acridine orange staining

Control cells showed predominantly green
fluorescence (data not shown). Treated cells
also presented green nuclei and focal bright
green fluorescence suggesting no formation of
autophagolysosome vacuoles during the course
of leuc-B injury.

DISCUSSION

According to the World Health Organization,
cancer is the second leading cause of death by
disease in most countries, accounting for 7
million fatalities annually (21). For this reason,
the development of alternative drugs is relevant
in the attempt to improve prognosis and to
increase patients’ survival. Snake venoms are
natural sources of bioactive substances with
therapeutic potential. It has been reported that
in several malignancies the overexpression of
integrins is correlated with tumor progression.
Thus, antagonists of integrins may provide a
novel therapeutic approach for tumor treatment
(22).

Integrin receptors mediate several functions
including prevention of matrix detachment-
induced apoptosis (anoikis) of several adherent
cell types whereas antagonists of integrins trigger
an apoptotic signaling pathway (23). Recent
studies show that disintegrins from SVMP
can inhibit cellular adhesion of cancer cells to
extracellular matrix by competing with specific
integrin receptors; in addition, these proteases
also inhibit metastasis (3).

SVMP, especially of the pit vipers and true

vipers, are responsible for local and systemic
effect due to proteolysis of the major components
of the ECM. Degradation and remodeling of the
ECM and BM by proteolytic enzymes are essential
steps in several physiological (wound repair,
tissue regeneration and embryonal development)
and pathological processes including reumathoid
arthritis, osteoarthritis, periodontitis, tumor
development and progression. Thus, the presence
of exogenous proteinases which degrade ECM
can result in cell cytotoxicity (13).

Several proteins from snake venom with
disintegrins and disintegrin-like domain such
as salmosin from Agkistrodon halys brevicaudus,
eristostatin from Eristocophis macmahoni venom
and echistatin from Echis carinatus were effective
in promoting cytotoxic effects on cancer cells
(24-26).

Morerecently, Higuchietal. (27),demonstrated
that leucurogin, a recombinant disintegrin-
like clone of B. leucurus venom, was able to
inhibit collagen-induced platelet aggregation
(IC,, = 0.65 uM) and growth of Ehrlich tumor
implanted in mice by more than 50% after seven
days of administration at 10 pg/day. Leucurogin is
66% homologous to the disintegrin-like segment
of leucurolysin-B venom (27).

In the present work evaluated the cytotoxic
effect of leuc-B, isolated from B. leucurus venom
on cultured tumor cells. Leuc-B evoked a dose-
dependent and remarkable cytotoxic effect
against glioblastoma, breast cancer, Ehrlich
ascites carcinonoma and melanoma cell lines with
IC,, values in a micromolar range (0.2-0.6 uM).
Apparently, leuc-B was slightly more cytotoxic
to RT2, MCF7 and Ehrlich than for U87, T98
(P53 mutant) and UACC cells, although these
differences were not significant (p < 0.05). These
data indicate that the action mechanism of leuc-B
may be independent of p53 status suggesting that
this polypeptide is effective against a wide range
of tumors. Nevertheless, the cytotoxic effect of
leuc-B was significantly more potent (around
tenfold higher) than that of cisplatin (IC_ = 4
uM), a chemotherapeutic agent used clinically for
the treatment of tumors (28).

After  leuc-B  treatment,  chromatin
condensation was observed in all tested cell
lines stained with DAPI. Although DAPI is an
assay commonly used to analyze apoptosis,
this method cannot rule out other types of cell
death. Therefore, it is very important to analyze
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Figure 3. Analysis of nuclear condensation of U87
(A-B), RT2 (C-D), T98 (E-F), Ehrlich (G-H), MCF7 (I-J)
and UACC (K-L) tumor cells: Cells were treated with
0.7 uM of leuc-B. After 48 hours treated cells were
stained with DAPI. Nuclear condensation (indicated
by arrows) was observed in the leuc-B- treated cells.
Amplification 200x.

cell death using other fluorescent DNA binding
dyes such as acridine orange/ethidium bromide
staining (19).

AO/EB staining produced a green fluorescence
among untreated control cells due to exclusion
of ethidium bromide but not of acridine orange.
Viable cells showed a light green nucleus with
intact structure. Leuc-B treated cells exhibited
green cells with condensed chromatin and
preserved membrane and cells with orange nuclei
with focal bright orange due to EB, indicating
disruption of the plasmatic membrane, probably
induced after the first stages of apoptotic nuclear
condensation.

The results obtained with leuc-B are similar
to those obtained by Bustillo et al. (29) from the
venoms of B. diporus and B. alternatus, widely
known to contain ECD-disintegrin (30).

All results of leuc-B are indicative of
morphological ~ changes  characteristic  of
apoptosis including chromatin condensation,
nuclear fragmentation, cellular shrinkage and
bleb formation on the cell surface. Despite all
data indicating leuc-B may trigger apoptosis, the
role of the proteolytic activity of this SVMP P-III
may not be ruled out. Actually, Sanchez et al.
demonstrated that leuc-B has potent enzymatic
activity and was able to hydrolyze collagen types
I and IV and more efficiently their gelatins,
whereas laminin from the EHS (Engelbreth-
Holm-Swarm) tumors was resistant to hydrolysis.
In addition, the glycoproteins enactin and plasma
fibronectin and vitronectin appeared to be
adequate substrates (13).

In order to verify the cytotoxicity of leuc-B to
non-tumor cells, a hemolytic assay was performed
(data not shown) and no direct hemolysis was
observed at any of the leuc-B concentrations tested
(0.009-3 uM). Further studies must to be done in
order to shed more light on the mechanism of cell
death triggered by leuc-B in tumor cells.

CONCLUSIONS

This study shows for the first time the cytotoxic
effect of leuc-B from B. leucurus snake venom
against malignant tumor cells (RT2, T98, U87,
Erlich, MCF7, UACC). This cytotoxicity was very
potent within the micromolar range regardless of
the p53 status in all tumor cell lines evaluated in
this work.
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Control
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Figure 4. Analysis of cell death induced by leuc-B on U87 (A-C), RT2 (D-F), T98 (G-I), Ehrlich (J-L), MCF7 (M-O)
and UACC (P-R) tumor cells. Cells were treated with 0.7 uM and 3 uM of leuc-B. After 48 hours, treated cells
were stained with AO/BE. White arrows indicate cells in initial apoptosis and arrows indicate late apoptotic

cells. Amplification of 400x.
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