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Abstract
Snake venom disintegrins inhibit platelet aggregation and have anti-cancer activities. In this study,
we report the cloning, expression, and functional activities of a recombinant disintegrin, r-
viridistatin 2 (GenBank ID: JQ071899), from the Prairie rattlesnake. r-Viridistatin 2 was tested for
anti-invasive and anti-adhesive activities against six different cancer cell lines (human urinary
bladder carcinoma (T24), human fibrosarcoma (HT-1080), human skin melanoma (SK-Mel-28),
human colorectal adenocarcinoma (CaCo-2), human breast adenocarcinoma (MDA-MB-231) and
murine skin melanoma (B16F10)). r-Viridistatin 2 shares 96% and 64% amino acid identity with
two other Prairie rattlesnake medium-sized disintegrins, viridin and viridistatin, respectively. r-
Viridistatin 2 was able to inhibit adhesion of T24, SK-MEL-28, HT-1080, CaCo-2 and MDA-
MB-231 to various extracellular matrix proteins with different affinities. r-Viridistatin 2 decreased
the ability of T24 and SK-MEL-28 cells to migrate by 62 and 96% respectively, after 24 h of
incubation and the invasion of T24, SK-MEL-28, HT-1080 and MDA-MB-231 cells were
inhibited by 80, 85, 65 and 64% respectively, through a reconstituted basement membrane using a
modified Boyden chamber. Finally, r-viridistatin 2 effectively inhibited lung colonization of
murine melanoma cells in BALB/c mice by 71%, suggesting that r-viridistatin 2 could be a potent
anti-cancer agent in vivo.
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1. Introduction
Cancer remains a major health problem worldwide, despite the efforts and progress of
modern medicine in prevention, early detection, and treatment. Cancer is the second leading
cause of mortality, surpassed only by cardiovascular disease (Peinado et al., 2011). A total
of 1,596,670 new cancer cases and 571,950 deaths from cancer were projected to occur in
the United States in 2011 (Siegel et al., 2011). The cause of death of most cancer patients is
the development of metastases derived from primary tumors (Aokage et al., 2011). The
metastatic process and colonization includes various complex steps that are a major
challenge in clinical therapeutics (Gueron et al., 2011). Metastasis represents the final step
in the progression of malignancy, the process is generally considered to follow a sequential
cascade involving tumor cell intravasation, dissemination via the circulatory and/or
lymphatic compartments, extravasation into a remote location, angiogenesis, and finally
overt growth (Molloy and Van’t Veer, 2008).

Currently, the methods most often used to treat cancer are surgery, radio and
chemotherapies, sometimes with limited success. Furthermore, these procedures also
remove or destroy normal cells (Basanta et al., 2011; Navin and Hicks, 2011). Therefore, it
is essential to search for new anti-cancer agents that have a different mode of action. The
incorporation of biological molecules at much lower doses and with minimal side effects
holds promise as a more effective anti-cancer treatment. Small molecule inhibitors and
antibodies inhibiting growth factor receptors are currently being used to treat metastasis. For
instance, tyrosine kinase inhibitors and antibodies against VEGF receptors are being used to
reduce primary tumors and metastasis (Geiger and Peeper, 2009).

Snake venom contains components, some of which have found uses in the diagnosis and
treatment of human diseases. In particular, disintegrins have already served as structural
prototypes for the design and development of peptide and non-peptide mimetics for anti-
thrombosis therapy (Sajevic et al., 2011; Markland, 1998). Disintegrins are a non-enzymatic
group of small molecules (4–14 kDa) that bind selectively to integrin receptors. Most
disintegrins have a “RGD” motif at the tip of a loop, which is responsible for binding to
integrins. However, some disintegrins contain different functional motifs such as KGD,
KTS, VGD, MGD, MLD, and MVD. Functionally, disintegrins are known to inhibit various
biological activities, such as platelet aggregation, angiogenesis, metastasis, and tumor
growth through their interaction with various integrins (Doley and Kini, 2009; McLane et
al., 2004).

Disintegrins have previously shown good efficacy in the inhibition of different tumor cell
lines in vitro and in animal cancer models. These small polypeptides hold a significant
potential as anti-cancer agents based on their anti-angiogenic and anti-metastatic effects
(Minea et al., 2012; Limam et al., 2010; Minea et al., 2010; Sánchez et al., 2009; Galán et
al., 2008; Ramos et al., 2008; Tian et al., 2007; McLane et al., 2005; Minea et al., 2005;
Selistre de Araujo et al., 2005). The purpose of this study was to test the anti-cancer
activities of the recombinant disintegrin, r-viridistatin 2, in the presence of different tumoral
cell lines.

2. Materials and methods
2.1. r-Viridistatin 2 subcloning

A full-length cDNA encoding a Crotalus viridis viridis venom metalloproteinase II was used
(GenBank ID: GQ451440, Jia and Pérez, 2010) as a PCR template to subclone its disintegrin
domain (designated as viridistatin 2). The forward primer was:
5′GGATCCGAGGCGGGAGAAGAATGTGACT3′ (a BamH I restriction site is
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underlined). The reverse primer was: 5′GAATTCTTAGGCATGGAAGCGATT3′ (an Eco R
I restriction site is underlined). The PCR reaction was as follows: 94 °C for 1 min; 30 cycles
of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min. The amplified PCR product was
digested with BamH I and EcoR I, and then ligated into a pGEX-4T-1 expression vector (GE
Healthcare, NJ, and USA). The ligation was used to transform chemically competent E. coli
cells BL21 Star (DE3) (Invitrogen, CA, USA) under ampicillin selection. Recombinant
plasmids were isolated using a DNA miniprep kit (Sigma–Aldrich, MO, USA) and digested
with BamH I and EcoR I to select plasmids containing inserts of the predicted size, and
further sequenced to verify that the coding sequence was in-frame with the vector sequence
that encodes the GST tag.

2.2. Expression and purification of r-viridistatin 2
r-Viridistatin 2 was expressed in E. coli and further purified by two-step chromatography,
using the method of Sánchez et al. (2010). Briefly, E. coli BL21 cells were grown, induced
by 0.5 mM of isopropyl β-D thiogalactoside (IPTG) and centrifuged. After bacterial cell
disruption with a Branson Sonifier 450 (Danbury, CT), the cell debris was removed by
centrifugation and the crude lysate was incubated with glutathione Sepharose 4B (GS4B)
(Amersham Biosciences). r-Viridistatin 2 peptides were cleaved and eluted from glutathione
S-transferase (GST) bound to GS4B by thrombin. Thrombin was removed from r-viridistatin
2 using a 1 mL HiTrap™ Benzamidine Sepharose 4 Fast Flow column (Amersham
Biosciences). Purity of recombinant r-viridistatin 2 was determined by using a 10–20%
Tricine gel (Schägger and von Jagow, 1987) in an Xcell SureLock Mini-Cell (Invitrogen
Life Technologies, USA).

2.3. Inhibition of platelet aggregation
The inhibition of platelet aggregation study was done according to the Sánchez et al. (2010)
method using a dual-channel Chronolog-Log Whole-Blood Aggregometer [Ca+2] model 560
(Havertown, USA). Briefly, different concentrations of r-viridistatin 2 (10 μL) were added
to 10% citrated whole human blood, and pre-incubated at 37 °C for 2 min. Platelet
aggregation was initiated by 10 μL of ADP (10 μM), and percentage of impedance reflecting
percentage of aggregation was measured. The maximal aggregation in the absence of r-
viridistatin 2 was given as 100% aggregation.

2.4. Cells lines and culture conditions
The human urinary bladder carcinoma cell line (T24), human fibrosarcoma (HT-1080),
human skin melanoma (SK-Mel-28), human colorectal adenocarcinoma (CaCo-2), human
breast adenocarcinoma (MDA-MB-231), and murine skin melanoma (B16F10) cell lines
were obtained from the American Type Culture Collection (ATCC, Manassas, VA). T24
cells were maintained as a monolayer culture with McCoy’s 5A minimum essential medium,
supplemented with 10% fetal calf serum (FBS) and 50 U/mL penicillin, 50 μg/mL
streptomycin. HT-1080 and SK-Mel-28 cell lines were maintained with Eagle’s minimum
essential medium, supplemented with 10% fetal calf serum and 50 U/mL penicillin, 50 μg/
mL streptomycin. CaCo-2 cells were maintained with Eagle’s minimum essential medium,
supplemented with 20% fetal calf serum and 50 U/mL penicillin, 50 μg/mL streptomycin.
MDA-MB-231 cells were maintained with RPMI-1640 medium, supplemented with 10%
fetal calf serum and 50 U/mL penicillin, 50 μg/mL streptomycin. B16F10 cells were
maintained with Dulbecco’s modified Eagle’s medium, supplemented with 10% fetal calf
serum and 50 U/mL penicillin, 50 μg/mL streptomycin. The cells were maintained in a
humidified 5% CO2 air incubator at 37 °C.

Lucena et al. Page 3

Toxicon. Author manuscript; available in PMC 2013 December 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.5. Cellular adhesion inhibition assay
r-Viridistatin 2 was used to inhibit the binding of T24, SKMEL-28, HT-1080, CaCo-2 and
MDA-MB-231 cells on different extracellular matrix proteins (fibronectin, laminin and
collagen type IV at 10 μg/mL) coated plates (Sánchez et al., 2009). Commercial echistatin at
0.1 mg/mL (SIGMA, Lot. 023K12301), a disintegrin that blocks binding of tumor cells to
fibronectin, was used as a positive control in some experiments (Sánchez et al., 2009). In the
positive control, the tumor cells failed to bind to fibronectin. The negative control consisted
of T24, SK-Mel-28, HT-1080, CaCo-2 and MDA-MB-231 cells incubated with PBS. The
negative controls allowed binding of cells to extracellular matrix proteins. The percent
inhibition was calculated by the following formula: [(absorbance of negative control–
absorbance of cell/r-viridistatin 2 sample) ÷ absorbance of negative control] × 100.

2.6. Migration assays
Tumor cell migration was measured after scraping cells from the bottom of the well as
described by Galán et al. (2008). Commercial echistatin at 2.7 μM, a disintegrin that blocks
migration of tumor cells, was used as a positive control. The positive controls prevent tumor
cells migration. The negative control consisted of T24, SK-Mel-28, HT-1080, and MDA-
MB-231 cells incubated with PBS, which allowed cell migration to occur. Cells were then
incubated in a CO2 chamber and were only removed from the incubator for microscopy
images at times 0, 3, 6, 12, and 24 h after disintegrin incubation. The concentration of r-
viridistatin 2 used was 6.3 μM. Percent of closure was calculated by the following equation:
% Closure: [(C–E)/C] × 100, where C is the units of distance of cell edge (mm) at zero time
for each sample, and E is the distance from the cell edge (mm) at each incubation time (3–24
h).

2.7. In vitro invasion assays
The T24, HT-1080, SK-ML-28 and MDA-MB-231 invasion assays were performed using a
modified method of Yang et al. (2005). Transwells (8.0-μm pore size; Corning) containing
polycarbonate filters (Transwell inserts) were coated with Matrigel, a basement membrane
matrix extracted from Engelbreth-Holm-Swarm mouse sarcoma, which consists of collagen
type IV, heparan sulfate proteoglycan, entactin and laminin (Becton Dickinson). Matrigel
was diluted to 2 μg/mL using serum-free McCoy’s 5A minimum essential medium, Eagle’s
minimum essential medium or RPMI-1640 medium at 4 °C and an aliquot (40 μL) of
Matrigel (80 μg/well) was added to each filter insert and incubated for 30 min at 37 °C to
form a uniform three-dimensional gel. Then, the lower chamber was filled with 0.6 mL of
medium supplemented with 10% fetal calf serum. Tumor cells (7.5 × 105 cells/mL) were
incubated with or without r-viridistatin 2 (6.3 μM) for 30 min and aliquots (200 μL) of cells
were plated at the upper chamber of the Transwell. Previously, we showed that r-mojastin 1
inhibited invasion of T24 and SK-MEL-28 (Lucena et al., 2011), therefore, in this study, r-
mojastin 1 at 6.3 μM was used as positive control. After 24-h incubation, all nonmigrant
cells were removed from the upper membrane of the Transwell with a cotton swab, and the
migrant cells were fixed and stained with 0.5% toluidine blue in 4% paraformaldehyde.
Invasion was quantified by counting the number of stained cells on the lower membrane per
40 × field and photographed with a light microscope (Nixon, Japan).

2.8. In vivo inhibition of lung colonization of melanoma cells
Murine melanoma cells (B16F10), (5.0 × 106 cells/mL) were suspended in Dulbecco’s
modified Eagle’s medium without FBS in the presence or absence of r-viridistatin 2 at 1000
μg/kg per mouse and incubated 1 h at 37 °C. Controls consisted of mice injected with
B16F10 cells in Dulbecco’s modified Eagle’s medium without FBS and mice injected with
medium alone. Two hundred microliters of cells/r-viridistatin 2 mixture were injected
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intravenously (IV) in the lateral tail vein of BALB/c mice (18–20 g). Mice were sacrificed
19 days post injection, and lungs were examined for the presence of tumors. Lungs were
visualized with a 4× stereomicroscope. The tumors were counted for statistical analysis.

2.9. Characterization of integrin expression on HT-1080 cells
The following antibodies were used to determine integrin expression on HT-1080 cells.
Antibodies against αvβ3 (αvβ3 sc-7312-FITC), α1 (α1 sc-81733-FITC), α2 (α2 sc-53352-
FITC), α3 (α3 sc-13545-FITC), α6 (α6 sc-19622-FITC), αv (αv-53360-FITC), β1 (β1
sc-9970-FITC), β3 (β3 sc-51738-FITC), and respective isotypes were purchased from Santa
Cruz Biotechnology. Antibodies against αvβ5 (MAB1961F) were purchased from Millipore.
Cells were cultured to 90–95% confluency in a 75 cm2 tissue culture flask and detached
from the flask surface using 0.05% trypsin EDTA. Trypsin was neutralized with complete
culture media. Cells were resuspended in 1× PBS to a final concentration of 106 cells/mL,
and blocked with 1 μL/mL normal rabbit serum, for 25 min at room temperature. After
blocking, cells were washed with 1 mL 1× PBS, centrifuged, and resuspended in FCM Wash
Buffer (Santa Cruz Biotechnology) to 106 cells/mL. One hundred microliters of cells were
distributed in three, 12 × 75 mm round bottom glass test tubes and fixed in 1%
formaldehyde for 1 h. After fixation, cells were washed three times in 1× PBS. The first tube
received 5–20 μL of a cocktail containing fluorochrome-conjugated monoclonal antibody.
The second tube received the same volume of matched isotype control antibody. The third
tube of cells received an equivalent volume of 1× PBS. This served as an auto-fluorescence
control to establish appropriate flow cytometer settings. Cells were incubated with
conjugated antibodies or control for 1 h, at room temperature, in the dark. Three washes
with 1× PBS were performed to remove unbound antibodies. Four hundred microliters of 1×
binding buffer were added and the samples analyzed using a Becton Dickinson FACScan
flow cytometer and FACSCalibur software.

2.10. Apoptosis assay
Five hundred thousand SK-Mel-28 cells were seeded in six wells of a 12 well plate and
allowed to grow for 24 h. Cells were treated for 18 h with 5 μM r-viridistatin 2, equal
volume of PBS buffer, or no treatment. All cells were treated at the same final volume. Non-
adherent cells were transferred to a flow cytometry tube, followed by detachment of the
remaining cells with 0.05% trypsin EDTA. Cells were pelleted by centrifugation at 300 × g
for 5 min and fixed in 1% paraformaldehyde for 1 h. Cells were washed twice with 1× PBS
and resuspended in 70% ethanol. Cell suspensions were stored at −20 °C for 24 h. Cells
were processed using an APO-BRDU™ Apoptosis Detection Kit (BD Biosciences)
according to the manufacturer’s protocol. Cell suspensions were analyzed using a Becton
Dickinson FACSCalibur flow cytometer with CellQuest software. Experiments were
performed in triplicate.

2.11. Statistical analyses
Results of wound healing and invasion were expressed as the mean ± standard deviation (n
= 3), and analyzed using the one way-Anova test followed by Newman–Keuls Multiple
Comparison Test, using the software program Graph Pad Prism. A two tailed t-test followed
by Mann Whitney test was used to determine the significance of r-viridistatin 2 and the
control in inhibiting the number of tumors in vivo. Differences were statistically significant
if p was less than 0.05.
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3. Results
3.1. r-Viridistatin 2 expression and purification

Fig. 1A shows the predicted amino acid sequence of the cloned r-viridistatin 2 cDNA. r-
Viridistatin 2 contains 73 amino acids with a molecular weight of 7.85 kDa. It begins with a
Glu amino acid and ends with an Ala and has a RGDNP motif. Purified r-viridistatin 2
peptide is shown on Fig. 1B (Lane 2). Fig. 2 shows the comparison of r-viridistatin 2 with
two other C. v. viridis disintegrins identified in other studies. r-Viridistatin 2 shows a 64 and
96% homology with viridistatin (Soto et al., 2006) and viridin (Scarborough et al., 1993),
respectively.

3.2. Inhibition of platelet aggregation
Disintegrins were first described as potent inhibitors of the platelet fibrinogen receptor,
integrin αIIbβ3 (Calvete et al., 2005), thus, the inhibition of platelet aggregation is the test
more frequently used for the initial evaluation of the disintegrin activity. r-viridistatin 2
inhibited ADP-induced platelet aggregation in whole human blood and this effect was
concentration-dependent with an IC50 of 34 nM (Fig. 3).

3.3. Inhibition of cell adhesion in presence of fibronectin, laminin and collagen
Adhesion, migration, and invasion of tumor cells to the vascular extracellular matrix are a
major part of metastasis. We therefore, evaluated the effect of r-viridistatin 2 on these
functions using different tumor cell lines. r-Viridistatin 2 inhibited T24, SK-Mel-28,
HT-1080, CaCo-2 and MDA-MB-231 adhesion to fibronectin, laminin and collagen, in a
dose-dependent manner, with different affinities depending of the extracellular matrix
proteins used (Table 1). The greatest inhibition was observed in presence of fibronectin with
T24 and SK-MEL-28 cells.

3.4. Inhibition of cell migration
r-Viridistatin 2 at 6.3 μM allowed T24 and SK-MEL-28 cells to migrate by 38 and 4%,
respectively after 24 h. This was in comparison to the negative control, PBS, which allowed
both T24 and SK-MEL-28 cells to migrate by 100%. In contrast, r-viridistatin 2 at the same
concentration allowed both HT-1080 and MDA-MB-231 cells to migrate by 100% after 24
h. Commercial echistatin, used as positive control of inhibition (2.7 μM), permitted cell
migration by 71 and 16% with T24 and SK-MEL-28 cells, respectively, and allowed cell
migration by 100 and 89% with HT-1080 and MDA-MB-231 cells, respectively (data not
shown). In comparison to the negative control, a statistically significant difference with r-
viridistatin 2 (p < 0.05) was observed with T24 and SK-MEL-28 cells (Table 2).

3.5. Inhibition of cell invasion
The ability of r-viridistatin 2 to block the invasion of T24, SK-MEL-28, HT-1080 and
MDA-MB-231 cells through a reconstituted basement membrane was assessed using a
modified Boyden chamber assay. T24, SK-MEL-28, HT-1080 and MDA-MB-231 cells
migrated toward the medium containing fetal bovine serum used as chemoattractant (Fig. 4).
r-Viridistatin 2 (6.3 μM) inhibited invasion of T24, SK-MEL-28, HT-1080 and MDA-
MB-231 by 80%, 85%, 65%, and 64%, respectively. r-Mojastin 1 (6.3 μM) used as positive
control inhibited invasion of T24, SK-MEL-28 and MDA-MB-231 by 85%, 69%, and 67%,
respectively, but was not able to inhibit invasion of HT-1080 cells. r-Viridistatin 2 was more
potent at inhibiting invasion of HT-1080 and SK-MEL-28 cells than r-mojastin 1(p < 0.05).
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3.6. In vivo inhibition of lung colonization of melanoma cells
To investigate the inhibitory effect of r-viridistatin 2 on lung colonization in vivo, r-
viridistatin 2 (19 μg) incubated with 200 μL of B16F10 melanoma cells (1 × 106) was
injected IV in BALB/c mice. r-Viridistatin 2 inhibited lung colonization by 71.4% at a dose
of 1000 μg/kg, compared to the control group (p-value = 0.0019, Table 3).

3.7. Characterization of integrin expression on HT-1080 cells
Flow cytometer was used to characterize integrin expression on HT-1080 cells, as the first
step in determining which integrins bind to r-viridistatin 2. Our results showed that HT-1080
express α2, α3, α6, αv, β1, α1, β3 and αvβ5 (the last three at very low levels). The cells do
not express αvβ3 (Fig. 5).

3.8. Apoptosis detection
A tunnel assay was used to determine if r-viridistatin (5 μM) has the ability to induce
apoptosis of SK-Mel-28 cells after 24 h of treatment. r-Viridistatin 2 failed to induce
apoptosis of SK-Mel-28 cells (data not shown).

4. Discussion
4.1. r-Viridistatin 2 expression and purification

The r-viridistatin 2 contained 73 amino acids showing 96 and 64% homology with viridin
(Scarborough et al., 1993) and viridistatin (Soto et al., 2006), respectively (Fig. 2).

The participation of integrins in the inflammatory process, vascular diseases, and cancer is
well known. Therefore the characterization of integrins antagonists is an interesting subject
of study and disintegrins appear as putative candidates to be used as effective tools for
cancer therapy (Higuchi et al., 2011). The expression of recombinant versions of interesting
disintegrins has become essential, thus facilitating the maintenance of a continuous supply
for drug development (Sánchez et al., 2010). When the recombinant technology is used,
there is always the concern, when a bacterial expression is used, that these highly disulfide-
bonded proteins will be misfolded, thus affecting activity (McLane et al., 2004). However,
there is evidence showing that recombinant disintegrins can conserve their anti-cancer
activity comparable to that of the native disintegrins. (Lucena et al., 2011; Minea et al.,
2012, 2010, 2005).

Despite their enormous therapeutical potentials, to our knowledge none of these
recombinant disintegrins have been used in human clinical trials for treating cancers.
However, many of these polypeptides continue to be intensely investigated in various animal
models in order to find a component that can someday be used therapeutically.

4.2. Role of integrins in metastasis
Metastasis consists of a number of different but intricately interrelated biological processes,
all of which are required to work in synchrony for a tumor cell to successfully migrate from
the primary tumor and grow in a distant organ (Molloy and Van’t Veer, 2008).

Integrins are heterodimeric transmembrane receptors composed of eighteen α subunits and
eight β subunits that can be non-covalently assembled into 24 combinations. The integrin
dimers bind to an array of different extracellular matrix protein (ECM) molecules with
overlapping binding affinities. Therefore, the specific integrin expression patterns by a cell
dictate which ECM substrate the cell can bind (Kim et al., 2011). Integrins play a pivotal
role in normal homeostasis as well as oncogenic transformation. For the various types of
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cancers, different changes in integrin expression are further associated with tumor growth
and metastasis. Tumor progression leading to metastasis appears to involve equipping
cancer cells with the appropriate adhesive (integrin) phenotype for interaction with the ECM
(Mizejewski, 1999).

Some toxins from snake venom specifically and potently inhibit integrin functions. Among
these, several disintegrins have demonstrated their anti-cancer properties. For instance, r-
contortrostatin (CN), a recombinant disintegrin derived from the venom of Agkistrodon
contortrix contortrix, has been shown to possess potent anti-tumor and anti-angiogenic
activities in an orthotopic, xenograft model of human breast cancer, with an inhibitory effect
similar to the native contortrostatin (Minea et al., 2005). Vicrostatin (VCN), a chimeric
recombinant disintegrin, has a direct effect on breast cancer cells inhibiting their in vitro
motility. VCN delayed tumor growth and increased animal survival (Minea et al., 2012,
2010). Leucurogin, albolabrin, salmosin, accutin, r-mojastin-1 or rhodostomin have anti-
metastatic and/or anti-angiogenic activities (Higuchi et al., 2011; Lucena et al., 2011; Yeh et
al., 2001, 1998; Kang et al., 1999; Soszka et al., 1991).

Multimodal therapies with the ability to simultaneously inhibit the multiple biological steps
required for metastatic spread will be highly beneficial. In this work, a recombinant
disintegrin, r-viridistatin 2 inhibited different steps of the metastasis cascade of different
tumor cell lines. r-Viridistatin 2 inhibited adhesion of T24, SK-MEL-28, HT-1080, CaCo-2
and MDA-MB-231 to various extracellular matrix proteins with different affinities. The
greatest inhibition was shown with T24 and SK-MEL-28 cells in presence of fibronectin.

The cell type and composition of the surrounding matrix, along with tissue origin, determine
which sets of integrins are critical in transducing downstream survival signals (Desiniotis
and Kyprianou, 2011). Development of integrin cell expression profiles for individual
tumors may have potential in identifying a cell surface signature for a specific tumor type
and/or stage. The SK-Mel-28 cells express αvβ3, α6, αv, β1, α2 and β3 integrin receptors,
while T24 cells express α1, α3, α6, αv, β1, β3, αvβ3 and αvβ5 (Teklemariam et al., 2011;
Seoane et al., 2010). In this study, we demonstrated that the HT-1080 cells express α2, α3,
α6, αv, β1, α1, β3 and αvβ5 integrins (the last three at very low levels).

HT-180 cells did not bind to laminin, although expressed integrins bind this ECM protein.
Similar results were obtained with MDA-MB-231 cells. However, it should be noted that the
laminin from Engelbreth-Holm-Swarm tumor used in this study is usually considered
laminin-1 (Patarroyo et al., 2002). Numerous integrins, including α1β1, α2β1, α3β1, α6β1,
α7β1, αvβ3, and α6β4, are known to recognize laminin isoforms, and in this recognition,
distinct and overlapping ligand specificities are found. For example, laminin-5 is recognized
by α3β1 but not by α7β1 integrins; whereas laminin-1 binds α7β1 but not α3β1 (Patarroyo et
al., 2002). There are several possible explanations for the results obtained with HT-1080 and
MDA-MB-231 and laminin. Perhaps these cells do not express α7, an integrin subunit
important for binding laminin-1. Also, the binding specificity of an integrin extracellular
domain is determined largely by the conformation adopted by the individual α and β chains,
which comprise the complex. However, cellular context matters too; the same cDNA
transfected into two different cells lines can result in the cells acquiring different binding
activities (Belkin and Stepp, 2000). Thus, functional difference in integrins response may be
due to cell type-specific modulation. Therefore, although the cells used in this study share
some integrins that bind laminin, the response does not necessarily have to be similar.

4.3. Cell migration and invasion inhibition
Cell migration is an essential process in organ homeostasis, in inflammation, and also in
metastasis. The ECM serves as the molecular scaffold for cell adhesion and migration. To
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invade tissues and vessels, cells must acquire the ability to migrate (Geiger and Peeper,
2009). Integrins are emerging as important players in metastasis behavior. Many integrins
mediate tumor cell migration and invasion of the basement membrane and its ECM. For
example, over-expression of α3β1 integrin by tumor cells results in directed proteolysis for
tumor cell invasion (Rathinam and Alahari, 2010). α6β4 integrin, which binds to laminin,
forms signaling complexes with oncogenic receptor tyrosine kinases, including Met, HER2
and the EGFR. In addition, α6β4 over-expression in colon cancer cells correlates with their
invasive capacity (Brooks et al., 2010). αvβ3 mediates vascular invasion, its binding to L1
endothelial cells promotes melanoma cell migration towards blood vessels and its binding to
vitronectin upregulates MMP-2 expression leading to stromal degradation (Wang et al.,
2004; Felding-Habermann et al., 2001). Furthermore, αvβ3 and α3β1 are involved in cancer
cell adhesion to basement membrane underling the endothelium (Brooks et al., 2010).

αvβ3 is one of the best characterized integrins because it plays an essential role in
angiogenesis and vascular remodeling (Janik et al., 2010). Normally its expression is
minimal in endothelial cells, leukocytes and macrophages, but it has been shown to be up-
regulated in many types of cancer, including melanoma, breast, lung, colon and pancreatic
carcinomas (Janik et al., 2010). Integrin αvβ3 is involved in regulating migration of
malignant cells through their appropriate binding with MMP-9 or urokinaseplasminogen
receptor (uPAR) (Rathinam and Alahari, 2010). r-Viridistatin 2 decreased the ability of SK-
MEL-28 and T24 cells to migrate after 24 h of incubation, but was unable to inhibit
HT-1080 and MDA-MB-231 cell migration. A possible integrin target for r-viridistatin 2
binding and responsible for migration inhibition of SK-MEL-28 and T24 cells may be αvβ3,
a receptor found on both cell lines but not on HT-1080. The αvβ3 integrin is expressed in
very low levels on MDA-MB-231 cells (Taherian et al., 2011; Wong et al., 1998), this may
explain the absence of migration inhibition observed in our study.

In addition, r-viridistatin 2 inhibited the invasion of SKMEL-28, T24 and MDA-MB-231
cells through a reconstituted basement membrane using a modified Boyden chamber. The
activation, production, and release of various proteases by cancer cells lead to specifically
modified, integrin-mediated signaling cascades. Metastatic cancer cells move through the
basement membrane of the tumor, and integrins facilitate this movement by inducing the
degradation of the basement membrane by proteolytic enzymes. For instance, αvβ3, αvβ5,
αvβ6, α6β4, and α9β1 exhibit high expression in cancer, and they are involved in the
degradation of the basement membrane through interaction with proteolytic enzymes like
MMP-2 and MMP-9 (Rathinam and Alahari, 2010). Integrins α6β1 and α6β4 are laminin-
binding receptors that are involved in regulating tumor cell invasion (Rathinam and Alahari,
2010). In the specific condition of the invasion assay where the studies were performed in
presence of a reconstituted basal membrane, r-viridistatin 2 could possibly inhibit the
integrin αvβ3 present in SK-MEL-28 and T24, without excluding other possible integrins
that might be targeted by r-viridistatin 2, such as αvβ5 integrin, which is highly expressed in
MDA-MB-231 cells and has been reported to mediate cancer cell invasion (Taherian et al.,
2011; Zhou et al., 2000; Wong et al., 1998).

5. Conclusions
An important test to verify the effectiveness of the disintegrins as anti-cancer agents is the
inhibition of lung tumor colonization in vivo. The anti-metastatic effects of three
disintegrins, jarastatin from Bothrops jararaca, kistrin from Calloselasma rhodostoma and
flavoridin from Trimeresurus flavoridis were evaluated on B16F10 melanoma cells through
a metastatic assay, demonstrating that the three disintegrins significantly reduced tumor lung
colonization in C57BL/6 mice (Oliva et al., 2007). DisBa-01 disintegrin from Bothrops
alternatus, when injected intravenously in C57BL/6 mice together with B16F10 melanoma
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cells, time and dose dependently, inhibited lung metastasis monitored by bioluminescent
imaging (Ramos et al., 2008). In our study, r-viridistatin 2 effectively inhibited lung
colonization of murine melanoma cells in BALB/c mice by 71%, suggesting that r-
viridistatin 2 could be a potent anti-cancer agent in vivo.

Our results suggest that r-viridistatin 2 may be helpful as a model in the design of new
therapeutic strategies in cancers in terms of its anti-invasive and anti-adhesive activities such
as the inhibition of adhesion, migration, invasion, and lung tumor colonization of different
tumor cell lines. These results also demonstrated that the effect of r-viridistatin 2 was tumor
cell line specific, confirming the heterogeneity of each cell line, and highlighting the
importance of developing therapies that account for the different cellular and molecular
mechanisms used in the invasion process used by different tumor cells.
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Fig. 1.
A) cDNA sequence and predicted amino acid sequence of r-viridistatin 2. The cDNA
sequence is located on the upper line and the amino acid sequence on the lower line. The
cysteine residues are shaded in black and the RGD motif is shaded in gray. B) SDS Gel
electrophoresis. r-Viridistatin 2 was run reduced on a 10–20% Tricine gel. The gel was run
with 1× Tricine SDS running buffer using an XCell SureLock Mini-cell at 125 V for 90 min.
The gel was stained with Simply Blue Safe Stain for 1 h and destained with Milli-Q water.
Lane 1) See Blue Plus 2 markers; Lane 2) r-viridistatin 2 (20 μg).
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Fig. 2.
Amino acid sequence comparison of Crotalus viridis viridis disintegrins. Viridistatin 2
(Accession # JQ071899; this work); viridistatin (Soto et al., 2006); viridin (Scarborough et
al., 1993). Viridistatin 2 has a 96% and a 64% amino acid sequence homology with viridin
and viridistatin, respectively. Viridin was isolated from the snake venom and the
viridistatins were cloned from venom glands. The gray shaded area indicates amino acid
homology.
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Fig. 3.
Inhibition of platelet aggregation using whole blood by r-viridistatin 2. A Chronolog
aggregometer was used to measure ADP-induced platelet aggregation by impedance. A total
of 10 μL of r-viridistatin 2 at varying concentrations was added to whole blood and
incubated 2 min at 37 °C prior to adding 10 μM of ADP.
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Fig. 4.
Inhibition of HT-1080, SK-MEL-28, T24 and MDA-MB-231 cells invasion in vitro by r-
viridistatin 2. Tumor cells (7.5 × 105 cells/mL, 0.2 mL) were treated with 6.3 μM of r-
viridistatin 2 for 30 min at 37 °C, and then placed in the upper Boyden chamber containing a
matrigel-coated filter membrane. Invasion was induced by adding McCoy’s 5A minimum
essential medium, Eagle’s minimum essential medium and RPMI-1640 medium with FBS to
the lower chamber for 24 h. After fixation and removal of non-migrated cells, the cells that
migrated to the underside of filter membrane were quantified by light microscopy (3 fields/
40×). *p < 0.05 (r-disintegrins compared to negative control).
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Fig. 5.
Integrin expression of HT-1080 cells. Flow cytometry and human anti-integrin monoclonal
antibodies were used to determine integrin expression. Isotype (negative control antibody)
profile is indicated as a light gray line. Specific anti-human integrin monoclonal antibody
profile is indicated as a gray shaded graph.
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Table 1

Adhesion of T24, SK-MEL-28, HT-1080, CaCo-2 and MDA-MB-231 cells to extracellular matrix proteins
(ECM) in presence of recombinant r-viridistatin 2.

ECM
Inhibition of cell
adhesion T24 cellsa

Inhibition of cell
adhesion SK-Mel-28
cellsa

Inhibition of cell
adhesion HT-1080
cellsa

Inhibition of cell
adhesion CaCo-2
cellsa

Inhibition of cell
adhesion
MDA-MB-231 cellsa

Fibronectin 11 nM 12 nM 2406 nM 996 nM 4459 nM

Laminin 305 nM 228 nM NB 4813 nM NB

Collagen 1862 nM 492 nM NA NA NA

NA: No activity.

NB: The HT-1080 and MDA-MB-231 cells did not bind to laminin.

a
The results are expressed as IC50.
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Table 2

Migration of T24, SK-MEL-28, HT-1080 and MDA-MB-231 cells in presence of recombinant r-viridistatin 2.

Time (h) T24 SK-Mel-28 HT-1080 MDA-MB-231

3 10 ± 9 0 ± 0 20 ± 0 3 ± 0

6 13 ± 6 4 ± 2 53 ± 8 9 ± 4

12 20 ± 5 7 ± 0 93 ± 9 16 ± 4

24 38 ± 3 4 ± 3 100 ± 0 100 ± 0

Data are expressed as mean ± SD (n = 3). The results are expressed in percentage migration and calculated by the equation shown in materials and
methods section.
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Table 3

Comparative analysis of tumor foci per lung in BALB/c mice using B16F10 cells and r-viridistatin 2 at 1000
μg/kg compared to controls.

Controlb r-Viridistatin 2

# mice 14 16

Minimum tumors 4 0

Maximum tumors 64 21

Mean tumors 28 8

Standard deviation 19.72 6.5

p-Valuea 0.0019

a
p-Value as compared to the control. p < 0.05 = significant difference.

b
The control consisted of B16F10 tumor cells in Dulbecco’s modified Eagle’s medium without FBS. Percent of lung colonization inhibition was

calculated by the following equation: % Inhibition: [(Mean tumors (control)–Mean tumors (r-viridistatin 2))/Mean tumors (control)] × 100.
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