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Abstract

Multiple myeloma (MM) is a clonal disease of plasma cells that remains incurable despite the advent of several novel
therapeutics. In this study, we aimed to delineate the impact of snake venom extracted from Walterinnesia aegyptia (WEV)
alone or in combination with silica nanoparticles (WEV+NP) on primary MM cells isolated from patients diagnosed with MM
as well as on two MM cell lines, U266 and RPMI 8226. The ICs values of WEV and WEV+NP that significantly decreased MM
cell viability without affecting the viability of normal peripheral mononuclear cells (PBMCs) were determined to be 25 ng/ml
and 10 ng/ml, respectively. Although both WEV (25 ng/ml) and WEV+NP (10 ng/ml) decreased the CD54 surface expression
without affecting the expression of CXCR4 (CXCL12 receptor) on MM cells, they significantly reduced the ability of CXC
chemokine ligand 12 (CXCL12) to induce actin cytoskeleton rearrangement and the subsequent reduction in chemotaxis. It
has been established that the binding of CXCL12 to its receptor CXCR4 activates multiple intracellular signal transduction
pathways that regulate MM cell chemotaxis, adhesion, and proliferation. We found that WEV and WEV+NP clearly decreased
the CXCL12/CXCR4-mediated activation of AKT, ERK, NFkB and Rho-A using western blot analysis; abrogated the CXCL12-
mediated proliferation of MM cells using the CFSE assay; and induced apoptosis in MM cell as determined by Pl/annexin V
double staining followed by flow cytometry analysis. Monitoring the expression of B-cell CCL/Lymphoma 2 (Bcl-2) family
members and their role in apoptosis induction after treatment with WEV or WEV+NP revealed that the combination of WEV
with NP robustly decreased the expression of the anti-apoptotic effectors Bcl-2, Bcly, and Mcl-1; conversely increased the
expression of the pro-apoptotic effectors Bak, Bax and Bim; and altered the mitochondrial membrane potential in MM cells.
Taken together, our data reveal the biological effects of WEV and WEV+NP and the underlying mechanisms against
myeloma cancer cells.
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Introduction receptors in the pathogenesis of MM cells [4]. Chemokine
receptors were demonstrated to be expressed on cancer cells and

Hematologic malignancies are one of the most prevalent types to act during all stages of tumor progression, including neoplastic

of human cancers worldwide and cause high mortality rates. As
the second most prevalent hematological cancer [1], multiple
myeloma (MM) is a malignancy of plasma cells that afflicts
approximately 20,000 and kills approximately 10,000 people in

transformation, chemotaxis and invasion, angiogenesis, clonal
expansion and growth [5]. MM cells express variable levels of
chemokine receptors [6]. Of the numerous expressed chemokine
receptors, CXCR4 is the most highly expressed in MM and many

the United States annually [2]. Chemokines are a large family of other cancer cells [7]. The CXCR# ligand, CXCL12, is strongly
low molecular weight (8-10 kDa) cytokine-like proteins that

exhibit chemoattractant properties towards G-protein coupled
seven-transmembrane receptors in leukocytes [3]. Several studies
have revealed the important role of chemokines and their

expressed in lung, liver, bone marrow and lymph nodes, which are
all common metastatic destinations for many types of cancer.
Moreover, the upregulation of CXCR4 has frequently been
observed in various cancers, including colon carcinoma, lympho-
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ma, breast cancer, glioblastoma, leukemia, prostate cancer, MM
and pancreatic cancer [6]. Additionally, several studies have
shown that CXCR4 is also the most abundant and functional of
the chemokine receptors expressed by MM cells, and therefore,
may play a major role in disease pathogenesis. Recent data suggest
the involvement of CXCL12/CXCR#4 in the maintenance and
survival of MM cells in both in vivo and in vitro models [8].
Nevertheless, following the stimulation of CXCR4 with CXCL12
in MM cells, the activation of downstream signaling pathways
remains obscure and the understanding of such signaling pathways
represents an important molecular target for MM treatment [9].
Nuclear factor-kB (NF-kB) and AKT are involved in two major
cell survival pathways that are often constitutively activated in
cancer cells and contribute substantially to the chemoresistance of
cancer cells [10]. However, the inhibition of ERK phosphoryla-
tion (another important cell survival pathway) contributes to
dihydroartemisinin-induced apoptosis in liver cancer [11]. Our
recent data demonstrated that thymoquinone (natural plant
extract) induces MM cell growth arrest by abrogating CXCL12-
mediated signaling and chemotaxis, as well as by increasing CD95
expression levels and the susceptibility of MM cells to Fas-
mediated apoptosis [12]. Several reports have elucidated that
failure to undergo apoptosis has been implicated in tumor
development and resistance to cancer therapy [13]. Therefore,
the induction of apoptosis in MM cells may lead to their regression
and improved disease prognosis [14]. Thus, agents that are able to
induce apoptosis may be useful chemotherapeutic agents against
MM. In most tumor cells, apoptosis occurs via two different
signaling pathways: the extrinsic and intrinsic apoptosis pathways.
The intrinsic pathway is related to changes in the mitochondrial
membrane potential (AWm) [15], and therefore, mitochondrial
membrane potential measurements could be used to discriminate
between cells that have apoptosed and surviving cells. However,
the Bcl-2 family of proteins consists of prominent regulators of
apoptosis signaling that are often misappropriated in many
cancers, including lung carcinoma, lymphoma, breast carcinoma
and MM [16]. Members of this protein family can be divided into
death antagonists, such as Bcl-2, and death agonists, such as Bak
and Bax [17]. Of the Bcl-2 family, Bcl-2 is a prototypic anti-
apoptotic protein that is frequently overexpressed in several types
of human cancers [18]. Bcl-2 overexpression has been implicated
in cancer chemoresistance, while high levels of pro-apoptotic
proteins, such as Bax, promote apoptosis and sensitize tumor cells
to various anti-cancer therapies.

Although the landscape of MM treatment is rapidly changing,
this disease 1s largely incurable [19]. Several chemotherapeutic
agents (e.g., vincristine, dexamethasone and melphalan) are
currently used to treat MM. However, these drugs have the
disadvantage of increasing the risk of developing secondary
hematologic malignancies, such as therapy-related myelodysplastic
syndromes [20]. Therefore, there is a crucial need to further
identify biological factors and mechanisms that are responsible for
MM cell survival, tumorigenesis and drug resistance [12].

Natural compounds have been used as adjuvants in combina-
tion with chemotherapy to reduce the side effects and increase the
efficiency of cancer treatments [21]. In recent years, numerous
natural products have been evaluated for their use in cancer
treatment [22,23]. Snake venom is a complex mixture of many
substances with a wide spectrum of biological activities, including
toxins, enzymes, growth factors, activators and inhibitors. Natural
toxins, especially sub-lethal doses of snake venom, have the
potential to reduce the size of solid tumors and block angiogenesis
[24]. Our recent studies have demonstrated the anti-tumor
potential of snake venom from Walterinnesia aegyptia (WEV) on
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the human breast carcinoma cell line MDA-MB-231, as well as its
effect on normal mouse peripheral blood mononuclear cells
(PBMCs) [25,26]. Additionally, other data have indicated that
Vipera lebetina turanica snake venom in the nanogram concentration
range inhibits hormone-refractory human prostate cancer cell
growth, and the effect is related to the NF«kB signal-mediated
induction of apoptosis [27]. Nanoparticles carrying chemical
therapeutics have shown great promise in treating cancer patients.
When loaded with anti-cancer agents, nanoparticles can success-
fully increase drug concentrations in cancer tissues and act at the
cellular level to enhance anti-tumor efficacy. Nanoparticles can be
endocytosed and/or phagocytosed by cells, resulting in the
internalization of the encapsulated drug [28]. No data are
available for the effects of snake venom in combination with
nanoparticles on MM cancer cells. Therefore, in this study, we
investigated the effects of Walterinnesia aegyptia venom (WEV), alone
and in combination with silica nanoparticles (WEV+NP). We
focused special attention on the cellular and molecular mecha-
nisms underlying the anti-tumor activities exerted on the
migration, invasion, proliferation and apoptosis of primary MM
cells isolated from MM patients as well as 2 human MM cell lines

(U266 and RPMI 8226).

Materials and Methods

Preparation of Walterinnesia Aegyptia Venom

Walterinnesia aegyptia snakes were collected from the central
region of Saudi Arabia (No specific permits were required for the
described field studies as well as no specific permissions were
required for these locations/activities because the location is not
privately-owned or protected in any way and the field studies did
not involve endangered or protected species). The snakes were
kept in a serpentarium in the Zoology Department of the College
of Science at King Saud University. The snakes were warmed
daily for nine hours using a 100-watt lamp, and water was always
available. The snakes were fed purpose-bred mice every 10 to 14
days. All animal procedures were in accordance with the standards
set forth in the guidelines for the care and use of experimental
animals by the Committee for Purpose of Supervision of
Experiments on Animals (CPCSEA) and the National Institutes
of Health (NIH) protocol. The study protocol was approved by the
Animal Ethics Committee of the Zoology Department, College of
Science, King Saud University. The venom was milked from adult
snakes, lyophilized and reconstituted in 1X phosphate-buffered
saline (PBS) prior to use.

Combination of Snake Venom with Silica Nanoparticles

Silica nanoparticles and their combination with snake venom
were prepared at the King Abdullah Institute for Nanotechnology
at King Saud University. Double mesoporous core-silica nano-
sphere shells were formed around silica cores using an anionic
surfactant in a process in which a solid silica core was turned to a
mesoporous one. First, for the synthesis of solid silica cores,
0.875 ml of aqueous ammonia was added to a solution containing
18 ml of ethanol and 2.6 ml of deionized water, followed by the
addition of 1.5 ml of tetracthyl orthosilicate (TEOS) to the
solution with vigorous stirring. The resulting mixture was heated
at 30°C for 60 min, and the silica precipitate was then collected by
centrifugation and washed three times with water. The molar
composition of the suspension was as follows: TEOS: EtOH: NH:
H,0 =1:46.9:5.2:20.5.

Secondly, for the synthesis of mesoporous core-shell nano-
spheres using an anionic surfactant, silica SiO, particles were
dispersed in 15 ml of Hy,O by ultrasonication for 10 min. To
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suppress silica core agglomeration, 1 g/L of polyvinylpyrrolidone
was added with continuous stirring for 60 min. Thereafter, 0.1 ml,
0.2933 g (1 mmol) and 1.5 ml of 3-aminopropyltrimethoxysilane
(APMS), N-lauroylsarcosine sodium (Sar-Na) and TEOS were
added, respectively, to the reaction mixture with subsequent
stirring at 50°C for 2 h. The final solid was recovered by
centrifugation, washed with deionized water and dried in an oven
at 60°C for 12 h Template removal was achieved by heat-
treatment in an air stream at 550°C for 6 hours. The resulting
molar ratio was TEOS: H,O: APMS: Sar-Na: HCIL
PVP = 1:331.6:0.08:0.14:0.06:5x 10>, Then, a total of 25 mg of
mesoporous silica nanoparticles was added to a solution of 50 mg/
ml venom in water. The suspension was stirred for 2 hours; the
evaporation of water was prevented. Mesoporous silica nanopar-
ticles loaded with venom were recovered using high-speed
centrifugation and dried in a vacuum oven at 60°C.. Transmission
electron microscopy (TEM) analysis was performed using a JEOL
JSM-2100F electron microscope (Japan) operated at 200 kV.
Nitrogen sorption isotherms were measured at 77 K with a
Quantachrome NOVA 4200 analyzer (USA). Prior to measuring,
the samples were degassed in a vacuum at 200°C for at least 18
hours. The Brunauer-Emmett-Teller (BET) method was utilized to
calculate the specific surface area (SBET) using adsorption data at
a relative pressure range of 0.05 to 0.35. Using the Barrett-Joyner-
Halenda (BJH) model, the pore volumes and pore size distribu-
tions were derived from the adsorption branches of isotherms, and
the total pore volumes (Jt) were estimated from the adsorbed
amount at a relative pressure P/ P0 of 0.992.

With respect to the effect of reaction time on the interaction
between the silica nanoparticles and snake venom, variation in
synthesis reaction time for solid silica cores resulted in the
formation of double mesoporous core-shell silica spheres, as shown
in Figure S 1. At both 1 and 6 h reaction times, homogenous
mesoporous silica shells were observed. However, at a 1 h reaction
time, the silica cores appeared to be quite dense. Extending the
reaction time up to 6 h resulted in clear and pronounceable
radially oriented mesopores that were anchored within the core
and extended from the core center up to the shell, as shown in
Figure S 1B. The decay of core contrast with increasing reaction
time from 1 to 6 h suggested the anchoring of more mesopores
and the loss of core density, which was also indicated by the high
pore volume. However, the shell thickness of approximately
50 nm did not change significantly by tuning the reaction time.
Analysis of the particle size distribution demonstrated that both
samples displayed particle sizes approximately 300 nm. However,
the 6 h reaction sample possessed a narrower distribution than the
1 h sample, as shown in Figure S 2. From the Ny adsorption—
desorption isotherm shown in Figure S 3, the isotherms at different
surfactant reaction times exhibited the type IV isotherm charac-
teristic of mesoporous materials with total pore volumes of 0.342
and 0.416 cc.g” ' at the 1 and 6 h reaction times, respectively. The
observation of a triangular hysteresis loop between the adsorption
and desorption branches could be attributed to the coexistence of
hexagonal and lamellar phases. The BET surface areas were
304.08 and 440.73 m*/g at the 1 and 6 h reaction times,
respectively. It is clear that the textural characteristics of the
mesoporous core-shell structures were enhanced with increasing
reaction time.

Cells and Reagents

The human MM cell lines RPMI8226 and U266 were obtained
from the American Type Culture Collection (ATCC) (Rockville,
MD). These MM cells were routinely maintained in R-10 culture
media (RPMI 1640 containing 10% fetal calf serum and 1% L-
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glutamate), and cultures were established at 5x10° viable cells/ml.
Maximum cell density was established at 1-2x10° cell/ml. Cell
cultures were free of Mycoplasma, as assessed using an enzyme-
linked immunosorbent assay (ELISA) kit (Boehringer, Mannheim,
Germany).

Bone marrow (BM) aspirate samples from 70 patients with MM
were obtained from the South Egypt Cancer Institute and the
Assiut University Hospital of Assiut University in Egypt. Bone
marrow mononuclear cells were isolated by Ficoll-Hypaque
density gradient centrifugation (Pharmacia LKB Biotechnology,
Uppsala, Sweden) from heparinized BM aspirate drawn from MM
patients. Plasma cells were further purified from BM mononuclear
cells by positive selection with anti-CD138 antibody-coated
immunomagnetic beads according to the manufacturer’s instruc-
tions (MACS, Miltenyi Biotech). MACS purification consistently
resulted in >95% purity in the primary MM cell population (by
monitoring the cell-surface expression of CD38 and CD45) and a
viability of >90% (by the trypan blue exclusion method).

PBMCis from healthy donors were purified using a standard
Ficoll-Paque gradient centrifugation method according to the
manufacturer’s instructions (Amersham Pharmacia, Uppsala,
Sweden). Briefly, heparinized blood was diluted 1:1 in phos-
phate-buffered saline (PBS), carefully layered over the Ficoll-Paque
gradient, and centrifuged for 20 min at 1.020 xg. The cell interface
layer was carefully harvested, and the cells were washed twice in
PBS and resuspended in RPMI 1640.

The anti-proliferative effect of WEV, WEV+NP or NP alone on
the U266 and RPMI 8226 cell lines and the isolated normal
PBMCs was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) uptake method. The cells
were plated at 1x10° cells/ml in 2 ml of culture medium in six-
well Costar plates (Corning, Corning, NY). The cells were treated
with different concentrations of WEV or WEV+NP for 1, 2, 6, 12,
24, 36 or 48 h, and cytotoxicity was expressed as the relative
percentage of the OD values measured in the control untreated (0),
NP-, WEV- and WEV+NP-treated cells. Morphological changes
were observed after exposure to NP, WEV and WEV+NP using a
phase-contrast inverse microscope (Olympus, Japan).

Ethics Statement

For snake collection from the central region of Saudi Arabia no
specific permits were required for the described field studies as well
as no specific permissions were required for these locations/
activities because the location is not privately-owned or protected
in any way and the field studies did not involve endangered or
protected species. Because snakes were fed purpose-bred mice
every 10 to 14 days, All animal procedures were in accordance
with the standards set forth in the guidelines for the care and use of
experimental animals by the Committee for Purpose of Supervi-
sion of Experiments on Animals (CPCSEA) and the National
Institutes of Health (NIH) protocol. The study protocol was
approved by the Animal Ethics Committee of the Zoology
Department, College of Science, King Saud University. BM
aspirate samples were obtained from patients identified with MM
at Assiut University Hospital. All aspects of this study were
approved by Assiut University’s ethical committee, and all patients
provided a written informed consent accordingly to the Declara-
tion of Helsinki.

Flow Cytometry
Cell surface antigen expression was determined by single-
parameter fluorescence-activated cell sorter (FACS) analysis using

the following monoclonal antibodies (mAbs): (i) PE-conjugated
anti-CCR1, anti-CCR3, anti-CCR)5 (clone 45531.111), anti-
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CCR7 (clone 150503), anti-CCR6 (clone 53103.111), anti-
CXCR3, anti-CXCR4 (clone 44717.111) and anti-CXCR5, all
purchased from R&D Systems; and (ii) PE-conjugated anti-CD38,
anti-CD44 and anti-CD138 (IgG1), FITC-conjugated anti-
CD62L, anti-CD49d, anti-VLA4, anti-04f1, anti-04B7 and anti-
CD54, and FITC- and PE-conjugated mouse isotype-matched
control mAbs, all purchased from BD Biosciences. A FACSCa-
libur flow cytometry instrument (BD-PharMingen) was used for
data acquisition and analysis. After viable cell gating, 15,000
events per sample were analyzed. For each marker, the threshold
of positivity was defined beyond the nonspecific binding observed
in the presence of a relevant isotype control mAb.

F-actin Polymerization Assay

MM cells were cultured for 12 hours in culture medium
supplemented with or without NP, WEV or WEV+NP before the
F-actin polymerization test. Intracellular F-actin polymerization
was assessed as previously described [29]. Briefly, cells were
harvested and resuspended (4 x 10°/ml) in HEPES-buffered
RPMI 1640 at 37°C with or without CXCL12 (250 ng/ml). At the
indicated times, cell suspensions (100 ul) were added to 400 pl of
assay buffer containing 4x1077 M FITC-labeled phalloidin,
0.5 mg/ml L-o-lysophosphatidylcholine (both from Sigma-Al-
drich) and 4.5% formaldehyde in PBS. The fixed cells were
analyzed using flow cytometry, and the mean fluorescence
intensity (MFI) was determined for each sample. The percentage
change in MFI was calculated for each sample at each time point
using the following formula: (1-(MFI before the addition of
CXCL12/MFT after the addition of CXCL12) x 100.

In Vitro Chemotaxis Assays

The chemokine-dependent migration of MM cells was mea-
sured using an in vitro 2-chamber migration assay (using
Transwell plates purchased from Costar, Cambridge, MA)
followed by flow cytometry analysis. All chemotaxis assays were
performed in pre-warmed migration buffer (RPMI 1640 contain-
ing 1% FCS). A total of 600 ul of migration buffer alone or
supplemented with CXCLI12 (at 250 ng/ml) (R&D Systems) was
added to the lower chamber, and 10° cells in migration buffer
were added to the upper chamber. The plates were then incubated
for 3 h at 37°C, and input cells and transmigrated cells were
centrifuged, fixed in 300 pl of 1xPBS+1% formaldehyde and
counted for 60 seconds by flow cytometry using a FACSCalibur
flow cytometer (BD-PharMingen). The percentage of migration
was calculated as the percentage of input cells that migrated to the
lower chamber. To calculate the percentage of specific migration
induced by chemokines, the percentage of cells migrating to
medium alone was subtracted from the percentage of cells
migrating to medium with chemokine.

Western Blot Analysis

Untreated (0) or NP-, WEV-, and WEV+NP-treated myeloma
cells (5x106 cells/ml in pre-warmed R-10 medium without FCS)
were stimulated for 2 min at 37°C with or without 250 ng/ml
CXCLI12. Lysates were prepared as previously described [29].
Equal amounts (50 pg) of total cellular protein were resolved using
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and ana-
lyzed by western blotting. Antibodies recognizing phospho-PKB/
AKT (5473), phospho-ERK1/2 (T202/Y204), phospho-IxBa
(S32/36), IxBo, phospho-PLCB3 (S537) and PLCB3 (all from
New England Biolabs, Beverly, MA) and anti-Bcl-2, Bcelky,, Mcl-1,
Bax, Bak, Bim and B-actin antibodies (all from Santa Cruz
Biotechnology, Santa Cruz, CA) were used in combination with
horseradish peroxidase-conjugated secondary antibodies. Protein
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bands were detected using enhanced chemiluminescence reagents
(ECL, Supersignal Westpico chemiluminescent substrate, Perbio,
Bezons, France), and the ECL signal was recorded on hyperfilm
ECL. To quantify band intensities, films were scanned, saved as
TIFF files and analyzed using NIH Image J software.

To assess Rho-A activation, cells (5x10° per condition) were
starved for 2 h in pre-warmed R-10 medium without FCS,
incubated for 2 min at 37°C with or without 250 ng/ml CXCL12,
and lysed as described above (using 200 pl of lysis buffer). After
centrifugation, a 15 ul aliquot of the supernatant was kept as the
total lysate sample. The remaining supernatant (185 pl) was
incubated for 16 h at 4°C with GST-C21** pre-coupled to
glutathione—agarose beads (Sigma, France). Beads were washed
using an excess of lysis buffer, and the active Rho-A (Rho-Agrp
pulled down from the lysate and bound to the fusion protein/
beads) was eluted using Laemli sample buffer. Analysis by SDS-
PAGE and western blotting using an anti-Rho-A mAb (Santa
Cruz Biotechnology, Santa Cruz, CA) was subsequently per-
formed on both the total cell lysates and the samples eluted in
Laemli buffer to detect total Rho-A and Rho-Agrp.

CFSE Proliferation Assay

MM cells were harvested, washed twice in PBS and stained with
0.63 uM carboxyfluorescein diacetate succinimidyl ester (CFSE)
(Molecular Probes, Eugene, OR) for 8 min at room temperature.
Residual CFSE was removed by washing three times in PBS, and
CFSE-labeled cells were seeded in 6-well plates, stimulated or not
with CXCL12, treated without (0) or with NP, WEV and
WEV+NP and grown for 4 days in cell culture medium. The
CFSE fluorescence intensity was measured by flow cytometry
using a FACSCalibur flow cytometer (BD-PharMingen).

Apoptosis Assays

After treatment with NP, WEV and WEV+NP, myeloma cells
were collected. Cells were washed and incubated in PBS
containing 30% human AB serum at 4°C for 30 min prior to
staining with Annexin V-FITC and PI for 15 min at 25°C using a
commercial kit according to the manufacturer’s instructions
(ABCam, Canada). Cells were analyzed by a FACSCalibur flow
cytometer (BD-PharMingen) within 1 hour of staining, and the
percentage of cells undergoing apoptosis was determined.

Mitochondrial Membrane Potential Measurements

Mitochondrial energization was determined by the retention of
JC-1dye (Molecular Probes). Briefly, MM cells (5x10°) were
loaded with JC-ldye (1 pg/ml) during the last 30 min of
incubation at 37°C in a 5% CO, incubator. Cells were washed
twice in PBS. Cells were then washed with FACS buffer,
resuspended and stored in 500 ul of 2% paraformaldehyde
solution. Approximately 10° cells were analyzed by flow cytometry
using a FACSCalibur flow cytometer (BD-PharMingen). Fluores-
cence was monitored in a fluorometer using 570 nm excitation/
595 nm emission for the J-aggregate of JC-1. Mitochondrial
membrane potential (AV,,) was calculated as the ratio of the
fluorescence of the JC-aggregate (aqueous phase) and monomer
(membrane-bound) forms of JC-1. Therefore the use of JC-1
staining kitallowed us to discriminate between the apoptotic cells
(green color) and surviving cells (red color).

Statistical Analysis

Data were first tested for normality (using the Anderson—
Darling test) and for homogeneity of variance prior to any further
statistical analysis. Data were normally distributed and are
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expressed as the mean * standard error of the mean (SEM).
Significant differences among groups were analyzed using a one-
or two-way ANOVA followed by Bonferroni’s multiple compar-
ison tests using PRISM statistical analysis software (GraphPad
Software). Data were reanalyzed using a one- or two-way ANOVA
followed by Tukey’s post-test using SPSS (Statistical Package for
the Social Sciences) software, version 17. Differences were
considered statistically significant at P<<0.05. *P<<0.05, WEV-
treated vs. control; #P<0.05, WEV+NP-treated vs. control;
+P<<0.05, WEV+NP-treated vs. WEV-treated.

Results

WEV and WEV+NP Inhibit the Growth of MM Cells

Electron microscope images of double mesoporous core-shell
silica nanospheres (DMCSSs) before (A) and after (B) the venom
loading are shown. These two images demonstrated an evidence
for the loading of snake venom into mesopores of DMCSSs.
Venom-free DMCSSs (A) demonstrated a clear mesopores or
mesochannels. However, as shown in Figure 1B mesopores of
DMCSSs have been clogged by the venom molecules and thus
mesopores of venom-loaded DMCSS cannot be clearly seen due
to the existence of venom inside their channels. In addition, the
venom molecules can be also observed around the outer surface of
DMCSSs. Zhao et al., have reported that particle size for
nanocarriers used in drug delivery systems should range between
50 and 300 nm [30]. The authors described that particle size
above 300 nm, a significant proportion of particles will be trapped
in the lungs and liver, while too small particle size will not be
efficient for drug loading or drug delivery. Based on these criteria,
DMCSSs-6h sample has been chosen for loading snake venom
because it possessed superior textural properties, surface area of
440 m?/g and total pore volume of 0.416 cm®/g, thicker silica
shell (40 nm) and acceptable particle size. Moreover, we recently
characterized the optimal properties of silica nanoparticles model
that we used to deliver natural products into MM cell line as well
as into normal cells [31].

Using these nanoparticles model, We first investigated the
ability of WEV and WEV+NP to induce growth arrest in MM
cells. The effects of WEV and WEV+NP were examined on
RPMI8226 (Figure 1C) and U266 (Figure 1D) MM cells and on
normal human PBMCs (Figure 1E) at concentrations of 0, 1, 5,
10, 25, 50, 100 and 1000 pg/ml and incubation times of 0, 1, 2, 6,
12, 24, 36 and 48 h (Figure 1F, G & H). The resulting cytotoxic
effects of WEV and WEV+NP were measured using the MTT
uptake method. Data collected from several independent exper-
iments (n = 5) demonstrated that WEV and WEV+NP significantly
inhibited the growth of MM cells in a dose- and time-dependent
manner. The ICs5y values for WEV alone and WEV+NP were
25 ng/ml and 10 pg/ml, respectively. The effect was maximal at
12 h of incubation and decreased thereafter. The combination of
WEV with NP (WEV+NP) significantly enhanced the inhibitory
effect of WEV in MM cells. The maximal inhibitory effects of
WEV and WEV+NP on cell viability were observed 12 h after
treatment with 25 pg/ml of WEV alone or 10 ug/ml of
WEV+NP. Nevertheless, treatment with WEV alone or WEV+NP
did not produce significant cytotoxic effects on normal human
PBMC:s. Additionally, treatment with NP alone did not affect MM
cell viability.

WEV and WEV+NP Downregulate the Surface Expression
of CD54 but not CXCR4 in MM Cells

Chemokines, chemokine receptors and adhesion molecules play
important roles in MM metastasis and progression. CD54, also
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known as intercellular adhesion molecule ICAM)-1, is expressed
in hematologic malignancies, including acute lymphoblastic
leukemia (ALL), and plays a role in the homing of malignant
plasma cells to the BM. Increased CD54 expression correlates with
tumor cell growth in MM cells [32]. We therefore analyzed the
surface expression of CXCR4 and CD54 following treatment with
NP, WEV and WEV+NP on MM cells isolated from MM patients
as well as on the RPMI8226 and U266 MM cell lines using flow
cytometry. In one representative experiment, CXCR4 expression
on RU266 (Figure 2A) and RPMI8226 cells (Figure 2B) was not
altered by treatment with WEV, WEV+NP or NP. In contrast,
CD54 expression was clearly downregulated in both U266
Figure 2C) and RPMI8226 cells (Figure 2D). Similarly, the
treatment of MM cells from 12 MM patients with WEV alone or
WEV+NP markedly downregulated the surface expression of
CD54 (Figure 2F) but not CXCR4 (Figure 2E), compared to
treatment with NP. Most importantly, WEV+NP (10 pug/ml)
downregulated CD54 expression to a much greater extent than
WEV alone (25 ug/ml). In contrast, treatment with NP had no
effect on the expression levels of CXCR4 and CD54 on MM cells.

WEV Combined with NP Decreases CXCL12-mediated
Actin Polymerization and Cytoskeleton Rearrangement

Cytoskeletal organization plays a central role in cell movement,
migration, adhesion, proliferation, differentiation, vesicle traffick-
ing and survival in both normal and malignant cells. Actin and
microtubules provide a dynamic cellular framework that orches-
trates and ultimately controls cellular activation and cancer
metastasis. We therefore investigated whether WEV alone or in
combination with NP affected actin polymerization after CXCL12
stimulation. After treatment of U266 (Figure 3A), RPMI 8226
(Figure 3B) and primary MM cells (Figure 3C) with NP, WEV
(25 pug/ml) and WEV+NP (10 pg/ml) for 12 hours, the cells were
stimulated every 15 sec with CXCL12 (250 ng/ml), and the
degree of F-actin polymerization was determined using the F-actin
assay and flow cytometry. The results are expressed as the mean
percentage change in mean fluorescence intensity (MFI) £ SEM
(n=12). We found that both WEV alone and WEV+NP
significantly decreased CXCLI12-induced actin polymerization in
MM cells compared to NP treatment. Most importantly, the
treatment of MM cells with WEV+NP (10 pg/ml) decreased
CXCLI2-induced actin polymerization more than WEV alone
(25 pg/ml). Because actin polymerization and cytoskeleton rear-
rangement are crucial processes in cell migration and chemotaxis,
we then evaluated the effects of WEV and WEV+NP on
CXCLI12-mediated chemotaxis in MM cells, an essential phe-
nomenon for the metastasis and survival of MM cells in the BM.
After treatment with NP, WEV and WEV+NP, the migratory
response of MM cells to CXCLI12 was determined using Transwell
plates and flow cytometry analysis. The results are expressed as the
mean percentage of specific migration = SEM in response to
CXCLI2 (n=12). Data collected from 12 independent experi-
ments performed on U266, RPMI8226 and primary MM cells
revealed that WEV and WEV+NP treatments significantly
reduced the CXCLI12-mediated chemotaxis of MM cells
(Figure 3D). Conversely, treatment of MM cells with NP had
no effect on CXCLI2-mediated actin polymerization and
chemotaxis.

Treatment with WEV and WEV+NP Decreased CXCL12/
CXCR4-mediated Activation of AKT, ERK, NFkB and Rho-A

To better characterize the molecular mechanisms by which
CXCLI2 induces the chemotaxis of MM cells, we investigated the
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Figure 1. Time- and dose-dependent effect of WEV and WEV+NP treatment on cell viability. Electron microscope images of double
mesoporous core-shell silica nanospheres (DMCSSs) before (A) and after (B) the venom loading. Cell viability was assessed using the MTT assay. RPMI
8226 cells (C), U266 cells (D) and normal PBMCs (E) were treated overnight with different concentrations (0, 1, 5, 10, 25, 50, 100 and 1000 ng/ml) of
NP (open circles), WEV (gray triangles) or WEV+NP (closed black squares). RPMI 8226 cells (F), U266 cells (G) and normal PBMCs (H) were treated with
25 ng/ml of NP (open circles), 25 ng/ml of WEV (gray triangles) or 10 ng/ml of WEV+NP (closed black squares) for different incubation times (0, 1, 2, 6,
12, 24, 36 and 48 h). The data collected from independent experiments (n=5) are shown, and the results are expressed as the mean percentage of
viable cells = SEM.

doi:10.1371/journal.pone.0051661.g001
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doi:10.1371/journal.pone.0051661.g002

effect of CXCLI2 on the activation of various downstream
CXCR4 effectors. We recently demonstrated that CXCLI12
mediated chemotaxis in MM cells by triggering the activation of
PISK/AKT/Rho-A, PLCB3, NFxB and ERKI1/2 signaling
through its receptor CXCR4 [12]. Because treatment with
WEV and WEV+NP significantly decreased CXCLI12-mediated
chemotaxis in MM cells, we therefore investigated the phosphor-
ylation status of AKT, PLCP3, IxkBa and ERK1/2 and the
activation status of Rho-A (an important adhesion protein in MM
cells) following stimulation with CXCL12. The U266 (Figure 4A)
and RPMI 8226 (Figure 4B) cell lines were not treated (0) or
treated with NP, WEV (25 pg/ml) and WEV+NP (10 pg/ml) for
12 hours and then stimulated or not with CXCLI12. The
phosphorylation levels of AKT (p-AKT), ERK1/2 (p-ERK1/2),
IxBa (p- IxBa) and PLCB3 (p-PLCP3) and the activation level of
Rho-A (Rho-Agp) were corrected for the total level of B-actin on
stripped blots. The resulting protein bands for each downstream
effector from 10 independent experiments are shown in one
representative experiment in Figure 4A and Figure 4B.
Although CXCL12 was able to upregulate the phosphorylation
levels of ERK, AKT, IxBa and PLCB3 and the activation level of
Rho-A, treatment with WEV alone and WEV+NP clearly
decreased the phosphorylation level of ERK, AKT, and IxBa
and the activation of Rho-A but not the phosphorylation level of
PLCP3. The data from 10 independent experiments performed in

PLOS ONE | www.plosone.org

U266 (Figure 4C) and RPMI8226 (Figure 4D) cells are
expressed as the mean values of normalized specific phosphory-
lation and activation = SEM. "P<<0.05, WEV-treated vs. control;
#P<0.05, WEV+NP-treated vs. control; "P<<0.05, WEV+NP-
treated vs. WEV-treated. Our results reveal that treatment with
WEV and WEV+NP significantly decreased (P<<0.05) the
CXCL12/CXCR4-mediated phosphorylation of AKT, ERK
and NFkB and activation of Rho-A. It was observed that
WEV+NP (10 pg/ml) decreased CXCL12 signaling in MM cells
to a greater extent than WEV alone (25 ug/ml). Treatment with
NP had no effect on the phosphorylation or activation of the
effector transcription factors.

WEV Combined with NP Abrogates the Proliferation of
MM Cells

Proliferation is a crucial process in the maintenance and
progression of cancer cells. Therefore, we monitored the effects of
WEV alone or combined with NP on the CXCLI12-mediated
proliferation of MM cells using a CFSE dilution assay followed by
flow cytometry analysis. In one representative experiment, which
is shown in Figure 5A, we found that the percentage of
proliferating cells was markedly increased from 5% in unstimu-
lated U266 cells to 72% in CXCLI12-stimulated U266 cells. When
U266 cells were treated with NP alone prior to stimulation with
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(n=12).
doi:10.1371/journal.pone.0051661.9003

CXCL12, the percentage of proliferating cells was 70%, which is
similar to the results obtained in untreated cells. However,
treatment with WEV alone or combined with NP (WEV+NP)
markedly decreased the percentage of proliferating cells to 46%
and 29%, respectively. Data collected from 12 independent
experiments revealed that treatment with WEV significantly
reduced (P<<0.05) the proliferative capacity of MM cells in
response to CXCL12 (Figure 5B). Moreover, although NP had
no eflect, the inhibitory effect of WEV+NP on the CXCL12-
induced proliferation of MM cells was stronger than that of WEV
alone.

WEV+NP Induces Apoptosis in MM Cells

The inhibition of cancer cell proliferation, the cessation of cell
cycle progression and the induction of apoptosis have all been
targeted in chemotherapeutic strategies for the treatment of MM.

PLOS ONE | www.plosone.org

We evaluated the impact of WEV and WEV+NP on apoptosis
induction in MM cells using Annexin V/propidium iodide (PI)
staining methods and flow cytometry analysis. As shown in
Figure 6A, data from one representative experiment are
presented in a dot plot demonstrating the discrimination between
apoptotic, necrotic and viable cells. We found that the percentage
of apoptotic cells was 3.5% and 4.5% in the untreated (0) and NP-
treated U266 cells, respectively. Treatment with WEV and
WEV+NP markedly increased the percentage of apoptotic cells
to 123.5% and 38%, respectively. An increase in the induction of
apoptosis after treatment with WEV and WEV+NP was inversely
correlated with a decrease in the percentage of viable cells to 76%
and 62% in WEV- and WEV+NP-treated U266 cells compared to
96% and 95% in untreated and NP-treated U266 cells,
respectively. Data were pooled from different experiments
(n=12) performed on U266, RPMI8226 and primary MM cells
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doi:10.1371/journal.pone.0051661.g004

isolated from 12 patients. The data indicate that treatment with
WEV alone and WEV+NP significantly potentiated (P<<0.05)
apoptosis in MM cells (Figure 6B). Although NP had no
significant effect on apoptosis induction in MM cells, the
combination of NP with WEV significantly increased (P<<0.05)
apoptosis induction compared to WEV alone.

WEV and WEV+NP Modulate the Expression of Bcl-2
Family Members and Alter the Mitochondrial Membrane
Potential of MM Cells

Bcl-2 family members play a central role in the regulation of
apoptosis, proliferation and progression in cancer cells. Thus, the
expression of Bcl-2 family members (the pro-apoptotic proteins
Bak, Bax and Bim and the anti-apoptotic proteins Bcl-2, Bcl-xg,
and Mcl-1) was monitored in the U266 and RPMI 8226 cell lines
by western blot analysis. U266 cell lines were untreated (0) or
treated for 12 h with NP, WEV and WEV+NP, and the resulting
protein bands from one representative experiment are shown in
Figure 7A. These protein bands clearly demonstrate that
treatment with WEV alone and WEV+NP decreased the
expression of anti-apoptotic Bcl-2 family proteins and inversely
enhanced the expression of the pro-apoptotic proteins compared
to untreated (0) and NP-treated cells. The expression of anti-
apoptotic and pro-apoptotic proteins was normalized to the total
B-actin protein level. The data from 5 independent experiments
performed with the U266 (Figure 7B) and RPMI 8226 cell lines
(Figure 7C) clearly illustrate that treatment with WEV alone

PLOS ONE | www.plosone.org

(25 ug/ml) and WEV+NP (10 pg/ml) significantly abolished
(P<0.05) the expression of the anti-apoptotic proteins Bcl-2,
Bcl-x1, and Mcl-1. In contrast, a significant increase (P<<0.05) in
the expression of the pro-apoptotic proteins Bak, Bax and Bim was
observed after treatment with WEV and WEV+NP. Furthermore,
treatment with NP alone had no effect on the expression of the
Bcl-2 family proteins.

Bcl-2 family proteins function upstream of irreversible cellular
damage, and much of their activity occurs at the level of the
mitochondrial membrane; thus, they play a pivotal role in
determining if a cell lives or dies. We therefore monitored the
changes in the mitochondrial membrane potential of MM cells
following treatment with WEV and WEV+NP using JC-1 dye and
flow cytometry analysis. Figure 7D shows one representative
experiment with U266 cells after treatment with NP, WEV and
WEV+NP; the dot plots show the discrimination between viable
(red) and apoptotic (green) cells. The shift of cells from the upper
panel (red dots) to the lower panel (green dots) indicates a decrease
in the mitochondrial membrane potential and a subsequent
increase in apoptosis induction in these cells. In this context,
treatment with WEV and WEV+NP clearly increased the
induction of apoptosis in MM cells. Data were pooled from
experimental replicates (n =12) performed on primary MM cells
isolated from MM patients as well as on the U266 and RPMI 8226
cell lines (Figure 7E). The data clearly demonstrated that
treatment with WEV alone (25 pg/ml) and WEV+NP (10 pg/
ml) significantly diminished (P<<0.05) the mitochondrial mem-
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doi:10.1371/journal.pone.0051661.g005

brane potential. Although treatment with NP had no significant
effect, the effect of WEV+NP treatment on the expression of Bcl-2
family proteins and the mitochondrial membrane potential was
stronger than treatment with WEV alone.

Discussion

Although snake venom has been previously reported to induce
apoptosis in many cancer cell lines [27,28,33], there is presently no
information on the effect of snake venom on human MM cells and
its molecular mechanism of action. In this study, we aimed to
delineate the impact of WEV alone or WEV+NP and clarify the

PLOS ONE | www.plosone.org

10

underlying effector mechanisms in primary MM cells isolated from
MM patients as well as in 2 MM cell lines, U266 and RPMI 8226.
Pharmacologically targeting cell cycle arrest has been effectively
used as a therapeutic strategy to restrict tumor growth in vitro and
in vivo [34]. Here, we found that WEV alone or in combination
with silica nanoparticles inhibited the growth of MM cells in a
dose- and time-dependent manner. The effect peaked at 12 h and
decreased thereafter indicating that WEV-mediated cytotoxicity
effect on MM cells do not require de novo transcription. Moreover,
the combination of WEV and NP (WEV+NP) enhanced the effect
of WEV on these cancer cells. Furthermore, the IC50s of WEV
and WEV+NP for the growth inhibition of MM cells were 25 ug/
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ml and 10 pg/ml, respectively. Similar results were observed in
our recent study that demonstrated that the growth inhibition of
breast cancer cells is related to apoptosis and cell cycle arrest [26].

Chemokines and their receptors play essential roles in the
development, maintenance and proper functioning of the immune
system. B cell-T cell interactions are modulated by chemokines. In
B cell malignancies, these interactions may have tumor-promoting
consequences [35]. In numerous studies, several chemokine
receptors are viewed as promising therapeutic targets in the fight
against cancer. Given its key role in mediating homing and

PLOS ONE | www.plosone.org

1

retention of MM cells in the bone marrow, the CXCL12/CXCR4
axis was the natural target of such therapies. We therefore
investigated, using flow cytometry analysis, the influence of WEV
and WEV+NP on the CXCL12/CXCR#4 axis in MM cells. Our
results revealed that although both WEV (25 ng/ml) and
WEV+NP (10 ng/ml) had no effects on the surface expression of
CXCR4 (CXCLI12 receptor), they significantly reduced the ability
of CXCLI2 to induce actin cytoskeleton rearrangement and the
subsequent reduction in chemotaxis. In this context, recent studies
showed the CXCLI12 antagonist (AMD3100) or CXCR4 antag-
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the U266 and RPMI 8226 cell lines using western blot analysis. (A) Protein bands from one representative experiment performed using the U266 MM
cell line are shown for cells that were untreated (0) or treated with NP, WEV or WEV+NP for 12 hours. (B) The expression of the anti-apoptotic and pro-
apoptotic proteins was normalized to the total B-actin levels, and the results from 5 independent experiments performed using U266 cells are
expressed as the mean = SEM of the normalized values for the anti-apoptotic and pro-apoptotic proteins in untreated (dotted bars), NP-treated
(hatched bars), WEV-treated (closed gray bars) and WEV+NP-treated (closed black bars) cells. (C) The expression of the anti-apoptotic and pro-
apoptotic proteins was normalized to the total B-actin levels, and the results collected from 5 independent experiments performed on RPMI 8226
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cells are expressed as the mean = SEM of normalized values of the anti-apoptotic and pro-apoptotic proteins. Changes in the mitochondrial
membrane potential were monitored using JC-1 and flow cytometry. (D) One representative experiment is shown, which discriminates between
apoptotic (green dot plots) and surviving (red dot plots) U266 cells. (E) Accumulated data from 12 experiments are expressed as the mean
percentage of apoptotic cells = SEM for untreated cancer cells (0) (dotted bars), NP-treated cells (hatched bars), WEV-treated cells (closed gray bars)
and WEV+NP-treated cells (closed black bars). "P<0.05, WEV-treated vs. NP; #P<0.05, WEV+NP-treated vs. NP; *P<0.05, WEV-+NP-treated vs. WEV-

treated.
doi:10.1371/journal.pone.0051661.g007

onist (T'140) cause sensitization of MM cells to novel and standard
chemotherapy agents by blocking the CXCL12/CXCR4 down-
stream signaling [36,37]. Therefore, AMD3100 has been success-
fully used in phase I, II and III clinical studies to aid mobilization
of CD34+ positive cells in patient undergoing harvesting for
autologous bone marrow transplantation [38]. Our data demon-
strated that WEV, either alone or combined with NP, altered the
CXCLI12-mediated signaling via CXCR4 rather than affecting the
CXCR4 expression on MM cells. Similarly, we previously gp120
of HIV-1 inhibited CXCLI12-mediated chemotaxis of human B
cell [29]. This inhibition was mediated by blocking the intracel-
lular signal transduction pathways downstream CXCR4, but did
not impair the expression CXCR4.

CD54 is expressed on endothelial cells, epithelial cells,
fibroblasts, leukocytes, and tumor cells.

High levels of CD54 expression have been found on some
tumor cells, such as multiple myeloma [39]. Coleman et al,
demonstrated that increased CD54 expression correlates with
tumor cell growth in MM cells [32]. In this work the authors
confirmed that myeloma cells with lower expressions of CD54
were more susceptible to apoptosis and the addition of CXCL12 to
the in vitro culture significantly induced the up-regulation of
CD54 expression in primary myeloma cells, promoting their
survival. In addition, using UV3 which is a monoclonal antibody
that recognizes human CD54, significantly prolonged the survival
of xenograft mice model of MM with either early or advanced
stages of disease. Therefore, it is possible that disrupting the
CXCL12/CXCR#4 axis blocks the CD54 on MM cells, increasing
susceptibility to chemotherapy. Thus the effect of WEV and
WEV+NP in decreasing the surface expression of CD54 could be
of beneficial impact to blunt MM cell activation and enhancing
susceptibility to chemotherapy. Similarly, it has been suggested
that RGD-disintegrins isolated from snake venom are potent anti-
metastatic agents that contribute to the inhibition of melanoma
cell invasion [40]. Thus, by decreasing the chemotactic movement
of MM cells, WEV or WEV+NP treatment is beneficial for
fighting metastasis.

Uncontrolled proliferation has a major significance in cell
turnover and tumorigenesis. CXCLI12 attracts and induces
proliferation of human MM cells and MM-derived cell lines, such
as 5T33MM cells, to the endothelial border by activating CXCR4
[41]. Therefore, we monitored the effects of WEV alone or WEV
combined with NP on the CXCLI12-mediated proliferation of
MM cells using the CFSE assay and detected abrogated CXCL12-
mediated proliferation. The signaling pathways involved in
CXCLI12-mediated MM cell chemotaxis are poorly defined and
require further clarification. CXCLI12 binding to its receptor
CXCR4 activates multiple intracellular signal transduction path-
ways that regulate MM cell chemotaxis, adhesion, proliferation
and survival in BM. We previously demonstrated that direct
stimulation of CXCR4 by CXCLI2 activated two main signaling
pathways in MM cells, PI3K and PLCB3 [12]. PI3K in turn
activates AK'T, Rho-A, NF«xB and ERK1/2, and the activation of
these effectors were inhibited by using wortmannin (inhibitor of
PI3K). Activation of PLCP3 resulted in the rapid hydrolysis of
phosphatidylinositol-4,5-bisphosphate, with production of inositol-
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1,4,5-trisphosphate and diacylglycerol, intracellular mediators that
increase intracellular Ca2+ levels and activate protein kinase C
activity. In the present study, activation of PI3K and PLC[3
downstream CXCL12/CXCR#4 axis has been confirmed. There-
fore, using western blot analysis, we analyzed the effect of WEV
and WEV+NP treatment on the signal transduction pathways
downstream CXCR4. We found that WEV and WEV+NP clearly
decreased the CXCL12/CXCR4-mediated activation of AKT,
ERK, NFkB and Rho-A, but not of PLCB3, suggesting that the
signaling pathway of PI3K was more sensitive and was inhibited
by treatment with WEV either alone or combined with NP. This
phenomenon indicates that WEV partially, but not fully, inhibited
the role of CXCL12/CXCR# axis in MM cells. This hypothesis is
clearly observed in the impact of WEV and WEV+NP on
CXCLI12-mediated actin polymerization and proliferation of MM
cells. Moreover, WEV and WEV+NP induced cell cycle arrest by
increasing the induction of apoptosis, as determined by Annexin
V/PI double staining followed by flow cytometry analysis.

Next, we investigated the mechanism of cell cycle arrest exerted
by this venom. Because Bcl-2 family members have been shown to
be important regulators of malignant progression in many cancers
[42], we used western blot analysis to detect the expression of Bcl-2
family proteins in MM cells isolated from patient samples and the
U266 and RPMI 8226 cell lines after treatment with WEV and
WEV+NP. Our data demonstrated that treatment with WEV
alone or WEV combined with NP significantly diminished the
expression of the anti-apoptotic Bcl-2 proteins Bcl-2, Belxy, and
Mcl-1, whereas there was a significant increase in the expression of
the pro-apoptotic Bcl-2 proteins Bak, Bax and Bim. Similar
observations have been made by Park et al., who reported that
snake venom toxin increases the expression of the pro-apoptotic
protein Bax but downregulated the anti-apoptotic protein Bcl-2
[43]. Targeting Bcl-2 family proteins represents a promising
strategy for the development of novel anti-cancer therapeutics.
Therefore, the therapeutic potential of targeting the Bcl-2
signaling pathway is derived from the roles it plays in the
promotion of cell growth and the inhibition of apoptosis. The
interaction of the Bcl-2 family members at the mitochondrial outer
membrane controls membrane permeability, and thus, the
apoptotic program. Therefore, it was crucial to monitor the
changes in the mitochondrial membrane potential after treatment
with WEV and WEV+NP using JC-1 and flow cytometry analysis.
We found that treatment with WEV and WEV+NP significantly
decreased the mitochondrial membrane potential in MM cells. It
has been reported that decreasing the mitochondrial membrane
potential triggers multiple signaling cascades, including the
activation of several caspases and the induction of apoptosis
[44]. Other data have directly indicated a close relationship
between the loss of mitochondrial membrane potential and the
induction of apoptosis in MM cells [45]. Therefore, the ability of
WEV and WEV+NP to affect Bcl-2 family protein expression,
decrease mitochondrial membrane potential and subsequently
induce apoptosis may also be mediated by a mechanism that
sensitizes MM cells to chemotherapy but does not involve
chemokines/chemokine receptor-mediated migration and inva-
sion.
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Generally, chemotherapeutic drugs attack on both normal and
tumor cells non-specifically causing life threatening side effects,
necessitating targeted drug delivery to tumors [46]. Indeed, the
therapeutic molecule must generally: cross one or various
biological membranes before diffusing through the plasma
membrane to finally gain access to the appropriate organelle
where the biological target is located. For those drugs whose target
is located intracellularly, deviating from this ideal path may not
only decrease the drug efficiency, but also entail side effects and
toxicity. For these reasons, more than 30 years ago, the idea
emerged to tailor carriers small enough to ferry the active
substance to the target cell and its relevant subcellular compart-
ment [47]. Varlous types of nanoparticles, such as liposomes,
polymeric micelles, dendrimers, superparamagnetic iron oxide
crystals, and colloidal gold, have been employed in targeted
therapies for cancer [48,49]. Nanocarriers offer unique possibilities
to overcome cellular barriers in order to improve the delivery of
various drug candidates [47]. To optimize the efficacy in delivery,
often the tuning of physicochemical properties (i.e., particle size,
shape, surface charge, lipophilicity, etc.) is necessary, in a manner
specific to each type of nanoparticles. Recent studies showed an
efficient tumor targeting by nanoparticles through the enhanced
permeability and retention (EPR) effect [50-52]. Delivery of drug-
loaded nanoparticles have achieved success in advanced thyroid
cancer [53]. Here, while venom-free nanoparticles had no effect
on MM cells, the combination of WEV with nanoparticles
increased the efficiency of WEV to fight MM cells by two-fold
when compared to WEV alone, although the 1C5y of WEV+NP
(10 pg/ml) was lower than that of WEV alone (25 pg/ml). Despite
the large interest of using nanoparticles in biomedical applications,
a clear understanding of their cellular uptake and transport is still
lacking. They appear to translocate across cells via clathrin- and
macropinocytosis-mediated endocytosis [54]. Experimental data
agreed with that whereas PLL-g-PEG-DNA nanoparticles were
internalized in an energy-dependent manner after 2 h and
accumulated in the perinuclear region after more than 6 h [53].
In this study the authors demonstrated that the nanoparticles were
found to be stable within the cytoplasm for at least 24 h and did
not colocalize with the endosomal pathway. Furthermore,
nanoparticle uptake was approximately 50% inhibited by
genistein, an inhibitor of the caveolae-mediated pathway. How-
ever, clathrin-mediated endocytosis and macropinocytosis path-
ways were reduced by 17 and 24%, respectively, in the presence of
the respective inhibitors. These findings suggest that PLL-g-PEG-
DNA nanoparticles enter by several pathways and might therefore
be an efficient and versatile tool to deliver therapeutic DNA [55].
The release of loaded drugs from nanoparticles may be controlled
in response to changes in environmental condition such as
temperature and pH. Biodistribution profiles and anticancer
efficacy of nano-drugs in vivo would be different depending upon
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