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Abstract

Background: Nucleic acids designed to modulate the expression of target proteins remain a promising therapeutic
strategy in several diseases, including cancer. However, clinical success is limited by the lack of efficient intracellular
delivery. In this study we evaluated whether electroporation could increase the delivery of antisense
oligodeoxynucleotides against bcl-2 (G3139) as well as the efficacy of combination chemotherapy in human
melanoma xenografts.

Methods: Melanoma-bearing nude mice were treated i.v. with G3139 and/or cisplatin (DDP) followed by the
application of trains of electric pulses to tumors. Western blot, immunohistochemistry and real-time PCR were
performed to analyze protein and mRNA expression. The effect of electroporation on muscles was determined by
histology, while tumor apoptosis and the proliferation index were analyzed by immunohistochemistry. Antisense
oligodeoxynucleotides tumor accumulation was measured by FACS and confocal microscopy.

Results: The G3139/Electroporation combined therapy produced a significant inhibition of tumor growth (TWI,
more than 50%) accompanied by a marked tumor re-growth delay (TRD, about 20 days). The efficacy of this
treatment was due to the higher G3139 uptake in tumor cells which led to a marked down-regulation of bcl-2
protein expression. Moreover, the G3139/EP combination treatment resulted in an enhanced apoptotic index and a
decreased proliferation rate of tumors. Finally, an increased tumor response was observed after treatment with the
triple combination G3139/DDP/EP, showing a TWI of about 75% and TRD of 30 days.

Conclusions: These results demonstrate that electroporation is an effective strategy to improve the delivery of
antisense oligodeoxynucleotides within tumor cells in vivo and it may be instrumental in optimizing the response
of melanoma to chemotherapy. The high response rate observed in this study suggest to apply this strategy for
the treatment of melanoma patients.

Background
There is currently great interest in the use of oligodeox-
ynucleotides antisense (ASOs), siRNA and aptamers for
the treatment of different diseases, including cancer.
Phosphorothioate ASOs are the most widely explored
first-generation analogues [1] and preclinical studies
have demonstrated that these agents are able to reduce

target gene expression and have also shown activity
against a wide variety of tumors, both alone and in com-
bination with antineoplastic drugs [2]. Phosphorothioate
ASOs have a greater bioavailability than unmodified
ASOs, even though they exhibit a short half-life in the
blood, low accumulation in tissues and poor intracellu-
lar penetration. Therefore, in preclinical and clinical
trials, daily intravenous administration or continuous
infusion have been used to evaluate the therapeutic effi-
cacy [3-9]. To avoid frequent injections a delivery sys-
tems able to protect ASOs from degradation has been
used: the encapsulation of ASOs in microspheres or in
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lipid-based delivery systems was able to improve the
delivery of ASOs targeting different oncogenes in several
human tumor cells [10-14]. We have previously demon-
strated that the biological activity and the therapeutic
efficacy of c-myc ASOs is improved when these agents
are encapsulated in liposomes [15].
Electroporation therapy (EP) is a treatment modality

that uses brief, high-intensity, pulsed electrical currents
to enhance the delivery of chemotherapeutic agents, vac-
cines and genes to cells. In vitro studies have shown that
the application of high voltage, exponentially-decaying
electric pulses to cells in suspension could induce pores
in the cell membrane, resulting in cross-membrane flow
of material (electroporation, electroinjection) or even in
cell fusion when the cells were adjacent [16-19]. This
method was initially used to transfect bacterial cells
with plasmids, and subsequently exploited to produce
monoclonal antibodies through fusion of eukaryotic
cells [20]. Later, researchers realized that EP might
enhance the transport of drugs and genes through the
cytoplasmic membrane by exposing animal cells in cul-
ture and plant protoplasts to non-cytotoxic electric
pulses [21-23]. Moreover, EP has been proven to be
very effective at enhancing the in vitro cytotoxicity of
anticancer molecules, which in the case of bleomycin,
led to an enhancement of 300-700 fold [23].
Only a few clinical trials have been performed in animals

and humans over the past ten years, since the first phase I-
II EP trial was performed [24]. In these cohorts of patients
different voltages, waveforms and delivery modes (i.e. sin-
gle pulses versus bursts) were tested [24-35].
The results of some studies have shown that electric

pulses are capable of driving plasmid into muscle cells
resulting in DNA protection from extracellular endonu-
cleases and increased gene expression in rodent and
canine models [36,37]. These observations led us to
investigate the feasibility of pulse mediated antisense
potentiation.
The objective of this study was to evaluate whether

electroporation could increase the efficacy of the bcl-2
ASO G3139 on mice bearing human melanoma in com-
bination chemotherapy, in order to identify an innova-
tive approach for antisense delivery to tumors and to
increase the response of melanoma to therapy. The
rationale for the use of G3139 is based on the relevant
role of bcl-2 in melanoma cell survival and on the
increased sensitivity of this tumor when it is combined
with chemotherapy, as it has been observed in preclini-
cal and clinical studies (5-9).

Methods
Tumor cell line and xenografts
The M14 human melanoma line used in this study was
derived from melanoma of a patient undergoing surgery at

the Regina Elena Cancer Institute (Rome, Italy). The cell
line was characterized as previously described [3]. Cells in
the exponential phase of in vitro growth were injected into
the hind leg muscles of mice at 5 × 106 cells/mouse in 0.2
ml 0.9% NaCl solution. CD-1 male nude, nu/nu mice, 6-8
weeks old and 22-24 g in body weight, purchased from
Charles River Laboratories, Calco, Italy, were used. A
tumor mass of about 300 mg was evident in all animals on
day 6 after implanting the tumor cells. All procedures
involving animals and their care were approved by the
responsible for the Animal Facility at the Regina Elena
Cancer Institute and were conducted in accordance with
institutional guidelines, which are in compliance with
national (D.L. No. 116, G.U., Suppl. 40, Feb. 18, 1992; Cir-
colare No. 8,G.U., July 1994) and international laws (EEC
Council Directive 86/609, OJ L 358. 1, Dec 12, 1987;
Guide for the Care and Use of Laboratory Animals, United
States National Research Council, 1996).

Oligodeoxynucleotides and drug
The 18-mer ASO (5’-TCTCCCAGCGTGCGCCAT-3’)
complementary to the first six codons of bcl-2 mRNA
(ASO bcl-2, oblimersen sodium, G3139, GenasenseTM)
and the G4243 ODN (FAM- G3139) labeled with 6-
fluoroscein on the 5’-T residue, were used (Genta Incor-
porated, Berkeley Heights, NJ, USA). Clinical-grade
DDP (Prontoplatamine) was obtained from Pfizer. DDP
dilutions were freshly prepared before each experiment.

Pulse generator
The Chemopulse [38] is built up by a toroidal core
transformer generating a roughly rectangular pulse
which is split in two halves that are sequentially driven
to obtain a biphasic pulse. The pulses are not singularly
produced but are created in bursts of eight, thus redu-
cing the treatment time and the overall patient morbid-
ity. The equipment allows to choose among a broad
range of voltages (from 450 to 2450 V) with sequential
increases of 200 V and permits to regulate the number
of pulses (from 1 to 16) and the pulse duration (50 to
100 μs). The standard train is set to 8 pulses of 50 + 50
μs. The pulse repetition frequency is 1 Hz while the fre-
quency of burst repetition is 1 kHz, resulting in a total
burst duration of 7.1 ms. The electrodes used in this
study have been extensively previously described [38].
Briefly, modified monolateral compass electrode in steel,
bakelite, and plastic with perforated metal plates. Plate
dimensions: 22 × 10 × 1 mm, and Vaccine type twin
needle array electrode with plastic handle and steel nee-
dles. Needle length: 20 mm; array diameter: 20 mm.

In vivo treatment
To compare the antitumoral activity of electroporation
delivered by caliper or needle electrodes, mice were
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injected i.m. with M14 melanoma cells and treated
with the two different modalities, starting from day 6
after implanting tumor cells, when a tumor mass of
about 300 mg was evident in all animals. Treatment
was carried on for five consecutive days. In particular,
sequential bursts of 8 biphasic pulses lasting 50+50 μs
were applied to tumor nodules at a voltage of 1300 V/
cm for caliper electrodes and 800 V/cm when needle
electrodes were adopted [38]. Adherence of the elec-
trodes to the lesion was maximized using an electro-
conductive gel. To evaluate the antitumoral activity of
G3139 and DDP given alone or in combination with
EP, M14 melanoma bearing mice were injected i.v.
with G3139 at the dose of 0.2 mg/mouse/d for five
days or with DDP given i.p. at the dose of 3.3 mg/kg/d
for three days and followed, five minutes later, by the
delivery of EP to tumors by means of caliper electro-
des. The tumor weight was calculated from caliper
measurements according to the formula: [(width)2 ×
length]/2. The antitumor efficacy of the treatments
was assessed by the following end-points: a) percent of
tumor weight inhibition (TWI%), calculated as [1-
(mean tumor weight of treated mice/mean tumor
weight of controls)] × 100; b) tumor re-growth delay
(TRD), evaluated as the median time (in days) for trea-
ted tumors to re-grow after the treatment. Each
experimental group included 8 mice.
To evaluate the effects of caliper or needle electrodes

treatment on skeletal muscles, experiments have been
performed by treating healthy mice with the two differ-
ent electroporation modality. Histopathological analysis
have been performed at the end of treatment on tissue
specimens. Each experimental group included three
mice and each experiment was repeated three times.

Western blot analysis
100 mg of mechanically disaggregated control and treated
tumors were solubilized in lysis buffer. Briefly, proteins
(30 μg) were separated by 10% SDS-PAGE, transferred to
nitrocellulose filters, and incubated with monoclonal anti-
bodies specific for human bcl-2 (clone 124, DAKO, Milan,
Italy). After stripping, filters were incubated with anti-
human b-actin antibody (clone JLA 20; Oncogene Science,
Manhasset, NY), and reactivity was detected by enhanced
chemiluminescence (Amersham International, Little Chal-
font, Buckingamshire, United Kingdom), according to
manufacturer’s instructions. Results were quantified by
scanning densitometry (Bio-Rad G700) of the autoradio-
graphy films and normalized to b-actin levels.

Real-time Polymerase Chain Reaction (PCR)
Total RNA was extracted from tumors by using Trizol
reagent following standard protocols (Gibco-BRL,

Milano, Italy). Reverse transcription of 0.5 μg of RNA
was performed with First-Strand c-DNA Synthesis
using SuperScript II random hexamer (Invitrogen,
California, USA). The PCR reactions were carried
using intercalation of SYBR green following the manu-
facturer’s protocol (Light Cycler DNA Master SYBR
Green I, Roche Diagnostics Corp. Indianapolis, USA).
Equal amounts of cDNA, as determined by picogreen
intercalation (Molecular Probes, Inc., Eugene, OR,
USA), were used to quantify the expression of bcl-2
and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) genes. The following primers were used:
bcl-2 forward 5’-GTGAACTGGGGGAGGATTGT-3’
and reverse 5’-GGAGAAATCAAACAGAGGCC-3’;
GAPDH forward 5’-CCAAGGTCATCCATGACAAC-3’
and reverse 5’-TTACTCCTTGGAGGCCATGT-3 ’.
Reactions were performed in duplicate from two sepa-
rate RNA preparations. Relative gene expression was
determined as previously described [39].

Histology, immunohistochemistry and TUNEL
The excised biopsy specimens were fixed in 10% buffered-
formalin and paraffin embedded. Sections of 5 μm were
stained with haematoxylin-eosin, and haematoxylin-van
Gieson. For immunohistochemstry, 5 μm sections were
incubated in a microwave oven for 15 minutes in
10 mmol/L, 6.0 pH buffered citrate followed by the immu-
nohistochemical procedure for Ki67 (rabbit polyclonal ab,
Santa Cruz Biotechnology Inc., CA, USA) and bcl-2
(mouse monoclonal ab, Dako Carpinteria, CA, USA),
diluted 1:100. The conventional avidin-biotin complex pro-
cedure was applied according to the manufacturer’s proto-
col (Dako Carpinteria, CA, USA) and then incubated with
a secondary antibody. Positive staining was revealed by
DAB chromogen, according to the supplier’s conditions
followed by counterstaining with Mayer Hematoxylin. The
slides were cover-slipped with a xylene based, mounting
medium and the staining was scored. Negative controls for
each tissue section were performed leaving out the primary
antibody and positive controls, included in each experi-
ment, consisted of tissues previously shown to express the
antigen of interest. TUNEL reaction was performed using
the peroxidase-based Apoptag kit (Oncor, Gaithersburg,
MD,USA). TUNEL positive cells were detected with DAB
and H2O2 according to the supplier’s instructions. The
experiments were repeated on different sections for each
specimen (two to four). For both immunohistochemical
markers, one hundred random fields (250X) per section
were analyzed (12.5 mm2). Mann-Whitney and Wilcoxon
tests were used to assess the relationship between ordinal
data. The two-tailed P value was considered significant
when ≤ 0.05. SPSS software (version 10.00, SPSS, Chicago,
IL, USA) was used for statistical analysis.
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Tumor accumulation of ASO bcl-2 given alone or in
combination with electroporation
Mice were injected with ASO bcl-2 labeled with 6-fluor-
escein on the 5’-T residue (G4243) alone or in combina-
tion with EP. Six hours after treatment, mice were
euthanized and tumors excised; the tumors were freshly
processed to obtain single cell suspension by mechanical
disaggregation. The specimens were minced with scis-
sors, washed in PBS and filtered through a 50 μm nylon
mesh. Flow cytometric analysis was performed using a
FACScan cytofluorimeter (Becton Dickinson, San Jose,
CA, USA). The fluorescence signals from 10,000 cells
were collected and the results showed in the form of
frequency distribution histograms.
In order to detect G3139 labeled in the tumor sec-

tions, fresh tumor biopsies were immediately frozen in
Optimal Cutting Temperature Compound and micro-
tomic sections were cut with a cryostat. The confocal
imaging was performed with a Sarastro Phoibos 1000
confocal laser scanning microscope (Molecular
Dynamics, Inc. USA), equipped with an argon ion laser
(l = 488/514 nm). The image processing was performed
using the Image Space software (Molecular Dynamics,
Inc. USA); the image series were gauss filtered and ela-
borated independently to obtain look-through projec-
tions for FITC images.
Each experimental group included three mice and

each experiment was repeated three times.

Statistical analysis
The statistical differences were determined using the
Student’s t test, assuming unequal variances. Differences
were considered significant at P values < .05 (two sided).

Results
Antitumor activity of EP given by caliper or needle
electrodes
To choose the more suitable method of EP, mice bear-
ing M14 human melanoma were treated with electric
pulses, delivered to tumor nodules, by two different
electrodes: caliper or needle. As reported in Figure 1,
no differences in terms of reduction of tumor growth
were observed between the two treatments. In fact, a
maximum of 20% TWI was elicited by the two differ-
ent modalities of treatment. Interestingly, the histo-
pathological analysis of the effects of EP given by
caliper or needle electrodes on skeletal muscles of
healthy mice showed that caliper electrodes caused
only mild interstitial myositis, while needle electrodes
caused more severe myositis with necrosis and phago-
cytosis of the muscle fibers, and fibrosis (Figure 2).
Since we inserted the needle within the posterior mus-
cles of the thigh, a more severe damage was observed
at the insertion points. Similar results were obtained in

three independent experiments. Based on these obser-
vations the following experiments were performed by
using caliper electrodes.

Antitumor efficacy of G3139 alone or in
combination with EP
As shown in Figure 3, treatment with G3139 or EP
alone produced a slight reduction of tumor growth
(about 20% TWI); conversely, the association with EP
was able to increase the efficacy of the antisense. In fact,
a marked inhibition of the tumor growth, evaluated at
the nadir of the effect, was observed (greater than 50%).
This effect favorably compares untreated mice (P =
0.007), with mice treated with G3139 or EP (P = 0.001).
More interestingly, a stabilization of tumor growth was
observed in mice treated with the combination therapy
lasting for more than 20 days, after which tumor relapse
was observed. In mice treated with EP or G3139 alone,
a stabilization of tumors was also observed, but only for
a short time (about 4 days).

Bcl-2 down-regulation
To determine whether the enhanced anti-tumor activity
elicited by the treatment with G3139 followed by EP
was correlated to differences in intra-tumoral bcl-2 pro-
tein levels, Western blot analysis was performed in
tumors excised from all the groups of mice (Figure 4A).
Densitometric analysis showed that on day 4 after the
end of treatment, only a minimal reduction of bcl-2 pro-
tein expression (<10%) was observed in tumors from
mice treated with electric pulses, while the effect on bcl-

Figure 1 Antitumor activity of EP given by caliper or needle
electrodes. Mice were implanted i.m. with M14 melanoma cells
and after six days, treated for five consecutive days according to the
following schedules:(black diamond), untreated; (black square),
caliper electrodes; (open circle), needle electrodes. Sequential bursts
of 8 biphasic pulses lasting 50+50 μs were applied to tumor
nodules. Mean tumor weight in mg ± s.d. are shown. Arrow
indicates the start of treatments. Each experimental group included
8 mice.
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2 expression was more pronounced (~30% reduction),
following the administration of G3139. The treatment
with G3139/EP combination produced more than a 70%
reduction of the bcl-2 protein expression. Similarly,
immunohistochemical staining corroborated this level of
reduction for bcl-2 protein in tumors treated with the
G3139/EP combination compared to the treatment with
G3139 alone (Figure 4B). Finally, quantitative analysis of
m-RNA of bcl-2 by RT-PCR confirmed the highest effi-
cacy of the combination in reducing the expression of
the targeted gene (Figure 4C and 4D).

Apoptosis and proliferation index in tumors after
treatment with G3139 alone or in combination with EP
In order to ascertain if the marked antitumor efficacy
observed in mice treated with EP in combination with

G3139 was due to reduced cell proliferation and/or
enhanced apoptosis, Ki67 and TUNEL scores were per-
formed at the end of the treatment. Statistical analysis
of the scores obtained revealed that the proliferation
index was significantly lower in tumors of mice receiv-
ing the combination treatment compared to the group
treated with G3139 alone (15% vs 35%, p = 0.002).
Accordingly, the apoptotic index was significantly higher
in the former group (15 ± 3 vs 7 ± 2, P = 0.002). Repre-
sentative findings of these analyses are reported in
Figure 5. Proliferation and apoptotic index in EP treated
tumors was not significantly different compared to
untreated tumors (data not shown).

Tumor accumulation of G3139 alone or in combination
with EP
Mice bearing M14 tumors were injected i.v. with a sin-
gle dose of G3139, labeled with fluorescein and then
randomized in two groups, those receiving or not
receiving electric pulses. FACS analysis of the G3139
content in cells from the differently treated tumors is
shown in Figure 6A. Application of EP was able to
markedly increase the intratumoral concentration of
G3139 compared to tumors excised from mice treated
with oligos alone.
Consistently, the analysis of G3139 distribution per-

formed in tumor sections by confocal microscopy
showed a higher number of tumor cells incorporating
the oligos in mice treated by the application of EP
(Figure 6B). Similar results were obtained in three inde-
pendent experiments.

Antitumor activity of G3139 and DDP in combination
with EP
Based on the results reported above, showing that the
biological activity of G3139 is increased when EP is
applied to tumors, and with the aim to identify a more
effective antimelanoma therapy, we evaluated the thera-
peutic efficacy of a multicomponent strategy based on

Figure 2 Histopathological analysis of skeletal muscle of mice untreated or treated by caliper or needle electrodes. Panel A: cross-
section of normal skeletal muscle from an untreated mouse (original magnification ×20); Panel B: cross-section of skeletal muscle from a mouse
treated by caliper electrodes showing a focus of mild mononuclear inflammation, indicated by an asterisk (original magnification ×20); Panel C:
cross-section of skeletal muscle from a mouse treated by needle electrodes displaying a more severe mononuclear inflammation with necrosis
and phagocytosis of muscle fibers, indicated by an asterisk (original magnification ×20).

Figure 3 Effect of G3139 alone or in combination with EP on
the growth of M14 tumor cells implanted in mice. (black
diamond), untreated; (black square), EP alone; (black triangle),G3139
alone; (asterisk), G3139 and EP. Mice were injected i.v. with G3139 at
the dose of 0.2 mg/mouse/day and followed, five minutes later, by
the delivery of electric pulses to tumors by means of caliper
electrodes. Treatments were repeated for five consecutive days.
Mean tumor weights in mg ± s.d. are shown. Arrow indicates the
start of treatment. Each experimental group included 8 mice.
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Figure 4 Effect of G3139 alone or in combination with EP on protein and mRNA expression in M14 tumors. Tumors were excised from
mice on day 4 after the end of treatment. Total protein or RNA was obtained from a pool of three different tumors. Treatments were as shown.
Panel A: Western blot analysis of bcl-2 protein quantified and normalized to b-actin protein amount. Panel B: representative
immunohistochemical analysis of bcl-2 protein in tumor sections (original magnification, × 40). Panel C: Real-time PCR of bcl-2 mRNA expression.
GAPDH mRNA expression was used as internal control. Panel D: Relative level of bcl-2 gene expression calculated as a ratio of the quantity of
bcl-2 and GAPDH PCR products.

Figure 5 Proliferation index and apoptosis in M14 tumors treated with G3139 alone or in combination with EP. Tumors were excised
from mice on day 4 after the end of treatment. Sections shown are as follows: Ki67 expression in tumors from animals untreated (panel A),
treated with G3139 alone (panel B) or treated with G3139 in combination with EP (panel C); TUNEL staining in tumors from mice untreated
(panel D), treated with G3139 alone (panel E), or treated by the combination (panel F). Original magnification, × 40.
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the use of EP, G3139 and DDP, a drug currently
employed in clinical management of melanoma patients.
As reported in Table 1, the combination of G3139 and
DDP produced a marked antitumoral effect with a TWI
of more than 50% and 20 days of TRD being observed.

Interestingly, the addition of EP produced a more rele-
vant antitumoral efficacy, reaching an inhibition of
tumor growth of about 75%: significantly different com-
pared to the G3139 and DDP combination (P = 0.007),
G3139 and EP combination (p = 0.007) or the untreated
and the other treated groups (P < 0.001). Moreover, the
triple combination produced a more sustained regres-
sion of tumor growth than the other groups, lasting for
30 days.

Discussion
Melanoma has become an increasing source of concern
due to its growing incidence among Caucasians. While
early stage melanomas (melanoma in situ, Breslow
thickness II- III A) can be treated with surgical excision
alone, advanced melanoma has a poor prognosis [40].
The role of radiation therapy is confined to the treat-
ment of loco-regional disease, especially in those areas
where aggressive surgery is not feasible, such as head
and neck melanoma. Adjuvant therapies of metastatic
melanoma have been unrewarding with a median survi-
val of 6 to 7.5 months and a 5 year survival of 6% [41].
Treatment options include chemotherapy with dacarba-
zine, platinum analogues, chloronitrosureas, vindesine,
temozolomide, taxanes, immunotherapy with interferon,
interleukin and BCG [41,42]. However there is no proof
that systemic treatment prolongs patient survival.
Due to the intrinsic chemoresistance of malignant

melanoma, novel strategies are currently being investi-
gated in order to increase tumor control, such as ASOs.
These agents have shown convincing in vitro reduction
of target expression and promising activity against a
wide variety of tumors in preclinical studies [2]; more-
over, phase III trials incorporating G3139 have recently
been completed in different advanced cancers, including
melanoma [9].
One of the approaches recently adopted by some

investigators involves attacking melanomas with the
association of chemotherapy and square electric pulses
(electrochemotherapy). The first report by Sersa et al.
[43] suggested a total response of 78% in ten patients
with multiple metastatic nodules. Since then, these
results have also been confirmed by other clinical inves-
tigations [44,45]. Furthermore, electrochemotherapy has
been used with a certain degree of success to palliate
patients with multiple cutaneous nodules [46].
Our experimental protocol has been designed on the

basis of recent results obtained in a spontaneous in
vivo model of oral melanoma in dogs [33]. Canine
patients were treated with trains of biphasic electric
pulses coupled with loco-regional chemotherapy with
bleomycin leading to enhanced local control and pro-
longed survival. Electrochemotherapy is still mostly
used for the treatment of cutaneous and subcutaneous

Figure 6 G3139 tumor accumulation after treatment alone or
combined with EP. Mice were treated with G3139 labeled with 6-
fluoroscein and six hours after treatment the tumors were excised.
Results are as follows: Panel A, flow cytometric analysis of G3139
content in tumor cells from mice treated with EP (grey area) or G3139
(blank area) alone or in combination (dotted area). Panel B:
representative sections of tumors from mice treated with G3139 alone
(left) or in combination with EP (right). Original magnification × 20.

Table 1 Antitumor efficacy of G3139 alone or in
combination with chemotherapy and EP on M14
melanoma-bearing mice

Groups (treatment days)# TWI*
(%)

TRD§

(days)

a) EP (days 6-13) 25 8

b) G3139 (days 6-10) 26 9

c) G3139/EP (days 6-10) 51 18

d) DDP (days 6-8) 31 10

e) DDP/EP (days 6-8) 43 15

f) G3139/DDP (days 6-13) 52 20

g) G3139/DDP/EP (days 6-13) 74 30
# Mice were injected i.v. with G3139 at the dose of 0.2 mg/mouse/day for five
days and/or with DDP given i.p at 3.3 mg/kg/days for three days and
followed, five minutes later, by the delivery of EP to tumors by means of
caliper electrodes. Treatment started at day 6 after tumor cell injection and
was continued for the days indicated in parentheses. Each experimental
group included 8 mice.

*Tumor weight inhibition was calculated at the nadir of the effect comparing
treated versus untreated groups.
§Tumor re-growth delay was evaluated as the median time (in days) for
treated tumors to re-grow after the treatment.
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located neoplasms [47]. However, several groups are
currently working on the development of equipment
and electrodes specifically tailored for the treatment of
visceral neoplasms, like those for the irreversible elec-
troporation of such lesions [48-50]. Another aspect of
electroporation that should be emphasized is that it
mainly enhances the penetration of lipophobic mole-
cules such as bleomycin, methotrexate (up to 700
fold) while the uptake of cisplatin is improved by a 4
fold factor. However, this mechanism leads to the
apoptotic death of tumor cells resulting in a high
tumoricidal effect with good cosmetic results (minimal
scar tissue formation in the treated patients). A final
advantage of electrochemotherapy is the possible mod-
ulation of the immune system, probably through the
uncovering of cancer antigens, as suggested by studies
showing a synergy with interleukin 2 or 12 [51,52].
Furthermore, our investigations on companion animals
with spontaneous cancer evidenced a clonal selection
of the neoplasms treated with electrochemotherapy
and longer survival in dogs with melanoma that devel-
oped vitiligo-like lesions at the tumor site after elec-
troporation [53]. The ability to induce such response
through electroporation would be of paramount
importance for melanoma patients with advanced
disease.
The data presented in this study demonstrate that

proper electric waveforms can enhance the delivery and
activity of ASOs within solid tumors. This, in turn,
induces a better antitumor efficacy than that obtained
by the ASOs as single agents. In this regard, the
improved delivery is clearly evidenced by the increased
accumulation of fluorescein-labeled ASOs in tumor
lysates from mice treated with EP, as observed by FACS
analysis. In addition, confocal microscope analysis of
tumor sections from animals treated with the combined
modality, confirms a higher uptake of ASOs and shows
the proper intracellular localization of the fluorescent
ASOs.
Consistently, we observed that tumors treated with the

combination of G3139 and EP display a lower expres-
sion of bcl-2 both at the transcriptional and translational
levels, as evidenced by quantitative RT-PCR and Wes-
tern blot analyses, than that observed with the treatment
with G3139 alone. Bcl-2 protein is expressed in most
tissue but it is overexpressed in tumors [54]. The ability
of G3139 to distribute in organs and to decrease Bcl-2
protein level has been observed in clinical studies. In
fact, after i.v. administration G3139 was detected in
plasma, kidneys and at low levels in lung, heart and
muscle [55]. Moreover, a phase I study showed that
G3139 reduced the Bcl-2 protein levels in normal per-
ipheral blood mononuclear cells [56].

The lowered bcl-2 expression had a direct influence
on cell proliferation and apoptosis as demonstrated by
Ki-67 and TUNEL analysis. Indeed, the differences
found in the apoptotic scores are significant, especially if
we consider that we are working with an in vivo system.
An observed doubled apoptotic index in the tumors
treated with G3139/EP combination compared to
tumors treated with G3139, justifies the different biolo-
gical behavior of the tumors. These biological effects,
ultimately resulted in marked tumor reduction, as
shown by the tumor growth curves. It is important to
outline that additional “non-specific” mechanisms may
contribute to the antitumoral effects of G3139 which
are likely to depend on the presence of the “bis-CpG”
motif in their sequence [57].
In addition to bcl-2 ASO, EP also improved the anti-

tumor efficacy of ASO targeting c-myc mRNA (data not
shown). In fact, we observed that treatment of mela-
noma M14 bearing mice with EP and ASO c-myc (INX-
3280) in combination, resulted in a marked inhibition
(46%) of tumor weight, a significant increase compared
to mice treated with INX-3280 (33%, P = 0.028) or with
EP alone (28%, P = 0.002).
The ability of EP to increase accumulation of antineo-

plastic drugs injected systemically has previously been
reported by Cemazar et al [58]. These authors showed
an increased amount of DDP in cells obtained from
tumors of mice treated with electrochemotherapy, as a
result of increased permeability of the tumor cell mem-
branes. The modification of tumor blood flow observed
after the application of EP [59,60] may also account for
the higher concentration of drugs in the tumor and for
the better antitumor effectiveness of chemotherapy.
Interestingly, in accordance with these observations, our
result demonstrate that the integration of DDP with bcl-
2 ASO and EP produced an impressive antitumor effi-
cacy on this melanoma model, suggesting a possible
translational application of this therapeutic strategy.

Conclusions
These results demonstrate that pulse mediated ASOs
delivery seems to be a promising approach to cutaneous
melanoma, especially in view of the high tolerability and
low toxicity evidenced in our experimental data. Of
note, the adoption of caliper electrodes greatly minimize
the local side effects to normal tissues adjacent to neo-
plastic lesions, that are limited to mild and self-limiting
myositis.
To the best of our knowledge, this is the first report of

increased vehicolation by electroporation of ASOs in a
tumor xenograft. Our results highlight that electric
pulses of appropriate waveform can be instrumental in
increasing the delivery of antisense molecules to tumors.
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Further studies are warranted to establish the adoption
of this treatment, possibly in combination with che-
motherapeutic drugs, in more clinically oriented
settings.
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